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Preface
Electric energy is arguably a key agent for our material prosperity. With the notable exception of
photovoltaic generators, electric generators are exclusively used to produce electric energy from
mechanical energy. Also, more than 60% of all electric energy is used in electric motors for useful
mechanical work in various industries.

Renewable energy conversion is paramount in reducing the CO2 quantity per kWh of electric
energy and in reducing the extra heat on Earth.

Electrical permanent magnet machines developed in the last two decades with torques up to the
MNm range are showing higher efficiency for smaller weights. However, the temptation to use
them in all industries—from wind and hydro generators; to ships, railroad, automotive, and aircraft
propulsion (integral or assisting); to small electric drives in various industries with robotics, home
appliances, and info-gadgets has led recently to a strong imbalance between high–specific energy
magnet demand and supply, which has been “solved” so far mainly by stark increases in the price
of high-quality permanent magnets (PMs).

In an effort to produce high-performance electric motors and generators, as well as drives for basi-
cally all industries, but mainly for renewable energy conversion, electric mobility, robotics and so on,
the variable reluctance concept in producing torque in electric machines, eventually assisted by
lower-total-cost PMs, has shown a spectacular surge in research and development (R&D) worldwide
in the last two decades.

The extension of electric machines to lower-speed applications—with less or no mechanical
transmission—in an effort to keep performance high but reduce initial and maintenance costs has
found a strong tool in the variable reluctance concept; it aims to produce electromagnetic torque
(and power) by creating strong magnetic anisotropies in electric machines (rather than by PM- or
direct current (DC)-excited or induced-current rotors).

Though the principle of the variable reluctance motor was patented in the late nineteenth century,
it was not until power electronics developed into a mature industry in the 1970s that reluctance
electric machines became a strong focus point in R&D and industry. Delayed by the spectacular
advent of PM electric machines for a few decades, only in the last 10 years have reluctance electric
machines enjoyed increased attention.

Very recently, such reluctance synchronous motor drives for variable speeds have reached mass
production from 10 kW to 500 kW.

Given the R&D results so far and the current trends in the industry, reluctance electric machines
and drives are expected to penetrate most industries.

Because of this, we believe an overview of recent progress with classifications, topologies, princi-
ples, modeling for design, and control is timely, and this is what the present monograph intends to do.

After an introductory chapter (Chapter 1), the book is divided into two parts:

Part 1. One- and three-phase reluctance synchronous motors in line-start (constant speed) and
then in variable-speed applications, with PM assistance to increase efficiency at moderate
extra initial cost and in variable-speed drives (Chapters 2 through 5).

Part 2. Reluctance motors and generators in pulse width modulation (PWM) converter-fed
variable speed drives, where high efficiency at a moderate power factor and moderate initial
system and ownership costs are paramount (Chapters 6 through 14).

Part 2 includes a myriad of topologies under the unique concept of flux modulation and includes:

• Claw pole rotor synchronous motors, Chapter 6
• Brushless DC–multiple phase reluctance machines (BLDC-MRMs), Chapter 7
xiii
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• Brushless doubly fed reluctance machines (BDFRMs), Chapter 8
• Switched flux PM synchronous machines (SF-PMSMs), Chapter 9
• Flux reversal PMSMs (FR-PMSMs), Chapter 10
• Vernier PM machines, Chapter 11
• Transverse-flux PMSMs (TF-PMSMs), Chapter 12
• Magnetic-gear dual-rotor reluctance electric machines (MG-REMs), Chapter 13
• DC+alternating current (AC) doubly salient electric machines, Chapter 14

The structure of all chapters is unitary to treat:

• Topologies of practical interest.
• Principles, basic modeling, performance, and preliminary design with numerical examples.
• Advanced modeling by magnetic equivalent circuit (MEC) with analytical optimal design

(AOD).
• Key finite elements method (FEM) validation of AOD or direct FEM-based geometrical

optimization design.
• Basic and up-to-date control of electric motors and generators with and without encoders.
• Sample representative results from recent literature and from authors’ publications are

included in all chapters.

Though it is a monograph, the book is conceived with self-sufficient chapters and thus is suitable to
use as a graduate textbook and a design assistant for electrical, electronics, and mechanical engineers
in various industries that investigate, design, fabricate, test, commission, and maintain electric motor-
generator drives in most industries that require digital motion (energy) control to reduce energy con-
sumption and increase productivity.

Ion Boldea and Lucian Tutelea
Timisoara, Romania

MATLAB® and Simulink® are registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508 647 7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com
www.Technicalbookspdf.com
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1 Reluctance Electric Machines
An Introduction
1.1 ELECTRIC MACHINES: WHY AND WHERE?

Electric machines provide the conversion of electric energy (power) into mechanical energy (power)
in motor operation, and vice versa in generating operation. This dual energy conversion presupposes
energy storage in the form of magnetic energy located mainly in the airgap between the stator (fixed)
and rotor (rotating) parts and in the permanent magnets (if any).

Energy is the capacity of a conservative system to produce mechanical (useful) work. As all we do
in industry is, in fact, temperature and motion control, we may reduce it to energy control for better
productivity and energy savings for a given variable useful output.

The main forms of energy are mechanical (kinetic and potential), thermal, electromagnetic (and
electrostatic), and electrochemical.

According to the law of energy conservation, energy may not be created or disappear but only con-
verted from one form to another. In addition, each form of energy has its own fundamental laws that
govern its conversion and control, all discovered experimentally over the last three centuries.

Energy conversion starts with a primary source:

• Fossil fuels (coal, gas, petroleum, nuclear, waste)
• Solar thermal irradiation (1 kW/m2, average)
• Solar photovoltaic source
• Wind (solar, ultimately) source
• Geothermal source
• Hydro (potential or kinetic) sources: potential (from water dams) and kinetic (from rivers,

marine currents, and waves)

In the process of energy conversion, electric machines are used to produce electric power, which is
very flexible in transport and rather clean, and allows for fast digital control. Only in solar photovol-
taic energy conversion (less than 1% of total) are electric machines not involved.

Electric machines are ubiquitous: there is one in every digital watch; three (the loudspeaker, micro-
phone, and ring actuator) in a cellular phone; tens in any house (for various appliances) and in auto-
mobiles; and hundreds on trains, streetcars, subway systems, ships, aircraft, and space missions, not
ke for our material prosperity.
So far, the more electricity (installed power) used per capita (Norway leads the way), the higher th
terial living standard. Environmental concerns are shifting this trend toward an optimal (limite
talled electric power (kW/person) in power plants per citizen, which, through distributed system
t make use of lower-pollution energy conversion processes (known as renewable), should provid
terial comfort but keep the environment clean enough to sustain a good life.
This new, environmentally responsible trend of reducing chemical and thermal pollution w
phasize electric energy conversion and control even more because of its natural merits in clea
ss, ease of transport, distribution, and digital control.
to mention most industrial processes that imply motion control to manufacture all the objects that
ma
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2 Reluctance Electric Machines
But this means ever better electric machines as generators (for almost all produced electricity) and
motors (60% of all electric power is used in motion control), all with better power electronics digital
control systems.

Here, “better” means:

• Lower initial (materials plus fabrication) costs in USD/Nm for motors and USD/kVA in
generators and static power converters.

• Lower global costs (initial motor [plus power electronics converter] losses, plus mainte-
nance costs) for the entire life of the electric machine/drive.

• Sometimes (for low power), the lower global costs are replaced by a simplified energy
input power (energy). There are even more demanding standards of energy conversion,
mainly for line-start (grid-connected) constant-speed electric motors—standards expressed
in high efficiency classes.

1.2 ELECTRIC MACHINE (AND DRIVE) PRINCIPLES AND TOPOLOGIES

Electric machines are built from milliwatt to 2 GW power per unit. With more than 12,000 GW in
installed electric power plants in the world (400 GW in wind generators already), the total electrical
energy usage should still increase at a rate of a single-digit percentage in the next decades, mainly due
to strong anticipated developments in high-population areas (China, India, Africa, South America) as
they strive for higher prosperity.

Existing electric machines, generators, and motors alike, as they are reversible, may be classified
by principle as mature technologies that started around 1830, in three main (standard) categories:

• Brush-commutator (fixed magnetic field) machines (Figure 1.1): brush-DC machines
• Induction (traveling magnetic field) machines: AC machines (Figures 1.2 and 1.3)
• DC plus AC (synchronous)-traveling magnetic field machines (Figure 1.4)

Each type of standard electric machine in Figures 1.1 through 1.4 has merits and demerits.
For constant-speed (line-start) applications (still above 50% of all electric motors and most gen-

erators), the AC induction and synchronous machines are dominant in three-phase topologies at

Wiring box

Stator with windings

Rotor with windings

Ventilation

slots Brushes

Mount feet
Output

shaft

Seal

Deep groove

ball bearing

FIGURE 1.1 DC brush commutator machine.
conversion ratio called efficiency (power or energy efficiency) to output power (energy)/
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Reluctance Electric Machines: An Introduction 3
medium and large power/units and in split-phase capacitor topologies for one-phase AC sources at
low powers (motors less than 1 Nm).

While PMDC-brush motors are still used as low-power actuators, mainly in vehicles and robotics,
AC variable-speed motors with static power converter (variable voltage and frequency) control are
dominant in the markets for all power levels.

The development of high-energy PMs in the last decades—based on sintered SmxCoy (up
to 300◦C) and NdFeB (up to 120◦C), with permanent flux densities above 1.1 T and coercive
force of around (and above) 900 kA/m (recoil permeability μrec= 1.05–1.07 μ0; μ0—air magnetic
permeability: μ0= 1.256× 10−6 H/m), which are capable of large magnetic energy storage of a
maximum of 210/250 kJ/m3, have led to formidable progress in high-efficiency electric genera-
tors and motors both in line-start and variable-speed (with static power converter control)
electric drives.

Winding

(a)

(b)

Bearing for D

Shaft

Shaft key

Brush inspection

door

Connecting box

Bearing

Brush

Fan end shield

Fan

Stator

Slip rings

Wound rotor
Bearing

Shield end flange

Slip ring

end shield

Terminals

Stator

Rating plate

Rotor Bearing for N

Frame

Fan

Fan cover

FIGURE 1.2 Three (or more)-phase variable-speed induction machines (plus static converter control): (a) with
cage rotor (brushless); (b) with wound rotor (with slip rings and brushes, in standard topology).
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4 Reluctance Electric Machines
The recent trends of using PM synchronous machines as wind generators or standalone generators
in vehicles or electric propulsion in electric and hybrid electric vehicles (EVs and HEVs) has deba-
lanced the equilibrium between demand and offer in rare-earth high-energy PMs.

Additionally, even betting on the hope that new high-energy PMs will be available abundantly at

(a)

(b)

V1

×V1

xV
1

√3 × V1

√3V1

Centrifugal

switch or Relay

V

M
ai

n
 w

in
d

in
g

Rotor

Auxiliary winding

I

1-Phase

supply

IM

RM

XM

RA XA IA

Rotor

FIGURE 1.3 Line start cage-rotor induction machines: (a) three-phase type (http://www.electrical4u.com/

starting-methods-for-polyphase-induction-machine/); (b) split-phase capacitor type (http://circuitglobe.com/

split-phase-induction-motor.html).
• Use high-energy, rare-earth PMs mostly in low-power machines and in medium- and high-
power machines only at high speeds such that the PM kgs/kW remains less than about 25%
of the initial active materials cost of the electric machine.

• Reduce or eliminate high-energy, rare-earth PM usage in high-demand machines by replac-
ing themwith induction machines, DC-excited synchronous machines, or reluctance electric
machines.

• And themiddle way: use reluctance electric machines with low-cost (Ferrite [Br= 0.45 T] or
bonded NdFeB [Br= 0.6 T]) PM assistance, not so much for additional torque but for a
wider constant power–speed range (better power factor, also, with lower static power con-
verter kVA ratings).

1.3 RELUCTANCE ELECTRIC MACHINE PRINCIPLES

Electric machines produce electromagnetic torque either to oppose motion (in generator mode) or
promote motion (in motor mode). In general, the torque formula, based on the definitions of forces
less than 25 USD/kg (now 75–100 USD/kg), it seems wise to follow approaches that:
www.Technicalbookspdf.com
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in electromagnetic fields, has the general expressions per phase (Figure 1.5):

Te = + ∂Wcomag i, θr( )
∂θr

( )
i=ct

; Wmag =
∫Ψ
0

idΨ = Ψi−Wcomag (1.1)

chronous motor—variable speed, by static converter control (http://www.alternative-energy-tutorials.com/

wind-energy/synchronous-generator.html).
or

Te = − ∂Wmag Ψ, θr( )
∂θr

( )
Ψ=ct

; Wcomag =
∫i
0

Ψdi (1.2)

Te is the electromagnetic torque (in Nm), θr is the rotor axis position (in radians),Wmag andWco mag

are machine-stored magnetic energy and coenergy,Ψ is the flux linkage (per machine phase), and i is
the machine phase current.

In general, the flux linkage per phase Ψ is dependent on machine phase inductances and currents,
and, if the AC machine has a DC excitation system or PMs on the rotor, the latter contribution to the
flux linkage has to be observed. In matrix form for a three-phase AC machine:

Ψa,b,c

∣∣ ∣∣ = Labc θr, iabc( )| | · iabc| | + ΨPM abc θr( )| | (1.3)

FIGURE 1.4 Electric generators: (a) cage rotor induction generator—constant speed/grid connected (http://
powerelectronics.com/alternative-energy/energy-converters-low-wind-speed); (b) three-phase DC excited syn-
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6 Reluctance Electric Machines
When the self (and mutual if any) inductances depend on the rotor (PM) axis position, even in the
absence of a PM (or DC excitation on the rotor or stator), the machine is called the reluctance type and
is capable of producing torque because, implicitly, the magnetic energy (coenergy) varies with rotor
position, as in Equations 1.1 and 1.2.

A reluctance machine may be assisted by PMs for better performance, as the energy input to mag-
netize once the PMs will be manifold surplanted by the copper loss in a DC excitation system over the
machine’s operational life.

Let us illustrate the reluctance electric machine principle on AC single-phase primitive reluctance
machines without and with PM assistance (Figure 1.6).

Neglecting magnetic saturation in the flux Ψ expressions in Figure 1.6, the magnetic co-energy
Equation 1.1 may be calculated simply for the three cases (with Equation 1.3): pure variable reluc-
tance rotor, PM rotor, and PM-stator assistance:

(Wcomag)Re l =
∫i
0

Ψdi = (L0 + L2 cos 2θr)
i2

2
(1.4)

(Wcomag)PMRe l = (L0 + L2 cos 2θr)
i2

2
− ΨPMi sin θγ (1.5)

(Wcomag)PMSRe l = (L′0 + L′2 cos 2θr)
i2

2
+ ΨPM · i · cos θγ (1.6)

The electromagnetic torque Te in the three cases (from Equation 1.1) is

Te(Re l) = −L2 · i2 · sin 2θr (1.7)

Te(PMRe l) = −L2 · i2 · sin 2θr − ΨPM · i · cos θr (1.8)

Te(PMSRe l) = −L2 · i2 · sin 2θr − ΨPM a · i · sin θr (1.9)

A few remarks are in order:

• The average torque per revolution is zero, so the machine may not start in this primitive
topology (constant airgap and symmetric poles in stator and rotor). Something has to be
done to place the rotor in a safe self-starting position.

Ψ

i

Wmag

Wco mag

FIGURE 1.5 Magnetic energy and coenergy from magnetic flux linkage/current (mmf) curve of electric
machines.
The torque may be positive or negative (motor or generator).
•
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Reluctance Electric Machines: An Introduction 7
ΨRe l ≈ (L0 + L2 cos 2θr) ⋅ i; L2 > 0
ΨPM Re l ≈ (Lq + L2 cos 2θr) ⋅ i + (−ΨPM sin θr)

ππ/2 θr0

(c)
q d
ΨPM AC

(L′0 + L′2 cos 2θr) ⋅ i

0

S ππ/2 θr
0

• A bipolar current shape “intact” with rotor position should be provided to produce nonzero
average torque, but only in multiphase topologies with nonzero mutual variable inductances.
Monopolar current may also be used, but then only one of the inductance ramps (the positive
one) may be used for torque production (roughly half torque).

• The PM placed in the minimum inductance axis for the PM rotor assists in producing torque
while it decreases both L0 and L2.

• Only the L2 term produces reluctance torque.
• The PMs may also be placed on the stator, but then the maximum available AC PM flux

linkage is less than half that obtained with rotor PMs for the same magnet volume for the
configuration in Figure 1.6c. In alternative configurations, the PM flux linkage may reverse
polarity in the AC stator coil, but then only half the latter’s span is active: this is how stator

ΨRel

π/2 θr

−ΨPM sin θr

0 2 r

ΨPM Rel

0

0

Stator Ferrite PM assistance

N

ΨPMS Re l ≈ (L′0 + L′2 cos 2θr) ⋅ i + ΨPM AC cosθr)

L′0 < L2; L2 < L′2 ; ΨPM AC < ΨPM

π

FIGURE 1.6 Single-phase AC reluctance primitive machine: (a) pure variable reluctance rotor; (b) with rotor
PM; (c) with stator PM.
q
d

θr

Variable

reluctance rotor 

Stator

q
d

θr

PM-assisted

variable reluctance

rotor

Laminated

stator core

a phase axis

AC stator coil

(L + L cos 2θ ) ⋅ i

(a) (b)
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8 Reluctance Electric Machines
(Figure 1.8b)
With axial–lamination poles with through shaft 2p≥ 4 (Figure 1.9a) and, respectively,
nonthrough shaft for 2p= 2 poles
(a) (b)
A

A
A

C′

C′

C′

C′

B B

B

B C

AA′
A′

A′

C C

C

B′

B′

A′

B′B′

FIGURE 1.7 Distributed winding stators of RSMs: (a) three phases, 2p= 2 poles; (b) four phases, 2p= 4,
q= 1.
two decades, first into two categories:

1. Reluctance synchronous machines
2. Flux-modulation reluctance machines

1.4.1 RELUCTANCE SYNCHRONOUS MACHINES

Reluctance synchronous machines (RSMs) have a uniformly slotted stator core with distributed (with
almost pole–pitch τ span coils) windings connected in two (split phase), three, or more phases, fed
with sinusoidal currents that produce, basically, a travelling magnetomotive force (mmf) (Figure 1.7).

Fs = F1m · cos ω1t − π

τ
x

( )
(1.10)

They exhibit 2p poles per rotor periphery. The rotor is of the variable reluctance type, showing the

same number of poles 2pr= 2ps= 2p.

The variable reluctance rotor may be built in quite a few configurations:

• With regular laminations and concentrated (Figure 1.8a) or distributed magnetic anisotropy

•

PM–assisted (switched flux or flux reversal) reluctance machines experience, one way or
another, a kind of “homopolar” effect (limit). Practical reluctance machines are built in
more involved configurations: single phase and multiphase; with and without AC excitation
or PM assistance; with distributed or tooth-wound AC coils; with a stator and a rotor (single
airgap) or with an additional part, a flux modulator (for low-speed torque magnification:
magnetic gearing effect), which may be fixed or rotating.

• This is how reluctance synchronous machines (pure or with PM assistance) and reluctance
flux-modulation machines come into play to:
• Reduce initial costs (by reducing [or eliminating] PM costs) in variable-speed drives
• Increase efficiency at only 5–6 p.u. starting current in line-start applications when a cage

is also present on the variable reluctance rotor

1.4 RELUCTANCE ELECTRIC MACHINE CLASSIFICATIONS

We attempt here to classify the myriad of reluctance electric machines, many introduced in the last

s
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Reluctance Electric Machines: An Introduction 9
As demonstrated later, large magnetic anisotropy (magnetization inductance differential Ldm/Lqm)
in the two orthogonal (d, q) axes is required for high/competitive torque density (Nm/kg or
Nm/liter), while a high ratio (Ldm+ Lsl)/(Lqm+ Lsl)= Ld/Lq is required for an acceptable power
factor and thus a wider constant power speed range [1,2].

The first RSMs, using salient (standard) rotor poles, exhibited a low total saliency ratio Ld/Lq≈
1.8–2.5 [3], but their rotor simplicity and ruggedness proved practical, mainly in low-power (espe-
cially high-speed) applications.

Multiple flux-barrier rotors (Figure 1.8) making use of regular laminations, proposed in the late

FIGURE 1.9 Axially laminated anisotropic rotors with through shaft (2p≥ 4).
the stator q axis current magnetic field space harmonics produce additional losses in the ALA rotor.
While the second objection has been solved by using thin slits (three to four per entire rotor axial
length), the first objection still hampers its commercialization.

Typical data on recent commercial RSMs for variable-speed drives (no cage on the rotor) are
shown in Table 1.1 (after [5]).

The RSMs may be used also in line-start (constant-speed) machines; however, a cage has to be
added on the rotor for asynchronous starting (Figure 1.10).

Higher efficiency in contemporary line-start RSMs (split-phase and three-phase) has been more
vigorously pursued, especially with PM (even Ferrite) assistance than induction motors but keeping
the starting current lower than 6.5 p.u. (per unit) (Table 1.2).
1950s [4], have gained recent industrial acceptance (ASEA Brown Boveri [ABB] site [5]) to powers
up to 500 kW in variable-speed inverter fed drives, with 1.5%–3% more efficiency than induction
motors with the same stator but a power factor smaller by 8%–10% (segmented rotor configurations
retain only a historical interest).

The axially laminated anisotropic (ALA) rotor (Figure 1.9) [6] is still considered less practical
(unless performance is far more important than initial cost and materials plus fabrication) because
(a) (b)

FIGURE 1.8 Regular-lamination variable reluctance rotors: (a) with concentrated anisotropy (with salient stan-
dard poles); (b) with distributed anisotropy (with multiple flux barriers).
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10 Reluctance Electric Machines
T=I1 [Nm=A] 0.26 0.23 0.23

Pout [kW] 13.9 13.8 13.7

Pin [kW] 15.1 14.7 14.7

S1in [kVA] 18.6 19.2 20.6

Motor η [%] 91.5 93.7 93.0

PF1 0.82 0.77 0.71

η · PF1 0.746 0.717 0.664

I=(η · PF1) 1.34 1.39 1.5

Winding Temp. Rise [K] 66 61 61
TABLE 1.1
Sample Performance of RSMs for Variable Speed

Machine Type IM SynSRM SynSRM

Evaluation Type Measur. Measur. Calc.

Speed [rpm] 1498 1501 1500

f1 [Hz] 51 50 50

Slip [%] 2099 0 0

V1ph [V rms] 215 205 219

I1 [A rma] 29 31 31

Losses [W] 1280 928 1028

Stator Copper Losses [W] 536 613 611

Friction Losses [W] 86 86 78

Rest Losses [W] 658 229 338

T [Nm] 88.3 87.7 87.2
The nonsymmetric cage in Figure 1.10a is admittedly producing additional torque pulsations
during asynchronous starting, but it uses the rotor cross-section better while leaving room for the
assisting PMs.

RSMs are in general provided with distributed windings in the stator to produce higher magnetic
anisotropy. Good results may be obtained with τ/g (pole pitch/airgap). 300 and q≥ 3 slots/pole/
phase [1]: Ldm/Lqm. 20.

However, at least for variable speed, RSM tooth-wound coil stator windings have also been pro-
posed with variable reluctance rotors only for it to be found that Ld/Lq, 2.5 in general, because the
high differential leakage inductance of such windings reduces the Ld/Lq ratio to small values. All
RSMs are operated with sinusoidal stator currents. For variable speed, field-oriented or direct torque
control is applied. Noticing the lower power factor of RSMs for variable-speed drives, a new family
of multiphase reluctance machines with two-level bipolar flat-top current control was introduced
[7–10]. This new breed of REM is called here brushless DC multiphase reluctance machines, which
operate in fact as DC brush machines, utilizing the inverter ceiling voltage better to produce an effi-
ciently wide constant power speed range. BLDC-MRMs act in a way as synchronous machines in the
sense that the number of poles of diametrical (pole pitch span) coil stator winding and magnetically
anisotropic rotor are the same: ps= pr= p.

So the stator current frequency f1= n · p; n-speed.

Housing Temp. Rise [K] 42 36 NA

Shaft on N-side Temp. Rise [K] 32 19 NA

Shaft on D-side Temp. Rise [K] NA 21 NA

Inv. Avr. Switch Freq. [kHz] 4 4 NA

Inverter Losses [W] 442 442 NA

Inverter η [%] 97.2 97.1 NA

System η [%] 88.9 91.0 NA
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Reluctance Electric Machines: An Introduction 11
1.4.2 BRUSHLESS DIRECT CURRENT-MULTIPHASE RELUCTANCE MACHINES

BLDC-MRMs were introduced in the late twentieth century [7–9] and revived recently [10] when
fault tolerance became an important practical issue and multiphase inverter technologies reached
mature stages.

The machine topology springs from an inverting (swapping) stator with a rotor in a DC brush
machine stripped of DC excitation and with brushes moved at the pole corners, with the mechanical
commutator replaced by inverter control of bipolar two-level flat-top currents (Figure 1.11).

The BLDC-MRM is characterized by the following:

• A q= 1 multiphase diametrical coil stator winding (m= 5, 6, 7,…).
• The rotor has a large magnetic reluctance in axis q so that Lqm/Ldm≤ (4–5) to reduce the

armature reaction of mT torque phases placed temporarily under rotor poles.
• The mF=m–mT phases, placed temporarily between rotor poles, produce an electromag-

netic force (emf) in the torque phases at an optimum airgap of the machine.
• A too-small airgap will delay the commutation of current, while one that is too large will

increase the losses for the AC excitation process in the mF phases. This not-so-small airgap
may be useful for high-speed applications to reduce mechanical losses for good perfor-
mance, even if a carbon fiber shell is mounted to enforce the rotor mechanically. A small
airgap, we should remember, is a must in both RSMs (with sinusoidal current) and switched
reluctance motors.

layer

d axis

2p = 4 poles

Nonmagnetic

(siluminum)

spider

PMs

FIGURE 1.10 Cage rotor with magnetic anisotropy: (a) with cage inside flux barriers (and PMs); (b) with cage
above PM (and low magnetic saliency Ldm/Lqm= 1.3–1.6); (c) with cage (no PMs) as thin conductor sheets
between axial laminations.
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TABLE 1.2
Typical Standard Efficiency Classes

Standard & Year Published State

IEC 60034-1, Ed. 12, 2010. Rating and performance.

Application: Rotating electrical machines. Active.

IEC 60034-2-1, Ed. 1, 2007, Standard methods for determining losses and efficiency from tests

(excluding machines for traction vehicles).

Establishes methods of determining efficiencies from tests, and also specifies methods of obtaining
specific losses.
Application: DC machines and AC synchronous and induction machines of all sizes within the
scope of IEC 60034-1.

Active, but under
revision.

IEC 60034-2-2, Ed.1, 2010, Specific methods for determining separate losses of large machines

from tests—supplement to IEC60034-2-1.

Establishes additional methods of determining separate losses and to define an efficiency
supplementing IEC 60034-2-1. These methods apply when full-load testing is not practical and
results in a greater uncertainty.
Application: Special and large rotating electrical machines Active.

IEC 60034-2-3, Ed. 1, 2011, Specific test methods for determining losses and efficiency of

converter-fed AC motors.
Application: Converter-fed motors Not active. Draft.

IEC 60034-30, Ed. 1. 2008, Efficiency classes of single-speed, three-phase, cage induction motors
(IE code).
Application: 0.75–375 kW, 2, 4, and 6 poles, 50 and 60 Hz.

Active, but under
revision.

IEC 60034-31, Ed. 1, 2010, Selection of energy-efficient motors including variable speed

applications—Application guide.

Provides a guideline of technical aspects for the application of energy-efficient, three-phase,
electric motors. It not only applies to motor manufacturers, original equipment manufacturers, end
users, regulators, and legislators, but to all other interested parties.
Application: Motors covered by IEC 60034-30 and variable frequency=speed drives. Active.

IEC 60034-17, Ed. 4, 2006, Cage induction motors when fed from converters—Application guide.

Deals with the steady-state operation of cage induction motors within the scope of IEC 60034-12
when fed from converters. Covers the operation over the whole speed setting range, but does not
deal with starting or transient phenomena.
Application: Cage induction motors fed from converters. Active.

12 Reluctance Electric Machines
power angle that fluctuates around 90%.
• It is to be noted that the excitation of this machine is performed in AC, but the flat-top bipolar

currents and the division of phases into torque (mT) and field phases (mF) may produce better
inverter voltage ceiling utilization. This translates into a wider constant power speed range
(CPSR. 4, if Ldm/Lqm. 4) where the excitation current is reduced for flux weakening and
not increased as in interior PM synchronous motors (IPMSMs); this should mean better effi-
ciency during flux weakening for larger constant power speed ranges (CCPSRs); much as in
DC-excited synchronous motors.

1.4.3 THE CLAW POLE–SYNCHRONOUS MOTOR

The claw pole–synchronous motor (CP-SM) (Figure 1.12) may also be assimilated into a reluctance
machine, as the rotor magnetic claws host a single DC coil (and/or a ring-shaped PM) to produce
a 2p pole airgap flux density distribution, with a stator with a typical distributed three-phase winding
• The BLDC-MRM operates more like a DC brush machine with a flat-top bipolar current, at a
www.Technicalbookspdf.com
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Phase 2

Phase 1

(m = 6)
m
π

FIGURE 1.11 Six-phase BLDC-MRM: (a) equivalent exciterless DC-brush machine and rotary (or linear)

simplified geometry; (b) typical flat-top bipolar phase current wave forms. (After D. Ursu et al., IEEE Trans,
vol. IA–51, no. 3, 2015, pp. 2105–2115. [10])
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FIGURE 1.12 The claw-pole synchronous machine: (a) with DC circular coil excitation; (b) with ring-shaped-
PM rotor; (c) with DC excitation plus interpole PMs (to increase output and efficiency).
www.Technicalbookspdf.com



14 Reluctance Electric Machines
[11]. Its main merit is the reduction of DC excitation losses and rotor ruggedness with a large number
of poles, 2p. 8 in general.
1.4.4 SWITCHED RELUCTANCE MACHINES

Switched reluctance machine (SRM) topologies [12,13] include:

• A single (or dual) stator laminated core with Ns open slots
• The stator slots host either tooth-wound coils (Figure 1.13a) or diametrical (distributed) coil

winding (Figure 1.13b)
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FIGURE 1.13 SRM: stator with multiphase coils: (a) single stator with tooth-wound three-phase coils; (b) dual
stator with diametrical four-phase coils and segmented rotor.
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Reluctance Electric Machines: An Introduction 15
• The rotor laminated core shows Nr salient (Figure 1.13a) or distributed anisotropy poles
(Figure 1.14b)

• In general,

Ns − Nr = +2K; K = 1, 2, . . . . (1.1

SRMs have a rugged structure and are not costly, being capable of high efficiency (to suit eve
tomotive traction standards [14]). However, being fed with one single-polarity current, with on
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16 Reluctance Electric Machines
(or two) phases active at any time, and exposing a rather large inductance (needed for a high saliency
ratio [Ldm/Lqm. (4–6)]), the static power converters that feed SRMs are made as dedicated objects to
handle large kVA (due to low kW/kVA= 0.6− 0.7).

The SRM may be considered synchronous because the fundamental frequency of the stator
currents is f1= n · Nr: Nr rotor salient poles (pole pairs) and n speed, though the current pulses are
monopolar. On the other hand, if we calculate the stator mmf fundamental number of poles, we
may consider it pa= 2 K and thus Equation 1.11 translates into Ns− Nr=+pa.

But this is the synchronism condition for the so-called “flux modulation” or Vernier reluctance
machines, with Ns the pole pairs of a fixed flux-modulator and Nr the pole pairs of the variable
reluctance rotor.

1.4.5 WHEN AND WHERE RELUCTANCE SYNCHRONOUS MACHINES

SURPASS INDUCTION MACHINES

Any comparison between electric machines should be carefully based on similar performance criteria,
the same stator, and similar inverters for variable-speed drives, or based on the efficiency× power
factor for line-start machines with same stator, maximum power factor, voltage, flux linkage, and
winding losses.

The torque of the IM has, in the dq-model, the standard formula:

(Te)IM = 3
2
p · (Ls − Lsc)idiq; cosφmax ≈

1− Lsc/Ls
1+ Lsc/Ls

; (1.12)

with:

Vs ≈ Ψs · ω1; Ψs =
������������������
(Lsid)2 + (Lsciq)2

√
; Ψr = Lm · Id

Pcopper = 3
2
Rs(i

2
d + i2q)+

3
2
Rr

Ls
Lm

( )2

i2q; Ls = Lsc + Lm; Lsc = Lsl + Lrl

Core losses are neglected above, and Ls and Lsc are the no load and, respectively, the short-circuit
inductance of IM; Rs, Rr are stator and rotor phase resistances.

Similarly, for the RSM:

(Te)RSM = 3
2
p · (Ld − Lq)idiq; cosφmax ≈

1− Lq/Ld
1+ Lq/Ld

; (1.13)

Vs ≈ Ψs · ω1; Ψs =
������������������
(Ldid)2 + (Lqiq)2
√

; Ld = Lsl + Ldm; Lq = Lsl + Lqm

Pcopper = 3
2
Rs(i

2
d + i2q)

From Equations 1.12 and 1.13 we may infer that:

• The IM under field-oriented control (Ψr= const) operates like an RSM with Ls→ Ld;
Lsc→ Lq.
• For the same stator and 2p= 2, 4, 6, it is feasible to expect Ls≈ Ld and Lsc≈ Lq; thus, the
same torque is obtained with the same stator currents id and iq, but in RSM, there are no rotor
winding losses and thus (pco)RSM, (pco)IM. Consequently, the efficiency can be 3%–6%
better for RSMs.
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1.5 FLUX-MODULATION RELUCTANCE ELECTRIC MACHINES

RSMs and CP-SMs are typical multiphase traveling field sinusoidal current synchronous machines.
BLDC-MRMs and SRMs are quasisynchronous machines with impure traveling/jumping magnetic-
airgap fields and with bipolar (monopolar, respectively) flat current waveforms.

Quite a few other quasisynchronous machines have been proposed, some recently, but some
decades ago. In general, they combine PM torque contribution to reluctance torque effects, almost
all being most suitable for low/moderate speeds, but where fundamental frequencies as high as
1 kHz can be handled by the PWM inverter that controls such machines.

They basically contain not two but three elements:

• The exciter (eventually with PMs) part: with pe pole-pairs
• The flux modulator with variable reluctance part: with pm pole-pairs
• The armature m.m.f. part: with pa pole-pairs
• Now, concerning the maximum power factor, it is not easy to make (Lq)RSM= (Lsc)IM for the
same stator (unless an ALA rotor is used) and thus Lq. Lsc; consequently, the power factor
is 6%–10% lower for RSMs, even with multiple-flux-barrier rotors.

• A smaller power factor with a better efficiency would require about the same inverter for the
same stator machine; thus, we remain with the advantage of a few percentage points more
efficiency for a cageless rotor in variable-speed inverter-fed drives.

• For line-start applications, only the advantage of a few percentage points more efficiency
over the IM of the same stator remains; fortunately, the starting current remains for RSM
in the standard range of 5.5–6.5 p.u. This means that the line-start RSM may qualify for a
superior-class efficiency motor with reasonable starting current at reasonable costs (about
the same stator as the lower efficiency class IM). Moreover, adding PMs on the cage rotor
in addition to magnetic saliency may further improve the performance (efficiency× power
factor) of line-start RSMs. The standard value of the starting current level of RPM allows use
of the existing local lower grid ratings in contrast to high class efficiency recent IMs, which
require 7–8 p.u. starting currents.
At least one of these parts should be, in general, stationary. Also, only the constant and first space
harmonic components of airgap permeance are considered.
e s

Fe(θs, Ωe, t) = Fe1 · cos (peθs − peΩet) (1.14)
Let us consider a traveling excitation m.m.f. F (θ , t):
Λg(θs, Ωmt) = Λ0 + Λ1 cos (pmθs − pmΩmt) (1.15)

In general,

Λ1 , Λ0/2 (1.16)

Now, the airgap flux density Bge(θs,t) is:

Bge(θs, t) = Fe1(θs, t) · Λg(θs, Ωmt) (1.17)
And the airgap permeance function Λg (produced by the flux modulator side).
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18 Reluctance Electric Machines
have:

• The same pole pairs: pa= |pe+ pm|
• The same angular speed Ωa = (peΩe + pmΩm)/(pe + pm)
• They should not be aligned with each other (Bge and Fa)

Such a typical flux-modulation REM, shown in Figure 1.15, comprises three parts (not two as do
RSMs).

Both the flux modulator and the exciter may rotate at speedsΩm andΩe, or the flux modulator (and
the armature) may be stationary. Only if the flux modulator is stationary (Ωm= 0) will the armature
and excitation m.m.fs exhibit the same frequency (Ωe=Ωa).
relationships:

Ωr
e

Ωr
a

= ωe − ωf

ωa − ωf
= −sgn

pe
pa

; β = sign
pe
pa

= 1 for pm = pe + pa
−1 for pm = pe − pa

{
(1.20)

Tm = − 1+ sgn
pe
pm

( )
Ta; Te = sgn

pe
pm

Ta,

Positive

direction Magnets

Te = ±βTa

Tm =–(1 ± β )Ta

Ta Low speed

PM rotor

High speed

Armature field
Ferromagnetic

pole piece rotor

FIGURE 1.15 Generic flux-modulation REM [β= sign(pe/pa)].
produce constant torque, Bge(θr,t) and Fa(θs,t) should act in synchronicity; thus, they should
he speed of coordinates is ωf and equal to the speed of the flux modulator (Ωm) and Ωr
a and Ω

r
e

e speeds of the armature and excitation m.m.fs with respect to it, the power balance offers the
or

Bge = Fe1Λ0 cos (peθs − peΩet)

+ 1
2
Fe1Λ1 cos (pe + pm)θs − (peΩe + pmΩm)t[ ] (1.18)

The armature-side m.m.f. is also considered a traveling wave:

Fa(θr, t) = Fa1 · cos (paθs − paΩat) (1.19)

To

If t
are th
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To go the natural way, we will first present the main categories of FM-REMs as introduced in the
literature and then at the end treat a few aspects that are common to them all:

• Vernier machine drives
• Flux-switched (stator PM) machine drives
• Flux reversal machine drives
• Transverse flux machine drives
• Dual stator-winding REM drives
• Magnetically geared REM drives

They will have dedicated separate chapters later in this book.

1.5.1 VERNIER PERMANENT MAGNET MACHINE DRIVES

Vernier machines are multiphase surface or spoke-shaped PM-rotor REMs (Figure 1.16a and b)
This is how low- (hundreds and tens of rpms) and medium- (a few thousand rpms) speed applications
are considered the main targets for FM-REMs for wind and hydro generators and automotive and
industrial variable-speed drives.

[15–17], where the flux modulator role is played by the stator Ns teeth and open slots, while the rotor
holds 2p PM poles and the stators hold a 2pa pole distributed (standard) AC winding such that:
Where Tm, Ta, and Te are the torques exerted on the flux-modulator, armature, and exciter,
respectively.

As visible in Equation 1.20, which exhibits two terms, to maximize the torque: β=+1; thus:

pa = pe − pm
∣∣ ∣∣; Ωa = peΩe − pmΩm

pe − pm
(1.21)

An apparent torque magnification effect occurs in flux-modulation reluctance electric machines
(FM-REMs) via the first harmonic of airgap permeance and here from the expected increased torque
density, provided the numbers of pole pairs pe and pm are large, with pa= 1,2, as proved later in the
book, for a reasonable power factor and efficiency. But, for a given motor/generator speed, this
means a rather large fundamental current frequency to be handled thorough the PWM converter.

Ns = p+ pa (1.22)

It may be built with a radial airgap (Figure 1.16) or an axial airgap.
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FIGURE 1.16 Vernier PM machines: (a) with surface PM-rotor. (After D. Li et al., IEEE Trans, vol. IA–50,
no. 6, 2014, pp. 3664–3674. [17]); (b) with spoke–PM–rotor and distributed winding.
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20 Reluctance Electric Machines
The two pole stator windings (Figure 1.16b) lead to an increase of torque density in Nm/liter of the
active machine part but imply long end connection coils (2pa= 2, 4) in general to keep the power
factor within reasonable limits (0.75–0.85). Also, the frame is long and the between-stators rotor
implies a sophisticated fabrication process. From this latter point of view, the axial airgap version
with two identical stators [18] seems more manufacturable. For Ns= 24 slots, pa= 2 pole pairs
(q= 2 slots/pole/phase, three phases), p= 22 PM pole pairs (24= 22+ 2), an outside stator diam-
eter of 630 mm, stack length lstack= 50 mm, 1000 Nm, 30 rpm machine [16], with the spoke–
magnet–rotor dual-stator configuration (Figure 1.16b), the torque density has been increased 1.73
times with respect to the surface–PM–rotor single-stator topologies (Figure 1.16a), for a measured
efficiency of 0.85 and a power factor of 0.83 at 6.6 Nm/liter of stator stack (active) total volume
for 1.2 A/mm2 current density. The latter indicates the use of a lot of copper for this good perfor-
mance. There are a few advantages to Vernier PM machines:

• The occurrence of two terms in the emf, torque and power: one related to constant (conven-
tional) airgap permeance and the other related to its first harmonic (addition), produced by
• However, the conventional term of torque refers to a machine component with 2 pa= 2, 4
poles, which does not produce a great amount of torque.

• The usage of all magnets all the time in the spoke–PM–rotor with two stators, when less PM
flux is also wasted by fringing between rotor poles, is another clear benefit.

• Vernier machines offer the possibility of improving the power factor by carefully designing
the machine with spoke magnets and dual stators, with high (1.4 T) stator teeth flux density
and radially long magnets to produce a large PM flux concentration, which reduces the
armature reaction to reasonable values.

• All these are corroborated with a small number of poles of armature (stator) m.m.f. 2pa and
slots /pole/phase(q= 1, 2).

• However, the fabrication difficulties and the long coil end connections, inevitable for the
better for the axial airgap version [18].

1.5.2 FLUX-SWITCHED (STATOR PERMANENT MAGNET) RELUCTANCE ELECTRIC MACHINES

The placement of PMs in the stator offers advantages in terms of a rugged, passive magnetically
anisotropic rotor where the stator PMs may be protected mechanically and cooled more easily
[19,20]; see Figure 1.17a and b. However, the PM eddy currents have to be considered since all
AC armature fields may go through them.

The PM flux produced in the stator changes polarity in the stator coils in Figure 1.17 and thus an
apparently larger AC emf is produced; however, only a small part of the coil span is traveled by PM
flux density, so the iron and coil utilization is not large in this machine. A contemporary three-phase
flux-switch (FS) PMSM, where the key factor is also the magnetic anisotropy of both stator and rotor,
is shown in Figure 1.18 [21].

• Again, in such machines, the flux-modulation principle operates but in general is hidden in
the literature by so many stator teeth to salient pole combinations [21].

• It appears that the 12/10 combination, with its multiples, is a fair choice/compromise when
torque density, efficiency, power factor radial forces, noise, and vibration are all considered.

• Even in this case [22], a rather complete comparison with the typical IPMSM with spoke–
PM–rotor for the 12 slot/10 pole combination yields conclusions such as:
○ About the same torque per weight, but for more PM weight in the case of FS-PMSM.
rather short stack length imposed by the cantilever configuration of the rotor, constitute
strong challenges for the radial airgap dual-stator Vernier machine. The situation is slightly
the flux modulator (stator open slotting structure), is characteristic of Vernier machines.
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Rotor

URE 1.18 Typical three-phase flux-switch PMSM: (a) with separated phase coils. (After C. H. T. Lee et a
E Trans, vol. EC–30, no.4, 2015, pp. 1565–1573. [27]); (b) with neighboring phase coils (with magnetic fl
es under load). (After A. Fasolo et al., IEEE Trans, vol. IA–50, no. 6, 2014, pp. 3708–3716. [22])
○ FS-PMSM is slightly better in terms of CPSR capability (Figure 1.19), but the core
losses are larger.

○ The use of ferrites in FS-PMSM is an option (less torque, less torque ripple) for a given
volume, but the risk of PM demagnetization is larger.

• In spite of this tight competition with IPMSM, the FS-PMSM is thoroughly investigated in
combined (hybrid) excitation—(DC+ PM)-stator—to yield wider CPSR for tractionlike
applications.

• Moreover, FS-DC-excited SMs are being proposed for motoring and generating in different
stator/rotor (slot/pole) combinations [23,24] (Figure 1.20).

• While acceptable torque densitymay be produced, DC-excited FS-RMs are characterized by:
• A large machine reactance in p.u., which is useful for a wide CPSR in motoring but

45°
c

URE 1.17 Original flux-switch single-phase PMmachines: (a) with interior stator. (After E. Binder, “Mag-
oelectric rotating machine” (Magnetelektrische Schwungradmaschine), German Patent no. DE741163 C,
ov. 1943. [19]); (b) with interior rotor. (After S.E. Rauch, L. J. Johnson, AIEE Trans, vol. 74 III, 1955,

. 1261–1268. [20])
inflicts a low power factor (0.6) for competitive torque density: the same also leads to
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22 Reluctance Electric Machines
large voltage regulation in autonomous generator mode with PWM converter (or diode
rectifier) output.
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• Lower efficiency at low speeds (due to DC excitation losses) but acceptable efficiency
during flux weakening for wide CPSR.

1.5.3 FLUX-REVERSAL RELUCTANCE ELECTRIC MACHINES

In yet another slight topologymodification, flux-reversal (FR) REMs have been introduced, with PMs
on the stator [25] or rotor [26]—Figure 1.21a and b:

• The main advantage of FR-REMs, which may be assimilated (as principle) with FS-REMs
with stator PMs, is that they make use of conventional laminations in their cores and thus are
supposed to be easier to fabricate. The large PM flux fringing in stator–SPM configurations
(Figure 1.21a) is partially compensated by the topology with rotor PMs (Figure 1.21b),

where all magnets are active all the time. Larger tooth (pole)-wound coils in the stator are
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presupposed in all FR-REMs. A DC stator-excited version of an FR-REM was introduced
recently [27]—Figure 1.22—in an effort to eliminate PMs in a large machine, typical for
wind generator applications. Apparently, trapezoidal (BLDC) current control is more suit-
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E 1.21 Flux reversal REMs: (a) with stator PMs; (b) with rotor PMs.
able than sinusoidal current, as the emf waveform [27] tends to be trapezoidal.
In yet another effort to improve FR-REMs, the stator was partitioned, with the PMs placed on a
dedicated (additional) interior stator while the flux-modulation anisotropic rotor runs between the
two stators [28]—Figure 1.23. Even a consequent pole PM interior stator will do to reduce PMweight
per Nm notably.

• While the configuration with spoke magnets exhibits the highest torque density, it does so
with poor PM usage.

• The configuration with V-shaped magnets is, in terms of efficiency and PM cost, competi-
tive [28]. Still, the fabrication complexity with an in-between rotor is not to be overlooked.

• However, axial airgap topologies of rotor—PM or portioned—stator PM FR-REMs might
be easier to fabricate, though they imply spooled axial lamination cores.

Stator
Rotor

DC-field

winding

Armature

winding

FIGURE 1.22 DC stator excited four-phase FR-REM. (After C. H. T. Lee et al., IEEE Trans, vol. EC–30, no. 4,
2015, pp. 1565–1573. [27])
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24 Reluctance Electric Machines
1.5.4 THE TRANSVERSE FLUX-RELUCTANCE ELECTRIC MACHINE

In an effort to decouple the magnetic circuit (core) and electric circuit (winding) design, the transverse
flux (TF) machine was introduced [29–31]—Figures 1.24 and 1.25.

Here, the circular phase coil imposes three (m) one-phase machines placed in a row axially on the
shaft. But the circumferential coil embraces all stator poles Ns, which are equal to the number of rotor
(stator) PM pole pairs p or the number of rotor salient poles Nr (with interpoles such that the machine
acts as a synchronous machine). We may also count it as a flux-modulation REM with the number of

Inner

stator
Outer

stator
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Stator

Inner

stator

PM

PM

Armature

winding

Armature

winding

Rotor
Rotor

FIGURE 1.23 Portioned stator FR-REM. (After Z. Q. Zhu et al., IEEE Trans, vol. IA–52, no. 1, 2016,
pp. 199–208. [28])—12/10—combination: (a) with spoke magnets; (b) with V-shaped magnets.

(a) (b)
Coil(c)

FIGURE 1.24 (a) Transverse flux REM; (b) with PM rotor poles; (c) salient pole rotor. (After H.Weh, H. May,
Record of ICEM—1986, Munchen, Germany, vol. 3, pp. 1101–1111. [29])
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flux modulator (stator) salient poles equal to the rotor pole pairs p. Consequently, the pole pairs of
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FIGURE 1.25 TF-REM with stator PMs. (After J. Luo et al., Record of IEEE—IAS—2001 Annual Meeting,
Chicago IL. [30]): (a) with axial airgap; (b) with radial airgap.
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stator mmf pa are expected to be: pa= Ns−p= 0, but this means that the stator mmf is homopolar
along the rotor periphery; and so it is!

The TF-REM with PMs is credited with high torque density for small pole pitches τ≈ 10–12 mm
for mechanical airgaps of 1–2 mm. The spoke-type PM rotor configuration (Figure 1.23b) makes bet-
ter use of PMs but leads to a higher armature reaction (and thus higher machine inductance), which
means, again, a lower power factor or higher voltage regulation as an autonomous generator.

• As the number of poles increases for a given geometry circumferential coil (mmf), the torque
increases, while the PM flux fringing (leaking between rotor poles) also increases. At some
low pole pitch τ ≈ 10–12 mm with mechanical airgap g= 1–2 mm, the two effects cancel
each other out and thus no further torque “magnification” is noticed.

• And there is the problem of fabricating the TF-REM that involves multiple axial lamination
cores mounted together or solid magnetic composite (SMC) cores; in the latter case, the per-
formance (torque density) is reduced by μSMC≈ (500–700)μ0 at B= 1.5 T, with about 20%
for same machine geometry.
• Still, offering practically the lowest copper loss torque (W/Nm) and high torque density–by
torque magnification (multiple pole embrace stator coils), the TF-REM with PMs is to be
pursued in applications where torque density/copper losses should be high, mainly in
high torque–low speed drives, to limit the fundamental frequency f1= n·p and thus keep
the core loss under control while having also enough switching frequency fsw/f1 ratio in
the PWM converter that controls the machine as a motor or generator via vector or direct
torque control.

1.5.5 NOTE ON POWER FACTOR IN FLUX-MODULATION-RELUCTANCE ELECTRIC MACHINES

Basically, the power factor in all flux-modulation machines—which, in spite of being salient pole
machines, do not exhibit notably magnetic anisotropy 1, Ld/Lq, 1.1—as in synchronous machines
is given approximately (losses neglected) by:

cosφrated ≈
1���������������������

1+ ω1LsIq rated

ω1ΨPM1

( )2
√ ; ω1 = 2πf1 (1.23)
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26 Reluctance Electric Machines
• As shown in detail in Reference 32, all FM-REMs are plagued by a large inductance Ls in
p.u. values. This is essentially because the constant component of airgap magnetic perme-

ance Λ0 produces a smaller portion of torque than the first harmonic Λ1, which is small in

general (Λ1≤Λ0/2). Moreover, Λ0 imposes an additional large inductance component;
thus, with a large number of poles, Ls becomes large in p.u. and the power factor decreases.

• The attempt to produce a high PM flux linkage ΨPM1 by spoke-magnet rotors and dual sta-
tors in Vernier machines in order to increase the power factor is an example of how to alle-
viate the situation; provided the airgap is increased over 1–1.5 mm, even for 1000-Nm
machines, to keep Ls reasonably large, as in TF-REMs, the machine behaves as having
two magnetic airgaps.

1.5.6 THE DUAL STATOR WINDING (DOUBLY FED BRUSHLESS) RELUCTANCE ELECTRIC MACHINE

A variable-reluctance rotor with pr salient poles is integrated in a uniformly slotted stator core that
hosts two distributed three-phase AC windings of different pole pairs p1 and p2 (Figure 1.25) such as:
pr = p1 + p2 (1.24)

Equation 1.24 again fulfills the condition of continuous torque (the frequency theorem) valid for all
flux-modulation machines.

• The interaction between the main winding (designed for 1 p.u. power ratings) connected to
the grid and the auxiliary winding (0.2–0.3 p.u. rating) connected to the grid through a bidir-
ectional AC–AC PWM converter is realized through the first space harmonics of airgap
magnetic permeance (Λ1). The constant component (Λ0) results in a large leakage induc-
tance (low power factor [0.7–0.8], in principle).

• Also, as Λ1/Λ0≤ 0.5 [33], the coupling between the two windings yields an equivalent
winding factor of max. 0.5, which excludes the claim of high torque density from principle.

• But the absence of brushes—present in standard doubly fed induction machines used for
limited speed range variation inmotors/generators—and the partial ratings of the PWMcon-
verter (20%–30%) makes their topology of some interest in niche applications (wind gener-
ators) and limited-speed range-control drives with light starting (large ventilators, etc.).

Note: The auxiliary (control) winding may be DC fed, and then the speed n= f1/pr, which is 50% of
what a regular SM with same rotor would produce.

1.5.7 MAGNETICALLY-GEARED RELUCTANCE ELECTRIC MACHINE DRIVES

So far, we have treated FM-REMs with a single rotor where the flux modulator role was played by the
stator or rotor itself.

However, to obtain more aggressive torque magnification, the magnetic gearing effect is used in
FM-REMs with basically two rotors.

There are many topologies that fit this denomination, and they have been proposed recently to
eliminate the mechanical gears in very-low-speed drives (less than, say, 100 rpm) with torque densi-
ties around/above 100 Nm/liter; Figure 1.26 illustrates a recent one [34].

PMs are present on the stator poles (with pa poles) and on the high-speed rotor (with p pole pairs):
the flux-modulator, which now is the low-speed main rotor, has qm salient poles (in fact pole pairs).
The FM principle still stands:

qm = p+ pa (1.25)
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Grid

Grid inverter Control inverter

Secondary winding

connection

Grid winding
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FIGURE 1.26 Brushless doubly fed reluctance machine–stator connection and variable reluctance rotor.
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The outer rotor is integrated with the stator that contains both PMs and the AC winding, which h
coils like in a typical flux-reversal REM.
Here, the torque is the result of interactions between the high-speed PM rotor field (p pole pair
d the stator PM fundamental field as modulated by the flux modulator and stator windings. Th
called gear ratio Gr is:

Gr = qm
p

= 1+ pa
p
; pa ≫ p (1.2

• With p= 2 (Figure 1.27) pole pairs on the high-speed rotor, pa is chosen for a given gear
ratio Gr. A value of pa= 19 pole pairs for the stator PM field is considered in Reference
34, the preferred option. Then qm= p+ pa= 2+ 19= 21 salient poles on the flux modula-
tor. For a 50-Nm, 150-rpm motor, the efficiency was calculated at 90.8%.

• The NdFeB magnet weight was 0.834 kg, and the total motor active mass was calculated at
roughly 5 kg.

• However, the measured efficiency was lower than 80%, showing that some losses have not
been accounted for.

• The 10 Nm/kg is impressive, but the motor cost and complexity should be considered, too.
• For more on motor-integrated PM gears, see References 35 and 36.

Outer stator

Modulator pieces

(Low-speed rotor)

High-speed rotor

Permanent magnets fixed on stator surface

URE 1.27 Magnetically geared FM-REM. (After P. M. Tlali et al., IEEE Trans, vol. MAG–52, no.
16, pp. 8100610. [34])
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In Reference 36, for 10MW at 9.65 rpm, 48.25 Hz, an efficiency of 99% is calculated for a total
mass of 65 tons but with a total of 13 tons of sintered NdFeB magnets!

1.6 SUMMARY

• Electric energy is a key agent for prosperity in a cleaner environment.
• Electric energy needs in kWh/capita will continue to increase in the next decades, especially

in emerging economies with large populations.
• More electric energy in an intelligent mix of fossil-fuel and renewable primary sources

needs even better electric machines of moderate/affordable initial cost.
• Electric energy savings can be obtained by higher-efficiency line-start motors and variable-

speed-drive electric machinery.
• Low speed–high torque applications (for direct motor and generator drives in vehicular pro-

pulsion and wind/hydro generator applications and robotics) prompt the need for new R&D
efforts in the field.

• High-energy PM potential usage in large quantities in wind generators and electric vehicular
propulsion has led recently to a large disequilibrium between demand and supply, with the
consequence of a sharp increase in high-energy PM price (100 USD/kg or so).

• The high-energy (Br. 1.1 T) PMs, high price should trigger a search for alternative electric
machines that use fewer or no high-energy PMs per kW of motor/generator.

• This is how reluctance electric machines come into play again, but this time with improved
torque density, efficiency, and power factors, at affordable costs for both line-start and
variable-speed applications.

• REMsmayuse somePMs for assistance (preferablyFerritemagnets [6 USD/kg,Br= 0.45 T]
that should provide high magnetic saliency to guarantee high performance).

• In an effort to synthesize the extremely rich heritage of R&D efforts on REMs in the last two
decades, we have divided them into two categories first:
• Reluctance synchronous machines
• Flux-modulation reluctance electric machines

• RSMs are traveling field machines with distributed stator windings and a variable reluctance
rotor with strong magnetic saliency (high Ldm/Lqm ratio). The stator slot openings do not
play any primary role in energy conversion.

• High-saliency rotors for RSMs include multiple flux-barrier and axially laminated aniso-
tropic rotors. A small airgap is a precondition for high magnetic saliency. This limits the
maximum speed, as the ratio pole pitch/airgap should be greater than 100/1 (preferably
above 300/1 for ALA rotors).

• RSMs may be built for variable-speed PWM converter-controlled drives or for line-
start applications.

• Adding PMs (even Ferrites) increases the power factor and allows for higher power or wider
constant power speed range in variable-speed drives.

• Variable-speed RSMs have become commercial recently (up to 500 kW, 1500 kWoccasion-
ally), with 2%–4% more efficiency but 5%–8% less power factor than IMs (with the same
stator) for an initial motor cost reduced by some 15%–20%.

• Line-start RSMs (split-phase or three-phase) of high class efficiency are needed and feasible,
as they also maintain the starting current in the range of 6–6.5 p.u. value in contrast to high
class efficiency IMs, which still require a 7–7.5 p.u. starting current (with the inconvenience
of demanding the overrating of local power grids both in residential and factory
applications).

• Claw-pole synchronous machines and switched reluctance machines are considered in the
class of quasisynchronous machines.
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• CP-SMs have a variable reluctance rotor to produce a multipolar airgap field with a single
circular (or ring-shaped) DC excitation coil magnet in the CP rotor, offering the best utili-
zation of the rotor-produced magnetic field.

• SRMs are reviewed, as recent progress has led to high performance (in efficiency [95%] and
torque density [45 Nm/liter] at 60 kW and 3000 rpm) that may qualify them for electric pro-
pulsion on electric and hybrid electric vehicles.

• RSMs, CP-SMs, and SRMs are investigated in dedicated chapters in Part 1 of this book.
• Flux-modulation REM topologies are characterized by three (not two) main parts that con-

tribute directly to electric energy conversion:
• The exciter part
• The flux-modulator part
• The armature part

At least one part should be fixed (the armature), while one or both of the others may rotate. A kind
of torque magnification occurs in such machines, which may be exploited for low/moderate-
speed applications.

All FM-REMs require full (or partial) rating power PWM converter control for variable speed
operation, and none has a cage on the rotor.

The key to the operation of FM-REMs is the contribution of both the constant and first space har-
monic of airgap performance (produced by the variable reactance flux modulator) to the interaction
between the exciter (with PMs, in general) and the armature mmf of the stator. The presence of two
terms in torque production generates a kind of torque magnification (magnetic gearing effect), which
is the main asset of FM-REMs.

From the rich literature on FM-REMs, a few main categories have been deciphered and character-
ized in this introductory chapter: Vernier PMmachines, flux-switch (stator PM) machines, flux-rever-
sal (stator PM) machines, transverse flux PMmachines, dual-stator winding reluctance machines, and
magnetically geared (dual rotor) machines.

Their main merits and demerits are emphasized, but their thorough investigation (modeling,
design, and control) will be performed in dedicated chapters later in the second part of the book.
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2 Line-Start Three-Phase
Reluctance Synchronous
Machines
Modeling, Performance, and
Design

2.1 INTRODUCTION

Line-start three-phase RSMs are built with a magnetically anisotropic rotor (Ldm. Lqm), host of a
cage winding and sometimes of PMs, for better steady-state (synchronous) performance: efficiency
and power factor.

They are proposed to replace induction motors in line-start constant-speed applications in the hope
that they can produce high class efficiency in economical conditions (of initial cost and energy con-
sumption reduction for given mechanical work, leading to an investment payback time of less than
3 years, in general).

The IEC 60034-30 standard (second edition) includes minimum efficiency requirements for IE 1,
2, 3, 4, and 5 efficiency classes of performance, according to Figure 2.1 [1].

These demanding requirements have to put the existing reality and trends in electric machinery
R&D and fabrication face to face to assess the potential of meeting them.

Table 2.1 assesses the potential of various electric motor technologies in terms of efficiency [1].
Table 2.1 shows that, at least for efficiency classes IE4 and 5, there are very few candidates, and,

among them, line-start PM motors are cited. To add more to the other challenges of IE2, 3, and 4
induction motors, the situation for the case of 7.5-kW four-pole motors is described in Table 2.2 [1].

From this table we may decipher a few hard facts:

• While the efficiency increases from 87% to 93%, the initial cost of the line start permanent
magnet synchronous machine (LSPMSM) (class IE 4) is 233% of that of the IM of class IE
2. Class IE 1 is now out of fabrication in the E.U., but such existing motors will continue to
operate for the next decade or so. Moreover, the starting current of LSPMSM is 7.8 p.u.,
lower than that of IM class IE3 (8.5 p.u.) but still too large to avoid oversizing local power
grids that supply such motors without deep voltage surges during motor start.

• Still, the simple payback time for IE3-IM and IE4-LSPMSM 7.5-kWmotors when replacing
IE1-IMs has been calculated at 0.5 and, respectively, 2.8 years!

• Line-start PMSMs with strong PMs and small magnetic saliency have been most frequently
considered so far. This is how efficiency was markedly increased, though with a notably
higher-cost motor, which, in addition, is not yet capable of reducing the starting current
to 6.2–6.8 p.u., as in IE1 class IMs (Table 2.2).

• So the argument for economical energy savings with reasonable payback time (less than
2–2.5 years) by line-start RSMs with strong magnetic saliency and eventually with
lower-cost PM assistance is: Are they economically feasible, while also providing starting
currents below 6.8 p.u. to avoid overrating the local power grids that supply such motors?
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• As a step toward such a demanding goal, this chapter treats first line-start RSMs without
any PMs and then ones with ferrite-PM assistance, while at the end, LSPMSMs with
strong PMs and low magnetic saliency (1.8/1) are also investigated in terms of modeling,
performance, and design, with representative case study results.

TABLE 2.1
Efficiency Potential of Various Electric Motors

Motor Type Line-Start IE1 IE2 IE3 IE4 IE5

Three-phase SCIM Random- and form-wound windings:

IP2x (open motors) Yes Yes Yes Diff. No No

IP4x and above

(enclosed motors)

Random-wound windings Yes Yes Yes Yes Yes Diff.

Form-wound windings Yes Yes Yes Yes Diff. No

Three-phase wound-rotor induction motors Yes Yes Yes Yes Diff. No

Single-phase SCIM One capacitor Yes Yes Dif. No No No

Two switchable capacitors Yes Yes Yes Diff. No No

Synchronous motors VSD-fed PMSM No Yes Yes Yes Yes Diff.

Wound-rotor Some Yes Yes Yes Diff. No

LSPM Yesa Yes Yes Yes Yes Diff.

Sinusoidal-field reluctance Some Yes Yes Yes Yes Diff.

Source: After A. T. Almeida, F. T. J. E. Ferreira, A. Q. Duarte, IEEE Trans on, vol. IA–50, no. 2, 2014, pp. 1274–1285. [1]
aLSPMs have some limitations on their line-start capabilities with respect to torque and external inertia.

Notes: The mark:

• “Yes” means that the motors are considered to be the state of present commercial technology and are therefore suitable for

consideration in mandatory requirements in legislation (i.e., the efficiency class is achievable with present technology, although in

some cases it may not be economical).

• “No” means the efficiency class is not achievable with present commercial technology.

• “Diff.” (= “Difficult”) means that the energy-efficiency level may be achieved with present commercial technology for some but not

all power ratings, and the standardized frame-size may be exceeded.

• “Line-start”means the capability of the motor to start directly from the line without the need for a VSD (direct on-line [DOL] starting;

Design Ν of IEC60034-12 for single-speed squirrel-cage induction motors [SCIMs]).
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FIGURE 2.1 Efficiency class limits for four-pole three-phase AC motors (0.12–800 kW) according to IEC
60034-30 standard (second edition, 2014). (After A. T. Almeida, F. T. J. E. Ferreira, A. Q. Duarte, IEEE Trans
on, vol. IA–50, no. 2, 2014, pp. 1274–1285. [1])
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2.2 THREE-PHASE LINE-START RELUCTANCE SYNCHRONOUS
MACHINES: TOPOLOGIES, FIELD DISTRIBUTION, AND CIRCUIT
PARAMETERS

2.2.1 TOPOLOGIES

As implied in Chapter 1, three-phase line-start RSMs with cage rotors are built only with distributed
symmetric three-phase windings, in general with q (slots/pole/phase). 2(3) and an integer number
in order to reduce additional cage losses due to excessive stator mmf space harmonics and “harvest
more completely the fruits of high magnetic saliency in the rotor.”

The number of stator winding and rotor poles may be 2, 4…, but as experience shows, to get good
torque density and an acceptable power factor, pole pitch/airgap. 150 and magnetic saliency
Ldm/Lqm. 5 ÷ 10 [2] are required.

As the stator has, as for induction machines, uniform slotting and a distributed three-phase wind-
ing, Figure 2.2 illustrates a few representative rotor topologies for 2p= 2 and 2p= 4.

To assess performance, the flux distribution and then circuit parameters in the dq model are
required:

Ld = Ldm + Lsl, Lq = Lqm + Lsl, Rs, Rrd, Rrq, Lrld, Lrlq and PMemf − EPM (if any).

2.2.2 ANALYTICAL (CRUDE) FLUX DISTRIBUTION AND PRELIMINARY CIRCUIT

PARAMETERS FORMULAE

To calculate even approximately the distribution of magnetic flux lines by analytical methods
is helpful (Figure 2.3) if portrayed with the rotor axis d aligned to the stator mmf (axis d ) or at
90◦ (axis q).

Typical FEM-derived flux lines in an RSM with no PMs, an ALA rotor (Figure 2.3a), and the
airgap flux density variation with the rotor position for a given mmf in axes d and q (Figure 2.3b)
reveal the complexity of the problem, as airgap flux densities have rich space harmonics content.

It is evident that, due to stator slotting and rotor multiflux barriers in the rotor, the airgap flux
density in both the d and q axes shows high-frequency space harmonics. Also, in axis q, per half a
pole, the airgap flux density changes polarity a few times, indicating that the magnetic potential of
the rotor is not constant. Thus, the flux lines cross the airgap a few times, then the stator slot openings.
This is good, as the fundamental flux density Bgq1 is reduced, but the space harmonics may induce
notable eddy currents in the rotor axial laminations.

They may be reduced by thin radial slits (three to four per total stack length).
On the contrary, in regular lamination (multiple flux barrier) rotors, the q axis airgap flux density

does not, in general, show negative components under a pole, but its fundamental is reduced less,
though still notably (Figure 2.4).

On top of that, the PM airgap flux density distribution (at zero stator currents)—Figure 2.5–shows
space harmonics that will become time harmonics in the back emf (EPM).

The results in Figures 2.3 through 2.5 have been obtained by FEM to completely illustrate the sit-
uation. For preliminary design (or performance calculations), simplified circuit constant parameter
formulae are required. For that, only the fundamental in airgap flux density is considered. At a
very preliminary stage, the expressions of magnetizing inductances Ldm and Lqm of an RSM
(with distributed AC windings) are standard [2]:

Ld,qm = 6 · μ0 W1KW1( )2τ · lstack
π2p · gd,q · 1+ Ksd,q

( ) ; gd = g · Kc1 · Kc2; gq = gd + gFB (2.1)
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where: W1—turns per phase (one current path only); KW1—fundamental winding factor; τ—pole
pitch; lstack–stack length; p—pole pairs; Kc1,2—Carter coefficient for stator and rotor; Ksd,q—equiv-
alent saturation coefficients; gFB—the equivalent additional airgap provided by the rotor flux barriers.

The average length of flux barriers along a q-axis flux line in the rotor makes a maximum of 2 · gFB.

Note on Magnetic Saturation: Magnetic saturation is a complex phenomenon with local variations
and, approximately, may be considered dependent on the id, iq stator current and the PM flux linkage
ΨPM, according to the concept of cross-coupling saturation. In the flux barrier rotor at very low cur-
rents, before the rotor flux bridges saturate, Lqm is large (almost equal to Ldm). As the stator currents
increase, the rotor flux bridges saturate and thus Lqm decreases dramatically to produce reasonable
torque (by magnetic saliency). For line-start RSMs, this variation of Lqm with current is beneficial
for RSM self-synchronization.

(a)

Symmetrical

cage

Flux

barrier

PM

2p = 2

(b)

Aluminum

asymmetrical cage

Flux barriers

with (without)

PMs

2p = 2

(c)
Axial lamination

packs

Aluminum

sheets

Nonmagnetic

pole holder

Flux barriers

without

(with) PMs

2p = 2

(d)

Structurally reinforced for

mechanical strength

Filled with

aluminum

Saturable bridges

q-axis teeth

d–axis

q–axis

Flux

barrier

(e)

Flux barriers

(f) Aluminum

spider

Solid iron

rotor holder Shaft

Axial

lamination

Aluminum

strips Pole holder

(nonmagnetic

material)τ—pole pitch

τ/3
Rotor cage slots

FIGURE 2.2 Line-start RSM rotor topologies: (a, b, c) 2p= 2; (d, e, f) 2p= 4.
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FIGURE 2.5 PM-produced airgap flux density in an RSM with flux-barrier rotor (as in Figure 2.1b).
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Not so in ALA rotors, where Lqm is smaller but rather constant (independent of current): here,
however, the larger magnetic saliency produces a higher peak reluctance torque that also helps
self-synchronization under notable loads (1.2–1.3 p.u.).

For the simplified two-pole rotor in Figure 2.2a, the ratio of Ldm/Lqm

Ldm
Lqm

= gq
gd

(2.2)

may be approximated by considering magnetic reluctances in axes d and q:

gq
gd

≈ g+ gFB + gcage
g+ gcage

; g− airgap (2.3)

where gFB—the radial thickness of the flux barrier (only one flux barrier here), say, equal to 9 * g,
and gcage—the equivalent radial airgap of the rotor cage bar region: with an equivalent height of
the rotor cage (for infinite core permeability), hcage ≈ 11·g and considering 60% core, 40% rotor slots
gcage≈ hcage * 0.6= 6.6 mm.

So, in this hypothetical cage [3],

gq
gd

= Ldm
Lqm

= g 1+ 9+ 6.6( )
g 1+ 6.6( ) = 2.18 (2.4)

This magnetic saliency ratio seems modest, but with high-energy PMs, it leads to outstanding per-
formance, as seen later in this chapter.

The stator leakage inductance Lsl with its components is, as for IMs [2]:

Lsl = 2μ0W
2
1

pg1
λslot + λz + λend + λdiff
( )

(2.5)

Simple but still reliable expressions of nondimensional slot, airgap, end connection, and differen-
tial leakage permeances λslot, λz, λend, and λdiff are [2]:

λslot ≈ hsu
3bsav

+ hs0
3bs0av

, 1.5− 2; bs0av = bs1 + bs0
2

; bsav = bs1 + bs2
2

λz =
5gKc/bs0 × 3βy + 1

( )
/4

5+ 4gKc/bs0
, 0.4− 0.5; Kc = Kc1 · Kc2

λend ≈ 0.34
g

lstack
lend − 0.64τ( ) , 0.7− 0.8 (for double layer windings)

λdiff = 3g
π2gKc

∑ν.1 K2
wν

ν2

(2.6)

with hsu, hsav, hs0, and bs0av as useful (copper-filled) slot height, average useful slot width, slot neck
height, and slot neck average width (Figure 2.6). The differential leakage inductance component
(by λdiff) refers to space harmonics of the stator airgap field and implies that all these harmonics cross
the airgap; this is true for high-order harmonics if τ/πν. g.

In a similar way, the PM emf (PMs in axis q here) may be written as:

EPMq1 = ω1 BgPM1 · 2
π
· τ · lstack

( )
×W1 · kW1 (2.7)
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where

BgPM1 ≈ 4
π
BgPM · sin αPM × 2

π
(2.8)

BgPM ≈ Br · gFBPM/μrec
gFB/μrec + g+ gcage
( )

1+ Kf ring e
( ) (2.9)

where Br is the remnant flux density of the PM, μrec is its recoil relative permeability (μrec=
1.05–1.11, in general), and Kf ring e accounts for the PM flux “lost” in the rotor; Kf ring e, for the
rotor in Figure 2.2a, is probably 0.15–0.25), but it may be calculated by FEM and then approximated
better. The term gFBPM is the equivalent thickness of flux barriers filled with PMs. We have to add
the leakage inductance Lrl and resistance of the rotor cage Rr.

Considering again the symmetric cage of Figure 2.1a, we may simply use the standard formula [2].
But the presence of the flux bridge below the rotor slots notably reduces the slot leakage permeance
λslot. For the simplified rotor slot in Figure 2.7, as shown in [4]:

λslot r ≈ hr0
br0

1− CW( )2+ hsr
3bsr

1+ 3CW CW − 1( )[ ] (2.10)

CW = hr0/br0 + hsr/2bsr
μriWi/bsr + hr0/br0 + hsr/2bsr

, 1 (2.11)

with μri—the relative permeability (10–20 p.u.) of the flux bridgeWi below the slots. WhenWi≈∞,
Cw= 0, λslot r gets the standard formula:

λslot r = hr0
br0

+ hsr
3bsr

(2.12)

bs2

hsu

hs0

bs1

g

wedge

bs0

FIGURE 2.6 Typical stator semiclosed slots.

(a)

Flux barrier (PM)

Stator

br0

bsrhsr

hs0

Wi

(b)

a

b

FIGURE 2.7 Rotor slot and flux barrier (a); end ring dimensions (b).
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Also, the end connection (cage ring) permeance λe ring is:

λe ring ≈ 3Dring

2Nrlstack sin
πp

Nr

· ln 4.7 · Dring

a+ 2b
, 0.7− 1.0 (2.13)

The combined cage bar and its end ring section resistance are approximated to:

Rbe = Rbar + Rring

2 · sin2 πp

Nr

( ) (2.14)

where Dring is the average diameter of the cage ring and a and b are its cross-section dimensions; Nr

is the number of rotor slots, while Rbar and Rring are the bar and its ring section (per both sides)
electrical resistances.

Similarly, the bar+ ring section leakage inductance Lbe is:

Lbe = μ0lstack(λslot r + λzr + λe ring) (2.15)

The reduced values Rr, Lrl to the stator are [2]:

Rr = Rbe
Nr

3K2
i

; Lre = Lbe · Nr

3K2
i

(2.16)

Ki =
Nr

6 ·W1KW1
(2.17)

Note:

• The flux bridges in the rotor (close to flux barriers) modify (decrease) the leakage inductance
of the rotor, which is beneficial for starting and self-synchronization under light load. Those
bridges, however, saturate at small stator and rotor currents and give rise to additional torque
pulsations during asynchronous operation.

• The calculation of Lrl and Rr was rather simple for the symmetric cage (Figure 2.2a), but it
is more complicated when part of the flux barriers is occupied by the cage, which is now
asymmetric, and, apparently, only FEM can be truly useful/practical in this case.

NUMERICAL EXAMPLE 2.1: CONSTANT CIRCUIT PARAMETERS

Let us consider a PM-assisted three-phase (delta connection) RSM with two poles and the rotor in
Figure 2.2a, with a rectangular rotor bar as in Figure 2.7, with the data:

• Line voltage: VL= 380 V (RMS)
• Frequency: f1n= 50 Hz
• Inner stator diameter Dis= 90mm
• Stator core length lstack= 90mm
• Airgap g= 0.55 mm
• Slots per pole per phase q= 5
• Rotor slots Nr= 22 with an alleged power of 5 kW at 3000 rpm
• PM radial thickness: hPM= 3mm
• The flux barrier (PM radial) thickness gFB= hPM+ 0.5= 3.5mm
• Flux bridge thickness below-slots Wi= 2mm
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• Cage bar height hsr= 6mm
• Cage bar width bsr= 5mm
• Rotor slot opening br0= 1mm;
• Height of rotor teeth tip hr0= 1mm
• Ring cross-section a (radial)= hr0+ hsr+wi=2= 8mm, b (axial)= 25mm
• Ring average diameter Dring ≈Dis� 2g� a= 80.9 mm
• Remnant flux density Br= 1.15 T
• PM recoil relative permeability μrec= 1.07 p.u.
• Chorded coils: y=τ= 13=15
• Phase connection: D
• PM span: 135� = αPM

Calculate

a. The number of stator turns if the no-load phase (line) voltage-PM emf is EPMm= 0.9 VL

(RMS).

b. All circuit parameters considering the permeability of iron infinite all throughout, except
in the rotor flux bridges below the slots, where μri= 10 (p.u.).

Solution

a. EPM ¼ 0:9 � Vfn ¼ 342 V (rms)

ψPM ¼ EPMffiffiffi
2

p
πfn

¼ 1:5395 Wb

kw1 ¼
sin

pi
6

� �

q sin
pi
6q

� � ¼ 0:9567

kw2 ¼ sin
y
τ
� π
2

� �
¼ 0:9781

kw ¼ kw1 � kw2 ¼ 0:9358

Bag ¼ Br

hPM
μrec

hPM
μrec

þ gFB � hPM

� �
� kf ring e þ g

¼ 0:6597 T

where kf ring e is approximated with:

kf ring e1 ¼ 1þ 2wiμrb

αPM
π

90
Dsi

� g
bsr

¼ 1:0415

kf ring e ¼ kf ring e1 � Dsi

Dsi � 2 gþ hr0 þ hsrð Þ � gFB
¼ 1:3128

ΦPM ¼ 2
π
Bag1 � τ � lstack � 10�6 ¼ 0:0063Wb

where

τ ¼ πDsi

2p

W1 ¼ ψPM

kwΦPM
¼ 261:7187 turns
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W1 is adjusted to an integer number multiple of the product of poles and number of slots per
phase and pole, so, finally, W1= 260 turns.

b.

g1 ¼ gþ Br

hPM
μrec

þ gFB � hPM

kf ring e1
�Dsi � 2(gþ hr0 þ hsr)� gFB

Dsi
¼ 4:5484 mm

gd ¼ 1

sin
αPM
2

� �
g1

þ
1� sin

αPM
2

� �
g

¼ 2:9281 mm

gq ¼ 1

1� cos
αPM
2

� �
g1

þ
cos

αPM
2

� �
g

¼ 1:7855 mm

Ldm ¼ 6μ0 N1kwð Þ2τ � lstack
pπ2gd

¼ 0:1965 H

Lqm ¼ 6μ0 N1kwð Þ2τ � lstack
pπ2gd

¼ 0:3223 H

Rbar ¼ ρAl
lstack
hsrbsr

¼ 9:69 � 10�5 Ω

Rring ¼ ρAl
2πDring

Nraringbring
¼ 3:7315 � 10�6 Ω

Rbe ¼ Rbar þ
Rring

2sin2
pπ
Nr

� � ¼ 1:8902 � 10�4 Ω

cw ¼
hr0
br0

þ hsr
2bsr

μrbwi

bsr
þ hr0
br0

þ hsr
2bsr

¼ 0:2857

λsr ¼ hr0
br0

1� cwð Þ2þ hsr
3bsr

1þ 3cw cw � 1ð Þ½ � ¼ 0:6653

λrz ¼ 2:5g
5br0 þ 2g

¼ 0:2254

λe ring ¼
3Dring

2Nrlstack sin
pπ
Nr

� � log 4:7
Dring

aring þ 2bring

� �
¼ 0:8098

Lbe ¼ μ0lstack λsr þ λrz þ λe ring
� � ¼ 1:9232 � 10�7 H

ki ¼ Nr

6N1kw
¼ 0:0147

Rr ¼ Rbe
Nr

3k2i
¼ 6:3788 Ω

Lre ¼ Lbe
Nr

3k2i
¼ 0:0065 H
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2.3 SYNCHRONOUS STEADY STATE BY THE CIRCUIT MODEL

At synchronous speed n1= f1/p, ideally, the currents induced in the rotor cage are zero. Let us
mention again that PMs are “planted” in axis q of the rotor (along Lq with Ld. Lq).

We may safely use the dq (space phasor) model of a cageless synchronous machine with Ld, Lq,
and ΨPMq1 under steady state [2]:

isRs − Vs = −jωrΨs; Ψs = Ldid + j(Lqiq − ΨPMq1) (2.18)

Te = 3
2
p ΨPMq1 · id + Ld − Lq

( ) · id · iq[ ]
(2.19)

is = id + jiq; Vs = Vd + jVq; θer = pθr

with

Vs is
( ) = 2

3
Va ia( ) + Vb ib( )ej

2π
3 + Vc ic( )e−j

2π
3

⎛
⎝

⎞
⎠e−θer (2.20)

and Va, Vb, Vc, ia, ib, ic as stator phase voltages and currents and θr—rotor d axis position; θer= pθr=
electrical angle; p—pole pairs; Ψs—stator flux linkage space vector, here in rotor coordinates.

The vector diagram based on the above equations, which here includes the iron losses (as a resis-
tive circuit in parallel at terminals Vd, Vq), is presented in Figure 2.8.

Vd = icdRcore; Vq = icqRcore; Vs = Rcoreic

and

ids = id + icd; iqs = iq + icq; iss = ids + jiqs

(2.21)

jVq

δΨs

Vd < 0

Rsis

ic

jiq

id

is

Vs

δV

Ldid

d

Ψs

δΨ s

ΨPMq1

jLqiq

γi

iss

ωr

ωr

ϕ

jωrΨ s

FIGURE 2.8 Vector diagram for synchronous steady operation (motoring).
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A few remarks are in order:

• The assisting PMs (preferably of low cost) in axis q are producing some additional torque,
but mainly they are increasing the power factor and thus, implicitly, the efficiency.

• The core loss (Rcore), which in Equation 2.21 is related to total flux linkage (including PM
contribution), leads to a decrease in efficiency, as expected, but also contributes to a slight
increase in power factor (as stator winding losses do) in motor operation mode.

Equations 2.18 through 2.21 also lead to the dq-equivalent circuits in Figure 2.9.
Let us denote the power angle δΨs of this machine as the angle between total flux linkage Ψs

and axis q.
Now, neglecting the core loss (Rcore≈∞) and copper losses (Rs= 0), we may calculate the torque

Te versus power angle θΨ characteristic, from Equations 2.18 through 2.21 as:

Ψs sin δΨs = Lqiq − ΨPMq1; Ψs cos δΨs = Ldid; Ψs = Vs

ωr
(2.22)

Te( )Rs=0
Rcore=1

≈ 3
2
p
V2
s

ω2
r

ΨPMq1ωr

Vs
· cos δΨs

Lq
+ 1

2
1
Lq

− 1
Ld

( )
sin 2δΨs

[ ]
(2.23)

The problem with PMs is that there is no guarantee that the orientation of PM flux is such that
its flux subtracts from Lqiq and, consequently, the PM torque component is positive in motoring.
The power angle may take a value where the PM torque is negative and thus the efficiency is lower.
This leads to the conclusion that for, say, rated torque to provide good efficiency, the PM flux
should have such a value that only for positive PM torque is the former achieved with high efficiency
(Figure 2.10) [6].

Figure 2.10 clearly shows that for no PMs does the rated torque obtained either in point A or A′

provide the same stable performance.
But for ΨPMq1, ΨPMq1

′, there are still two stable operation points, B and B′. However, in B′,
the performance (efficiency) will be lower because the PM torque is mild but negative.

On the contrary, for stronger PMs, only point C remains stable, and thus the machine, after
self-synchronization, still settles for θΨs in point C.

This is an important design warning suggesting that the PM flux may not be too low in order to
secure efficiency higher than without PMs.

The presence of losses, which are important in low-torque machines, will move points A, B, and C
to the left for power, but the phenomenon remains the same.

Mathematically, we should use two more equations from the space phasor diagram:

− ωrΨs sin δΨ + RsΨs sin δΨ/Ld = Vd , 0;

V2
s = V2

d + V2
qωrΨs cos δΨ + Rs Ψs sin δΨ + ΨPMq1

( )
/Lq = Vq

(2.24)

Rcore

Vd

icore d

id Rs

ω r(Lqiq – ΨPMq1)

Rcore

Vq

(a) (b)

icore q

iq Rs

ω rLdid

FIGURE 2.9 Steady-state equivalent circuits of PM-assisted RSM at synchronous speed: (a) in axis d; (b) in
axis q.

Line-Start Three-Phase Reluctance Synchronous Machines 43

www.Technicalbookspdf.com



with

Te = 3
2
· p · Ψ2

s

ΨPMq1

LqΨs
· cos δΨS +

1
2

1
Lq

− 1
Ld

( )
sin 2δΨS

[ ]
(2.25)

In general, the rated torque/peak torque ratio Trated/Tpeak= 0.6–0.7 for such PM-assisted RSMs,
“to leave room” for self-stabilization after mild torque perturbations.

A simplified condition for maximum torque is obtained from Equation 2.25 as:

− ΨPMq1

ΨsLq
sin δΨSk +

1
Lq

− 1
Ld

( )
· cos 2δΨSk = 0 (2.26)

for zero losses.
As expected, for ΨPMq1= 0, δΨsk ≈ 45◦.
When PMs are absent, Equations 2.24 and 2.25 yield:

Ψs −ωr sin δΨs +
Rs

Ld
cos δΨs

( )
= Vd; Ψs ωr cos δΨs +

Rs

Lq
sin δΨs

( )
= Vq (2.27)

V2
s = V2

d + V2
q (2.28)

With δΨ given, from Equation 2.27, Ψs is calculated. Then, from Equation 2.25 and ΨPMq1= 0:

TeRSM = 3
2
pΨ2

s ·
1
2

1
Lq

− 1
Ld

( )
sin 2δΨs (2.29)

Finally, from Equation 2.21, with ΨPMq1= 0,

id, iq, and is =
�������
i2d + i2q

√
are determined.

The stator copper and core loss are:

pcopper = 3
2
Rsi

2
s ; pcore = 3

2
· V2

s

Rcore
(2.30)

Te

Te rated
C

B

A A′

B′

δΨS

90° 180° 270° 360°

FIGURE 2.10 Torque versus power angle δΨ (for zero losses). (After S. T. Boroujeni, M. Haghparast,
N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594–606. [6])
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Thus, the efficiency η may be calculated as:

η = Te · ωr/p

Te · ωr/p+ pcopper + pcore + pmec + padditional
(2.31)

iss = id + Vd

Rcore
+ j iq + Vq

Rcore

( )
(2.32)

So the power factor cos φ1 is:

cosφ1 =
Teωr/(pη)
3
2
Vsiss

(2.33)

If all losses are neglected, the ideal power factor cos φi is:

cosφi =
Teωr/p1
3
2
Vsiss

=
1− Lq

Ld

( )
sin 2δΨi

2

���������������������
cos δ2Ψi +

L2dsin
2δΨi

L2q

√ (2.34)

So, the maximum ideal power factor for the pure RSM is:

cosφimaxRSM =
1− Lq

Ld

1+ Lq
Ld

(2.35)

Note: The losses in the machine improve the power factor in motoring while they worsen it in gen-
erating, but the former reduces efficiency in both cases.

As already alluded to in Chapter 1, it is feasible to produce, for the same stator, the same torque at
better efficiency than in IM, but it is very difficult to have a better power factor unless Lq (RSM), Lsc
(of IM). The latter condition apparently may be met only with ALA rotors.

EXAMPLE 2.2

For the PM-assisted RSM in Example 2.1, but with
ΨPMq1

Ψs
¼ 0:1, 0:2, 0:3, calculate the torque

versus power angle δΨ1 for zero losses in the machine. The stator leakage inductance is considered
10% from the main (d axis) inductance (Ldm= 0.3223H, Lqm= 0.1965 H), and the stator resistance
is Rs= 2.7Ω.

Then, for
ΨPMq1

Ψs
� 0:2, calculate the steady-state machine performance (efficiency, power

factor, torque, current) versus power angle δ.
Iron losses equivalent resistance Riron= 15000Ω, mechanical losses pmech= 2% of ideal rated

power obtained as 0.6 of peak ideal power.
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Solution

Lsσ= 0.1 * 0.3223= 0.03223 H

Ld= Ldm+ Lsσ= 0.3545 H

Lq= Lqm+ Lsσ= 0.2287 H

The ideal torque versus power angle is computed by Equation 2.23 and shown in Figure 2.11.
The permanent magnet-induced voltage is:

EPM ¼ �ω1ψPM ¼ �76 V (rms)

The currents in axes d and q are computed with following relation (reversing a 2� 2 matrix is
not a problem on modern computers).

Id
Iq

� �
¼ Rs �ω1Lq

ω1Lq Rs

� ��1 �Vfn sin δψs
� �þ EPM

Vfn cos δψs
� �

 !

The stator current components versus power angle are shown in Figure 2.12.
The core losses are not included in the previous equation, as they are computed separately and

added to the input power.

Piron ¼ 3 � V2
fn

Riron
¼ 28:88 W
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FIGURE 2.11 Ideal torque versus power angle.
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The complex values of the currents and voltage are:

Is ¼ Id þ jIq; Vs ¼ �Vfn � sin(δψ s
)þ jVfn � cos(δψ s

)

The input and output powers are computed:

Pgrids ¼ 3Real Vs � I�s
� �þ Piron

Pout ¼ 3 � ω1 � (Ld � Lq) � Iq � EPM
	 
 � Id � Pmec

The output torque is T ¼ pPout
ω1

, and its dependence on the power angle in comparison with the

ideal value is shown in Figure 2.13.
The efficiency is computed as the ratio between output and input power, considering that the

negative values mean a generator regime, where the mechanical power means input power and
the electrical power is the output power. For some angles, both mechanical and electrical powers
are input powers and efficiency is considered zero, as shown in Figure 2.14.

The power factor is computed as the cosine angle between voltage and current.
The rated power angle is 2.0603 degrees; rated current values are: Idn= 3.3768 A, Iqn= 1.3747

A, In= 3.6459 A, rated torque Tn= 3.5015 Nm, rated efficiency ηn= 0.7552, rated power factor
0.3435. This is only a didactic example where a PMmachine is used with less PM than a PM-assis-
ted reluctance machine, where the torque should be produced by a large difference between d and
q axis inductance.

A practical PM-assisted machine has to have several flux barriers (as shown in Figure 2.2b to
secure a large Ld=Lq ratio, while the topology in Figure 2.2a with results in Figures 2.11 through
2.14 has a small saliency [in this case only 1.5498]).
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FIGURE 2.12 Stator current components versus power angle.
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2.4 ASYNCHRONOUS TORQUE COMPONENTS

For asynchronous running transients and stability investigations, the dq model with cage rotor
will be considered.

As the PM-RSM is investigated, the PMs will be considered in axis q (Lq≪ Ld), and thus the
dq model (in rotor coordinates) is [4].

Vd = Rsid + dΨd

dt
− ωrΨq; Vq = Rsiq + dΨq

dt
+ ωrΨd

0 = Rdridr + dΨdr

dt
; 0 = Rqriqr + dΨqr

dt

Ψd = (Ldm + Lsl)id + Ldmidr; Ψq = (Lqm + Lsl)iq − ΨPMq1 + Lqmiqr

Ψdr = Ldm(id + idr)+ Ldrl · idr; Ψqr = Lqm(iq + iqr)− ΨPMq1 + Lqrl · iq

Te = 3
2
p(Ψdiq − Ψqid)

J

p

dωr

dt
= Te − Tload;

dθer
dt

= ωr

Vd(or id)

Vq(or iq)

∣∣∣∣∣
∣∣∣∣∣ = 2

3

cos θer cos θer − 2π
3

( )
cos θer + 2π

3

( )

−sin θer − sin θer − 2π
3

( )
−sin θer + 2π

3

( )
⎡
⎢⎢⎣

⎤
⎥⎥⎦ ·

Va(or ia)

Vb(or ib)

Vc(or ic)

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣

Va,b,c = Vs sin ω1t − (i− 1)
2π
3

( )
; i = 1, 2, 3

(2.36)

Once the machine parameters—inductances, resistances, PM flux, and inertia J—are known,
for given phase voltages Va, Vb, Vc and given initial conditions, including initial speed and load
torque versus speed, the system of Equation 2.36 may be solved numerically for a myriad of
operation modes.

However, such a numerical approach would shed little light on the machine transients, say, during
starting or asynchronous operation. Designing a PM-RSM with good starting, self-synchronization,
and steady-state performance requires additional, intuitively obtained knowledge, as the torque has
quite a few components and the magnetic saturation in the machine, both in the stator and rotor, varies
notably during asynchronous acceleration and self-synchronization (Ldm and Lqm vary notably, but,
Lsl, Ldrl, and Lqrl also vary, though less).

It is rather straightforward that the machine torque during asynchronous running: ωr,ω1 [ω1 is the
frequency of stator voltages Va(t), Vb(t), Vc(t)] is:

Te = TPM + Tcage (2.37)

where:

TPM = 3
2
pΨPMq1 · id (2.38)

Tcage = 3
2
p Ldm id + idr( )iq − Lqm iq + iqr

( )
id

[ ]
= Ldm − Lqm
( )

idiq + Ldmiqidr − Lqmidiqr
[ ] · 3

2
p (2.39)
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During asynchronous starting, the stator (and cage) currents are known to be notably larger
than the rated current so that, immediately after start, the airgap flux (reflected by Ldm, Lqm) is around

50% of the rated stator flux

(
Ψsrated ≈ V1

ω1

)
, but then it increases steadily during acceleration in

asynchronous mode.
So, in fact, the leakage flux paths are saturated at start, while the main (airgap) flux paths are not,

but the situation changes dramatically during asynchronous starting.
Only circuit and FEM (or time-step FEM) methods can capture these aspects with reasonable

precision, although the computation time is still rather prohibitive for the complex case in point.
Even with such methods, the separation of different components of asynchronous torque is

tedious, as only the frozen permeability methods may separate the real PM flux linkage, for example,
in magnetic saturation conditions.

Let us consider here the cage asynchronous torque components in a PM-RSM at slip S:

S = 1− n · p
f1

(2.40)

where n is the speed (in rps), p—pole pairs; f1= ω1/2π, the frequency of stator voltages.

2.4.1 THE CAGE TORQUE COMPONENTS

The magnetic field of stator currents rotates at f1/p, while the rotor rotates at speed n. Consequently,
the stator currents id, iq, with respect to the rotor, show the slip frequency f2= S · f1:

id = iS sin γi γi = Sω1t

iq = iS cos γi
(2.41)

γi (Figure 2.8) is the angle between iS and axis q and is varying with f2 frequency.
In a similar way, the rotor currents (in rotor coordinates) idr and iqrmay be written as (ωr= const):

idr = ir sin (γi − Δγi)
iqr = ir cos (γi − Δγi)

(2.42)

Substituting Equations 2.41 and 2.42 into 2.39, the cage torque becomes (as in [3]).

Tcage = Tcage1 + Tcage2 (2.43)

Tcage1 = 3
2
p · Ldm + Lqm

2
· is · ir · sinΔγi (2.44)

Tcage2 = 3
2
p · Ldm − Lqm

2
· is · ir · sin 2γi − Δγi

( )+ i2s sin 2γi
( )

(2.45)

Tcage1, with Δγi, 90◦, yields a positive (motoring) torque component influenced by the magnetic
saturation produced periodically along axes d and q. This is an oscillating torque component at
frequency Sf1 (Figure 2.15) [5].

The PMs produce a distinct saliency that is not present either in IMs or pure reluctance synchro-
nous machines by the variation in time of magnetic saturation, only during asynchronous operation.
This PM-saturation–induced saliency creates slip frequency (Sf1) pulsations in Tcage1 in addition to
the constant component. Both increase with machine inductances Ldm, Lqm. But Tcage2, in addition
to the constant second term in Equation 2.45, shows torque pulsations at frequency 2 · S · f1. Tcage2
occurs only if Ldm≠ Lqm, which is typical of all RSMs. In general, the amplitude of Tcage2 is smaller
than that of Tcage1, especially in small-saliency (Ldm/Lqm ≈ 2), strong-magnet RSMs [5].
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2.4.2 PERMANENT MAGNET ASYNCHRONOUS TORQUE COMPONENTS

In separating PM torque components, we may infer that the PM torque produces a braking torque of
the rotor during asynchronous operation as the result of currents induced in the stator resistances by
the traveling field at speed n≠ f1/p.

At an arbitrary speed ωr, the dq model of the PM-RSM in steady-state asynchronous mode
would be:

Vd = Rsid − ωr Lqiq − ΨPMq1
( )

; EPM1 = −ωrΨPMq1

Vq = Rsid + ωrLdid
(2.46)

With respect to EPM1, the stator voltage components Vd, Vq may be considered dephased by the
angle γv= S · ω1t in asynchronous operation mode (similar to [3]):

Vd = Vs cos γV Vq = Vs sin γV (2.47)

The PM torque is still obtained from Equation 2.38, but let us consider first the case of zero stator
resistance (Rs= 0) and zero saliency (Ld= Lq= Ls).

TPM( )Rs=0 ≈ ΨPMq1 · id ≈ 2
3
pΨPMq1

Vs

ωrLs
sin Sω1t( ) (2.48)

So, for Rs= 0 and zero saliency, the PM torque pulsates with slip frequency but has a zero
DC component.

In a similar way, for Rs≠ 0 [5]:

(TPM)Rs=0 ≈
ΨPMq1 · VS������������
R2
S + ω2

r L
2
S

√ sin Sω1t +Φ( ) − Ψ2
PMq1 ·

ωrRs

R2
s + ω2

r L
2
S

tanΦ = Rs

ωrLs

(2.49)

The second term in Equation 2.49 is the conventional constant, PM-produced braking torque in
asynchronous operation (in fact at any speed).

But the first term in Equation 2.49 is pulsating, again, at slip frequency (as Tcage1).
Magnetic saturation of the rotor due to high cage currents (Figure 2.16) produces additional torque

pulsations in Tcage2 as follows [5].
When the stator current field is applied along the positive longitudinal axis, the PM torque reaches

its positive maximum, but, at the same time, the main flux generated on the negative q axis is

Cage

torque
Tcage Tcage1

Tcage2

Sω1t π/2 π 3π/2 2π

FIGURE 2.15 Cage torque components: Tcage1, cage2. (After A. Takahashi et al., IEEE Trans on, vol. EC–28,
no. 4, 2013, pp. 805–814. [5])
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superimposed positively on the q axis PM flux, producing additional magnetic saturation. Thus,
the positive maximum of PM torque is reduced (Figure 2.16). The opposite happens when the stator
current field falls along the negative d axis, when the main flux further demagnetizes the magnets,
leading to a large maximum negative PM torque [5].

Note: So this kind of magnetic saturation produces not only additional torque pulsations but a larger
average PM braking torque, which has to be considered in a proper design.

Results on Tc obtained analytically (as above) and numerically by FEM are illustrated in [3].
The line-start PMSMs with strong magnets; ΨPM/Ψs= 0.896 p.u.; and practically no initial

saliency, Ld≈ Lq ≈ Ls; Ls/Ln= 0.53 p.u., Rs= 0.054 p.u., Vs =
��
2

√ · 115.5V, In
��
2

√ = 14.5
��
2

√
A

are shown in Figure 2.17 [3].
These results show higher average negative values of PM torque versus speed, notably higher

for all slips (but more aggressive at high slips, which may impede on motor starting if not considered
in the design).

2.4.3 RELUCTANCE TORQUE BENEFITS FOR SYNCHRONIZATION

Line-start RSMs without PMs, which have a high saliency, are known to provide for better self-
synchronization; that is, to secure self-synchronization for larger load torques.

A two-pole LS-PMSM with moderate saliency (Ldm/Lqm= 1.8) and rather strong magnets
(the configuration in Figure 2.2a) with a flux bridge between circular magnets of 13 degrees for a
ΨPM/ΨS= 0.896 p.u. [5] increases the maximum load torque for safe self-synchronization from
1.25 to 1.42 p.u. The efficiency for steady-state synchronous operation in a 5-kW two-pole motor
was also increased by more than 0.6% (4%–5% more than an IM), while the motor stator winding
temperatures decreased by 37 K and the starting current was reduced by more than 25% [5]. This
reduction of starting current, with a strong increase in efficiency, may qualify the line-start PMSM
with mild saliency for high-efficiency standard motors at reasonably higher costs.

2.4.4 ASYMMETRIC CAGE MAY BENEFIT SELF-SYNCHRONIZATION

In initial cost-sensitive line-start RSMs without or with weak (low-cost) PMs (ΨPM/ΨS≈ 0.2–0.3),
the design of the rotor for both two and four poles tends to locate the cage in the flux barriers of the
rotor (Figures 2.2b and 2.18).

In the absence of PMs (which anyway produce here much smaller torque than asynchronous
torque), the average asynchronous torque may be obtained using the dq model of the machine

Sω1t 

PM

torque 

(TP M)RS ≠ 0
sa t

(TPM)RS ≠ 0

(TPM)RS = 0

π 2π

FIGURE 2.16 PM torque waveform during asynchronous operation. (After A. Takahashi et al., IEEE Trans on,
vol. EC–28, no. 4, 2013, pp. 805–814. [5])

52 Reluctance Electric Machines

www.Technicalbookspdf.com



(Equation 2.36) with d/dt= jSω1 and ωr= ct to yield progressively [6]:

Ψd = Ld jSω1
( ) · id jSω1

( )
; Ld jω1

( ) = Ld − jSω1Ldm
Rrd + jSω1 Lrdl + Ldm( )

Ψq = Lq jSω1
( ) · iq jSω1

( )
; Lq jω1

( ) = Lq − jSω1Lqm
Rrq + jSω1 Lrql + Lqm

( )
Ψd ≈

Vs

ω1
; Ψq ≈ −j

Vs

ω1

(2.50)
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FIGURE 2.17 Cage, (a) and PM, (b) torque components for a line-start PMSM. (After A. Takahashi et al.,
IEEE Trans on, vol. EC–30, no. 2, 2015, pp. 498–506. [3])
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FIGURE 2.18 Four-pole asymmetric cage rotor line-start PM-RSM.
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Tcage av ≈ 3
2
p
SV2

s

ω1

1
Rrd

· Ldm
Ld

( )2

+ 1
Rrq

· Lqm
Lq

( )2
{ }

(2.51)

As Lmd≫ Lmq, it is evident that the asynchronous torque in Equation 2.51, valid for small
slip values (self-synchronization conditions), is increased more easily by reducing Rrd than by reduc-
ing Rrq.

But Rrd is defined predominantly by the cage area in axis q and Rrq by the cage area in axis d.
For a four-pole RSM of 10 Nm at 50 Hz and parameters as in Table 2.3 [6], the self-starting

simulation with different values of rotor cage resistances Rrd and Rrq is shown in Figure 2.19 [6]
to prove the beneficial influence on the process for Rrq= 1.06Ω and Rrd= 1.81Ω and high saliency
(Ldm/Lqm= 83 mH/16 mH).

The addition of small NdFeB magnets (ΨPMq1= 0.28Wb)—or bigger Ferrite magnets—in axis q
has pushed the efficiency 3% up to 86.5% for a 0.77 power factor [6].

Though good, the performance does not qualify the motor for premium efficiency standards,
mainly due to weak PMs, which, however, do not notably impede starting (Figure 2.20).

2.4.5 TRANSIENTS AND STABILITY OF RELUCTANCE SYNCHRONOUS MACHINES

Considering δV. 0, the voltage power angle (angle of axis q with voltage vector, Figure 2.8), for
motoring:

Vd = −V
��
2

√
sin δv Vq = V

��
2

√
cos δv (2.52)

Now for the dq model of RSM (no PMs):

dθer
dt


 ω1 − dδv
dt

;
d

dt

 s (2.53)

where s is the Laplace operator.
From Equation 2.36 with 2.53, we first obtain Ld(s) and Lq(s):

Ld s( ) = Ld
(1+ sTd)
(1+ sT0)

; Lq s( ) = Lq
(1+ sTq)
(1+ sTq0)

(2.54)

Ψd s( ) = Ld s( ) · id s( ); Ψq s( ) = Lq s( ) · iq s( ) (2.55)

The linearized model in Equation 2.36 becomes:

− V
��
2

√
cos δv0( ) · Δδ = s ΔΨd( ) − ω1 ΔΨq

( )+ λq0 sΔδv( ) + Rs Δid( )
− V

��
2

√
sin δv0( ) · Δδ = s ΔΨq

( )+ ω1 ΔΨd( ) − λd0 sΔδv( ) + Rs Δiq
( )

ΔΨd = Ld s( )Δid
ΔΨq = Lq s( )Δ
ΔTe + Js2 Δδ( ) = ΔTload

ΔTe = 3
2
p Ψd0Δiq − Ψq0Δid + iq0ΔΨd − id0ΔΨq

( )

(2.56)
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As instabilities have been shown experimentally to occur, especially close to no-load operation,
the linearization will be operated around iq0= 0 (Ψq0= 0, δV0≈ 0, and id0,Ψd0 nonzero, for machine
magnetization):

id0 = V
��
2

√

Zd
; Ψd0 = Ldid0 (2.57)

TABLE 2.3
Geometrical Data of Considered Machine Stator

Motor poles 4

Motor stack length (mm) 80

Rotor radius (mm) 51

Stator slot number 36

Stator bore radius (mm) 51.5

Stator external radius (mm) 86.5

Stator winding turns number per phase; g= 0.5 mm 210

Parameters of Five Best Obtained Arc-Shape Geometries with Four FBs Per Pole; All Angles are in Degrees and α1 is
41 For all Geometries

Geometry no. t1 t2 t3 t4 α2 α3 α4 β1 γ1 β2 γ2 β3 γ3 β4 γ4 Ld=====Lq
1 6.5 5.5 7 8 30 19.5 9 53 53.12 52.54 50.72 47.45 38.43 30.90 4.01 13.35

2 6 6 4 12.5 30 22.5 13 56 56.61 56.48 55.11 54.46 51.89 45.27 2.53 13.31

3 6 5 4.5 12.5 30 22.5 13 53 53.15 52.54 50.96 49.64 46.53 39.31 2.01 13.14

4 6 5 5 10.5 30 20 11 56 56.61 56.48 55.46 53.02 48.21 41.51 2.53 13.06

5 4 5 6 12 35 25 12.5 53 53.19 53.15 52.54 50.96 47.00 38.43 2.01 12.59

Extent of the Used Variables in Arc-Shaped FBs; All Angles are in Degrees

Nr of FBs α1 α2 α3 α4 t1 t2 t3 t4 β

1 20–43 – – – 7–20 – – – 50–60

2 15–27 30–43 – – 4–9 7–14 – – 50–60

3 10–19 22–31 34–43 – 4–7 4–7 7–14 – 50–60

4 9–16 19–25 28–35 37–43 4–7 4–7 4–7 7–14 50–60

Extent of Used Variables in Trapezoidal-Shaped FBs; all Angles are in Degrees

Nr of FBs t1 t2 t3 t4 d1 d2 d3 d4 α β

1 5–15 – – – 8–25 – – – 18–26 130–146

2 2–8 2–8 – – 7–23 7–23 – – 18–26 130–146

3 2–6 2–6 5–10 – 7–20 7–20 7–20 – 18–26 130–146

4 2–6 2–6 2–6 5–10 5–16 5–16 5–16 5–16 18–26 130–146

Estimated Parameters of Considered LS SynRel Motor

Lmd 83 mH Rs 2Ω

Lmq 14 mH Rrd 1.81Ω

Lls 4 mH Rrq 1.06Ω

Lldr 8 mH Vs 380 V (line–line)

Llqr 4 mH fn 50 Hz

J 0.02 kg · m2 T1 11.3·10–4ωr
2

Source: After S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594–606. [6]
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FIGURE 2.19 Self-starting speed transients for various asymmetric rotor cage resistance values. (After
S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015, pp. 594–606. [6])
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From Equations 2.55 and 2.56, one obtains:

(G(s)+ Ks2)Δδv = 0 (2.58)

K = JLq

3p2
V

ω1

( )2 ·
Zd

ω1Lq

( )2

; Zd =
������������
R2
s + ω2

1L
2
d

√
(2.59)

G(s) = b4s4 + b3s3 + · · · + b0
c4s4 + c3s3 + · · · + c0

(2.60)

A high-order system is thus obtained whose characteristic Equation 2.60 has to be solved. Nega-
tive real part solutions of this equation mean stable operation, while zero real part solutions determine
the margin of stability.

The results in Figure 2.20 [7] lead to conclusions such as:

• Inherently stable operation of RSMs requires notable saliency at full load (here, Ld/Lq. 4).
• Rdr, Rqr, which has been shown to add to stability, but the lower critical frequency fc has to

be kept low:

(f1c)no load ≈
K

2πLmq

�������������������
RqrRs(1− Lq/Ld)

√
(2.61)

• Also, very low saliency at no load is required, and thus multiple flux barrier rotors with mag-
netic bridges that saturate notably below full load are suitable (Equation 2.61).

• The ALA rotor may allow lower values of Rqr for low f1c but with a deep slot cage with a
small skin effect around synchronous speed.

• The transient torque during acceleration shows small pulsations, which indicates the
absence of a torque saddle at half-speed (due in general to cage asymmetry); also, the start-
ing current is only 6 p.u.

• With Ld/Lq= 4 at full load, however, the maximum ideal power factor would be:

cosφimax =
1− Lq

Ld

1+ Lq
Ld

=
1− 1

4

1+ 1
4

= 0.6 (2.62)

• This is how more sophisticated rotor topologies have to be found that mitigate starting tor-
que, starting current with self-synchronization stability, and high steady state performance
(with PM assistance).

2.5 ELECTROMAGNETIC DESIGN ISSUES

Electromagnetic design issues consist in general of:

• Machine specifications
• Machine modeling method
• Design optimization
• Optimal design (geometry) thorough validation by 3D FEM
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2.5.1 MACHINE SPECIFICATIONS ARE CLOSELY RELATED TO APPLICATION

As an example, typical specifications for an oil-pump application would be as follows:

Output power 20 kW
Speed 1000 rpm
Torque 200 Nm
Voltage 380 V
Frequency 50 Hz
Starting=rated current ,10=1
Starting=rated torque .3=1
Rated efficiency .0.94
Rated power factor .0.93

The starting current is allowed to be higher than usual for IMs to provide unusually large starting
torque, but it implies a dedicated—strong enough—local power grid.

The high efficiency, corroborated with large starting current and high power factor, implies the use
of strong PMs (NdFeB or SmxCoy), with a high ΨPM/ΨS= EPM/VS. 0.9 ratio and mild magnetic
saliency, to add some reluctance torque. As expected, such specifications lead to a notably
more expensive motor, but this is the price to pay for premium performance. In contrast, for
2%–4% higher efficiency but a 7%–12% lower power factor than an IM of the same stator and initial
cost competitive design, for small refrigerator compressors, typical specifications would be a bit dif-
ferent. (Table 2.4).

The initial cost constraints impose a rotor topology with high magnetic saliency and weak PM flux
ΨPM/Ψs= EPM/Vs= 0.15–0.3. The high magnetic saliency in the rotor may be obtained with a mul-
tiple-flux barrier topology where the rotor cage occupies the outer part. The smaller quantity of strong
PMs (NdFeB or SmxCoy) should be explored against low-cost Ferrite or bonded NdFeB magnets,
mainly because the former are harder to demagnetize in critical conditions.

The starting current constraint is very important, as it allows the use of existing local power
grids—especially in buildings—for supplying small refrigerator compressor loads at higher
efficiency.

TABLE 2.4
Compressorlike Line-Start PM-RSM

Output power 1.5 kW

Speed 1500 rpm

Rated torque 10 Nm

Peak torque=rated torque .1.6=1.0

Voltage 380 V

Frequency 50 Hz

Starting=rated current 6.5=1

Starting=rated torque .1.5=1

Rated efficiency .0.86

Rated power factor 0.77

Initial cost=IM cost ,1.25=1.00
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2.5.2 MACHINE MODELING METHODS

Models of RSMs starting with crude analytical approaches, as presented previously in this chapter,
to calculate constant equivalent circuits allow the dq model to calculate the machine performance
very approximately. Such models may be used for preliminary sizing of the machine, as done so
far, and then more advanced field models for optimal design (sizing) around the preliminary (initial)
design geometry can be used.

The magnetic equivalent circuit model [8,2,9] is used to account for magnetic saturation, slotting,
and rotor flux barriers in the rotor by equivalent magnetic permeances of the latter.

However, for line-start RSMs, with and without PM assistance, this method becomes quite
involved, and its computation time saving diminishes notably. It may be wiser to use FEM modeling
of the machine directly (at least for steady state: asynchronous and synchronous modes), with only a
few FEM runs per electrical period, to construct the sinusoidal mmf magnetic field distribution
by regression methods and then calculate the machine circuit parameters by FEM, accounting for var-
iable local magnetic saturation, slotting, flux barriers, PMs, and so on [10].

FEM, with limited computation time, has been proposed recently from the start for optimal design,
though the total computation time may be over 50 hours, even with today’s multicore desktop com-
puters [11,12]. For line-start RSMs without or with PMs, with mild or strong magnetic saliency
rotors, the direct use of FEM for optimal design is yet to be done.

2.5.3 OPTIMAL DESIGN ALGORITHMS

Optimal design algorithms for electromagnetic devices is today a science in itself.
Deterministic and evolutionary methods, from the Monte Carlo method to the Hooke–Jeeves

method, to particle swarm optimization (PSO), genetic algorithms (GAs), differential evolution
(DE), ant colony, bee colony, imperialistic algorithms, and so on [2] have been proposed for electric
machine optimal design.

They all have merits and demerits related to convergence time to a global (not local) optimum
design. Some of them have been used against benchmarks to show comparative performance and
have established “hierarchies” [10–12]. But from those referring to RSMs, most have been applied
to cageless RSMs with or without PM assistance that are controlled by PWM converters for vari-
able-speed drives.

For line-start RSMs, more basic (artlike) design algorithms have been applied so far, given the
complexity and conflicts between starting, self-synchronization, and steady-state synchronous
operation performance.

To illustrate this situation, we will show here sample results from representative recent literature
case studies.

2.5.4 SAMPLE DESIGN RESULTS FOR OIL-PUMP-LIKE APPLICATIONS

Traditionally, IMs have been used in most oil-pump applications, but recently, line-start PMSMs
have been considered, too, in addition to variable speed drives which are only taking off marketwise.

The reason to replace IMs, especially when put in a limited-diameter pipe deep in the ground,
is better efficiency. But the starting and self-synchronization performance also have to be kept close
to those of the IM.

The specifications mentioned in Table 2.3 have been followed in [13] by investigating three dif-
ferent, rather rugged, rotor topologies (Figure 2.21).

For each rotor configuration and given stator (327-mm outer diameter, 115-mm inner diameter),
with 54 slots and 6 poles (with q1= 3 slots/pole/phase, y/τ= 8/9 chorded coils distributed winding)
the emf, cogging torque, starting current and torque, and synchronous performance for variations in
only a few variables, such as aluminum ring thickness (rotor a), PM span angle (rotor a), spoke mag-
net height (rotor b), stator, and rotor stack length, have been investigated heuristically to see the
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influence on performance. The investigation was performed by time-step FEM, which involves con-
siderable computation time. The results are synthesized in Table 2.5 and Figure 2.22 [13].

While all topologies fulfill the starting current and torque strong demands, only motors (b) and
(c) show the desired efficiency.

The best compromise between starting, steady-state, and self-synchronization performance is
shown by motor c) (Figure 2.22), which is costlier. All three rotors use high-energy PMs whose
cost is high. Another response surface-based methodology optimum design of a two-pole
LS-PMSM with mild saliency and strong magnets led to an efficiency above 92% and an 83% power
factor [14].

(a) (b) (c)

FIGURE 2.21 Three rotor configurations. (After A. Takahashi et al., IEEE Trans on, Vol. EC–30, No. 2, 2015,
pp. 498–506. [3]): (a) with SPM and aluminum ring (very small magnetic saliency); (b) with spoke-type magnets
and solid iron rotor; (c) with U-shaped PMs, regular cage and laminated core.

TABLE 2.5
Performance of LS-PM-RSMS, with Rotor 1, 2, 3 (Figure 2.22)

Parameters Motor (a) Motor (b) Motor (c)

Efficiency 0.85 0.94 0.95

Power factor 0.86 0.99 0.99

Starting=rated current 9.86 9.78 9.98

Starting=rated torque 8.2 6.1 4.4

Source: After T. Ding et al., IEEE Trans on, vol. Mag.–45, no. 3, 2009, pp. 1816–1823. [13]
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FIGURE 2.22 Speed time responses of the three LS-PMSMs. (After T. Ding et al., IEEE Trans on,
vol. Mag.–45, no. 3, 2009, pp.1816–1823. [13])
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2.5.5 SAMPLE DESIGN RESULTS FOR A SMALL COMPRESSORLIKE APPLICATION

As already implied, small compressorlike applications require high efficiency but are also very cost
sensitive, while the starting is not very costly.

A thorough FEM-based investigation [6] for a motor with the specifications in Table 2.4 and the
rotor as in Figure 2.23 was conducted.

For the PM-assisted RSM (Figure 2.23b), three PM flux linkage levels have been considered under
the title motor i: motor 1 (ΨPM= 0), motor 2 (ΨPM= 0.1Wb), and motor 3 (ΨPM= 0.28Wb).

The calculated torque angle characteristics (Figure 2.24) [6] show that motors 1 and 3 guarantee
stable operation at around the highest peak torque, where the PM flux is in the negative direction
of axis q to produce positive (motoring) PM torque and thus better efficiency and power factor
(operation in points A and B, but not C).

Results related to power factor, efficiency, and stator-rated current are summarized in Table 2.6.
The above results suggest that a four-pole LS-RSM at 10 Nm at 50 Hz has an efficiency better than

existing IMs, but the power factor is still notably lower.

a

a a

a
d

C

d

d d

bb

(a) (b)

PM

b b

q-axis

d-axis

q-axis

d-axis

FIGURE 2.23 Rotor with multiple-flux-barrier and embedded cage: (a) no PMs; (b) with PMs. (After
S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43(5), 2015, pp. 594–606. [6])
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FIGURE 2.24 Torque angle characteristics for motors 1, 2, 3. (After S. T. Boroujeni, M. Haghparast,
N. Bianchi, EPCS Journal, Taylor and Francis, New York, vol. 43(5), 2015, pp. 594–606. [6])
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Moderately weak PM flux and reasonably large magnetic saliency: Ld/Lq≈ 5.0 (for cos φ= 0.71
without PMs, but with losses considered), produce a 3% gain in efficiency of motor 3 (with weak but
larger PMs). This is clearly a good justification to use PMs, but the starting and self-synchronization
performance also have to be checked.

As super-high efficiency line-start motors should exhibit more than 90% efficiency at about 10 Nm
and 1500 rpm (1.5 kW), more work is to be done to make the lower-cost LS-RSMwith low-cost PMs
suitable for the purpose.

Finally, in this section, only glimpses of the electromagnetic design of LS-PM-RSMs have been
offered, while even a complete electromagnetic design, not to mention mechanical and thermal
design, is beyond our scope here.

2.6 TESTING FOR PERFORMANCE AND PARAMETERS

Testing is indispensable in manufacturing any device, particularly an electric machine. The complex
phenomena in LS-PM-RSMs, due to the simultaneous presence of distributed magnetic saliency,
an aluminum cage, and, eventually, PMs, makes the testing of these machines even more suitable
to get reliable information on performance and on circuit parameters. By “performance,” we
mean here:

• Synchronous steady-state-power angle, current, efficiency, power factor, efficiency versus
torque (or output power) up to the maximum available.

• Asynchronous performance: current, torque versus speed (slip).
• Self-synchronization performance: speed versus time for acceleration for critical load

torque application.
• Some of the discussed testing sequences for performance are included in the standards for

line-start IMs but not for line-start PM-RSM machines yet, to the best of our knowledge.

Parameter estimation through testing is required to verify the various modeling (design) method-
ologies and theoretically investigate various transients and stability issues.

The parameters include:

• Stator and rotor cage resistances Rs, Rdr, Rqr

• Stator and rotor leakage inductances Lsl, Lrdl, Lrql
• Magnetization inductances Ldm(id, iq), Lqm(id, iq)
• PM flux linkage ΨPMq

• Inertia J

TABLE 2.6
PM-RSM Performance-Motors 1, 2, 3

Motor Type Power Factor Stator Current Efficiency

LS-RSM-motor 1 0.71 10.70 83.80%

PM-RSM-motor 2 0.71 10.70 83.80%

PM-RSM-motor 3 0.77 9.5 86.50%

Source: After S. T. Boroujeni, M. Haghparast, N. Bianchi, EPCS Journal, vol. 43, no. 5, 2015,
pp. 594–606. [6]
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2.6.1 TESTING FOR SYNCHRONOUS PERFORMANCE

The testing platform should contain a load drive or a back-to-back system (Figure 2.25).
For the back-to-back system, two identical LS-PM-RSMs are required; then, bymeasuring the out-

put power Pout of the second identical machine, the efficiencymay be directly (though approximately)
calculated as:

η =
�����
Pout

P1

√
; Pout = 3 · Vload · iload (2.63)

For regenerative loading, adequate-for-temperature evolution investigation for various loads, a
drive controlled in torque mode through a bidirectional PWM AC-DC, DC converter is required.

In this case, however, the drive torque has to be either measured or estimated (as in direct torque
control (DTC) AC drives).

The rotor position is required for acquiring the load angle as the phase difference with the stator
phase voltage or current to assess voltage or current power angles γV, γi.

Typical experimental results from synchronous performance testing are shown in Figure 2.26 [14].
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θer and ωer Te

I, ν, P1, cosϕ1

FIGURE 2.25 Testing platform for performance measurement: A: with load drive and bidirectional PWM con-
verter for regenerative loading of LS-PM-RSM; B: back-to-back setup (M+G) with resistive load.
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FIGURE 2.26 Typical steady-state synchronous performance experimental results from LS-PM-RSM. (After
S. Saha, G. D. Choi, Y.-H. Cho, IEEE Trans., vol. MAG–51, no. 11, 2015, pp. 8113104. [14])
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The free acceleration and deceleration method introduced to offer both performance (efficiency)
and all parameters, including inertia, for IMs may be adapted for LS-PM-RSMs as well.

Also, the virtual (synthetic) loading method, with a PWM converter to control the LS-PM-RSM
alternatively as motor and generator (developed for both IMs and PMSMs [15–18]), may be adapted
for the scope.

Asynchronous performance may be acquired easily only in terms of current, voltage, and speed
(if an encoder is mounted on the load shaft).

If a torque-meter is mounted on the load drive side (as in Figure 2.25), the motor torque Te is:

Te = Tmeasured
load

+ Jt
dωr

dt
(2.64)

where Jt is the total inertia of all moving masses and ωr is the mechanical angular speed.
Observing the speed derivative from the encoder output is not a trivial task.
Self-synchronization tests for various loads may be performed with the platform in Figure 2.25,

provided, again, the speed is calculated through a digital filter from the encoder (resolver) output.

2.6.2 PARAMETERS FROM TESTS

Typical methods to estimate all machine inductances and resistances are the flux decay and frequency
response standstill tests, now standardized for IMs and cage-rotor SMs.

The free deceleration test may be used to measure the PM flux linkage ΨPMq1 via no load voltage
and its frequency measurement.

Reference 10 describes two methods, the single-phase standstill method and the dq model
method, to calculate all resistances and inductances of LS-PM-RSMs from 2D FEM time-step
calculations in DC and AC tests, considering the cage currents. Sample results [10], shown in
Figure 2.27, should be similar to those obtained from standstill flux decay (Ldm, Lqm) and fre-
quency tests [19].

2.7 SUMMARY

• Three-phase line-start (LS) reluctance synchronous motors, with an increased power factor
(though with 2%–5% more efficiency) that is still lower than that of IMs with identical sta-
tors, have entered the markets recently in order to save energy.

• To increase efficiency and power, factor higher magnetic saliency rotors with multiple flux
barriers per half-pole (3–4) have been introduced.

• Where premium efficiency [4,5] is the dominant goal, a rotor with moderate magnetic sali-
ency Ldm/Lqm= 1.6–1.8 and high-energy PMs with ΨPM/ΨS≈ 0.9, placed behind the rotor
cage, is used for two- and four-pole motors with good results. Even powers per unit of 250
kW have been investigated [20].

• To surpass the efficiency of IMs but keep the motor costs only up to 20% higher, multiple
flux-barrier rotors with an embedded asymmetric rotor cage and weak low-cost PMs are
used to produce high saliency and a better power factor, respectively.

• The presence of a rotor cage on the rotor has led to the exclusion of tooth-wound coil wind-
ings in the stator, where, additionally, to obtain higher magnetic saliency, distributed AC
windings are used exclusively, with q (slots/pole/phase)≥ 3 and high pole pitch/airgap:
150–200 (if possible).

• Reconciliation of reasonable starting/rating current and torque, self-synchronization (full
acceleration time for a given maximum load torque [20]), and superior synchronous
steady-state efficiency and power factor, all for a reasonable initial cost (materials plus
fabrication), requires involved modeling and design tools.
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• They imply analytical, a magnetic equivalent circuit, and FEMmodeling and design optimi-
zation techniques, not to mention structural and thermal design, which showed recently that
LS-PM-RSMs are capable of running 31 K cooler for the same stator, torque, and speed with
stator windings, a clear indication of higher efficiency, and so on.

• As premium line-start motors with reasonable starting current (6.2–6.8 p.u.) and torque
(1.5–2 p.u.) are badly needed to provide for energy savings while keeping the existing local
power grid ratings, LS-PM-RSMs are expected to remain a focus of R&D and industrial
communities worldwide.
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3 Phase-Source Line-Start
Cage Rotor Permanent
Magnet–Reluctance
Synchronous Machines
Modeling, Performance and
Design

3.1 INTRODUCTION

Home (residential) appliances traditionally make use of the local AC one-phase power grid of stan-
dardized voltage (120 or 220 V and frequency 50 or 60 Hz). Also, traditionally, most home appli-
ances (refrigerator compressors, washing machines, home heater water pumps, ventilators, etc.)
use line-start cage rotor induction motor drives. These have a main and auxiliary stator winding to
produce an airgap magnetic flux density with a strong (ideally pure) traveling wave character. A sym-
metric cage rotor is used (Figure 3.1a).

By using optimal design and increasing motor weight (and cost) at 100W, two poles, and 50 Hz,
such split-phase capacitor induction motors have reached an efficiency of 85%.

Efficiency, crucial in the cost of losses, is important countrywide or worldwide, as there are so
many such motors (a few in most houses).

Introducing variable-speed drives for many/most home appliances is a way to decrease total losses
in the drive, if and only if the drive efficiency ηdrive= ηmotor*ηconverter is larger than the efficiency of
the constant-speed line-start motor, unless, by variable speed, the working machine (appliance)—
compressor—efficiency itself increases more, and then the initial cost of the variable-speed drive
(motor+ PWM converter) has to be compared with the line-start motor alone.

As making ηdrive. ηline start motor is not an easy task, still better efficiency line-start motors, despite
their high starting current and problems of acceleration and self-synchronization, in the form of cage–
rotor reluctance synchronous motor (without and with PMs), are investigated.

As for three-phase RSMs (Chapter 2), when higher efficiency is a critical goal, high-energy
(NdFeB) magnets that produce EPM/V1≈ 0.9 and a low magnetic saliency (Lqm/Ldm= 1.6–1.8) rotor
represent the solution (Figure 3.1b). When initial cost and higher efficiency have to be investigated,
high-saliency anisotropic rotors (Lqm/Ldm. 3–4) with weak assisting PMs (EPM/V1≈ 0.3–0.4) seem
the way to go (Figure 3.1c).

For the sake of generality, the spatial angle ξ of the main and auxiliary windings is different from
90◦. Though it was shown that ξ= 100◦−110◦ may help in asynchronous starting of IM and reducing
the PM braking torque during asynchronous starting of PM-RSMs, in general, ξ= 90◦ in almost all
such commercial motors.

The windings of all three configurations in Figure 3.1 are similar, and to reduce additional losses in
the rotor cage and stator and rotor cores, the mmf space harmonics of the stator windings are reduced
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by using coils of different numbers of turns per coil for the main and auxiliary winding in
various slots.

A typical such distribution per half a pole for two poles (24 slots in all) is:

W1main = Integer 123 168 95 55 24 0[ ] × Kmain
( )

W1aux = Integer 0 0 45 81 73 63[ ] × Kaux
( ) (3.1)

Coefficients Kmain and Kaux may be varied from 1.0 as required in the design, but maintaining the
same (small) harmonics content. The distribution of mmf for the main and auxiliary winding for a
motor, as shown in Figure 3.2a and b, shows space harmonics contents as in Figure 3.2a and b,

NN
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FIGURE 3.1 Line-start 1-phase source AC two-pole motors: (a) IM; (b) strong PM reluctance synchronous
motor; (c) weak PM-RSM.
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illustrating a rather strong fundamental with small space harmonics to guarantee low additional losses
in the rotor core and cage.

The slot openings on both the rotor and stator will introduce additional space harmonics in the air-
gap flux density and torque pulsations. To complicate things further, the two windings produce a pure
traveling field in the airgap only in certain conditions (a certain turn ratio a= Na/Nm and close to the
most frequent load).

So the modeling of split-phase capacitor PM-RSMs is even more involved than for the three-phase
PM-RSMs (Chapter 2), both in asynchronous and synchronous operation modes. For the three-phase
PM-RSM, a time-stepping 2D FEMwas used to simulate even asynchronous mode operation consid-
ering local magnetic saturation, but for the split-phase capacitor PM-RSM, this goal is still to be
accomplished within a reasonable computation effort.

This is why, in this chapter, we will model first the split-phase capacitor motor by analytical for-
mulae for the standard stator and rotor leakage inductances and stator and rotor resistances of main
and auxiliary windings, as in Chapter 2, but then use the equivalent magnetic circuit (EMC) model to
investigate the magnetization inductances Ldm, Lqm for the dq axes of the PM-RSM, considering mag-
netic saturation and slotting for steady-state synchronous operation.

Further on, with known circuit parameters, we will investigate asynchronous and synchronous
performance.

Finally, an optimal design methodology is introduced on a case study at 100W, 50 Hz, 3000 rpm,
two poles, and 220 V, with NdFeB and ferrite PMs and medium magnetic saliency.

3.2 EQUIVALENT MAGNETIC CIRCUIT MODEL FOR SATURATED
MAGNETIZATION INDUCTANCES Ldm, Lqm

Let us start with the description of machine geometry, which allows the introduction of main geomet-
ric (design) variables.

The cross-section of the machine (Figure 3.3a) and the axial main dimensions (Figure 3.3b) illus-
trate a two flux-barrier/half-pole rotor with embedded strong PMs.

Additional geometry data of the rotor and stator slots is offered in Figure 3.4.
The magnetic circuit model [1] is simplified here by considering the stator and rotor magnetic

saturation separately in order to reduce the computation effort. Also, sinusoidal airgap flux density
distribution is considered when calculating the stator yoke and tooth magnetic saturation. The airgap
flux density is calculated based on given voltage, frequency, number of turns, and geometry. Typical
MATLAB® code to calculate the stator magnetic saturation factor Kss is given below:

fi1= Vn*sqrt(2)*kvm=(w1*Nm*kmwp); % polar flux
Bmag1= fi1=(lstack*tau)*1e6*pi=2; % airgap flux density
Bst= Bmag1*tauSslot=wst; % stator tooth flux density
Bsy= fi1=(2*shy*lstack)*1e6; % rotor yoke flux density
Hmst= getHx(Bref,Href,Bst,sw3=wst,ssf); % stator magnetic field strength
Hmsy= getHx(Bref,Href,Bsy*cos(pi*(0:ns1-1)=(2*ns1)),mean(shl(1,:))=shy,ssf)
mmf= [kC*hag*Bmag1=mu_0 sh1max*Hmst lmsy*mean(Hmsy)]*1e-3;

% stator mmf
kss= sum(mmf)=mmf(1); % stator saturation factor

The magnetic equivalent circuits for rotor axis d (along PMs—minimum inductance) and along
axis q are given in Figure 3.5a and b.

The rotor magnetic saturation is computed iteratively, with its initial value calculated considering
the already-determined stator flux level.

As visible in Figure 3.5a, the RmrMs reluctance (of the rotor bridge above the rotor slots) is much
larger than the rotor tooth reluctance RmrMs(1) in parallel with Rmrb(1) and RmrMs(2). Consequently,
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the number of nodes with nonzero magnetic scalar potential is reduced from eight to four to cut down
the computation time. The PM flux is computed in the absence of stator currents. As good efficiency
means positive PM and reluctance synchronous torque (id, 0 for Ldm, Lqm), the stator currents are
not expected to spectacularly alter the stator’s already-assumed saturation level.

After calculating the magnetic flux in all magnetic circuit branches and the flux densities in all
rotor and iron branches, then having compared them with their initial (previous) values and using
over-relaxation to introduce new permeability values, another computation cycle is done until suffi-
cient convergence is obtained.

Finally, the emf (by PMs) E1PM in the main winding is calculated as:

E1PM = ω1BagPM1 · 2
π
· tau× lstack × NmKwme( ) (3.2)

BagPM1—PM-produced airgap flux density fundamental
ω1—stator voltage angular frequency
tau—pole pitch
lstack—stator core stack length
Nm—total number of main winding turns
Kwme—equivalent main winding factor for the fundamental mmf (considering coils with differ-

ent numbers of turns)

The d axis magnetization inductance Ldm is calculated first at the PM level of magnetization.
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FIGURE 3.4 Flux barrier data (a); rotor slots (b); stator slots (c).
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A similar procedure has to be used in axis q, starting with a given current value Iq in the main wind-
ing. The q axis flux is now calculated in the presence of PM flux and thus the magnetic permeability of
the core is calculated for the resultant flux density:

����������������
B2
mq old + B2

PM

√
. Other than that, the computation

procedure in axis q is the same as in axis d, and finally, the value of Lqm is calculated.
Having calculated Ldm, Lqm, EPM from EMC modeling, considering the magnetic saturation

approximately, but in synchronous operation mode—zero cage currents—and having the analytical
expressions (as in Chapter 2) for the stator and rotor resistances and leakage inductances (Rs, Rrd, Rrq,
Lrdl, Lrql), the electric circuit of the machine may be defined. We may thus proceed to develop the
circuit model.

3.3 THE ELECTRIC CIRCUIT MODEL

For the sake of generality, we consider here the case of nonorthogonal stator windings (Figure 3.1b).
Also, electric circuit modeling gets simpler if the copper weight of the main and auxiliary windings is
the same [3]. This is not, however, generally the case in practice. But in such conditions, the main and
auxiliary winding resistances and leakage inductances are related as:

Rm = Ra

a2
; Lml = Lal

a2
; a = Nakwa

Nmkwm
(3.3)

To solve the actual situation, we may externalize the stator resistances and leakage inductances by
switching to an “internal” machine with V ′

m, V
′
a voltages instead of Vm and Va (Figure 3.6).

Now we may transform the internal machine to an orthogonal winding machine (α, β), with the
actual number of turns in the main and auxiliary winding, but with Rm, Ra, Lml, Lal externalized [2]:

V ′
m

V ′
a

∣∣∣∣
∣∣∣∣ = Mν02p

Vα

Vβ

∣∣∣∣
∣∣∣∣; Mν02p

∣∣ ∣∣ = 1 0
−a cos ξ a sin ξ

∣∣∣∣
∣∣∣∣ (3.4)

iα
iβ

∣∣∣∣
∣∣∣∣ = Mip20

im
ia

∣∣∣∣
∣∣∣∣; Mip20

∣∣ ∣∣ = 1 a cos ξ
1 a sin ξ

∣∣∣∣
∣∣∣∣ (3.5)

The orthogonal (α, β) machine does not run in symmetric conditions and thus we may apply the
direct and inverse [1(d ), 2(i)] decomposition by the transformation matrix Mdi20:

Mdi20| | = 1��
2

√ 1 1
j −j

∣∣∣∣
∣∣∣∣ (3.6)

Fictive machine without

stator leakage and resistance
Real machine

Rm

Ra

Vm′

Va′

Vs

Ca

Lmσ

Laσ

FIGURE 3.6 Equivalent electric circuit.
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3.4 ASYNCHRONOUS MODE CIRCUIT MODEL

The direct and inverse impedances of the machine in axis d and axis q, valid in a synchronous oper-
ation mode [S (slip) ≠ 1], Z1d, Z2d, Z1q, Z2q are defined as below:

Z1d= (j*xdm*Rrd.=slip-xrds*xdm).=(Rrd.=slip+ j*(xrds+xdm));
Z1q= (j*xqm*Rrq.=slip-xrqs*xqm).=(Rrq.=slip+j*(xrqs+xqm));
Z1d= Z1d*Rfe.=(Z1d+Rfe); % add iron losses
Z1q= Z1q*Rfe.=(Z1q+Rfe); % add iron losses
Z1= (Z1d+Z1q)=2;
Z2d= (j*xdm*Rrd.=(2-slip)-xrds*xdm).=(Rrd.=(2-slip)+j*(xrds+xdm));
Z2q= (j*xqm*Rrq.=(2-slip)-xrqs*xqm).=(Rrq.=(2-slip)+j*(xrqs+xqm));
Z2= (Z2d+Z2q)=2;

We may now arrange the direct and inverse (d, i) component equations in matrix form:

Vd,i

∣∣ ∣∣ = Zdi

∣∣ ∣∣ Idi∣∣ ∣∣; Zdi = Z1 0
0 Z2

∣∣∣∣
∣∣∣∣ (3.7)

Using the above transform matrixes Mγd12p and Mip2i yields:

V ′
m

V ′
d

∣∣∣∣
∣∣∣∣ = Mνdi2p Zdi| | Mip2i

∣∣ ∣∣ · Im
Ia

∣∣∣∣
∣∣∣∣ = Z0

∣∣ ∣∣ Im
Ia

∣∣∣∣
∣∣∣∣ (3.8)

Adding the “external circuit”: Rsm+ jXsml, Rsa+ jXsal, one obtains:

Vs

Vs

∣∣∣∣
∣∣∣∣ = Z0

∣∣ ∣∣+ Rsm + jXsml 0
0 Rsa + jXcal − jXcap

∣∣∣∣
∣∣∣∣

∣∣∣∣
∣∣∣∣ · Im

Ia

∣∣∣∣
∣∣∣∣ = Zp
∣∣ ∣∣ Im

Ia

∣∣∣∣
∣∣∣∣ (3.9)

and

Im
Ia

∣∣∣∣
∣∣∣∣ = Z−1

p

∣∣∣ ∣∣∣ · Vs

Vs

∣∣∣∣
∣∣∣∣ (3.10)

Given the values of parameters and slip frequency (Sω1), the above electric circuit model produces
the stator currents Im and Ia and, on the way, the direct and inverse asynchronous torque average
components:

Teas = Tdas + Tias

Tdas ≈ Re Z1 I2d
∣∣ ∣∣[ ]

p/ω1

Tias ≈ Re Z2 I2i
∣∣ ∣∣[ ]

p/ω1

(3.11)

3.5 PERMANENT MAGNET AVERAGE BRAKING TORQUE

A simplified expression of average PM braking torque—due to stator current components idPM, iqPM
induced in the stator (considered short-circuited) by the PM flux by motion at frequency ωr [4]—may
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be obtained rather easily, as it corresponds to the PM-induced stator winding current Joule losses.

TbPMav = p sin ξ
1
a
ΨdPM · iqPM − ΨqPM · idPM

[ ]

idPM = − 1− S( )2 Xq − Xc

( )
R2
s + Xd Xq − Xc

( )
1− S( )2 EPM; EPM = ωrΨPM;

iqPM = − 1− S( )Rs

R2
s + Xd Xq − Xc

( )
1− S( )2 EPM;

ΨdPM = XdIdPM + E0

ωr
; ΨqPM = Xq − Xc

( )
IqPM

ωr

(3.12)

Note: As investigated in Chapter 2 [5], magnetic saturation due to interaction of PM flux–stator and
rotor cage currents produces, during asynchronous running, additional average and pulsating braking
PM torque even for three-phase PM-RSMs, and more so for split-phase capacitor PM-RSMs where
the stator currents im(t), ia(t) are inherently asymmetric. However, due to the utter complexity, only a
computation time–consuming time-step FEM seems the way to go on this issue, other than experi-
mental effort. For small motors, the experimental way may be less expensive and faster in producing
fully reliable results.

Typical results on asynchronous running of a 100-W, 50-Hz, 3000-rpm, 220-V line-start PM-
RSM with dual flux barriers per pole rotor (Figure 3.3), based on the above-described method, are
given in what follows (Figures 3.7 and 3.8).

The asynchronous performance illustrates the good starting properties (above 0.6 Nm starting tor-
que [S= 1]) and sufficient (rated) torque, for self-synchronization at small slip (S= 0.04).

Note: The circuit parameters for the machine performance in Figures 3.7 and 3.8 are:
Lmd= 0.511 H, Lmq= 1.532 H, Lml= 0.09 H, Lal= 0.0477 H, Rm= 23.29Ω, Ra= 5.03Ω, a=

0.8429, ΨPM= 1.147Wb; running capacitor Cr= 4 µF (starting capacitor Cs= 8Ca)
The main geometry is characterized by:

Dis= 57.3 mm; inner stator diameter
Lstack= 44.7 mm, stator stack length
hPM= 1.4 mm, PM height (NeFeB)
Dro= 56.8 mm, rotor outer diameter
Dso= 134 mm, stator outer diameter

Now, using the EMC model described above, the synchronous performance of the same motor
(with the given geometry, total number of turns in the two phases [Equation 3.1], and wire diameters)
is calculated.

3.6 STEADY STATE SYNCHRONOUS PERFORMANCE=====SAMPLE RESULTS

Following the data of the machine above, the EMC model for extracting Ldm and Lqm was used to
calculate the latter for steady-state synchronous operation using the standard equations [2] where
only the PM torque and reluctance torque components are present. This time, performance is calcu-
lated versus rotor power angle.

The main and auxiliary winding currents Im, Ia (Figure 3.9a and b) and their direct and inverse
components (I1 and I2) (Figure 3.9c) show that the machine operates in most cases away from sym-
metrical conditions (I2= 0).

Voltages and powers are illustrated in Figure 3.10, where negative power angles are to be consid-
ered for motoring.
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Torque, efficiency, and power factor, as illustrated in Figure 3.11, show that at ∼0.3 Nm (rated
torque) and power angle ∼15◦, 100W, the electrical efficiency is about 0.9 and the power factor
is 0.953.

A simplified treatment of split-phase LS-PM-RSM or LS-RSM steady state is given in [2].

Note: Torque in asynchronous mode may be decomposed into six components (two for PM influence
and four for cage torque), which also show large torque pulsations that impede on asynchronous
acceleration and self-synchronization [6]. Given the complexity of the subject, we will lump all
such components into the model for transients.

3.7 THE dq MODEL FOR TRANSIENTS

For the study of transients, the dq model is instrumental. However, as the rotor is not symmetric along
axes d and q, the dq axes should be fixed to the rotor. In this case, however, the stator has to be sym-
metric in the sense that, even with a different number of turns in the main and auxiliary windings Nm,
Na(a= Na/Nm), the quantity of copper has to be roughly the same in the two windings; that is, the
resistances and leakage inductances are related as:

Rma
2 = Ra Lmla

2 = Lal (3.13)

If this is not the case, phase coordinates may be used; however, coupling inductances depend on
rotor position, and the computation time is rather prohibitive. For the steady state, we examined this
case in previous sections. Starting with nonorthogonal but symmetric stator windings (condition
[Equation 3.13] is fulfilled), the dq model is:

Vd

Vq

∣∣∣∣∣
∣∣∣∣∣ = cos θer sin θer

− sin θer cos θer

∣∣∣∣
∣∣∣∣ · Vα

Vβ

∣∣∣∣
∣∣∣∣; Vα

Vβ

∣∣∣∣
∣∣∣∣ = 1 0

KVm KVa

∣∣∣∣
∣∣∣∣ · Vm

Va

∣∣∣∣
∣∣∣∣

KVm = 1
tan ξ

; KVa =
1

a sin ξ
; Va = Vm − Vc

(3.14)
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For currents, the same transformation holds, but with Kim= cos ξ and Kia= sin ξ/a in order to
conserve power; ξ is the angle of winding (ξ≥ 90◦).

dΨd

dt
= Vd − Rsid + ωrΨq;

dΨq

dt
= Vq − Rsiq − ωrΨd

dΨdr

dt
= −Rrd · idr; dΨqr

dt
= −Rrqiqr

C
dVc

dt
= ia

id
idr

∣∣∣∣
∣∣∣∣ = Lmd + Lml Lmd

Lmd Lmd + Lrdl

∣∣∣∣
∣∣∣∣
−1 Ψd − ΨPM

Ψdr − ΨPM

∣∣∣∣
∣∣∣∣

iq
iqr

∣∣∣∣∣
∣∣∣∣∣ = Lmq + Lml Lmq

Lmq Lmq + Lrdl

∣∣∣∣∣
∣∣∣∣∣
−1

Ψq

Ψqr

∣∣∣∣∣
∣∣∣∣∣

Te = p Ψdiq − Ψqid
( )

J

p

dωr

dt
= Te − Tload;

dθer
dt

= ωr

(3.15)

A seventh-order system in Equation 3.15, with Ψd, Ψq, Ψdr, Ψqr, Vc, ωr, θer as variables, could be
solved numerically. Magnetic saturation of the main field may be considered by dedicated functions
Ψdm(idm, iqm) andΨqm(idm, iqm), which may be calculated by the EMC or by FEM and then “inverted”
by using polynomial approximations that allow derivatives. Similarly, Ldrl(idr), Lqrl(iqr), might be con-
sidered. Sample digital simulations of acceleration and then steady-state operation of the same 100-W,
two-pole, 50-Hz (3000-rpm) motor in previous paragraphs, the dq model, is given in the following:

• By the dq model, Figure 3.12a. The block diagram
• Figure 3.12b. Capacitor and capacitor switch model
• Figure 3.13a. The single-phase LS-PM-RSM circuit model for transients
• Figure 3.13b. The model input circuit parameters
• Figure 3.14a. Grid current during motor acceleration
• Figure 3.14b. Speed during motor acceleration
• Figure 3.14c. Torque during motor acceleration
• Figure 3.15a. Grid current: steady state
• Figure 3.15b. Speed: steady state
• Figure 3.15a. Torque: steady state
• Figure 3.16. Motor grid input power and input and output energy during motor acceleration

The case study reveals that the machine investigated here for transient performance fulfills
the specifications and self-synchronizes at a load torque of 0.4 Nm, larger than the rated torque
(0.3 Nm). The next step is to introduce an optimal design methodology and, finally, show some
FEM results for its validation.

3.8 OPTIMAL DESIGN METHODOLOGY BY A CASE STUDY

Here, we will briefly describe a rather involved optimal design methodology and code for the same
100-W, two-pole, 50-Hz (3000-rpm), 220-V, one-phase LS-PM-RSM. The optimal design method-
ology has to deal with the following issues:

• Specifications
• Machine (device) model and optimization variables
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• Optimization objective (fitting) function(s)
• Optimization mathematical algorithm
• Complete optimal design code
• Input and output file numerical and graphical data
• FEM validation of optimal design geometry (machine)

The specifications are those already mentioned related to power, frequency, speed, and voltage,
but they could be given new constraints, depending on application.

The machine model includes the crude analytical expressions of resistances and leakage induc-
tances, PM flux, and the EMC-derived magnetization inductances Ldm, Lqm valid for synchronous
steady state. For asynchronous operation (already illustrated above), Ldm and Lqm have been consid-
ered constant for the sake of simplicity.

The design code is able to run in “evaluation (e) mode” or in “optimal”(o) mode.
Finite element method magnetics (FEMM) 4.2 is embedded in the design code at a few levels (for

validation):

• No FEM validation
• Only PM flux in the main winding at zero currents
• PM and stator current flux linkages in axes d and q for main and auxiliary windings
• Synchronous torque versus rotor position γ

The entire optimal design code in MATLAB–Simulink® has a structure as in Figure 3.17.
Some details of the motor models have been presented above. Here, we will focus on the quasi-

multiobjective optimal design implemented using the Hooke–Jeeves modified method [7].

Voltage

motor

Torque

VmVa

Tload

Im

Ia1

wmec

Tem

Single-phas e motor

Product1

Product

Power&

energy

Outputs
1
s

Integrator

Grid voltage

K*u

Gain
In1

In2
Out1

Capacitor

1

Out1

Yr_Ys

Voltage C
Product

1

s

Integrator

2

In2

1

In1

(a)

(b)

FIGURE 3.12 LS-PM-RSMmodel for transients, (a) block diagram; (b) capacitor and capacitor switch model.
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The optimization objectives are:

• Reducing the initial motor cost (including capacitor cost)
• Increasing the efficiency
• Satisfying the starting and synchronization conditions for rated load torque

All these objectives are aggregated in a single objective cost function t_cost:

cu_c= cu_pr*mcu; %USD copper cost
lam_c= lam_pr*msiron; %USD lamination cost
PM_c= PM_pr*mpm; %USD PM cost
rotIron_c= mriron*rotIron_pr; %USD rotor iron cost
rc_c= mrw*Al_pr; %USD rotor cage cost
pmw_c= pmw_pr*mmot; %USD passive material cost
mot_cost= cu_c+lam_c+PM_c+rotIron_c+rc_c+pmw_c; %USD initial cost
c_cost= 2*pc0+kpc*Cap*1e6++kpc*Ca*1e6; %USD capacitor costs
i_cost= mot_cost+c_cost;
energy_c= energy_pr*Pn*(1=etan-1)=1000*hpy*ny; %USD=kWh energy price
if(Tmax.kstt*Tn)
st_cost=(max((sn-ssmax)=ssmax,0)+max(1-Tmin=(kstt*Tn),0)+ +2*max
(Pn*ktk=Pom-1,0))*i_cost; %startability penalty cost

else

(b)

FIGURE 3.13 (Continued) The single-phase LS-PM-RSM, (b) the model input parameters.
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st_cost=(max((sn-ssmax)=ssmax,1)*kstt*Tn=Tmax+max(1-Tmin=(kstt*Tn),0)
+max(Pn*ktk=Pom-1,0))*i_cost; %startability penalty cost

end
t_cost=i_cost*max(1,Pn=Pom)+energy_c+st_cost; %USD total cost

The cost of the copper, stator laminations, rotor cage, rotor laminations, PMs, frame, and capac-
itors are all computed. If the motor is not capable of delivering the rated output power, an over-unity
power penalty factor (Pn/Pom) multiplies the initial cost.

The startability penalty cost st_cost is added if the starting requirements are not met. We refer to
starting torque at zero speed and torque at Ssmax= 0.04 (slip value). The latter should be smaller than k
times the rated torque (kts for starting, ktk for synchronization).

Only sample data from input and output table files are shown in Tables 3.1 through 3.4.
The results show an electrical efficiency around 0.929 and power factor of 0.939 for a 4.22-kg

motor with NdFeB magnets (0.125 kg) at an initial cost of the motor of 26.6 USD. Efficiency,
mass, and cost (objective) function evolution during optimization in Figure 3.18 shows that 30
optimal design cycles are sufficient to secure solid results.
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FIGURE 3.14 Machine grid current (a); speed (b); and torque (c) during running up to speed from standstill.
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FIGURE 3.15 Machine synchronous steady state: grid current (a); speed (b); torque (c).
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FIGURE 3.16 Motor input power and input and output energy during motor acceleration to speed (load torque
during starting was 0.6 Nm [rated torque: 0.3 Nm] and was then reduced to 0.4 Nm).
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Ispm.m

 Input file

(m2.m, m3.m)

constant.m

setmat.m

PMs:

      FERRITE_415.m, m2ferrite.m,VAC677.m

Laminations:

      - steelE230.m, Steel_1006.m

sfp.m

Dimensions and parameter computations

r2b2dimens.m r2bdimens.m r3bdimens.m

flux_2b.m flux_2b2.m

getHx.m get_mu.m

per_async.m

per_sync.m

pfinal.m

cost_eval.m

run_mode=='o'

optim.m

alias.m

sfp.m
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pfinal.m

cost_eval.m

fem ?

opt_gtrace.m

otimisation graphic trace

femm_geom.m

save_par.m

End

(a)

FIGURE 3.17 The optimal design code block diagram (a). (Continued )

86 Reluctance Electric Machines



As the performance during asynchronous running, steady-state operation, starting, and synchroni-
zation transient have already been exposed for the same motor as in the optimal design, here we will
only show some FEM validation results of the optimally designed motor.

3.9 FINITE-ELEMENT MODELING VALIDATION

The following items related to FEM validation are illustrated here:

• PM flux density in the airgap (Figure 3.19)

The magnetic field line map for the resultant magnetic field produced concurrently by PMs,
demagnetization Imd=−0.398 A, and Iaq=+0.392 A for rated torque conditions is shown in
Figure 3.20.

The FEM-calculated magnetization inductances for rated torque are: LmdFEM= 0.578 H, LaqFEM=
2.30 H (total), with LmqFEM= 3.009 H.

These values show good magnetic saliency. The LmqFEM/LmdFEM= 3.009/0.578 ratio is suffi-
ciently high to secure superior electrical efficiency (zero mechanical losses) for reasonable initial
cost and motor weight.

Note: A ferrite PM motor, designed for the same specifications, yields an electrical efficiency of
0.8984, power factor: 0.955, initial (motor) cost: 34.44 USD with 7.895 kg of motor weight. The fer-
rite PM motor ends up costlier at lower efficiency, as the quantities of iron and copper are notably
larger to secure a good-enough efficiency (above the value of 0.86 for the IM).

3.10 PARAMETER ESTIMATION AND SEGREGATION OF LOSSES IN SINGLE-
PHASE CAPACITOR PERMANENT MAGNET-RELUCTANCE
SYNCHRONOUS MACHINES BY TESTS

3.10.1 INTRODUCTION

Segregation of losses—performed through special no-load tests—has been a rather general method
for getting load performance (efficiency) without actually loading various types of commercial
electrical machines.

PM

Main

Aux.

(b)

FIGURE 3.17 (Continued) cross-section of motor (b).
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As early as 1935, C. Veinott [8] introduced such a method for single-phase capacitor induction
motors, and little has been added to it since then.

As single-phase capacitor PM-RSMs have been investigated for low-power high-efficiency appli-
cations [9], it seems timely to try to develop a complete but comfortable-to-use methodology for
parameter estimation and loss segregation for this machine.

It is almost needless to say that loss segregation implies parameter estimation first. The tasks will
be performed as follows:

• Present the revolving (+−) theory (model) characteristic equation of a one-phase capacitor
PM-RSM.

• Define specific tests and apply the theory to estimate the motor parameters (resistances and
inductances) and perform loss segregation without driving or loading the machine.

• Validate the above methodologies through load testing.

3.10.2 THEORY IN SHORT

To reduce complexity, in essence, we use here the revolving field (+−) model for a two-phase motor
with orthogonal stator windings and PMs and a cage on the anisotropic rotor (Figure 3.21) [2].

TABLE 3.1
The Input File

%Line Start Interior permanent magnet machine (PMM)—Input Data File

Pn= 100; % W—rated power

fn= 50; % Hz—base speed

Vn= 220; % V—rated voltage

%Primary Dimension

pp= 2; % numbers of poles

Nmc0= [123 168 95 55 24 0]; % main coil turns

Nac0= round(1.5*[0 0 45 81 73 63]); % auxiliary coil turns

Nr= 28; % rotor bars—should be multiple of 4

Ca= 3.5e-6; %F—Capacity on auxiliary phase

% Optimization Variable

Dsi= 60.08; % mm—Stator inner diameter

lstack= 48; % mm—Core stack length

ksext= 1; % factor to modify external stator dimensions

knm= 0.9; % factor to modify main coil turn number

kna= 0.9; % factor to auxiliary coil turn number

dmw_i= 11; % main wire diameter index

daw_i= 12; % auxiliary wire diameter index

hpm= 2; % mm—PM height

rhy1= 1.5; % mm—distance between first barrier and rotor bar

rhy3= 2.5; % mm—distance between second barrier and shaft

wst_pu= 0.4; % stator tooth relative width

wpm_pu= 0.85; % width of PM relative to the field barrier

wrso1= 2.6; % mm—width of rotor slot—between trim centers

hrso2= 4.97; % mm—rotor slot height—distance between trin=m center

teta_mb1= pi=4;

iCa= 4; % running capacitor index

iCap= 10; % start capacitor—index
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The two stator windings need not have identical distribution or the same copper weight. First, we
reduce the auxiliary to the main winding:

I ′a = aIa; a = NaKwa

NmKwn
(3.16)

V ′
a0 =

Va0

a
(3.17)

Again, Na, Nm are turns per phase and Kwa, Kwm their winding coefficients. To accommodate the
case of Rm≠ Ra/a

2, we will define internal fictitious voltages for the main and auxiliary phases: Va0

and Vm0 instead of Va, Vm.
So, from Figures 3.3 through 3.5, we have:

Vm = Va + Vca = Va0 − jX′
caIa = Vm0 − jX′

cmIm (3.18)

X′
ca = Xca − Xal − jRa

( )
1− m( ) (3.19)

TABLE 3.2
The Output File

% Electrical Parameters

Rm= 23.289969; % Ohm—main phase resistance

Ra= 25.032505; % Ohm—auxiliary phase resistance

Rr= 57.878568; % Ohm—rotor equivalent resistance

Lsm= 0.090244; % H—leakage inductance of main winding

Lsa= 0.047708; % H—leakage inductance of aux. winding

Lsrd= 0.079865; % H—rotor equivalent d axis leakage inductance

Lsrq= 0.079865; % H—rotor equivalent q axis leakage inductance

Lmd= 0.511171; % H—magnetization inductance on d axis (around 0 d axis current)

Lmq= 1.532661; % H—magnetization inductance on d axis at Iq= 0.642824 A

Nm= 876.000000; %—turns on main winding

Na= 742.000000; %—turns on auxiliary winding

kmwp= 0.851851; %—main winding factor

kawp= 0.847687; %—auxiliary winding factor

a= 0.842891; %—factor of reducing aux. winding to main winding

lpm= 1.147396; % Wb—linkage permanent magnet flux in main phase

Elpm= 360.465002; % V—main phase emf produced by PM in main phase (peak value)

Imn= 0.289350; % A—main phase rated current

Ian= 0.290508; % A—auxiliary phase rated current

Igridn= 0.498713; % A—grid rated current

Irn= 0.088533; % A—rotor current

Pcum= 1.949919; % W—main phase copper losses

Pcua= 2.112610; % W—auxiliary phase copper losses

Pcurn= 0.453658; % W—rotor copper losses

Pfe= 1.920377; % W—iron losses

etan= 0.938945; %—rated efficiency

cosphip= 0.953201; %—power factor

Ca= 3.3; % uF—running capacitor

Cap= 15.0; % uF—auxiliary starting capacitor
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X′
cm = − Xml − jRm

( )
1− m( ); Xca = 1

ω1Ca
(3.20)

with m= 1 for symmetric (equivalent) windings and m= 0 otherwise. The +− transformations are:

V1
V2

∣∣∣∣
∣∣∣∣ = 1��

2
√ 1 −j

1 +j

∣∣∣∣
∣∣∣∣ · Vm0

V ′
a0

∣∣∣∣
∣∣∣∣ (3.21)

Vm0

V ′
a0

∣∣∣∣
∣∣∣∣ = 1��

2
√ 1 1

j −j

∣∣∣∣
∣∣∣∣ · V1

V2

∣∣∣∣
∣∣∣∣ (3.22)

Making use of Equations 3.16 and 3.17 and Equations 3.21 and 3.22 in Equations 3.18 and 3.19
yields:

Vm

��
2

√
= aj V1 − V2

( )+ X′
ca I1 − I2
( )

/a (3.23)

Vm

��
2

√
= V1 + V2 − jX′

cm I1 + I2
( )

(3.24)

The direct field voltage equation (Figure 3.22) is:

V1 − E1 = Z1I1; Z1 = R1e + jX1e (3.25)

TABLE 3.3
Winding Details and Rotor Dimensions

Nm= 876; % turns per main phase

Na= 742; % turns per auxiliary phase

Nmc= [116 158 89 52 23 0]; % main coil turns

Nac= [0 0 64 115 103 89]; % auxiliary coil turns

dmw= 0.510000; % mm—diameter of main winding wire

daw= 0.450000; % mm—diameter of auxiliary winding wire

Dro= 56.800000; % mm—rotor outer diameter

Dri= 20.000000; % mm—rotor inner diameter

wrt= 3.000221; % rotor tooth width

rh1= 0.275000; % mm—height of rotor slot tip

rsr0= 0.500000; % mm—corner radius for rotor slot

alphars1_deg= 90.000000; % degree—angle between rotor slot edge

hrso1= 0.550000; % mm—rotor slot height—distance between trim centers

wrso1= 1.100000; % mm—width of rotor slot—between trim centers

hrso2= 2.900000; % mm—rotor slot height—distance between trim centers

rsr2= 0.721845; % mm—rotor slot top radius

her= 7.633211; % mm—rotor end ring height—used only in e1 run_mode

Deri= 45.306311; % mm—rotor end ring inner diameter—used only in e1 run_mode

Dero= 56.800000; % mm—rotor end ring outer diameter—used only in e1 run_mode

wpm= [13.000000 19.500000]; % mm—permanent magnet width

fi_rmb= [�14.818843�6.815769]; %—flux barrier angle

hmb= 1.600000 % mm—flux barrier height

rmb= 1.521845; % mm—flux barrier radius
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with

R1e = mRm + ω1 Lmd − Lmq
( )

sin 2γ (3.26)

X1e = mXml + ω1

2
Lmd + Lmq
( )− Lmd − Lmq

( )
cos 2γ

[ ]
(3.27)

The current dq angle γ is the variable for load representation. For the inverse field (sequence), we
use the known approximation:

V2 = Z2I2 (3.28)

Z2 ≈
1
2

Z2d + Z2q

( )
(3.29)

Z2d =
Rrd/ 2− S( ) + jXrdl

( )
jXmd

Rrd/ 2− S( ) + j Xmd + Xrdl( ) + Rm + jXml

( )
m (3.30)

Z2q =
Rrq/ 2− S( ) + jXrql

( )
jXmq

Rrq/ 2− S( ) + j Xmq + Xrql

( )+ Rm + jXml
( )

m (3.31)

TABLE 3.4
Objective Function and FEM Validation

cu_c= 8.176390; % USD—copper cost

lam_c= 3.144986; % USD—lamination cost

PM_c= 6.264258; % USD—PM cost

rotIron_c= 0.804382; % USD—rotor iron cost

rc_c= 0.328975; % USD—rotor cage cost

pmw_c= 5.318692; % USD—weight penalty cost (frame)

mot_cost= 24.037683; % USD—motor cost

c_cost= 2.555400; % USD—capacitor cost

i_cost= 26.593083; % USD—initial cost

energy_c= 19.507677; % USD—energy loss penalty cost

st_cost= 1.163339; % USD—starting penalty cost

t_cost= 47.264099; % USD—total cost—objective function

psi_pm=�0.977362; % Wb FEM computed flux

psi_md=�0.746750; % Wb total d axis flux from FEM at main current 0.398456 A peak

Lmd_fem= 0.578764; % H main winding d axis inductance

psi_aq=�0.902739; % Wb total q axis flux from FEM at auxiliary current �0.392182 A peak

Laq_fem= 2.301840; % H auxiliary winding q axis inductance

psi_mda=�0.768317 % Wb total d axis flux, main current (d) 0.398456 A and aux. (q) �0.392182 A peak

psi_mq= 1.199161; % Wb total q axis flux from FEM at main current 0.398456 A peak

Lmq_fem= 3.009515; % H auxiliary winding q axis inductance

psi_pma=�0.811229 % Wb total d axis flux, auxiliary winding (d) with main current 0.398456 A peak
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1.174e+000 : >1.235e+000
1.112e+000 : 1.174e+000
1.050e+000 : 1.112e+000
9.884e–001 : 1.050e+000
9.266e–001 : 9.884e–001
8.648e–001 : 9.266e–001
8.031e–001 : 8.648e–001
7.413e–001 : 8.031e–001
6.795e–001 : 7.413e–001
6.177e–001 : 6.795e–001
5.560e–001 : 6.177e–001
4.942e–001 : 5.560e–001
4.324e–001 : 4.942e–001
3.706e–001 : 4.324e–001
3.089e–001 : 3.706e–001
2.471e–001 : 3.089e–001
1.853e–001 : 2.471e–001
1.235e–001 : 1.853e–001
6.178e–002 : 1.235e–001
<3.489e–006 : 6.178e–002

Density plot: |B|, Tesla
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FIGURE 3.19 PM flux density map (a); and its distribution in the airgap (b).
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The electromagnetic torque is:

Te+ = Re V1I
∗
1

( )− RmI
2
1 · m

[ ] · p1/ω1 (3.32)

Te− = − Re V2I
∗
2

( )− RmI
2
2 · m

[ ] · p1/ω1 (3.33)

Te = Te+ + Te− (3.34)

Core losses. As the inverse field travels mostly along leakage paths, we neglect here the inverse
field core losses and consider the direct field core losses proportional to V1:

Piron1 = V2
1 /Riron1 (3.35)

where Riron1 is determined by tests and considered constant.

1.703e+000 : >1.792e+000
1.613e+000 : 1.703e+000
1.523e+000 : 1.613e+000
1.434e+000 : 1.523e+000
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1.254e+000 : 1.344+000
1.165e+000 : 1.254e+000
1.075e+000 : 1.165e+000
9.857e–001 : 1.075e+000
8.961e–001 : 9.857e–001
8.065e–001 : 8.961e–001
7.169e–001 :8.065e–001
6.273e–001 : 7.169e–001
5.376e–001 : 6.273e–001
4.480e–001 : 5.376e–001
3.584e–001 : 4.480e–001
2.688e–001 : 3.584e–001
1.792e–001 : 2.688e–001
8.962e–002 : 1.792e–001
<1.004e–005 : 8.962e–002

Density plot: |B|, Tesla

FIGURE 3.20 Magnetic field line map for rated torque at steady state.
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FIGURE 3.21 One-phase capacitor PM-RSM.
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Magnetic saturation. In most such machines, saturation effects are moderate. However, the param-
eter estimation methodology to be developed here will produce the dependence of main synchronous
inductances Lmd, Lmq on Id and Iq currents.

The above theory will now be applied to the tests chosen for parameter estimation and loss
segregation.

3.10.3 PARAMETER ESTIMATION THROUGH STANDSTILL TESTS

At standstill, PMs will not produce any induced voltages, so the machine will behave like an
induction motor with nonsymmetric stator and rotor windings for AC tests and as a typical PMSM
for DC-type tests. The parameters to be estimated are those appearing in Z1 and Z2.

Step voltage tests will be used to estimate Ld and Lq with one phase turned on (or off) at a time.

a. DC current decay tests
Supplying the main winding with DC current and then turning it off (Figure 3.23) will make
the current decay to zero through the freewheeling diode.
The corresponding equation is:

λPMi + Ld · id0( ) − λPMf =
∫
Rmid dt +

∫
Vdiode dt (3.36)

If saturation is negligible, the initial and final values of PM flux linkage are the same: λPMi

= λPMf; Id0—initial current.

I1

E1

V1–E1

V1

d

jq

γ
δ

FIGURE 3.22 Phasor diagram for direct field.
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FIGURE 3.23 DC current decay test in axis d at standstill.
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One test suffices to produce Ld (unsaturated value, though) with Rm previously measured
in a steady DC small voltage–current test.
If the saturation influence is to be explored, tests at various initial currents are done and

the PM flux λPMf is determined from a zero-current generator test:

λPMf = Vm

��
2

√
/ω1 (3.37)

Now, we only have to find λd= λPMi+ Ld · Id0 as a function of Id0, from Eq. 3.37.
Performing the same test once for the auxiliary winding, where, again, the rotor will
naturally align along the d axis, yields:

λPMai + Lad · iad0
( )− λPMaf =

∫
Rai

a
d dt +

∫
Vdiode dt (3.38)

The same reasoning as above applies, and (with saturation neglected) we find Lad. The turn
ratio a will be:

a = Lad
Ld

( )1
2 (3.39)

As the resistances are known already, a new value of a is:

a′ = Ra

Rm

( )1
2 (3.40)

If a= a′, we may assume that the two windings are equivalent and m= 1 in Equations
3.18 through 3.34.
To produce DC current decay tests in axis q, for the main winding, we have to fix (latch)

the rotor in the position for auxiliary phase d axis tests and then proceed as above
(Figure 3.24).
This time, we get:

Lq · iq0 =
∫
Rmiq dt +

∫
Vdiode dt (3.41)

aux

Iq

Vdiode
SS

SS
q

NN

NN

main

FIGURE 3.24 q-axis current decay tests (main phase) at standstill.
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Here, we may repeat the test for various initial currents to determine the saturation effect
as Lq(Iq0). To complete the estimation of parameters occurring in Z1, we should also find the
main phase leakage inductance Lml. The AC standstill tests that follow will deliver Lml, Ldl′,
Rrd, Rrq, Lrdl, Lrql (reduced to the main winding).

b. AC standstill tests
If frequency effects on the rotor cage are negligible, a test at grid frequency suffices. The AC
tests in axes d and q are done only for the main winding (Figure 3.25).
We measure Im, Vm, Pm(φm) and calculate:

Red = Pm

I2m
(3.42)

Xed =
���������������
Vm

Im

( )2

− R2
ed

√
(3.43)

where

Zed = Red + jXed = Z2d S = 1( ) (3.44)

Note that

Zed =
Rrd + jXrdl

( )
jXdm

Rrd + j Xrdl + Xdm( ) + Rm + jXml

( )
(3.45)

We now have two equations, know Ld, and have to calculate Xrdl, Xml, Rrd.
As one more equation is needed, we return to the step voltage test.

c. DC voltage main winding turn-off on a known DC current in the main phase (Figure 3.26).
The pertinent equations for a wheeling diode at standstill for the stator and rotor are:

Vd t( ) = −Ldm
dird
dt

(3.46)

Rrdird + Ldm + LrdP( ) dird
dt

= 0 (3.47)

with the solution:

ird = Ae−t(Rrd/ Lmd+Lrdl( )) (3.48)

aux

d(q) main Vm, im, Pm(ϕm)

Digital

power

analyzer

ϕm

Vm

Im

FIGURE 3.25 AC standstill test in axis d for the main phase.
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At time zero, we may consider that the flux does not change and thus:

Ldid0 = Ldmird0 = ALdm (3.49)

ird = Ldid0
Ldm

e−t Rrd/ Ldm+Lrdl( )( ) (3.50)

Vd t( ) = Ldid0 · Rdr

Ldm + Lrdl
e−t·Rrd/ Ldm+Lrdl( ) (3.51)

The initial residual voltage Vd0 is:

Vd0 = Ld · Rrd

Ldm + LrdP
· id0 (3.52)

This is the third equation sought. An iterative procedure is required to solve Equations
3.42 and 3.43 or 3.45. An initial solution may correspond to Xrdl= Xml, when Equation
3.52 is used to recalculate the rotor resistance Rrd0 and thus start the iterative process.
Note that neglecting Xdm in Equation 3.43 is not acceptable in a machine with PMs. But,
alternatively, Vd(t) may also be used with Vd0 measured to find Ld [use a logarithmic
time scale for Vd(t)].

ln Vd t( ) = −Vd0 · Rrd · t
Ldm + Lrdl

(3.53)

The same AC standstill tests will be performed in axis q for the main winding to determine
Rrq, Xqrl.

So far, we clarified the parameters’ estimation from standstill tests, so we may now proceed to loss
segregation, where we are going to use all the parameters estimated above.

3.10.4 LOSS SEGREGATION TESTS

The losses in the machine (Figure 3.27) occur in the capacitor Pcap, stator windings Pco, rotor cage Pal,
stator core Piron, and as mechanical Pmec. Stray losses are small and are included (though partially) in
Pco, as the stator current does not vary much from no load to full load for low-power motors.

The capacitor losses Pcapn should be measured separately for a certain voltage Vn; thus:

Pcap = Pcapn Vca/Vcn
( )2

(3.54)

To segregate the losses, the single-phase no-load motoring test is proposed (to start the motor,
the auxiliary phase with capacitor is connected, but after synchronization, the latter is turned off;

d(q) main

Vd(t)

FIGURE 3.26 DC voltage turn-off in the main phase in axis d.

98 Reluctance Electric Machines



Figure 3.28). This test will be performed for various voltage levels. The input power is:

Pm0 = Rm Im( )2+R2r I2( )2+Piron + Pmec (3.55)

Now, as Ia= 0, according to Equation 3.21, applied to currents,

I2 = I1 = Im/.707 (3.56)

R2r is the rotor equivalent resistance for S= 2:

R2r = Re(Z2)− Rm ∗ m (3.57)

Making use of Equations 3.28–3.31 with all parameters known, Equation 3.57 yields R2r and thus
the term R2r * (I2)

2 in Equation 3.55 is calculated. The first term in Equation 3.55 is straightforward, as
Im is measured. So, in fact, we have to further segregate only the core loss from the mechanical loss.

To do so, we assume that the core loss is proportional to Vm squared and obtain the characteristics
of Figure 3.29.

Notice that we get approximately a straight line whose intersection with the vertical axis produces
the mechanical losses, as the latter are independent of voltage.

Pin

Pcap

Piron

Pco

Pal

Pstray

Pmec

Pout

FIGURE 3.27 Power balance in line-star capacitor permanent magnet synchronous machines (C-PMSMs).

main

Vm, im, Pm0(ϕm)

Digital

power

analyzer

ω 1

V0

FIGURE 3.28 No-load single-phase motoring.
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Note: A fast verification of some parameter estimations is available, provided we also measure the
voltage across auxiliary phase Va0 in the one-phase no-load motoring steady state (Figure 3.28):

Va0 = a∗ V1 − V2

∣∣ ∣∣/ ��
2

√
(3.58)

Alternatively, the same Equation 3.58 may be used to find a, sparing the DC decay test for the
auxiliary phase.

For the rated voltage, we may also assume that the dq current angle for the direct field component
γ≈ 90◦; that is, Iq= 0, thus obtaining the phasor diagram on Figure 3.30 and Equation 3.59 based
on Equation 3.25:

E1 ≈
���������������
V2
1 − RmI1( )2

√
− ω1LdI1 (3.59)

This way, we may also calculate E1 (PM-induced voltage); thus, the PM flux λPM required to
explore the magnetic saturation effects through DC decay standstill tests becomes available without
a zero-current generator test, which would require a driving motor.

3.10.5 VALIDATION TESTS

To validate the above methodologies for parameter estimation and loss segregation, two basic tests
are used:

• No-load motoring test
• Load test

Power

0.1 1
(Vm/Vmn)2

Pmec

Piron

Pm0

R2rI2
2

RmIm
2

FIGURE 3.29 Single-phase no-load power versus (Vm)
2.

2/I1

I1

jω1LdI1

Im=

E1

V1 Rm

axis d

FIGURE 3.30 No-load phasor diagram for direct field component.
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a. No-load motoring
The arrangement is as in Figure 3.31, and we directly measure all three currents (Im, Ia, Iin),
the input power and voltage (Pin and Vm), and the capacitor voltage Vca.
Based on Figure 3.32, we may calculate the angles between Im, Ia, and Vm and thus

prepare for calculating I1 and I2:

φam = −φin + cos−1 I2a + I2in − I2m
( )

/2IaIin
( )

(3.60)

φm = +φin + cos−1 I2m + I2in − I2a
( )

/2ImIin
( )

(3.61)

The power loss division will be similar to the single-phase no-load case but for different
currents and V1 and V2. The capacitor losses are first subtracted from the loss division in
Figure 3.33.
From Equation 3.21 with Equations 3.60–3.61, we get I1 and I2:

I1 = Im − jIa · a
( )

/
��
2

√
(3.62)

I2 = Im + jIa · a
( )

/
��
2

√
(3.63)

Also, from Equation 3.28, we get V2, with Z2 calculated from Equation 3.60 for S= 2.
Again:

Vm

��
2

√
= V1 + V2 (3.64)

Vm, Iin, Pin(ϕ in)

ω 1

Digital power

analyzer

Vca

Ia

Im

FIGURE 3.31 No-load capacitor motoring.

> 0 (here)
Im

Vm

Iin

Ia

ϕmϕam

ϕin

FIGURE 3.32 Phasor angles.
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serves to find V1. The mechanical losses should be the same as for the single-phase no-load
test. Now, we can separate the core loss from Figure 3.25 and, as we know V1, we may
calculate (validate) Riron. Again, E1 can be calculated (validated) from Equation 3.59.

b. Load tests
The same set of measurements as above is performed in a load test (Figure 3.34).
From the calibrated load machine, we get the output power Pout of our motor, and as the

input motor power Pin is measured, the efficiency ηm is:

ηm = Pout

Pin
(3.65)

The validation consists of proving the measured efficiency by calculating the output
power Pout from the measured input power Pin minus the sum of segregated losses:

Poutc = Pin − RmI
2
m − RaI

2
a − R2rI

2
2 − piron − Pcap − Pmec (3.66)

With Rm and Ra known and Im and Ia measured, the first two terms in Equation 3.66
are calculated.
Capacitor losses are calculated easily, as Vca is measured. Now, using the same procedure

as for no-load capacitor tests, we calculate I1, I2, V1, V2, and thus R2r * (I2)
2 and Piron are

Calibrated load

generator

Digital power

analyzer

aux

main

Vca

Vm, Iin, Pin(ϕ in)

Ia

Im

ω 1

(PM d.c. Gen)

FIGURE 3.34 Load motoring test.

Power

0.1 1(Vm/Vmn)2

Pin
Pcap

Piron = Piron1 + Piron2

Pmec

Pal = R2r I2
2

Pco = RmIm
2+RaIa

2

FIGURE 3.33 No-load capacitor motoring power losses versus Vm squared.
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determined. Finally, the calculated efficiency is:

ηc =
Poutc

Pin
(3.67)

Efficiency is verified for various loads.

Note: To avoid using a calibrated DC machine, two identical one-phase capacitor PM-
RSMs may be mounted back to back with their rotor d-axes shifted by twice the estimated
rated direct torque angle (2*δ, Figure 3.22). One of them will act as a motor, while the other
will be generating. The input power to the motor Pin and the total power from the grid
(2*∑Ploss) will be measured; the losses in the two machines are considered equal to
each other.

The efficiency η′m is:

η′m =
���������������
1− 2

∑
Ploss

Pin motor

√
(3.68)

An updated approach to the same problem as here is unfolded in [10] for one-phase capac-
itor IMs.

3.11 SUMMARY

• One-phase source line-start PM-RSMs are being proposed to replace their induction motor
counterparts, mainly for home appliances, for notably better efficiency.

• When notably better efficiency is paramount, 1.6–1.8 magnetic saliency cage rotors with
strong PMs (EPM/V1= 0.9) are used.

• When better efficiency and initial costs have been mitigated, multiple flux barrier (higher
saliency: above 2.5–3) cage rotors with low-cost magnets (EPM/V1= 0.3—0.4) are to be
investigated. In this case, the rotor cage will be embedded in the outer parts of the rotor
flux barriers.

• Analytical standard expressions for the stator and rotor resistances and leakage inductances
may be used (as for IMs), but if the rotor slots are closed (flux barrier bridges), magnetic
saturation of leakage rotor flux paths has to be considered for transients and stability, espe-
cially at low loads.

• For the magnetic inductances Ldm, Lqm, the equivalent magnetic circuit model including
magnetic saturation may be used to accomplish this complex goal within lower computation
time than when using FEM, especially for the investigation of transients or for optimal
design.

• Self-starting (asynchronous operation) and self-synchronization are crucial to line-start
machines, together with steady-state (here synchronous) operation performance.

• Steady-state operation design asynchronous operation may be approached best by the dq
model using the circuit parameters calculated analytically and based on the EMC model,
as mentioned above, but the dq model is instrumental for the investigation of transients
and stability.

• During acceleration to speed, the one-phase source line-start PM-RSM exhibits quite large
asynchronous and PM-produced torque oscillations and a PM braking torque: this makes the
starting performance of this machine inferior to its IM counterpart; this aspect should be
carefully investigated in any optimal design methodology.
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• Optimal design methodologies, such as the one presented briefly in this chapter with rather
extensive sample results, show that an efficiency of 93% for a 100-W, 3000-rpm one-phase
source line-start PM (NeFeB)-RSM for a 4.5-kg motor may be obtained; torque is two times
the rated torque (0.3 Nm), while the asynchronous torque at 0.05 slip is above the rated tor-
que to secure safe self-synchronization. The objective function contains initial motor cost,
capacitor cost and efficiency, starting torque, and 0.05 slip torque as penalty functions. Only
a few tens of iterations are required with a modified Hooke–Jeeves optimization algorithm.

• Finally, a complete testing sequence is introduced to estimate (and validate) both the
machine parameters and steady-state efficiency for various load levels.

• The use of a weak (Ferrites) and high magnetic saliency (flux barrier) rotor with embedded
cage in one-phase source line-start PM-RSMs is still in the early stages of investigation, but
important new progress might occur soon.
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4 Three-Phase Variable-Speed
Reluctance Synchronous
Motors
Modeling, Performance, and
Design

4.1 INTRODUCTION

Variable-speed drives are required for variable output processes in order to increase productivity and
for energy savings. Pumps, ventilators, refrigerator compressors, and so on can all benefit from
variable speed.

PMSMs with high-energy magnets have been proposed recently to replace some induction motor
variable-speed drives for the scope in order to increase the power factor and efficiency. However, the
high price of high-energy PMs puts this solution in question, especially for initial cost constraint
applications.

This is how reluctance synchronous motors [1], with or without assisting PMs (with low-cost
Ferrites or even NdFeB magnets in small quantities), where the reluctance torque (produced through
high enough magnetic rotor saliency) is predominant, come into play. In general, in such motor
drives, ePM/Vs, 0.3 and thus a total magnetic saliency Ld/Lq. 3.5–5 is required for reasonable
performance (with respect to IMs) and initial cost; yes, still subject to optimal design. Especially
for a wide constant power speed range CPSR. 2.5–3 and power factor PF. 0.8, assisting PMs
are a must.

Another great divide is between distributed stator windings (q1≥ 2–3, slots/pole/phase) and
tooth-wound (concentrated) stator windings (q1, 1). By now it has been demonstrated that for
high enough magnetic saliency, distributed windings are preferable [2] but not exclusive when fab-
rication cost is to be reduced.

In addition to high ratios of pole pitch τ/airgap g: τ/g. 100–150 and q1≥ 3, for high
saliency, distributed anisotropy rotors with either multiple flux barriers per pole (multiple flux barrier
anisotropic [MFBA]-rotor) or with axial laminations interspersed with insulation layers (ALA-rotor)
(Figure 4.1a and b) [2] are to be used.

The merits and demerits of MFBA- and ALA-rotors are summarized below:
MFBA-rotor

• It uses regular (transverse) laminations and stamping to produce the rotor flux barriers
(easy fabrication).

• It produces, for given q1 and τ/g ratios, a mild saliency ratio Ld/Lq, which leads to similar
torque densities with IMs (of the same stator), at a few percent (+4%–1.5%) higher effi-
ciency but at a smaller power factor (–10%–15% [3]. Only with assisting PMs can the power
factor and wide CPSR (.2.5–3) of IMs be reached or surpassed.

• The total cost of initial materials and fabrication is estimated to be 12%–13% smaller than
for variable-speed IMs.
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• MFBA-rotor RSMs have recently reached industrial fabrication, from 10 kW to 500 (1500)
kW for variable-speed drives [3], so far without assisting PMs and mostly with four poles.

ALA-rotor

• It needs axial (transformer) laminations cut out in a dedicated fabrication rig and, after
assembly on rotor poles, mechanical machining of the rotor is required.

• It may produce higher torque density, higher efficiency, and a higher power factor than the
IM (of the same stator) due to higher magnetic saliency, especially for 2p= 2, 4 poles, even
without assisting PMs.

• The total initial cost is smaller, but the fabrication cost seems higher than for IMs.
• The q axis stator-current flux space harmonics produce eddy current losses (even on no load)

in the rotor axial laminations; they may be, however, reduced by lamination thin slits placed
at three to four axial positions.

• The two-pole ALA-rotor 1.5-kW RSM has been proven to produce a peak power factor of
0.91 (with no assisting PMs) in a non-through-shaft rotor configuration [4].

Due to the presence of real (or virtual, by flux bridges) slot openings in the rotor, in addition to the
stator and with magnetic saturation, the flux distribution and inductance calculation with high preci-
sion should be approached by 2D FEM rather than by analytical methods. Also, for short stack length
(lstack)/pole pitch (τ) ratios, say, lstack/τ,1.2–1.5, even 3D (axial) field components should be con-
sidered to further improve results, especially if skewing is applied for torque ripple reduction.

However, to grasp the key factors (variables) that influence flux distribution and demagnetization
inductance Ldm, Lqm variation, approximate analytical methods are still useful, especially if magnetic
saturation is also considered [5]. The latter methods prove useful to drastically reduce the computa-
tion effort (time) in optimal design algorithms, though computationally efficient FEM models have
recently begun to penetrate optimal design methodologies from the start [6].

The above arguments led us to the treatment of both analytical and FEMmodeling of RSM in order
to calculate flux distribution, Ldm, Lqm, inductances, torque, losses, and performance, and then to
optimal design algorithms, with quite a few representative case study results.
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FIGURE 4.1 Typical RSM topologies: (a) with MFBA-rotor; (b) with ALA-rotor and distributed three-phase
stator winding.
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4.2 ANALYTICAL FIELD DISTRIBUTION AND Ldm(Id), Lqm(Iq)
INDUCTANCE CALCULATION

Here, we will examine first the MFBA-rotor topology, as it reached industrial fabrication up to 500
(1500) kW/unit without assisting PMs, then the PM-assisted MFBA-rotor. Finally, the ALA-rotor
topology without assisting PMs will be tackled. We mentioned magnetization inductances in the title
above since they have different expressions from those of IMs, while the leakage inductances have
expressions similar to those of IMs and line-start three-phase RSMs in the previous chapters.

4.2.1 THE MFBA-ROTOR

The extended magnetic circuit, accounting for slotting on both the stator and rotor and for magnetic
saturation, may be used for the purpose [7], with a computation effort more than 10 times smaller than
that for 2D-FEM, but still large and, inevitably, obscuring a few key parameters that predominantly
influence q axis magnetization inductance, which, in turn, is crucial for torque density, losses, and
power factor calculations.

Hereby, first, a simple two-pole MFBA non-through-shaft rotor is considered (Figure 4.2a), where
the thin flux bridges are considered by equivalent slot openings bsr, a hypothesis that is easy to imple-
ment when the latter saturate early (at small load already) and have a tangential length lb, a thickness
tb, and a low relative permeability (corresponding to a given Bs= 2 T): μbr= 10–50.

bsr ≈ lb
μbr

(4.1)

So, in fact, the rotor becomes, for calculus, segmented (as the ALA-rotor) but still uses regular
transverse laminations. Consequently, this method [8] may also be safely used for the ALA-rotor.
Stator slotting is still disregarded.

For the kth rotor segment in Figure 4.2b and c, the mean value of the q axis stator mmf is fk, while
the former’s magnetic potential is rk. While the d axis field distribution and inductance Ldm are
straightforward, for axis q, there are two main flux inductance components:

• One flux that goes through the rotor segments and across flux barriers Lqmf
• A circulating component across the airgap (due to the shaded area mmf variation in

Figure 4.2c) Lqmc

(a) (b)

d axis

fk

γk′

g

(c)
αk+1

αk αk+1 α

Δαk

αk sin α

FIGURE 4.2 Two-poleMFBA-rotor: (a) its rotor segments and their magnetic potential (αk is the positive angle
of segment k) in axis d (b); and q (c).
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According to the above assumptions, the magnetization inductances are:

Ldm ≈ A

∫π
−π

sin2 αdα = Aπ

Lqmc = A

∫π
−π

sin α− f (α)[ ] sin αdα

Lqmf = A

∫π
−π

f (α)− γ(α)[ ] sin αdα

(4.2)

Using the staircase approximation (Figure 4.2c):

Lqmc
Ldm

= 1− 4
π

∑
f 2k Δαk

Lqmf
Ldm

= 4
π

∑
fk · (fk − γk)Δαk

(4.3)

Apparently, the ratio Lqmc/Ldm decreases with an increasing number of rotor flux barriers (seg-
ments) such that, for four segments/pole (Figure 4.3), the ratio Lqmc/Ldm≈ 0.027 [8].

Now, to calculate Lqmf/Ldm, the calculation of magnetic potentials of rotor segments γk is needed.
The number of stator slots (though considered approximately by Carter’s coefficient) also influ-

ences the magnetic potential of rotor segments. For simplification, let us consider here that the num-
ber of stator slots and rotor segments is the same (though, in reality, this situation has to be avoided to
reduce torque ripple).

The magnetic equivalent circuit in axis q (Figure 4.3a) allows us to calculate the p.u. magnetic
potentials γ1, γ2 of rotor segments (l1, l2 are flux barrier widths and Si is their length per half pole pitch;
Ss—stator slot pitch). With Δfk= fk− fk−1, Lqmf in Equation 4.3 becomes

Lqmf
Ldm

= 4
π
p
kcg

γ

∑
Δf 2k

sk
lk
; (4.4)

where: g—airgap, γ—rotor radius, and p—pole pairs of the machine.
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f2f1
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γ2γ2γ1

gS2

(a) (b)

l2 S

FIGURE 4.3 Equivalent magnetic circuit in axis q to calculate rotor segment magnetic potentials γ1 and γ2,
(a); and the machine rotor and stator slotting, (b).
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If a shaft (of radius a) is present, the radial dimension along axis q (Figure 4.4a) may be divided
into iron liq and air laq:

liq + laq = r − a (4.5)

Considering liq constant (as the d axis pole flux may be fixed), with r and a given, laq is given.
With n rotor slots per pole, n – 1 partial derivatives of Lqmf/Ldm with respect to lk will be zero:

l1 = laq −
∑n
k=2

lk;
∂l1
∂lk

= −1;
∂(Lfqm/Ldm)

∂lk
= 0 (4.6)

Finally:
lk
l1
= Δfk

Δf1

���
sk
s1

√
(4.7)

Consequently, the thickness lk of a flux barrier is proportional to the square root of its depth per
half-pole pitch sk.

With sk decreasing toward the q axis, so will lk; thus, for a four-pole rotor, Lqmf/Ldm≈ 0.04 [8].
From Equations 4.4 and 4.7, Lqmf/Ldm becomes:

Lqmf
Ldm

= 4
π
p

kcg

kcg+ laq

∑
Δf 2k

sk
lk

(4.8)

The rotor flux bridges (ribs) introduce an additional component for the q axis magnetization induc-
tance Lqmribs, which diminishes both average torque and power factor:

Lqmribs ≈ 4��
3

√ lstack
N1Kw1

iq
Bs (4.9)

where N1—turns/phase, Kw1—stator winding factor.
As Bs (flux density in the rotor flux bridges) varies with iq (stator current in axis q), an approximate

ratio Bs/iq ≈ ct for saturated conditions may be calculated:

Bs/iq = μrbμ0Hbridge/iq; Hbridge · n · lb ≈ 3
��
2

√
N1kw1iq
p · q1 (4.10)

Again, μrb is the average iron p.u. permeability in the rotor flux bridges.

q

(a) (b)
d

w1 w1

FIGURE 4.4 Four-pole rotor optimized geometry (a) and rotor saturated flux bridges (ribs) (b).
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Thus, the total magnetization inductance Lqm is:

Lqm = Lqmf + Lqmc + Lqmribs, (4.11)

while for axis d:

Ldm ≈ 6 · μ0(N1kw1)
2τ · lstack

π2kc · g · p1 · kdm (4.12)

Equation 4.12 is similar for IMs, but kdm, 1 accounts for the case when the airgap is increased
notably close to axis q, as in ALA-rotors with nonmagnetic pole holders, or as in regular salient
pole synchronous machines:

kdm ≈ τs
τ
+ 1

π
sin

τp
τ
π ≤ 1; τp − pole shoe; τ − pole pitch (4.13)

Still, magnetic saturation has not been considered in Equation 4.13. In general, to secure good per-
formance but still reduce the stator outer diameter (yoke depth), the stator is designed more saturated
than the rotor. As an equivalent airgap ge may be used instead of g: ge= g · (1+ Kss), where Kss

defines the machine saturation equivalent level, values of Kss up to 0.3–0.5 may be accepted, as
RSMs, in general, have a small airgap to reduce magnetization current and thus secure a satisfactory
power factor.

It is recognized here that Kssmay be calculated analytically but, for preliminary designs, it may be
assigned different values; later on, by FEM, Kss may be calculated and the design adjusted
accordingly.

4.2.2 THE MFBA-ROTOR WITH ASSISTING PERMANENT MAGNETS

The temptation to develop analytical approaches for field distribution, magnetization inductances
Ldm, Lqm, and ePMα (the PM emf with PMs in axis q), which are considered small, ePMd (Vs, 0.3),
to secure lower motor initial cost, but a satisfactory power factor and CPSR, is strong, at least for
preliminary designs.

But the optimal design of a PM-RSM also has to consider PM demagnetization avoidance (calcu-
lated in general for 2 p.u. current). For Ferrite-PMs, to avoid demagnetization, the thickness of flux
barriers is recommended to be the same along their length (Figure 4.5a) [9].

Alternatively, short NdFeB magnets may be placed on the bottom of rotor flux barriers
(Figure 4.5b) [10].

For the case in Figure 4.5a, a complete analytical design is available in [9].
It is based, again, on a per-unit equivalent circuit (Figure 4.6a and b).
When all angles (positions) of flux barriers—Δξi—are equal, the rotor (called “complete”) can be

easily defined if the number n of equivalent rotor slots per pole pair is given. For the sake of simplic-
ity, this case is treated here. The f1, f2, f3 in Figure 4.6 refer to mmfs; p1, p2, p3 refer to flux barrier
permeances; r1, r2, r3 refer to magnetic potentials of rotor flux segments; and pg is airgap magnetic
permeance. The fluxes are normalized with respect to μ0Fqlstack, as Fq is divided by μ0lstack. Thus, the
PM p.u. mmf mk is:

mk = Brlk
μ0Fq

; Br − PM remnant flux density (4.14)

pk = sk
lk
≈ ct; pg = γΔξr

πkcg
(4.15)
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FIGURE 4.5 Circular MFBA-rotor, (a); boat-shaped MFB-rotor, (b) with assisting PMs.
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The EMC in Figure 4.6 has the standard solution matrix equation from [9]:

A1Δγ = Bm+ CΔf (4.16)

Δγ =
γ1

γ2 − γ1
γ3 − γ2

⎡
⎣

⎤
⎦; m =

m1

m2

m3

⎡
⎣

⎤
⎦; Δf =

f1
f2 − f1
f3 − f2

⎡
⎣

⎤
⎦ (4.17)

To simplify the matrices A, B, C in Equation 4.16, the flux barrier permeances pk are designed to
make Δγ proportional to Δf, which eventually minimizes q axis flux density space harmonics, while
all magnets work at about the same flux density. So:

m1 = m2 = m3 = m = M

Fq
Δf ; lk = Δfk

∑
n
lk∑

n
Δfk

= Δfk
laq
Fq

(4.18)

But equal flux barrier permeance (pk= pb= ct) also insures minimum q-axis flux density harmon-
ics and, in this case, matrices A1, B, C become rather simple [9]:

A1 =
β + 1 −β 0
1 β + 1 −β
1 1 β + 1

⎡
⎣

⎤
⎦; B =

β −β 0
0 β −β
0 0 β

⎡
⎣

⎤
⎦; C =

1 0 0
1 1 0
1 1 1

⎡
⎣

⎤
⎦ (4.19)

Finally, the PM flux density Bm (with iq flux opposite to PM flux) is:

Bmpu

( )
k
= Bm

Br
= 1− Δrk

mk
(4.20)

Equation 4.20 notably eases the assessment of the magnetization stage of PMs, as all magnets suf-
fer the demagnetization effect of large iq stator currents equally (PMs are in axis q).

For no load (Δf= 0), Equations 4.16–4.19 yield the p.u. PM flux density Bm0p.u.[9]:

Bm0p.u. = 1
1+ ((s1/laq) · (g/τ) · (2π/Δξr)) sin (Δξr/2)

≈ 1
1+ ((π2/2laqp.u.) · (g/τ)) (4.21)

with laqp.u. = 2 · laq
τ

Once Bm0p.u. is known, the no-load airgap flux density may be calculated. Consequently, EPMd is:

EPMd = ω1 · ΨPMq01; ΨPMq01 − peak pole airgap flux linkage by PMs (4.22)

with stator resistance Rs, leakage inductance Lsl is easy to calculate, and with Ld= Ldm+ Lsl and Lq=
Lqm+ Lsl, we now have all parameters needed for the circuit model of the PM-RSM.

4.3 THE AXIALLY LAMINATED ANISOTROPIC–ROTOR

As mentioned above, the analytical methods applied to the MFBA-rotor are basically also valid for
the ALA-rotor, with Lqmribs= 0.

The saturated rotor iron ribs have been proved to reduce the torque by as much as 10%–15% with
respect to their absence.
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Also, the ALA-rotor basically allows making the rotor poles by alternating thin laminations (say,
0.35 mm thick) with insulation layers (say, 0.2 mm thick).

It is like the number of multiple flux barriers has been increased notably.
A high-order harmonic occurs due to this “multislot” rotor both in the d and q axis airgap flux

densities, but the magnetic saliency is proved larger than for MFBA-rotors [4,10].
The analytical method based on defining a variable equivalent airgap was also applied simply to an

ALA-rotor [4,11–12], while a more sophisticated approach was developed in [13]. Reference 4 inves-
tigates a two-pole ALA-rotor RSM with its topology in Figure 4.7.

Also, adopting an equivalent stator saturation factorKss, the equivalent airgap is augmented by Δg,
dependent on Kss and on the power angle δ [13]:

Δg(sat, δ) = 3(Kss + 1)
(Kss + 1)+ 2+ 2Kss cos 2δ

(4.23)

Thus, the inverted airgap function g−1(δ) may be written as:

g−1(δ) = (g−1 − km)+ km cos 2δ; km = 2
3

Kss

g(Kss + 1)
(4.24)

Again, Kss is only the contribution of iron and is thus Kss ≈ 0.2–0.5 in RSMs.
Starting with the calculation of phase self and mutual inductances |Labc| and using the Park trans-

formation P(θer), the dq0 inductance matrix Ldq0 is obtained:

Ldq0 =
Ld Ldq Ld0
Ldq Lq Lq0
Ld0 Lq0 L00

∣∣∣∣∣∣
∣∣∣∣∣∣; Ldq0
∣∣ ∣∣ = P(θer)| | · Labc| | · P(θer)| |−1 (4.25)

Figure 4.8a and b [4] shows typical analytical results of kdm and kqm (p.u.) with respect to constant
airgap inductances showing some remarkable peculiarities.

FEM and experimental verifications have shown that the average Ld, Lq are calculated with accept-
able errors by the analytical method (Figure 4.9).

Insulation layer

Nonmagnetic pole

holder

Nonmagnetic bolt

Axial lamination layer

FIGURE 4.7 Two-pole ALA-rotor RSM with no through-shaft. (After I. Boldea et al., Conference Record of
the 1992 IEEE Industry Applications Society Annual Meeting, Part I, pp. 212–218. [4])
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4.4 TOOTH-WOUND COIL WINDINGS IN RELUCTANCE
SYNCHRONOUS MOTORS

Earlier in this chapter, it was implied that distributed (q≥ 2) windings are more suitable for RSMs
because they exploit the magnetic saliency better, mainly because the machine leakage inductance
is smaller due to lower space harmonics content of the stator mmf.

An attempt to compare tooth-wound coil (TWC) and distributed (D) windings for same stator has
shown [15] that by allowing a larger slot fill factor (58%), TWC windings may provide similar effi-
ciency due to shorter end connections in a six-slot/four-pole configuration (Figure 4.10). However,
the magnetic saliency is notably smaller than for D windings, and so is the power factor (from 0.62 to
0.483!). As the inverter cost is usually higher than the motor cost, the lower power factor, due to the
additional (leakage) inductance of multiple stator mmf space harmonics, means more inverter current
and kVA and thus more drive initial costs for the TWC-RSM.
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FIGURE 4.8 Inductances (analytical): (a) kdm; (b) kqm. (After I. Boldea et al., Conference Record of the 1992
IEEE Industry Applications Society Annual Meeting, Part I, pp. 212–218. [4])
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FIGURE 4.10 Six-slot/four-pole TWC-RSM: (a) cross-section; (b) stator prototype. (After C.M. Spargo et al.,
2013 International Electric Machines & Drives Conference, pp. 618–625. [15])
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Still, in initial cost–critical applications, the simplicity of stator winding and the shorter frame (due
to the shorter end connections of stator coils) may lead to lower fabrication costs that may result in an
overall beneficial solution, especially if Ferrite-PMs are added for power factor correction.

4.5 FINITE-ELEMENT APPROACH TO FIELD DISTRIBUTION, TORQUE,
INDUCTANCES, AND CORE LOSSES

The rather “crude” analytical methods so far have produced expressions for main circuit parameters:
Rs, Ld, Lq, ΨPM01q (EPMd). However, the presence of slotting, the multiple flux barrier rotor, and
magnetic saturation lead to space (time) harmonics in flux density in various parts of the machine,
accompanied by torque pulsations and additional core losses and cogging torque (when PM assis-
tance is available), warranting the use of FEM.

In general, 2D-FEM suffices, except for axis q field distribution in short stator stacks (lstack/τ,
1.5) when some axial flux fringing occurs (because Lqm is small due to high magnetic reluctance)
and should be accounted for by an increase in Lqm that may go up to 10% and deteriorate performance.
FEM analysis of electric machines is a technique in itself now treated in dedicated books [16,17], with
a rich literature [18].

Here, only sample results are given to illustrate various aspects.
Early FEM results on field distribution and airgap flux density variation in an ALA-rotor two-pole

RSM in axes d and q are shown in Figure 4.11a and b.
They have been obtained at standstill, placing the rotor in axis d with respect to phase a by sup-

plying phase a in series with phases b and c in parallel (ia=−2ib=−2ic); to simulate the behavior in
axis q, only phases b and c in series are supplied with (ib=−ic), while the rotor is stalled in the posi-
tion for axis d.

The airgap flux densities in axes d and q (Figure 4.12) exhibit high pulsations (due to rotor
lamination/insulation multiple layers) in axis d and positive/negative pulsation due to stator slotting
in axis q. This way, the ratio of flux density fundamentals is high, and so is Ldm/Lqm:

Ldm/Lqm = Bqd1

Bgq1
· ib
ia

2��
3

√ (4.26)

id= ia (axis d ): three phases are active; iq = ib · 2��
3

√ (axis q): two phases are active.
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FIGURE 4.11 ALA-rotor two-pole RSM (1.5 kW, 50 Hz): FEM field lines: (a) in axis d; (b) in axis q. (After
I. Boldea, Reluctance Synchronous Machines and Drives, book, Oxford University Press, New York, 1996. [2])
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A value Ldm/Lqm for a full load of 30 was FEM-calculated (and measured) in [4] for an ALA-rotor,
two-pole RSM (1.5 kW, 50 Hz).

However, the q axis flux density plus/minus pulsations within the pole span lead to high eddy cur-
rent losses in the rotor axial laminations (because the flux lines go perpendicularly to the rotor lam-
ination plane). To reduce them to reasonable values, a few (three to five) thin radial slits are machined
in the finished rotor (Figure 4.13).

Typical FEM calculation results referring to torque pulsations for MFBA-rotor RSMs with and
without assisting PMs are shown in Figure 4.14 [19].

A few remarks are in order:

• The geometry of rotor flux barriers is different, since the placement of PM requires
simplifications.

• As expected, the average torque for the same stator and same currents is smaller for RSMs,
because the assisting Ferrite-PMs add some torque (though their main role is to improve the
power factor and thus enlarge CPSR).

• There are torque pulsations due to “slotting” and magnetic saturation (RSM) and PMs (cog-
ging torque) in PM-RSMs: torque ripple in both cases is around 30% and thus optimal
design efforts should reduce it when the application requires it, to, perhaps, 8%–10%.
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FIGURE 4.12 ALA-rotor two-pole RSM (1.5 kW, 50 Hz): FEM airgap flux density: (a) in axis d; (b) in axis q.
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FIGURE 4.13 Eddy currents in rotor axial laminations due to q axis stator flux space harmonics (Figure 4.12b):
(a) without slits; (b) with slits.
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A key factor in designing PM-RSMs is PM demagnetization avoidance, especially with Ferrite-
PM rotors [20], where the optimal design for minimum PMweight endangers the magnets at overload
while the demagnetization-free design still allows 30% less PM weight (from initial design)—
Figure 4.15a and b.

4.6 THE CIRCUIT dq (SPACE PHASOR) MODEL AND
STEADY STATE PERFORMANCE

The space phasor (dq) model of PM-RSM, with magnets in axis q of the rotor (Ld. Lq), is straight-
forward [14], in rotor coordinates:

Vs = Rsis + dΨs

dt
+ jωrΨs; Ψs = Ψd + jΨq; is = id + jiq;

Ψd = Ldid; Ψq = Lqiq − ΨPMq; Vs = Vd + jVq

Te ≈ 3
2
p1(Ψdiq − Ψqid) = 3

2
p1 ΨPMq + (Ld − Lq) · iq
[ ] · id

J

p1

dωr

dt
= Te − Tload;

dθer
dt

= ωr

(4.27)

The torque expression refers to the case of sinusoidal emf, and phase inductances are dependent on
sinus or cosine of 2 θer.

To include torque pulsations due to stator mmf space harmonics, slot openings, rotor flux barriers,
and magnetic saturation, new terms should be added:

Tef (θer) = 3
2
p ΨPMq + (Ld − Lq) · iq
[ ] · id + p

∂Wmc(id, iq, θer)
∂θer

+ Tcogging (4.28)

Wmc(id, iq, θer) is the magnetic co-energy in the machine expressed in dq coordinates and yields
all torque pulsations except for cogging torque (PM torque at zero current), the last term in
Equation 4.28.

In PM-RSMs, much of the torque is not produced by the PMs and thus cogging torque is less nota-
ble (with respect to strong PM flux synchronous machines: surface permanent magnet synchronous
motors (SPMSMs) and IPMSMs).

(a) (b)

FIGURE 4.15 Flux lines by FEM in a Ferrite-PM-RSM at rated load: (a) demagnetization free design at over-
load; (b) initial (large PM weight) design. (After P. Guglielmi et al., IEEE Trans on, vol. IA-49, no. 1, 2013,
pp. 31–41. [20])
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In general, only FEM could produce effective results for Tet(θer). The first term, however, was
shown to calculate the average electromagnetic torque of the machine rather well. For control pur-
poses, in general, Te in Equation 4.27 suffices.

But, in general, Ψd and Ψq depend nonlinearly on both dq current components, and thus a cross-
coupling effect occurs. The functionsΨd(id, iq) andΨq(id, iq) may be FEM-computed or measured in
flux decay standstill tests; see Figure 4.16 [21].

For an MFBA-rotor, the cross-coupling effect dependence ofΨd of iq and ofΨq of id is even stron-
ger and may endanger estimation in such sensorless drives by a too-large error position if the rotor
saturation is not limited or the position error caused by cross-coupling is not considered in the
control design.

Let us now investigate the performance by Equation 4.27 where we add the core losses by 1(2)
equivalent resistances RironS and RironR (in relation to rotor contribution) to obtain the equivalent cir-
cuits in Figure 4.17.

The terms Ldf and Lqf are the transient inductances along d and q axes:

Ldt ≈ Ld + ∂Ld
∂id

id ≤ Ld; Lqt ≈ Lq + ∂Lq
∂iq

iq ≤ Lq, (4.29)
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FIGURE 4.16 ALA-rotor four-pole small (1 Nm) RSM flux linkage current curves: (a) experimental arrange-
ment; (b) axis d; (c) axis q.

120 Reluctance Electric Machines



relevant in transient processes in iron. Core losses may be calculated from static FEM field variation
calculations in each FEM element by summation using 2(3) term analytical core loss standard formu-
lae, or from AC standstill FEM field calculations. Ld, Lq differ from Ldt and Lqt only if magnetic sat-
uration is advanced, when, for approximate calculations above 10% load, Lq≈ const, while the real
Ld(id) function is considered through a second-order polynomial.

With Equation 4.27, vector diagrams could be built. For steady state d/dt= s= 0 and for RSM
and PM-RSM, the vector diagrams are as in Figure 4.18.

From the vector diagrams, we may first notice that the assisting PMs reduce the power factor angle
φ and also decrease the flux amplitudeΨs0 for given stator currents id, iq, for better torque at the same
speed for the same stator.

For a given speed and currents, lower voltage Vs0 is required and thus wider CPSR is feasible.
But, also, Figure 4.18 allows us to simply calculate the performance such as efficiency η and power

factor angle φ:

η =
3
2
(Vd0id0 + Vq0iq0)− 3

2
Rsi

2
s − piron − pmec

(3/2)(Vdid + Vqiq)
(4.30)

tanφ ≈ Vq0id0 − Vd0iq0
Vd0id0 + Vq0iq0

with

ωr0Ldid0 + Rsiq0 = Vs0 cos δV , δV . 0 for motoring
( )

ωr0(Lqiq0 − ΨPMq)− Rsid = Vs0 sin δV

tan γi =
id0
iq0

; φ = δV + δi; is0 =
���������
i2d0 + i2q0

√ (4.31)

(a) (b)

id
Rs idm

ωr(Lqiq–ΨPM)
ωrLdid

Riron r

Riron s Ldt ·  s
Vd Riron r

iq Rs iqm

Riron s

Vq
Lqt ·  s

FIGURE 4.17 Equivalent dq circuits of PM-RSM (with core losses considered).
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FIGURE 4.18 Vector diagrams at steady state (motoring) with zero core losses: (a) RSM; (b) PM-RSM.
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Approximately (neglecting the rotor core losses), the core loss piron is added:

piron = 3
2

V2
s0

Riron s
(4.32)

Now, by giving values to ωr and Vs for increasing values of δv, we may calculate id0 and iq0 from
Equation 4.31, with a known (from no-load testing or calculations)ΨPMq. Then, is0 is also calculated
from Equation 4.31 together with γi and finally φ (which may be verified by Equation 4.30). Then,
with Riron s known, piron is computed from Equation 4.32 and, with mechanical losses given as a func-
tion of speed ωr(ωr= p1Ωr= p12πn), efficiency may be calculated.

The real power factor is slightly “improved” (1%–2%) by considering core and mechanical losses
(but neglected in Equation 4.31) in motoring and worsened in generating when δv, 0.

In the absence of PMs, the RSM ideal maximum power factor (losses neglected) from Equation
4.30 becomes:

cosφmax 0 =
1− Lq/Ld
1+ Lq/Ld

(4.33)

This is similar to IM, where Ld, Lq are replaced by Ls (no load inductance) and, respectively, Lsc
(short-circuit inductance). As in two- or four-pole IMs, in general, Ls/Lsc. 10 even at 1 kW, 50 Hz,
designing a competitive RSM in the same stator is a daunting task; still, the ALA-rotor may achieve
this goal. Yes, in a rotor topology that is still considered less manufacturable.

The power factor is improved notably by assisting PMs (Figure 4.27), and no apparent maximum
of it occurs. Experiments on load with an inverter-fed drive may be run, and according to the above
simple performance calculation routine, results as shown in Table 4.1 have been obtained [22] under
no load torque (when id≫ iq) [2].

δi is the current angle, and the test also yields the Ld(id) curve and core loss, if mechanical losses are
known (or neglected).

Progressive load tests could be run to calculate efficiency, power factor, id, iq, γ, φ versus voltage
angle γv (or output power) and thus completely characterize the RSM or PM-RSM.

The machine may also be run as a capacitor-excited AC generator with variable resistive load
to extract all its characteristics if a drive with torque, speed, and rotor position sensor is available.
A measure of such a load motoring performance with an ALA-rotor 1.5 kW, two-pole RSM

TABLE 4.1
d Axis, Zero Load Torque Tests

δ� is (A) Vs (V)
Input

Power (w) idm (A) λd (Wb) Rm1 (Ω) Ld (mH)

26.15� 3.15 18.62 45 2.831 0.114 12.65 39.208

20.52� 8.27 52.17 267 7.75 0.3114 17.02 40.18

18.49� 12.84 75.07 504 12.18 0.4480 19.27 35.00

13.65� 21.37 91.28 775 20.77 0.5447 21.04 26.225

12.24� 25.31 43.90 862 24.74 0.5603 21.74 22.647

11.36� 28.61 97.00 950 28.04 0.8788 22.56 20.64

Lq= 5.55 mH

Source: After L. Xu et al., IEEE Trans on, vol. IA-27, no. 5, 1991, pp. 1977–1985. [22]
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connected to the grid (220 V, 60 Hz) and loaded slowly by a variable alternating current device
(VARIAC) (transformer) to maintain the maximum power factor is shown in Figure 4.19.

The performance is very good, but, again, it is an ALA-rotor RSM, which is still considered hard to
fabricate at the industrial scale.

Load tests on an industrial 1500-rpm, four-pole, 14-kWMFBA-rotor RSM show comparative per-
formance as in Table 4.2.

While a +2% improvement in efficiency over IM was obtained, the power factor decreased from
0.82 to 0.77. Considering the inverter losses, the system efficiency was increased by 2.1%, which, by
using a less expensive motor and the same inverter, leads to an overall better variable speed drive, not
to mention that it runs at lower temperatures (average and in critical spots inside the machine).

4.7 DESIGN METHODOLOGIES BY CASE STUDIES

4.7.1 PRELIMINARY ANALYTICAL DESIGN SEQUENCE BY EXAMPLE

Let us design an MFBA-rotor two-pole, three-phase RSM that, when inverter-fed at 380 Vdc, pro-
duces Pn= 1.5 kW and a max speed of 4500 rpm for an efficiency above 90%. No CPSR is necessary
(air-compressor-like load).

4.7.1.1 Solution
For an estimated efficiency η= 90%, the rated electromagnetic torque Ten is:

Ten = Pn

η · 2πnmax
= 1500

0.9 · 2π · 4500/60 = 3.538 Nm (4.34)
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FIGURE 4.19 Measured load motoring performance of an ALA-rotor two-pole RSM of 1.5 kW at 60 Hz:
(a) current versus output power; (b) voltage (RMS, phase voltage) versus output power for maximum power
factor; (c) efficiency and power factor.
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Adopting a specific shear stress on the rotor ft= 0.7 N/cm2 and an interior stator diameter Dis=
60 mm, the stator core (stack) length lstack is obtained:

Ten = ftπDislstack
Dis

2
; lstack = 2× 3.538

π · 0.7× 104 × 0.062
≈ 0.100m = 100mm (4.35)

The tentative rotor configuration is shown in Figure 4.20.
The aspect ratio of the stator is given by lstack/τ= 2 ·100/(60π)= 1.05, which is rather favorable

for shorter p.u. coil end connections.
Let us now approximately express the dq axis inductances: Ldm= Lmkdm with Lm and kdm yields

from Equations 4.12 and 4.13.
From Equation 4.11, approximately, Lqmc (4.3) ≈ 0.03Ldm.

Lqmf ≈ Lmgkc
gkc + (n · lb/π) ; n · lb ≈ n · li ≈ τ

2
1
2
− 1

3

( )
(4.36)

Lqm bridges ≈ Lmgkc
gkc + ((nli/μsatRe l) · (hsc/hbridge))× 1/(1+ (1/2))

; μsatRe l = 30− 100( )

hsc = τ

π
· 1
2

(4.37)

TABLE 4.2
Inverter-Fed Load Testing of Four-Pole MFBA-Rotor RSM and IM (Same Stator)
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267
504
775
862
950

2.831
7.75

12.18
20.77
24.74
28.05

12.65
17.02
19.27
21.04
21.74
22.55

0.1111

θ ° Ispk Fund. Vs Pin Idm Rmλds

0.3114
0.4480
0.5447
0.5603
0.5788
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with hbridge= 0.5 mm, g= 0.3 mm, Dir≈ 60 mm, μsat Re l= 90, kc= 1.25, we get:

nlb = τ

2
× 1

3
= 15mm (4.38)

Lqm bridge

Lm
= Lm0.025;

Lqmf
Lm

≈ 0.023; Lqm0 = 0.03 · Lm; Ldm = 0.95 · Lm (4.39)

For 60% iron, 40% air proportions in the rotor core, finally:

Ldm
Lqm

≈ 0.05
0.023+ 0.03+ 0.025

≈ 12
1

(4.40)

Now, if we adopt Lsl= 0.05 Ldm (leakage inductance):

Ld
Lq

= Ldm + Lsl
Lqm + Lsl

= 0.95+ 0.050
1
12

+ 0.050
≈ 7.00 (4.41)

Magnetic saturation will be kept low (especially in the rotor) to preserve this total saliency under
full load. Also, hopefully, Lsl will be smaller than above when calculated, as shown below.

The current id provides machine magnetization, and for an 18-slot two-pole stator (two-layer–
chorded-coil winding with kw1 ≈ 0.925), the slot mmf along axis d for magnetization (nsId)RMS is:

(nsId)RMS =
Bg1dmπg · Kc1(1+ Kss)

μ0 · 3
��
2

√
q1 · kw1 · kdm

= 0.7 · π · 0.3 · 10−3 · 1.25 · 1.56
1.256 · 10−6 · 3 ��

2
√ · 3 · 0.95 · 0.97

= 80 Aturns per slot (4.42)
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FIGURE 4.20 Typical two-pole MFBA rotor RSM with 15 stator slots and 20 equivalent rotor slots (flux
barriers).
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Bg1d, the peak airgap no-load flux density in the airgap, is chosen as Bg1dm= 0.7 T. Now, we design
the machine for the maximum power factor, for which, ideally:

iq = id

���
Ld
Lq

√
(4.43)

For this case, the ampere turns/slot (RMS) will be:

nsis =
�����������������
(nsid)2 + (nsiq)2

√
= 80× ������

1+ 7
√ ≈ 215 Aturns/slot (4.44)

Now

Ldm = 6μ0 3nskω1( )2τ · lstackkdm
π2gkc(1+ ks)

= 0.09 · n2s · 10−3 (4.45)

The torque expression (Equation 4.27) is still:

Te = 3p(Ld − Lq)id phase RMS · iq phase RMS

= 3 · 1 · 0.09 · 10−3(1− 1/7) · 80 · 200 = 3.7 Nm . 3.5 Nm (4.46)

So the machine produces the required torque with a reserve.
The maximum power factor cos φmaxi is:

cosφmaxi =
1− Lq/Ld
1+ Lq/Ld

= 1− 1/7
1+ 1/7

= 6
8
= 0.75 (4.47)

It could be 0.77 when losses are considered.
The stator slot geometry is determined easily, as we know the slot mmf nsis= 215 Aturns/slot and

may adopt the current density (say, jcon= 4.77 A/mm2) and the slot fill factor kfill= 0.45. The slot
useful area Aslot n is:

Aslot n = nsis
jconKfill

= 215
4.77× 0.45

≈ 100 mm2 (4.48)

But the slot pitch τs= τ/9= 94.2/9= 10.46 mm.
For a tooth width ws= 5 mm, the slot width ws1= 5.46 mm.
With a slot depth of only hsa= 13 mm, the recalculated useful area of the trapezoidal slot

(Figure 4.21) Aslot nf is

Aslot nf = ws1 + ws2

2
hsa = 5.46+ 10.42

2
× 13 = 103.906 mm2 . 100 mm2

The stator yoke hcs is:

hcs ≈ τ

π
· Bg1max

Bcsmax
≈ 94

3.14
· 0.7
1.4

≈ 15 mm (4.49)
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And now, the leakage inductance Lsl may be computed [17]:

Lsl = 2μ0(nspq)
2

pq
(λs + λz + λf ) · lstack (4.50)

λs = 2hsa
3(ws1 + ws2)

+ w0s

h0s
+ 2h

ws1 + w0s
= 13 · 2

3(10.52+ 5.46)
+ 0.5

1.8
+ 2× 1

5.46+ 1.8
= 1.095 (4.51)

The airgap leakage coefficient λz is:

λz = 5g
5w0 + 4g

= 5× 0.3
5 · 1.8+ 0.3

= 0.15 (4.52)

Similarly, for end coils:

λf ≈ 0.34 · q1
lstack

(lf − 0.64 · y) = 0.34 · 3
0.1

· 0.7 · 8
9
· 0.094 = 0.596, (4.53)

with y = 8
9
τ (4.54)

Finally, Lsl (Equation 4.50) is:

Lsl = 2 · 1.256× 10−6 ns · 1 · 3( )2
1 · 3 1.095+ 0.15+ 0.596( ) · 0.1

= 1.382× 10−6n2s (4.55)

and now the ratio Lsl/Ldm= 1.387 · 10−6 ns
2/(90 · 10−6 ns

2), 0.02 (it was assigned as 0.05).
Thus, the chosen MFBA rotor provides a better than 7/1 total saliency:

Ld
Lq

= 8.5 . 7 (4.56)

As this is only a preliminary result, let us keep the initial design so far for safety and continue with
stator resistance Rs:

Rs = ρCo
lc · p1 · q · n2s

is · ns jcon = 0.060 · n2s × 10−2at 100◦C (4.57)

ws2 = 10.5
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60

FIGURE 4.21 Stator slot geometry.
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where ρCo= 2.3× 10−8Ωm for 100◦C; the stator turn length lc is:

lc = 2 · lstack + 4× 5+ 2 · 1.34 · 8
9

( )
· τ = 444mm (4.58)

So the rated copper losses are:

Pcos = 3 · Rs · I2s = 3× 0.060× 10−2 × (215)2 = 94.3 W (4.59)

The frequency at 4500 rpm is 75 Hz (p=1 pole pairs).
Approximately at 1.5 T and 50 Hz, the core losses are considered 3W/kg; thus, they are 3× 1.52=

6.75W/kg at 1.5 T and 75 Hz.
The stator core weight, on the other hand, is:

Wiron ≈ π(D2
sout − D2

is)
4

× 0.4 · γFe · lstack ≈ 3.1 kg (4.60)

Thus, the iron losses are approximately piron= 3.1× 6.75 ≈ 21W.
Adopting 2% mechanical losses (pmec= 30W), the estimated machine efficiency is:

ηn =
Pn

Pn + pcos + pcore + pmec
= 1500

1500+ 94.3+ 21+ 30
= 91% (4.61)

what now remains to be done is to calculate the number of turns per slot ns that will satisfy the limit
AC-phase voltage Vs= 152 V for 380 Vdc. With Lq= 11.8× 10−6 · ns

2; Ld= 91.8× 10−6 · ns
2;

Rs= 6.8 · 10−4 · ns
2; nsid= 80 Aturns; nsiq= 200 Aturns, the dq voltage equations:

Vd = −ωrLqiq + Rsid
Vq = ωrLdid + Rsid

(4.62)

yield Vd phase RMS= 0.98 · ns; Vq phase RMS= 3.5578 · ns

Finally, ns = 152������������������
0.982 + 3.55782

√ = 42 turns/slot (4.63)

As the winding has two layers, each coil has 21 conductors. The conductor diameter:

dcopper =
�������
4
π
· Is
jcon

√
=

������������
4
π
· 215/42

4.77

√
= 1.1 mm (4.64)

with isn= ns · Isn/ns= 215/42= 5.112 A (RMS per phase),
We may now recalculate the power factor:

cosφ ≈ Pn

3VsIsηn
= 1500

3× 152× 5 · 112× 0.912
≈ 0.705 (4.65)

This value is lower than the initial approximately calculated one, leaving room for improvement in
the design or adopted for design safety.

Finally, the machine circuit parameters are: Ld= 0.161 H, Lq= 0.0208 H, Rs= 1.2Ω, Riron=
3 · Vs

2/Piron= 3465Ω. With this data, the investigation of transient and control design may be
approached after a thorough verification of analytically forecasted performance by FEM inquires.
The above preliminary design may also serve as a solid start for optimal design.
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4.7.2 MFBA-ROTOR DESIGN IN RELUCTANCE SYNCHRONOUS MOTOR DRIVES WITH

TORQUE RIPPLE LIMITATION

There is an extremely rich literature on RSM modeling and design with MFBA-rotors [24].
There are quite a few specifications to comply with in an RSM drive design, such as:

• Average torque
• Torque ripple (in p.u. [%])
• Efficiency (motor+ converter)
• Power factor
• A certain CPSR
• Initial motor+ converter cost

For the time being, no PM assistance (to increase average torque, power factor, and CPSR)
is considered.

In any case, high Ld−Lq is required for large average torque and a large Ld/Lq ratio is needed for a
high power factor.

High airgap saliency Ldm/Lqm and low leakage inductance ratio Lsl/Ldm sum up the above require-
ments even better. To yield a small Lqm, however, implies at least an MFBA-rotor: the thicker the flux
barriers, the lower the Lqm, while, unfortunately, due to heavy magnetic saturation, Ldm decreases
more than Lqm and thus average torque is, in fact, reduced [19]. Saturating the rotor heavily is also
not suitable for AC saliency-based rotor position estimation by signal injection in sensorless drives.

So, “there should be more iron than air” in the MFBA-rotor. The insulation ratio per MFBA-rotor
was defined [25] as Kms:

Ka,d,q = radial air length
radial iron length

(4.66)

There is still a debate if Kms,d,q should be smaller than 1.0, but this is the trend to avoid excessive
rotor magnetic saturation.

But it is also important to have a large total radial air length per airgap:

lag = radial air length
airgap

(4.67)

to yield low Lqm/Ldm ratio [26].
Two main questions arise:

• Should the air ratio (Ka,d,q) be the same in axes d and q?
• Should the flux barrier angles be equal or not, and should they be spread over all the pole

span or not?

Strong worldwide previous R&D efforts are integrated in [27] in an articulated optimal industrial
design methodology to reply to the above questions for securing high average torque and limited
torque ripple.

Note that there are still two other important issues:

• How to reduce harmonics-produced core losses in the rotor
• How to reduce radial force peaks to reduce noise and vibration

We believe that direct FEM geometrical optimization of rotor flux barriers after their width, length,
and placement angles have been assigned by “macroscopic” optimal design, as suggested above, is a
practical approach in industry.
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But let us go back to the optimal macroscopic design of MFBA-rotor. First, a rotor structure as in
Figure 4.22a is adopted [23].

The optimal design strategy in [23–24], in essence, targets the separation of high average torque
from low ripple torque in the rotor flux barrier design by:

• Keeping the rotor slot (barrier) pitch αm constant mainly in the d axis, while 2β is allowed
to vary around 2β= αm for a certain number of flux barriers. A virtual slot (point B, β) is
introduced, and by varying β with respect to αm, only a few FEM calculations are needed
to mitigate torque ripple. Also, additional torque ripple reduction may be obtained by
changing the radial positions of flux barriers in axis q(yq); see Figure 4.22a.

• q-axis flux is minimized to produce high average torque (and power factor); this is accom-
plished by intelligently relating the flux barrier lengths sk and their thickness wli, as already
done in Equation 4.7 with symbols as in Figure 4.22a:

wli

wlj
= Δfi

Δfj

���
sbi
sbj

√
;
si
sj
= fdi

fdj
, (4.68)

where the flux barrier permeances have been considered equal to each other.

Sensitivity studies have shown [23] that this way, the solving of the two main problems, high aver-
age torque and low torque ripple, may be separated.

Consequently, a straightforward design methodology was developed [23]:

• Assume that the stator geometry is given: la+ ly= ct.
• Then, for a given pole number (2p), barrier number per pole (k), insulation ratio in axes d and

q(kwd, kwq in Figure 4.22a), and β angle values, the rotor flux barrier dimensions are calcu-
lated by Equation 4.68.

• For simplicity, the stator slotting and magnetic saturation are disregarded, as the resultant
geometry is analyzed later by FEM anyway.

• With β, the number of flux barriers k and the positions of flux barriers at airgap (points Di in
Figure 4.22b and c) are obtained easily, and:

αm k + 1
2

( )
= π

2p1
− β (4.69)

• “The iron” may first be distributed in the rotor pole according to Equation 4.68 and
la+ ly= ct (given):

fd1
fd2

= 2s1
s2

;
fdi+1

fd2
= si+1

s2
; i = 2, . . . k;

∑k
1

si = la + ly
1+ kaq

(4.70)

• Now “the air” in the rotor pole may be distributed again according to Equation 4.68:

Δfi
Δf1

( )2

= wli

wl1
; i = 2, . . . k;

∑k
1

wli = la = ly + la
1+ kaq

× kaq (4.71)

• Similarly, in axis d, each barrier dimension can be calculated if the sizes of flux barriers in
axis q(wi, si) are given (as calculated above) and the insulation (air) ratio in axis d is given:

wid

w1d

∣∣∣∣
∣∣∣∣
d axis

= wli

wl1

∣∣∣∣
∣∣∣∣
qaxis

; i = 2, . . . , k (4.72)
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• By modifying yqi (the radial positions of flux barriers in axis q) such that the dimensions
calculated above meet the constant rotor slot pitch condition (αm), further torque ripple
reduction may be obtained.

• Sensitivity studies could clarify the influence of the kad/kaq ratio; its optimum seems to be in
the interval 0.6–0.7, [24]; kaq seems to have an optimum around 0.6.

• For constant slot pitch and 2β= αm high torque ripple for k= 4 flux barriers/pole is obtained
and thus has to be avoided.

• The effect of β on average torque is negligible but on torque ripple is important, as expected;
a value of β= 9◦ for a four-pole, four–flux-barrier rotor-RSM with kad= 0.3, kad= 0.7 is
found to offer minimum torque ripple (Figure 4.23) [23]: 12%.
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R. R. Moghaddam, F. Gyllensten, IEEE Trans, vol. IE–61, no. 9, 2014, pp. 5058–5065. [23]) (Continued)
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The final results of the above design methodology as applied to a 14-kW, four-pole, 50-Hz RSM
with MFBA-rotor, already given in Table 4.2, show remarkable improvements over the existing IM
drive:+2.1% in system efficiency (motor+ converter) in a less expensive motor with lower temper-
ature operation in the same stator and inverter, though the power factor is 3% smaller than for the
IM drive.

Note: Further reduction of torque ripple and rotor core loss has been investigated by stator (or rotor)
skewing, rotor pole displacement, and asymmetric (“Machaon”) rotor poles by shaping each flux bar-
rier by direct geometrical FEM optimal design investigations [27], and so on. It was also found that
small fabrication tolerances can notably deteriorate RSM and PM-RSM performance, mainly due to
the mandatory small airgap.
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4.8 MULTIPOLAR FERRITE-PERMANENT MAGNET RELUCTANCE
SYNCHRONOUS MACHINE DESIGN

Using low-cost (Ferrite) PMs in RSM with notable saliency to produce a good power factor and
increased efficiency is a clear way to further improve RSM performance in variable speed
motor/generator drives.

For Ferrite-PMs, the highest danger of demagnetization, which occurs at low temperatures, may be
reduced by proper shaping of rotor flux barriers filled with magnets.

The complete design of Ferrite-PM RSMs with multiple poles, presented in [28], is synthesized
here. The modeling of this machine was treated summarily earlier in this chapter.

A relationship between the p.u. PM volume Vm p.u. and the airgap PM flux density BgaPM is also
established [28]:

BgaPM = Vm, p.u.
la,p.u.

· Δξ · cos (Δξ/2)
tan (Δξ/2)

Bma ≈ 2
Vm, p.u.
la,p.u.

1− π2

η2r

( )
Bmr (4.73)

with

Bma

Bmr
= 1

/
1+ 4πS1

la,p.u. · τ ·
sin Δξ/2
( )
Δξ

· g
τ

( )
; Δξ = 2π

ηr
(4.74)

For:

• Constant-thickness flux barriers per their length
• Uniform rotor slotting (nr slots per periphery)
• Barrier thicknesses proportional to Δfqi (current loading)
• Barrier length proportional to same p.u. quantities (as previously) admitted in this chapter, to

provide uniform flux density in the Ferrite-PMs that fill the flux barriers

A complete (“natural”) compensation of flux in axis q is considered in the design for rated power.

Lqiq − ΨPMq = 0; ΨPMq = N1kw1
2
π
BgaPM · τ · lstack , (4.75)

The cross-section of the machine is shown in Figure 4.24 [28].
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FIGURE 4.24 Circular MFBA-rotor PM-RSM geometry. (After B. Boazzo et al., 2015, IEEE Trans on, vol.
IE-62, no. 2, pp. 832–845. [28])
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All variables in Equations 4.73 and 4.74 are presented in Figure 4.24, while Bma is the uniform flux
density in the magnets and BgaPM is the peak flux density in the airgap for zero stator currents.

From the condition (Equation 4.75) and Lqm and Lsl expressions developed previously in the chap-
ter, the characterizing linear current loading Aq0 (Aturns/m):

Aq0 = 3
��
3

√
(N1kw1)
pτ

Iq (4.76)

A high ratio τ/g≈ 50–200 is recommended for a good design, and the PM p.u. volume Vm,p.u.

should be about 40%–45% with Ferrite-PMs.
Then the shear rotor stress is calculated:

σ = Bgap,dAq0 − Bgap,qAd in (N/m2)

≈ bBFeAq0,
(4.77)

with the second term negligible. The d-axis magnetic flux density Bgap,d is produced by id current and
may be imposed by design (as in the previous preliminary design paragraph). Typical design sensi-
tivity studies of q-axis characteristic current loading Aq0 and of shear stress versus τ/g ratio (Figures
4.25 and 4.26) emphasize:

• The notable influence of stator tooth depth per airgap ratio, lt/g
• The mild influence of τ/g and of remnant ferrite flux density Br

• The important influence on shear stress of both Br and relative air (PM) length per pole in
axis q

× 104

7.2(a)

5.4

3.6

A
q

0
 (

A
/m

)

1.8

0
0 50 100 150 200

× 104

7.2

Br

(b)

5.4

3.6

A
q

0
 (

A
/m

)

1.8

0
0 50 100

a/g

150

Br = 0.29 T

lt/g = 20

la,pu = 0.45; Vm,pu = 0.4

la,pu = 0.35; Vm,pu = 0.3

lt

g

lt/g = 30

lt/g = 40

Br = 0.34 T

Br = 0.39 T

200

lt

g

FIGURE 4.25 Characteristic electric q-axis loading Aq0 versus τ/g for q1= 3, n= 3, nr= 14, Br= 0,34 T.
(After B. Boazzo et al., 2015, IEEE Trans on, vol. IE-62, no. 2, pp. 832–845. [28])

134 Reluctance Electric Machines



By condition (Equation 4.75), the ideal power factor expression becomes simply:

tanφ ≈ Ad

Aq0
= id

iq0
(4.78)

A large power factor is needed, but both Ad and Aq0 (linear current loadings) contribute to it.
However, as τ/g increases above 50/1, the power factor is above 0.8 and tends to unity for large

τ/g values (200/1) [28].
The demagnetization current loading Aq demag may be defined as:

Aq demag = πBrla,p.u.
μ0 fqn

1− Bm demag p.u.

Bm0 p.u.

( )
(4.79)

with Bm demag p.u. imposed. As the most critical situation occurs at low temperature, even preheating
the magnets by AC stator currents before operation may be used to avoid the situation.

An upper limitation of pole pairs pmax is found for given τ, g, lt (tooth depth) [28], compliant with
small core loss:

pmax = π · Dis

2g
τ

g

∣∣∣∣
min

( )−1

1− 2lt
Dis

( )
− b (4.80)

with Dis and g given; (lt/Dis) and b(Bgp,d/BFe) have to be adopted in the design.
There is also a minimum number of poles, as the yoke thickness increases with p (pole pairs)

decreasing.
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Finally, an optimal number of pole pairs p0 for Joule loss minimization was found [28].

p0 ≈
���������������������������������������
3
2

b+ π

3
kch

Dis

2lstack

( )
m0

bBFe

Dis

2g
TV

( )23
√

(4.81)

where kch is the coil chording factor; TV—torque/stator volume.
In the two case studies investigated in [28], a 14-kW, 168-rpm, 0.38-m outer stator diameter,

0.25-m stack length, 0.75-mm airgap, and, respectively, a 2-MW, 15-rpm, 4-m outer stator diameter,
1.5-m stack length, 4-mm airgap have been considered.

A power factor of 0.75 for 120 kg active weight in a 10-pole configuration for the first (800- Nm)
machine with 104W/m2 Joule loss density was obtained.

For the second machine, for 2p= 22 poles, 1.273MNm, the Joule loss density was 7600W/m2,
while the active weight was 50 tons. The power factor should be above 0.85, as τ/g= 145/1 [28].

The performance is considered encouraging, but further reduction in weight is required before
eventual industrialization.

4.9 IMPROVING POWER FACTOR AND CONSTANT POWER SPEED
RANGE BY PERMANENT MAGNET ASSISTANCE IN RELUCTANCE
SYNCHRONOUS MACHINES

In some applications (spindles, traction, etc.) a wide constant power speed range is required
(CPSR≥≥ 3).

In such cases, the design should include assisting PMs (preferably Ferrites). Also, the design is
performed for base speed (peak torque, maximum inverter voltage: ks max) and then checked for
wide CPSR by a constraint (in the optimal design) for torque “unrealization” at max. speed.

A light traction drive example with RSMs and PM-RSMs is investigated in [19] for a two-pole pair
configuration for 7000-rpm/1500-rpm CPSR.

The topologies (Figure 4.27a), torque and power (Figure 4.27b), and power factor and efficiency
(Figure 4.27c) lead to remarks such as:

• The addition of Ferrite-PMs increases the torque envelope notably (more than 25%) and
allows for a 7000-rpm/1500-rpm CPSR at more than the specified 1.5 kW.

• At the same time, as expected, the power factor was increased dramatically above
base speed.

• Even the efficiency was increased by 3%–4%, to a maximum of 92%.
• The no-load voltage at maximum speed (7000 rpm) should be less than 150% p.u., as the

torque contribution of PMs at low speed is about 25%; consequently, no overvoltage pro-
tection against uncontrolled generator (UCG) faulty operation is required.

Note: A sequence of studies investigated PM-RSMs for traction for electric and hybrid electric
vehicles and found them capable of 75% of torque in the same volume, but similar performance
with IPMSMs [29].

4.10 RELUCTANCE SYNCHRONOUS MACHINE AND PERMANENT
MAGNET-RELUCTANCE SYNCHRONOUS MACHINE OPTIMAL
DESIGN BASED ON FINITE-ELEMENT METHOD ONLY

Optimal design codes based exclusively on computationally efficient FEM of the RSM [6] and
PM-RSM [30,31] have been put in place lately, but the total computation effort, with multiframe
hardware, is still in the range of 50 hours.
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A differential evolution algorithm [6] has been applied to RSMs and finally compared for
PM-RSMs in terms of p.u. torque, losses, and power factor, mainly for maximum torque per ampere
(MTPA) conditions.

Sample Pareto clouds of the power factor against machine “badness” (
�������
pcopper

√
/torque)—

Figure 4.28—show a dramatic (0.95) power factor improvement with PM-RSM; also, more than
25% more power is available.

Rated speed and rated current test results satisfactorily confirmed the FEM predictions [6].
In another multiobjective GA optimal FEM-only design attempt for RSMs, with three algorithms

for comparisons, the torque ripple was investigated thoroughly for reduction for a 4.5-Nm, 5.0-krpm
case study (Figure 4.29) [30].

An extremely small torque ripple is reported (Figure 4.29 [30]).
Again, based solely on FEM machine modeling, [31] investigated a 1.6-Nm, 5–50-krpm,

obtaining first an 80-mm outer diameter, 50-mm stack length, two-pole configuration with an airgap
g= 0.25 mm, torque and torque ripple less than 10% RSM, yielding good performance except for a
0.51 power factor.

Also, by adding high energy and temperature PMs in part of the flux barrier area, notable power
and power factor improvements have been, as expected, obtained (cos φ= 0.85 for 40% PM fill). The
rotor did not allow (or include) a retaining ring, so the flux bridges have also been verified mechan-
ically by FEM, up to a maximum of 70 krpm.
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4.11 SUMMARY

• Three-phase RSMs, proposed in 1927, have been sporadically used in variable-speed drives
ever since, but have only recently reached industrialization in 10 kW to 500 (1500) kW per
unit in four-pole topologies, where they yield 2%–2.2% more system (motor+ converter)
efficiency in the same stator (and converter) than for IMs, though at 5%–8% less motor
power factor; the motor initial cost is also about 10% less than that of an IM.

• Multiple flux-barrier or axially laminated rotors with distributed magnetic anisotropy are
needed for competitive performance (Ld/Lq. 5–8); to secure such saliency, pole pitch/
airgap ratios above 100/1 are recommended.

• PM assistance (preferably by low-cost Ferrite-PMs) is required when a wide constant power
speed range (CPSR. 3) is required, as in spindle or traction applications; implicitly, the
power factor is drastically increased, while ePMd/Vs, 0.25–0.3; this leads to a less than
150% no-load voltage at maximum speed in uncontrolled generator mode for a CPSR=
3–4; consequently, no overvoltage protection provision is required.

• Simple analytical methods have been proposed to calculate the magnetizing inductances
Ldm, Lqm and ePMd for bothMFBA- and ALA-rotors; they include circulating and flux bridge
additional (fringing) flux contributions to increase Lqm.

• More advanced equivalent magnetic circuit models include the above aspects but also mag-
netic saturation and the presence of assisting PMs.

• The above methods are very useful for preliminary design that can serve as initial design in
optimal design algorithms.

• The circuit model of RSMs and PM-RSMs satisfactorily portrays both steady-state and tran-
sient performance for control design, as illustrated in the chapter by a case study.

• To consider not only a large average torque (large Ldm, Lqm) but also the reduction of total
torque pulsations with sinusoidal current control in variable-speed drives, a more elaborate
design methodology of rotor multiple flux barriers is required.

• According to such an industrial design approach, the uniform angle placement (αm) of rotor
flux barriers in axis d in equal magnetic reluctance flux barriers provides for large average
torque with three to four flux barriers per half-pole.

• To reduce torque pulsations, a fictitious rotor slot is introduced at angle β from axis q and
thus, along the latter axis, the flux barriers are not placed uniformly. An optimum value
of β is found for four poles and four flux barriers per pole as βoptim= 9◦; thus, the goals
of high average torque and low torque pulsations are separated in the design.

• 2D-FEM is mandatory in the above industrial design methodology; 3D-FEMmay be used to
calculate Lqm more precisely, especially in short stator core stacks (lstack/τ, 1.5).

• Ferrite-PM assistance in RSMs for circular uniform flux barrier rotors and boat-shaped flux
barrier rotors are treated by case studies to show dramatic improvement in power factor and
some efficiency improvement over RSMs for applications as diverse as directly driven ele-
vator drives, light traction drives [32], and direct-driven wind generators (2 MW, 15 rpm).

• Computationally efficient FEM-only optimization algorithms have been introduced recently
in the optimal design of RSMs and PM-RSMs with promising performance results,
especially with torque ripple below 10%. Still, the computation time for such advanced
methods—on multiframe hardware—is on the order of 50 hours; drastic progress in reduc-
ing this computation time is needed while these methods are here to stay, as they allow sen-
sitivity studies that document the robustness of the design to fabrication tolerances and
material property variations.

• The ALA-rotor produces better efficiency and power factor for the same stator than the
MFBA-rotor but is still considered hard to manufacture. As the high no-load rotor iron
core loss problem has been solved (see above in the chapter), it is hoped that competitive
fabrication technologies will evolve to soon move the ALA-rotor in RSM (PM-RSM) to
the mass production stage.
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5 Control of Three-Phase
Reluctance Synchronous
Machine and Permanent
Magnet–Reluctance
Synchronous Machine Drives

5.1 INTRODUCTION

Variable-speed drives (VSDs) now cover 30–40% of all drives used in association with power elec-
tronics to increase productivity and save energy in variable-output energy conversion processes.

VSDs imply motion control—position, speed, torque control—in motoring and output voltage
amplitude (frequency) and power control in generating. Generating will not be considered in this
chapter. However, regenerative braking is inherent to VSDs and thus will be investigated here. Con-
trol of VSDs, RSMs and PM-RSMs included, may be implemented:

• With position sensors: encoder-VSDs
• Without position sensors (sensorless): encoderless-VSDs

Position sensors are planted in safety-critical and servo-drives when precise control of absolute
position, speed, and torque is required down to zero speed.

Also, in many applications when the maximum to minimum speed control range is above 200
(1000 and more)/1, and torque response (+ rated torque) is required within 1–3 milliseconds, an
encoder is mandatory. Sensorless (encoderless) control implies using online (and offline) information
and computation to estimate—observe—the rotor position within three to four electrical degrees of
current fundamental maximum frequency (speed).

The speed control range for an encoderless drive has increased notably in the last decades and is
now above 200/1 with 2–3 millisecond+ full torque response, a steady-state speed error of 2–3 rpm,
and up to high speeds (of say, 10 krpm and more).

5.2 PERFORMANCE INDEXES OF VARIABLE-SPEED DRIVES

Performance of VSDs is gauged by performance indexes. Though not standardized yet, the latter,
introduced in [1], may be an useful guide and is summarized as:

• Energy conversion indexes:
• Drive (motor+ converter) power efficiency at rated (base) speed: ηP= output

power/input power
• Motor+ converter energy efficiency in highly dynamic applications: ηe= output

energy/input energy
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• RMS kW/kVA output kW/input kVA: refers to the product of efficiency and power
factor in sinusoidal current drives

• Losses/torque or
�������
losses

√
/torque: the “badness” torque factor

• Drive response performance

Peak torque (Tek)/inertia (J ), which leads to ideal acceleration

aimax = Tek
J

rad/s2
( )

(5.1)

The ideal acceleration time tai to ωb (electrical angular speed: ωb= p1Ωb).

tai = ωb/p1
aimax

= ωb

p1
· Tek

J

( )−1

; p1 − pole pairs (5.2)

Field weakening range; to increase speed above ωb (where full inverter voltage Vsmax full magnetic
flux in the machine produces the accepted full [rated] power in a continuous [or specified] duty cycle),
the magnetic flux in the machine is reduced to allow operation at Vsmax such that to conserve base
power Pbc:

Pbc = Teb
ωrb

p1
(5.3)

up to ωrmax.
This is called the continuous (or specified duty cycle) constant power speed range; there are appli-

cations where no flux weakening is required and where ωrb= ωrmax (say, refrigerator compressor
drives); in spindlelike or tractionlike applications, CPSR≥ 3/1 is generally required.

Note: Here in flux-weakening or wide CPSR drives, the RSM and especially PM-RSM come
into play, as the flux weakening is basically done by decreasing the id stator current component in
contrast to strong magnet (ePM. 0.7 Vsmax) IPMSMs. Consequently, the efficiency and power factor
in PM-RSMs is superior to IPMSM (with strong PM emf) in the flux-weakening speed range (ωrb,
ωr, ωrmax).

• Variable speed ratio ωrmax/ωrmin:
1. ωrmax/ωrmin. 200/1 for servo-drives, with encoder (1–3 ms torque response)
2. 100, ωrmax/ωrmin, 200 for advanced (closed-loop) sensorless (encoderless) drives

(+full torque response in 2–6 ms)
3. ωrmax/ωrmin, 20 open loop sensorless drives based on V/f (I-f) control (scalar drives):

torque response is slower (in tens of milliseconds range)
• Torque rise time at zero speed: tTek , which is in the millisecond range for servo drives and

advanced sensorless (encoderless) drives and in the tens of milliseconds for open loop
(V/f- or I-f–based) controlled drives

• Torque ripple range ΔTe/Teb

The torque ripple compounds cogging torque (at zero currents when assisting PMs are used) and
torque pulsations due to current control (PWM type), motor stator and rotor slotting, magnetic satu-
ration, and stator winding type.

Note: In general, applications such as pumps, fans, compressors, and traction, a 10% torque ripple
may be acceptable to reduce noise and vibration, but for, say, car-steering-assist (or servo) drives,
ΔTe/Tb, 2%.

• Motion control precision and robustness: ΔTe, Δωr, Δθr for torque, speed, and position
control, respectively, in the presence of torque perturbation, inertia, and machine parameter
variations (ΔPar) defined as ΔTe/ΔPar, Δωr/ΔPar, Δθr/ΔPar.
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• Dynamic stiffness: ΔS= ΔTperturbation/Δx; Δx-controlled variable variation. The load torque
frequency and amplitude are varied and the response error is measured to determine maxi-
mum acceptable torque perturbation frequency and amplitude for a given minimum
accepted control precision at critical operation points.

• Temperature, noise weight, and total cost
• Direct drives are in contact with the load machine and thus the motor temperature Tmotor

has to be limited: Tmotor, 20◦C+ Tambient.
For drives with a mechanical transmission, the motor temperature restrictions are

milder and given by the stator winding insulation class (B, E, F).
• The noise of a VSD is produced by both the motor and the static power converter. The

accepted radiated noise level (at 1 m from the motor, in general) depends on application
and, for machine tools, is:

Lnoise ≈ 70+ 20 log
Pn

Pn0

( )
; Pn0 = 1 kW, Pn = (1− 10) kW (5.4)

• The overall (total) cost of a VSD, Ct, maybe defined as:

Ct = Cmot+conv + Closs + Cmaint (5.5)

with
Cmot + conv—cost of motor+ converter, sensors, control, protection
Closs—capitalized loss cost (motor+ converter) for a given equivalent/average duty

cycle over the entire drive life for a given application
Cmaint—maintenance repair costs over VSD life

For a better assessment ofCt, the net present worth cost is considered, by allowing inflation, part of
electric energy price evolution and premium in investment dynamics, over the VSD life. Based onCt,
the payback time may be calculated to justify the introduction of a VSD in a certain industrial process.
With variable output, only payback times from energy bill reduction alone of less than 3–5 years, in
general, are accepted as practical by users, especially in the kW, tens of kW, and hundreds of kWs per
unit applications.

• Motor specific weight: peak torque/kg or peak torque per outer-diameter stator stack vol-
ume: Nm/liter. Torque densities of 80 Nm/liter have recently been reached in hybrid elec-
tric vehicles for power up to 100 kW and torque up to 400 Nm, where equipment volume
(weight) is strongly restricted. A small electric airplane also has strong weight restrictions
for its VSDs.

• Converter-specific volume; converter kVA/volume: kVA/liter; for HEVs in general, 5–10
and more kVA/liter is necessary, but for efficiency above 0.97–0.98 in the 150-kVA range,
this is how silicon carbide (SiC) power switches come into play; in other applications, the
kVA/liter requirement is somewhat relaxed.

5.3 RELUCTANCE SYNCHRONOUS MACHINE AND PERMANENT MAGNET–
RELUCTANCE SYNCHRONOUS MACHINE CONTROL PRINCIPLES

In principle, it would be possible to start directly with the PM-RSM and then consider the RSM as a
particular case for ΨPMq= 0.

However, “simple to complex” seems here the best method to more easily grasp the essentials.
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Besides the encoder and encoderless VSD divide, we may classify the wide plethora of RSM
control strategies proposed and applied so far as:

• Fast torque response (vectorial) drives:
• Scalar (V/f- or I-f–based) control without and with stabilizing closed loops where, in gene-

ral, no speed loop control is used; the speed range is smaller and the torque response is
slower (in the tens of milliseconds range).
Ventilator, compressor, and pump loads are typical for many scalar drives that are simpler

in terms of control and finally less costly, but still competitive in terms of energy conversion
by special measures that essentially reduce flux with torque reduction.

5.4 FIELD-ORIENTED CONTROL PRINCIPLES

Core loss plays some role in control, not only in the sense of lower efficiency but also by creating a
certain coupling between the d-q model axes and thus delaying the response in the first milliseconds
of transients [2].

However, for the time being, in stating the FOC principle, core loss, stator mmf space harmonics,
slotting, and airgap flux harmonics due to magnetic saturation are all neglected. Again, as there is no
cage effect on the rotor, the space-phasor (d-q) model of the RSM in rotor coordinates is [1] copied
here for convenience (with more details):

VS = RSIS + dΨS

dt
+ jωrΨS; ΨS = Ldid + jLqiq = Ψd + jΨq

IS = id + jiq; VS = Vd + jVq; Ψd = Lslid + Ψdm, Ψq = Lsliq + Ψqm

Te = 3
2
p1(Ψdiq − Ψqid) = 3

2
p1(Ld − Lq)idiq

J
dωr

dt
= Te − Tload;

dθer
dt

= ωr

p1
; Ψdm = Ldmid , Ψqm = Lqmiq

VS = 2
3

Va + e
j
2π
3 Vb + e

−j
2π
3 Vc

⎛
⎝

⎞
⎠e−jθer ; im =

�������
i2d + i2q

√

(5.6)

There is a cross-coupling magnetic saturation effect (as discussed in the previous chapter) [2]
such that:

Ψdm = Ldm(im) · id, Ψqm = Lqm(im) · iq

Ldm(im) = Ψ∗
dm(im)
im

; Lqm(im) =
Ψ∗

qm(im)

im

(5.7)

The time derivatives of Ψdm and Ψqm are:

dΨdm

dt
= Lddm

did
dt

+ Ldqm
diq
dt

dΨqm

dt
= Lqdm

did
dt

+ Lqqm
diq
dt

(5.8)
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Ldqm = Ldm = (Ldmt − Ldm)
idiq
i2m

; Ldmt − Ldm = Lqmt − Lqm

Ldmt = dΨ∗
dm

dim
; Lqmt =

dΨ∗
qm

dim
; Lddm = Ldmt · i

2
dm

I2m
+ Ldm · I

2
qm

I2m

Lqqm = Lqmt ·
I2qm
I2m

+ Lqm · i
2
dm

I2m

(5.9)

Ψ∗
dm(im), Ψ

∗
qm(im) are unique curves (Figure 5.1) obtained by FEM or in standstill DC flux decay tests

with d and q current components present. This is why im =
�������
i2d + i2q

√
is used as the unique variable.

The above model of cross-coupling saturation [2] allows us to compute steady-state and transient
performance with fluxes, currents, or a combination of them as variables but with Ψdm and Ψqm as
distinct variables.

Note: Ψ∗
dm and Ψ∗

qm, which occur with both id and iq present in Equation 5.7 and Figure 5.1, degen-
erate into Ψdm and Ψqm only when the operation mode (or test) includes either id or iq.

Transient inductances L(im)dmt , L
(im)
qmt (Equation 5.9) are in general smaller than L(im)dm , L(im)qm due to

saturation. On the other hand, at very low AC currents, the first part of the magnetization curve
(hysteresis cycles) is active, where the incremental inductances Lidm, L

i
qm are in place:

Lidm = ΔΨ∗
dm

Δim
, Liqm = ΔΨ∗

qm

Δim
(5.10)

Lidm, L
i
qm are smaller than both Ldm, Lqm and Ltdm, L

t
qm; see Figure 5.2. They occur at very small

currents, say, in standstill frequency FEM calculations or tests.
The curves Ψ∗

dm(im) and Ψ∗
qm(im) may be approximated many ways by analytical expressions.

For example:

Ψ∗
dm = Ldm0im − Kdm0i

2
m; Ψ∗

qm = Lqm0im − Kqm0i
2
m (5.11)

Or even L id( )
dm ≈ Ldm0 − Kdm0id and Lqm ≈ Lqm0 − Kqm0im, (5.12)

when (however) the cross-coupling effect is neglected. Yet another approximation of cross-coupling
saturation is simply:

Ψd ≈ Ldid + Ldqiq
Ψq ≈ Lqiq + Ldqid

(5.13)

iq increases

id

Ψdm

id increases

iq

Ψqm

id + jiqim =

iq

Ψ*
dm Ψ*

qm

Ψ*
dm

Ψ*
qm

(a) (b)

FIGURE 5.1 Magnetization curves in axis im, d, q: real, (a); and equivalent, (b). (From I. Boldea, S. A. Nasar,
Proc. IEE, vol. 134–B, no. 6, 1987, pp. 355–363. [2])
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Let us now return to FOC, neglecting magnetic saturation first. Controlling id and iq separately is
called FOC.

As the rotor is cageless (windingless), there is no decoupling current circuit (in contrast to cage-
rotor IMs) and thus, if i∗d is referenced independently (constant or dependent on torque or speed), i∗q
can be calculated from the reference torque expression:

i∗q =
2
3p1

T∗
e

(Ld − Lq)i∗d
(5.14)

But defining a new flux, called “active flux” [3], Ψa
d as:

Ψa
d = (Ld − Lq)i

∗
d; Ψa

d = Ψs − Lqis, (5.15)

i∗q =
2
3p1

T∗
e

Ψa
d
∗ (5.16)

The reference torque is obtained as the output of the speed closed loop or separately in the torque
mode control (in tractionlike applications).

It turns out that the active flux is aligned along axis d (if cross-coupling saturation is neglected) and
the d-q model has only an Lq inductance:

VS = RSIS + jωrLqiS + Lq
diS
dt

+ dΨa
d

dt
+ jωrΨ

a
d (5.17)

Te = 3
2
p1Ψ

a
d · iq (5.18)

The FOC of an RSM may be expressed in active flux terms as in Figure 5.3, after the motion-
induced voltage compensations V∗

qcomp, V
∗
dcomp are added in:

V∗
qcomp = ωrΨa∗

d ; V∗
dcomp = −ωrLqi

∗
q (5.19)

The function Ψa∗
d (ωr) or i∗d(ωr) may be easily adopted if i∗d is:

i∗d = idn const for ωr ≤ ωb

i∗d = idn · ωb

ωr
, idn

(5.20)

im

Ldm

Ldmt

Li
dm

Li
dm

Ldm

Ldmt

FIGURE 5.2 Ldm, Ltdm, L
i
dm versus im.
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Now

Ψa∗
d (ωr) = (Ld − Lq) · i∗d, (5.21)

with constant (invariable) parameters Ld, Lq or even with them variable: Ld(im), Lq(im), as
described above.

Note: Themain advantage of the active flux concept occurs in encoderless control when its position is
identical to rotor position θer, irrespective of load, and the speed of the rotor ωr = ωΨ

a

d
.

Alternatively, an early current-only FOC of the RSM implementation scheme is shown in Fig-
ure 5.4 [4,5] for an RSM with the data: two-pole ALA-rotor, Rs= 0.95Ω, Ldm= 136 mH, Lqm=
3.66 mH, Lsl= 4 mH, J= 2.5× 10−3 kgm2 (1.5 kW at 60 Hz).
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FIGURE 5.3 Generic active–flux–based combined voltage+ current FOC of RSM.
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FIGURE 5.4 Current-only FOC of RSM. (After I. Boldea, S. A. Nasar, Electric drives, 2nd edition, CRC Press,
Taylor and Francis Group, New York, 2006. [1])
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In this implementation, direct reference i∗d(ωr) and i∗qmax(ωr) limiters are provided and no emf com-
pensation is included, as AC current controllers (instead of id, iq controllers) are used.

An adaptive speed controller (Figure 5.5) was applied to provide for a wide speed range (1–2500
rpm) with flux weakening: i∗d decreases with speed. A high-precision encoder (for position measure-
ment and speedy online computation from the former) is also assumed available.

Reference speed and torque (Figure 5.6a), speed response (Figure 5.6b), and torque response
(Figure 5.6c) are given as sample results from digital simulation.

Operation at 1.0 rpm with torque perturbation (Figure 5.7a and b) shows satisfactory performance,
though during torque perturbation, the speed control shows a small steady-state error, proving that the
speed controller, even adaptive, is not totally satisfactory.

5.4.1 OPTIONS FOR i�d , i
�
q RELATIONSHIP

While i∗d(ωr)or i∗d(T
∗
e ) or, instead, Ψ

a∗
d (ωr) or Ψa∗

d (T∗
e ), functions may be derived, but a few methods

have become generally accepted:

• Maximum torque per current

∂Te
∂id

= 0; Te = 3
2
p1(Ld − Lq)id

�������
i2s − i2d

√
(5.22)

Consequently, i∗d = i∗q = i∗s /
��
2

√
; tgγii = iq/id = 1 (5.23)

This simple condition is no longer fulfilled if magnetic saturation is considered, when γii. 45
◦
,

(Figure 5.8).
The torque is:

(Te)MTPA = 3
2
p1(Ld − Lq)

i∗s
2

2
(5.24)

Note: i∗d = isn/
��
2

√
in Equation 5.23 could be too large a current that might oversaturate the machine;

thus, is, isn, and Equation 5.23 is applied for lower loads.

• Maximum power factor (MPF)

C1

128.1

(a) (b)

6.405
50.0ms

T1

1.0 rpm

(0.1407 r/s)

200.0 rpm

(28.14 r/s)

ωr
*

1.0 rpm

(0.1407 r/s)

200.0 rpm

(28.14 r/s)

ωr
*

3000.0ms

FIGURE 5.5 Gain (Ci), (a); and time constant (Ti), (b) of PI speed controller.
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The tangent of the power factor tan φ with zero losses (from reactive/electromagnetic powers
ratio) is:

tanφ1 =
Q

P
=

Ld
i2d
2
+ Lq

i2d
2

(Ld − Lq)idiq
(5.25)

The maximum of the power factor (minimum of tan φ1) is obtained (for constant Ld and Lq):

id
iq

( )
φ1min

=
���
Lq
Ld

√
(5.26)

Teφ1min
= 3

2
p(Ld − Lq)i

2
d

���
Ld
Lq

√
. (Te)MTPA (5.27)

cosφ
( )

max=
1− Lq/Ld
1+ Lq/Ld

(5.28)
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FIGURE 5.6 Speed transients with torque perturbation response of FOC-RSM: Reference speed and torque (a);
(b) speed response; (c) torque response.
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The RSM control at the maximum power factor thus secures a proper condition for rated (base)
speed power design.

• Maximum torque per flux

This time, the stator flux Ψ∗
s is given:

Ψ∗2
s = (Ldid)

2 + (Lqiq)
2 (5.29)

id
iq

( )
Ψ∗

s

= Lq
Ld

; λdΨS = λqΨS = ΨS/
��
2

√
(5.30)

with the corresponding torque:

TeΨS =
3
2
p(Ld − Lq)i

2
d

Ld
Lq

(5.31)
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FIGURE 5.7 Speed buildup to 0.14 rps: (a) reference speed and load torque; (b) speed response in rad/s.
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At base speed ωb, where rated i∗d (d axis flux) is still available,

ωb = Vsmax

Ldi∗d
��
2

√ (5.32)

It is evident that at base speed:

TeMTPA , Teφ1min
, TeΨ∗

S
(5.33)

But the electromagnetic power Pe:

Pe = Teωr/p1 (5.34)

For the three main FOC strategies, Pe is:

(Pe)MTPA = 3
2
(Ld − Lq)

i2s
2
ωr;

���������
L2d + L2q

√
· is��

2
√ ≤ Vsmax

ωr
(5.35)

(Pe)φimin
= 3

2
(Ld − Lq)i

2
s ·

ωr��������
1+ Lq

Ld

√ ;
������
LdLq
√ · is ≤ Vsmax

ωr
(5.36)

(Pe)ΨS
= 3

2
(Ld − Lq)i

2
s ·

LdLq
L2d + L2q

ωr;
isLd

��
2

√
��������
1+ L2d

i2q

√ ≤ Vsmax

ωr
(5.37)

It is now evident that for a given current and speed (base speed), the ideal maximum power is
obtained for MTPA, but only if the magnetization current (id)MTPA= is/

��
2

√
. This is a rather high

value, and this is how the maximum power factor condition comes into place for base power Peb

at base speed design.
Magnetic saturation makes the above formulae approximations, and more complex expressions

are required for more precision. Getting wide CPSR is quite a challenge. The power envelope
(up to maximum voltage VSmax—above base speed) will never be flat and thus Pemax should be given
in p.u. values with respect to base power Peb:

Peb = Teb · ωb

p1
; Pemax(p.u.) = Pemax

Peb
(5.38)

All depends on the saliency ratio Ld/Lq and the chosen base speed ωb for a given maximum speed.
Qualitatively, the situation is as in Figure 5.9.

Te
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d

q<

π/4 π/2
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dγi
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γii γi
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FIGURE 5.8 Qualitative Te (γi) for MTPA for unsaturated and saturated RSM.
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Also, as the speed increases, the dq current angle γi (tanγi= Iq/Id) increases from 45◦ (for MTPA)
through minimum φi and minimum flux Ψ∗

s control conditions.
Also, the power factor above base speed decreases, with speed reaching:

tan(φi)Ψ∗
s
=

1+ Lq
Ld

1− Lq
Ld

; (φi)Ψ∗
s
. 45◦ (5.39)

It is evident from the above that RSM, even with high magnetic saliency, is not directly suitable for
wide CPSR, at least for the reason of lower power factors at high speeds, which means larger inverter
currents, kVA, and losses.

As was understood early, magnetic saturation and core loss influence the transients, but the speed
versus time (downward) shows nonlinearity, a sign that the problem was not fully solved. Such a sol-
ution is offered in [6], where the speed transients up and down are shown to be linear (Figure 5.10)
[6], as referenced.

A robust (sliding mode) speed and position FOC (with encoder) of an RSM is illustrated in [1].

5.5 DIRECT TORQUE AND FLUX CONTROL

Direct torque and flux control (DTFC), introduced in 1985–1986 by Depenbrock and Takahashi as
direct self-control and quick torque response control for IMs, was generalized as torque vector control
(TVC) for synchronous motors [7,8] in 1988 and was coined by ABB in 1995 as DTC (direct torque
control). DTFC (as TVC) was applied first to RSM in 1991 [9].

DTFC directly controls the stator flux linkageΨS amplitude and the instantaneous torque by closed
loops to yield the fastest torque response. Indirectly, DTFC, hunting for the fastest torque response,
yields the performance of FOC, which is in principle decoupled id and iq control.

1

0.5

temax
( p.u.)

pemax
( p.u.)

1 2 3

temax

cosϕ
pemax

ωr/ωb

FIGURE 5.9 Maximum torque and power versus speed.

ωrpm(r/min)

Time(200ms/div)

FIGURE 5.10 Speed versus timewith core loss considered in RSM feedback linearization control. (After L. Xu
et al., IEEE Trans, vol. IA–27, no. 5, 1991, pp. 977–985 [6]. 200 rpm/division, 200 ms/division.)
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DTFC avoids the transformation of coordinates by selecting a certain voltage vector combination
from the PWM inverter, based on stator flux amplitude and torque errors and the stator flux vector
position with respect to phase a of RSM (PM-RSM).

But DTFC requires the estimation (observation) of stator flux Ψs (amplitude and position θΨs )
and torque.

Arguably the “troubles” with Ψ_S, T
_
e online estimation are smaller than those with FOC, and the

rotor position θer is used only in the estimators at low speeds but not in the control itself, where speed
estimation is still required only if speed control mode is adopted.

Also, controlling stator flux (in flux weakening) DTFC is simpler to implement for wide CPSR.
DTFC is based on same space vector motor model of RSM (Equation 5.6), but to explain the principle
of DTFC, stator coordinates are used:

V
s
s = Rsis + dΨs

dt

V
s
s =

2
3

Va + Vbe
j
2π
3 + Vce

−j
2π
3

⎛
⎝

⎞
⎠ (5.40)

Neglecting stator resistance Rs (Equation 5.40) yields:

ΔΨs = Ψs
s(t)− Ψs

s(0) ≈
∫t
0

V
s
sdt (5.41)

A six-pulse voltage source inverter (Figure 5.11a) produces six nonzero voltage vectors
(Figure 5.11b) along the machine phases axes; that is, with a definite special position. Equation
5.42 indicates that the stator flux variation falls along the applied voltage vector Vi direction for
the turn-on time Ti:

ΔΨs ≈ ViTi (5.42)

Considering the stator flux vector initially in sector I—Figure 5.11c—if the flux should be
increased, V2 is to be applied if the torque should increase (by flux acceleration). However, should
the flux decrease, but torque still increase, V3 should be applied. To complete the picture, should
the torque decrease, V3 is applied for flux increase and V5 for flux decrease.

The two zero-voltage vectors may also be applied either for reducing flux ripple (to reduce core
loss) or for slower torque decrease in predictive control to reduce torque ripple [10].

A table of switchings (TOS) may be developed (Figure 5.11d) simply.
In subsequent implementations, the single voltage vector commands and the 2(3)-position hyster-

esis flux and torque regulators have been replaced with space vector modulation (SVM) methods that
use a selected symmetric combination of voltage vectors within a 60◦-wide sector or with predictive
control methods mainly to reduce torque ripple for given maximum switching frequency in the
converter.

The key factor is the state (stator flux observer) and torque estimator.
Among the many solutions so far for stator flux Ψs estimation (torque is calculated from Ψ_s and

measured ia, ib stator currents), the combined voltage and current model closed-loop observer has
been proven to work well, down to speeds above 3–5 rpm, especially when an encoder (θer) is avail-
able (Figure 5.12).

The design of ki, τi in the proportional integrator (PI) closed loop provides for a d-q current model
(Ψd= Ldid, Ψq= Lqiq−ΨPMq, ΨPMq= 0 for RSM) pre-eminence at low frequencies (a few Hz) and
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FIGURE 5.11 DTFC principles: (a) six-switch PWM voltage-source inverter; (b) the six nonzero voltage vec-
tors; (c) suitable voltage vectors to apply with stator flux in sector 1 (+30◦ around phase a); (d) table of
switchings.
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FIGURE 5.12 Voltage and current stator flux observer (ΨPMq= 0 for RSM).
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voltage model dominance at higher frequency (speed). Typical vales are:

Ki = −(ω1 + ω2); τi ≈ ki| |
ω1ω2

(5.43)

withω1= (3− 10) rad/s, ω2 = −(3− 10) ω1| | (5.44)

The torque estimator is simply Te = 3
2
p1(Ψsαiβ − Ψsβiα) (5.45)

Even for encoderless drives, the v-i flux observer provides good performance if, instead of
rotor, stator flux coordinates are used in an inherently positionless observer. Alternatively, active
flux—Ψa

d—coordinates may be used, when:

Ψa
d = Ψs − Lqis (5.46)

where Ψa
d is aligned to the rotor d axis in any load condition or speed, provided cross-coupling errors

are reduced (cancelled), when rotor position θ
_
er and speed ω_r are equal to active flux vector position

and speed. Later in the chapter, the active flux concept will be illustrated in a sensorless (encoderless)
RSM case study.

A generic DTFC control scheme with dual hysteresis stator flux and torque controllers (as in the
initial proposal of Takahashi) is shown in Figure 5.13 [9].

The sliding-mode speed controller, chosen for its robustness, (in Figure 5.13) has the functional:

SSM = (ω∗
1 − ωr)− TSM

dωr

dt
(5.47)
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FIGURE 5.13 DTFC of RSM, with encoder. (After I. Boldea, Z. X. Fu, S. A. Nasar, EMPS Journal, vol. 19,
1991, pp. 381–398. [9])
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with a digital filter to estimate rotor speed ω_r from the encoder feedback θer, the speed control law is:

Te = +T∗
e for SSM . 0

Te = −T∗
e for SSM , 0

(5.48)

The sign of SSM was read initially at an interval Ts= 1.2 ms for the case study in [9], but, at a
constant inverter switching frequency of 15 kHz, the flux and torque errors will be read faster. The
data of the RSM is: six poles, Lq= 24 mH, Ld= 88 μH for i∗d = 3A but strongly dependent on id,
Rs= 0.82Ω, J= 0.0157 kg·m2, Vdc= 80 Vdc.

Despite neglecting magnetic saturation (strong along axis d ), the speed build-up to 3000 rpm with
torque perturbation is fully satisfactory (Figure 5.14a). Also, the speed response at 2 rpm
(Figure 5.14b) is acceptable.

The base speed was chosen as 3000 rpm, while the motor could be accelerated on no load by flux
weakening to 12,000 rpm.

As in any such DTFC that uses single voltage vector commands, the torque ripple is implicitly
larger than for FOC at equal switching frequency. The high switching frequency reduces the torque
ripple to a few percent, but SVM or predictive torque control [10] may still be used to reduce switch-
ing frequency (inverter losses) for the same (low) flux and torque ripple.
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FIGURE 5.14 Speed buildup to 3000 rpm with torque perturbation, (a); and up to 2 rpm, (b).
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5.6 FIELD-ORIENTED CONTROL AND DIRECT TORQUE AND FLUX
CONTROL OF PERMANENT MAGNET–RELUCTANCE SYNCHRONOUS
MACHINES FOR WIDE CONSTANT POWER SPEED RANGE

PM-RSMs involve high saliency (Ld/Lq. 3.5–5) and weak magnets (the PM emf at base speed is
ePMd, 0.3 Vsmax, in general, with magnets in axis q).

The FOC and DTFC principles remain similar to those for RSMs, but the “battle” for MTPA and
maximum torque per flux (MTPF) is more complicated, as now:

Ψd = Ldid; Ψq = Lqiq − ΨPMq; Ld . Lq (5.49)

The introduction of active flux [3] simplifies the math and thus will be used here:

Ψa
q = Ψs − Ldis (5.50)

The active flux is now aligned here to axis q (PM axis of the rotor), and the torque is:

Te = 3
2
p1(ΨPMq + (Ld − Lq) · iq) · id = 3

2
p1Ψa

qid (5.51)

Now id is the torque current (reluctance torque is dominant) and:

Ψa
q = ΨPMq + (Ld − Lq) · iq, aligned to axis q (5.52)

The maximum torque/current standard relationship becomes:

2i2qi + iqi
λPMq

Ld − Lq
− i2s = 0; iqi . 0, always (5.53)

which requires, even for constant λPMq, Ld, Lq, the online solution of a second-order equation.
By introducing the active flux (which may be estimated as discussed in section 5.4) Equation 5.53

becomes:

iqi = is

����������������
Ψ_a

q

∣∣∣ ∣∣∣− ΨPMq

2 Ψ_a
q

∣∣∣ ∣∣∣− ΨPMq

√√√√√ (5.54)

This equation is rather robust to magnetic saturation.
Equation 5.54, with Ψ_a

q estimated and stator current measured, produces a notable simplification.
For wide CPSR control, it is sufficient to operate at MTPA if the reference voltage V∗

s is V∗
s ≤ Vsmax.

When the reference voltage V∗
s ≥ Vsmax, an intervention Δiqi is required on iqi by reducing it to move

the drive closer to maximum torque per flux conditions:

Δiqi = −PI
V∗
s − Vsmax

Vsmax

( )
; if V∗

s . Vsmax (5.55)

A generic drive based on this methodology is portrayed in Figure 5.15.
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Alternatively, another approximation, after noticing that the reluctance torque component is
dominant in PM-RSM, consists of defining a torque-speed envelope with Ψq= 0, which leads to:

Lqiqc − ΨPMq = 0 (5.56)

This condition does not imply PM demagnetization, as part of Lq is the stator leakage inductance.
The torque becomes:

T∗
ek =

3
2
p1 · Ld · id · iqc = 3

2
p1

Ld
Lq

· ΨPMq · id; iqc = ΨPMq/Lq (5.57)

Ψs = Ldid; Ψq = 0; Ψs = Vs

ωr
; for ωr| | . ωb (5.58)

For |ωr|, ωb, T∗
ek = (3/2)p1(Ld/Lq) · ΨPMq · i∗db represents the peak torque required by the drive.

The current i∗db produces the only flux in the machine and thus can be simply calculated for rated flux.
So id is limited to:

id lim =
i∗db for ωr| | , ωb

i∗db ·
ωb

ωr| | for ωr| | . ωb

⎧⎪⎨
⎪⎩ (5.59)

The maximum torque-speed envelope is illustrated in Figure 5.16. As idlim is inversely propor-
tional to speed, for ω_r| | . ωb, the envelope (maximum) electromagnetic power (Pelmk) is constant,
so a wide CPSR is provided.
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FIGURE 5.15 Generic wide CPSR-FOC of PM-RSM.

160 Reluctance Electric Machines



Now, when the reference torque T∗
e is smaller than Tek in Figure 5.16, we may relax (reduce) i∗q

from the iqc value, by, say, a square-root function:

i∗q = iqc

�����
T∗
e

∣∣ ∣∣
Tek

√
(5.60)

The copper losses will decrease for lower torque, and the efficiency will improve. However, in this
case, the power factor, which otherwise will tend to unity at infinite speed (forΨq= 0), will be smaller
by the same 10–12% but still high, guaranteeing good system performance. Magnetic saturation may
be considered simply by Ld(id) found during drive self-commissioning or through FEM (or analyti-
cally) in the design stage.

The results obtained with such a simplified control methodology seem very close to those obtained
by online computer-intensive methods for wide CPSR control.

The method will be illustrated for an encoderless PM-SRM drive later in this chapter.

Note:Methods to calculate online MTPA conditions keep being proposed, based on analytical online
calculation or even on signal injection [11–15], but produce only incremental improvements.

Finally, deadbeat DTFC control of IPMSMs has been introduced to further define/improve the
torque response in the millisecond range in the flux weakening region, with small but steady energy
savings during such transients [16].

5.7 ENCODERLESS FIELD-ORIENTED CONTROL OF RELUCTANCE
SYNCHRONOUS MACHINES

Encoderless control of RSMs (PM-RSMs) may be approached by FOC, DTFC, or scalar methods.
The core of such systems is the state observer, which now includes, besides stator flux or active

flux, rotor position and speed, with the added torque calculator online. Numerous stator flux and rotor
position observers have been proposed for RSM (PM-RSMs) but may be classified as:

• With fundamental model (emf and extended emf models [17,18])
• With signal injection (rotating voltage vector in stationary rotor coordinates [19–21], volt-

age pulse injection in stationary frame [21], inverter-produced stator current ripple process-
ing [22–24], with a strong review analysis in [24]).
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FIGURE 5.16 Envelope of torque Tek versus speed for zero q axis flux; iqc=ΨPMq/Lq.
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The signal injection state observers are used at very low speeds, and then the emf model–based
state observers take over above a few Hz for a more than 500/1 speed range servomotor-like-perfor-
mance encoderless drive with FOC or DTFC.

In general, signal injection state observers inject voltages and process the stator current negative
second sequence to extract rotor position via saliency at very low speeds. The advantage of avoiding
any integral (with its offset) is paid for dearly by at least two filters that produce delays and
distortions inevitably.

5.8 ACTIVE FLUX–BASED MODEL ENCODERLESS CONTROL OF RELUCTANCE
SYNCHRONOUS MACHINES

• The active flux concept was born [3] by generalizing (modifying) the virtual PM flux in
IPMSMs [25] and the extended emf models [18] to all AC motors.

• The active flux Ψa
d for RSM here along axis d of the rotor (Ld. Lq) is obtained from the

observed stator flux (by a closed-loop combined V-I model)—Figure 5.12 and Equation
5.50. This observer processes fluxes, not currents, but Ψa

d is aligned to axis d irrespective
of load, speed, or voltage waveforms, where the integral offset is reduced by the PI loop
in the Voltage and current (V&I) model state observer (Figure 5.12).

• Injecting, say, traveling voltage vectors in rotor coordinates at zero speed yields to a circular
hodograph for the αβ stator flux vector components Ψsα, Ψsβ, to an elliptical current hodo-
graph (Isα, Isβ), but to a fixed-axis AC signal for active flux at injecting frequency; the posi-
tion of this vector is still the rotor position (Figure 5.17), even at standstill. The magnet axis
is thus deciphered. PM polarity requires two +voltage vectors along the estimated rotor
position at standstill and by measuring the larger current peak after a given time.

• So the same structure of state observer is used for the signal injection and emf model for
the active flux–based state observers. The output is the active flux amplitude Ψ_a

d and its
position θ

_

Ψ
a

d
.

A phase locked loop (PLL) additional observer that uses the motion equation is required to con-
dition θ

_

Ψ
a

d
to obtain a cleaner rotor position estimation θ

_
er and, as a bonus, the rotor speed estimation

ω_r (Figure 5.18) [26]. The motion equation gives the state observer [26] some robustness to torque
perturbations (during speed transients).

Now, the signal injection observer is added at low fundamental frequency (speed) and fused with
the active flux fundamental model to produce a smooth transition and thus cover speed control from
zero to the maximum value (Figure 5.19).
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The complete control scheme appears in (Figure 5.20).
All closed loops in the FOC and state observer are designed in [27] for an 157-W, 1500-rpm (base

speed), four-pole RSM prototype with Rs= 0.61Ω, J= 10−3 kg · m2, Vdc= 42 V and magnetization
curves as in Figure 5.21, obtained from standstill flux decay tests.

Here, only some sample results are given [26]:

• Operation with step plus/minus full load (1 Nm) at zero speed (when signal injection pro-
vides for estimated θ

_
er and ω_r) (Figure 5.22)

• Operation at 1 rpm with 50% plus/minus step load torque perturbation (Figure 5.23)
• +1500 rpm speed reversal with plus/minus 1 Nm step torque perturbation (Figure 5.24)
• +3000 rpm speed reversal with +0.2 Nm step load torque perturbation (Figure 5.25)
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The load machine (Figure 5.26) is made of an indirect-current FOC encoder-IM drive capable of
fast full load torque from zero speed.

A careful analysis of the experimental results in Figures 5.22 through 5.25 illustrates satisfactory
performance with some flux weakening [by a i∗d(ωr) function] from 0 to 3000 rpm with step-torque
perturbations and about 1 rpm speed observer steady-state error in an encoderless drive.

5.9 A WIDE SPEED RANGE ENCODERLESS CONTROL OF PERMANENT
MAGNET–RELUCTANCE SYNCHRONOUS MACHINES

As already alluded to in section 5.6 of this chapter, a simplified wide speed range control of PM-RSM,
which includes a Tek(ωr) envelope atΨq= Lqiqc−ΨPMq= 0, may be implemented to fuse good effi-
ciency and wide speed range unique control by reducing i∗q = iqc with torque, as in Equation 5.57.
Reference 27 presents in detail a comparison between a torque-current referencer that provides
MTPA when V∗

s , Vsmax and a reduction of i∗q when the voltage limit is reached, and the above-

mentioned zero Ψq with i∗q reduction when V∗
s . Vsmax, proportional to

������
T∗
e| |

Tek(ωr)

√
, for a given speed

(Equation 5.60).
As the results of both methods are about the same, only sample results from the latter method are

given here, after presenting the general control scheme (Figure 5.27).
Digital simulations have proven the control in Figure 5.27 to work well from 1 to 6000 rpm at 42

Vdc, while in experiments, 30 rpm was the minimum safe speed operation (Figure 5.28) on no load
(the most difficult operation mode at low speed). The maximum speed was 3000 rpm, however,
for 12 Vdc (Figure 5.29).

The running at low DC voltage (Vdc= 12 V) of the four-pole PM-RSM, with Rs= 0.065Ω,
Ld(sat)= 2.5 mH, Lq= 0.5 mH, ΨPMq= 0.011Wb, J= 10−3 kg · m2, rated phase voltage VPM-RMS=
22 V (Vdcn= 42 V), 750W at 1500 rpm, explains part of the experimental difficulties in reducing
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speed further down from 30 rpm and without signal injection; the rest is perhaps due to mechanical
problems.

5.10 V=====F WITH STABILIZING LOOP CONTROL OF PERMANENT
MAGNET–RELUCTANCE SYNCHRONOUS MACHINE

For pump or compressorlike loads, an easy, though a bit hesitant, start without initial rotor position
estimation is a functional asset. Simplified control with a large enough speed control range in enco-
derless implementation may suffice in such applications.

This is how the simple—open-loop—V/f control was improved, but for more stability and wider
speed range by adding stabilizing loops. Still, V/f control does not have a speed closed loop or dq (or
abc) stator current regulators, which is a plus in less demanding drives now served by IM advanced
V/f drives. But such V/f drives should have the MTPA conditions embedded and provide wide
constant power speed range, at least for redundancy.
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Such a V/f modified system on the active flux model was developed in [28] and is
characterized by:

• A stator flux combined V&I model closed-loop observer (Figure 5.12) with the active
flux Ψ_a

d = Ψ_s − Lqis, with PMs in axis d (Ld, Lq) and Ψ_
a

d = ΨPMd + (Ld − Lq) · id;
Ψd= Ldid+ΨPMd.

Note: This change of PM position from axis d → q→ d axis in the active flux model state observers
has been adopted to mitigate two similar machines: IPMSM with weak magnets (PM in axis d ) and
PM-RSM (PMs in axis q) are both present in the literature.

• The MTPA condition (Equation 5.54) is kept, but with idi, 0 instead of iqi. 0:

i∗di = −is ·

����������������
Ψ_a

d

∣∣∣ ∣∣∣− ΨPMd

2 Ψ_a
d

∣∣∣ ∣∣∣− ΨPMd

√√√√√ ; Ψa∗
d = ΨPMd + Ldi

∗
di (5.61)
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• idi is corrected by: Δi∗d , 0 if the reference voltage V∗
s . Vsmax:

i∗d = i∗di − Δi∗d; Δi∗d = Kp 1+ 1
sTi

( )
ΔVs; ΔVs = V∗

s − Vsmax (5.62)

ForΔVs. 0, i∗di ,
−ΨPMd

Ld
(5.63)

• The active flux error ΔΨa
d = Ψa∗

d − Ψ_a
d withΨ

a∗
d from Equation 5.61 andΨ_d from the active

flux observer, as explained above, will be used to correct the voltage amplitude by ΔV*:

ΔV∗ = −ΔΨa
d kpV + kiV

1
s

( )
(5.64)
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• The speed of the active flux is approximately (no PLL observer added):

ω_r = ω Ψ_a
d

( )
= Ψ_a

dα k−1( )Ψ
_a
dβ k( ) − Ψ_a

dβ k−1( )Ψ
_a
dα k( )

Ts Ψ
_a
d k( )

∣∣∣ ∣∣∣2 (5.65)

with Ts—the sampling time;
• The speed errorΔωr = ω∗

r − ω_r will be used to correct the voltage vector assigned angle θV0

(Figure 5.29a) by ΔθV:

Δθ∗V = −Δωr kpi + kii
1
s

( )
(5.66)

Note: Alternatively, the DC link power may be measured and high-pass-filtered with its output inte-
grated to give the voltage vector angle correction Δθ∗V .

The complete control system is shown in Figure 5.30b.
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For comparison, an encoderless active flux–based FOC system was used in experiments on the
same motor with six poles, 12 Nm at 1750 rpm, line voltage 380 V (RMS), rated frequency 87.5
Hz, Rp= 3.3Ω, Ld= 41.6 mH, Lq= 57.1 mH, ΨPMd= 0.483Wb, J= 10−3 kg·m2, viscous friction
coefficient Bm= 2× 10−3 Nms/rad.

Both controls were capable of providing 0.3–100% speed range control. Comparative results at 5
rpm (the lowest ever with V/f control) are indicative of encoderless drive performance at low speeds
without signal injection (Figure 5.31 and 5.32).

Acceleration to 1400 rpm of V/f control with a PM generator on resistive load (load torque is pro-
portional to speed [50% full torque at 1400 rpm])—Figure 5.33—and the acceleration to the same
1400 rpm by encoderless FOC with 90% load torque applied only at 3.6 s—Figure 5.34—show sim-
ilar performance. However, the encoderless FOC needed a dedicated strategy.

Note: It may be argued that the extension of the speed control range to 5 rpm in V/f control is
obtained at the cost of controller-added complexity. But it has to be remembered that such a control
provides implicitly for a direct, though a bit hesitant, start (without rotor initial position knowledge).
Signal injection is not used, and speed and current control loops are absent.

An I-f start fused with active-flux-based encoder FOC has proved successful in driving RSMs [29]
with speed reversal from 3000 rpm and zero speed operation [29].
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5.11 SUMMARY

• Control of VSDs is needed to vary speed and torque under closed loop position, speed, or
torque according to the variation of the industrial process that is served in order to save
energy and increase productivity.

• RSMs and PM-RSMs are synchronous machines, and their rich control knowledge heritage
may be applied to it; so far, a myriad of control strategies have been proposed, and a few
have reached the industrial stage.

• Energy conversion drive response, costs, and weight performance indexes are lined up to
compare various solutions.

• To make some paths in these “woods,” the control of RSMs and PM-RSMs is classified as
with encoder and encoderless, with fast torque response (FOC and DTFC) and with slow
torque response (scalar, V/f, or I-f), and control with stabilizing loops for reducing losses,
increasing stability, and a wide speed control range in general (less-demanding)
applications.

• The encoder-servo drive and traction drive divide is determined by control precision torque
response quickness and CPSR. 2.5–3 for transportationlike applications. It seems that
mostly PM-RSM (with Ferrite-PMs) qualify for wide CPSR, as the power factor is also
enhanced notably though the assisting (weak) PMs producing an emf at base speed ωb of
less than 30% of maximum inverter produced voltage vector (Vsmax). No overvoltage
inverter protection at maximum speed is thus needed.
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• Core loss and magnetic saturation modify (reduce) steady-state performance but also intro-
duce cross-coupling during transients that reduce torque response quickness, and in a very
refined drive control system, they have to be accounted for, especially in encoderless drives
where they produce notable rotor position estimation errors that have to be compensated for
in the control or eliminated at the machine design stage.

• When the basics of FOC, DTFC, and scalar controls are lined up, the sinusoidality of emfs
and inductances Ld, Lq variation with rotor position are considered.

• FOC with DC current controllers (and emf compensation) and AC current controllers suf-
fices in most encoder RSM (and PM-RSM) drives.

• These three main FOC and DTFC control strategies, observing MTPA, max. power factor
(only in RSM), and max. torque per flux (MTPF) conditions allow mitigating between
current and voltage limits for wide speed range and low loss control of RSMs (and
PM-RSMs).

• Magnetic saturation moves the max MTPA γi= 45◦ = tan−1Iq/Id to higher values in
RSMs; max. power factor is obtained for Iq/Id =

�������
Ld/Lq
√

, and MTPF for Iq/Id=
Ld/Lq.. 1.

• It is advised here to adopt the maximum power factor condition for RSM design at base
speed as approximately leads to low losses for the entire speed range; if CPSR= 2–2.5 is
needed, the control will move gradually from γi= 45◦ through tan−1

�������
Ld/Lq

√
and to

tan−1(Ld/Lq) as the speed increases.
• In general, wide CPSR cannot be obtained at a base speed full power level with RSM, even

with high saliency (Ld/Lq. 5–8).
• Base speed ωb corresponds to full flux for full Teb torque and voltage Vsmax for continuous

or predominant driving duty cycle in the targeted application: base power Peb= Teb · ωb/p1;
p1-pole pairs.

• DTFC, introduced by Depenbrock in 1985 as “self-control” and in 1986 by Takahashi as
“quick torque response” for IM drives, was generalized as TVC for all AC drives in 1988
[8] with application to RSM in 1991 [9]; the DTC term was introduced by ABB for IMs
in 1995.

• DTFC means decoupled (fast) closed-loop control of stator flux amplitude and instanta-
neous torque by ordering a certain voltage vector (or a combination of them within a 60◦

sector) also dependent on the position of the stator flux vector in one of the 60◦ sectors
around each phase, as given by a voltage source dual-level six-power-switch static converter
(inverter).

• “Hunting” for the quickest response available, decoupled id, iq control is eventually reached
as in FOC, but only as a limit.

• As in DTFC, dq current controllers are replaced by stator flux amplitude and torque control-
lers, and the transformation of coordinates—back and forth—from abc to dq is eliminated.
However, the troubles are moved to the state observer for stator flux and torque for encoder
drives while FOC is lacking it. The situation swings to DTFC’s favor in encoderless drives
when the stator flux observer is needed anyway for rotor position and speed estimation, even
for FOC.

• DTFC is more suitable for RSMs and PM-RSMs than for strong emf SPM-SMSs or
IPMSMs when a good part of the stator flux is given by the fixed PM flux linkage, and def-
initely in encoderless drives. An early implementation of DTFC (as in TVC) [9] has shown
remarkable control performance in an ALA-rotor RSM in 1991.

• Wide CPSR is typical of PM-RSMs with its wide speed range control observing current and
voltage limits and loss reduction for a given maximum torque versus speed envelope. This
time, the MTPA formula is different (Equation 5.53) and easier to express by adopting the
active flux concept (Equation 5.54).
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• Active flux here along axis q (where PMs are placed)—Ψa
q—is the torque producing flux

now with id as torque-current. Ψ
a
q is aligned to axis q (PM axis) irrespective of torque or

speed at standstill (Figure 5.17). So it is very suitable for encoderless drives that combine
signal injection with the active flux (emf) model in the active flux observer that finally deliv-
ers
∣∣Ψa

q

∣∣, θΨa

q
.

• Based on these, a PLL with a motion equation refines θΨa

q
to rotor position θ

_
er and speed

ω_b estimation. Torque is estimated from stator flux and current αβ components
Te = 3

2 p1(Ψsαisβ − Ψsβisα) in stator coordinates.
• Wide-speed (from zero to 3000 rpm) encoderless FOC of RSM has been demonstrated in a

1-Nm prototype for speed transients with step load torque perturbation [26], where a V&I
stator (and active) flux observer with PLL produces complete state observance with signal
injection assistance at very low speeds.

• For the PM-RSM, wide-speed DTFC encoderless control with a simplified approach
(Ψq= 0) for the entire torque-speed envelope limit (I∗q = I∗qc = ΨPMq/Lq) is introduced;

for lower torque demands, I∗q is reduced by
����������
T∗
e /Tek

∣∣ ∣∣√
when, indirectly, the MTPA is

approximately met if the voltage limit is not reached above base speed (V∗
s , Vsmax).

• V/f with stabilizing loops was experimentally proven to produce safe control in PM-RSMs
from 5 to 3000 rpm; the MTPA condition is implicitly—by control—met to provide
energy savings at lower torque levels and a direct (though a bit hesitant) start (without
the need of initial rotor position estimation with PM polarity) is provided. In comparison
with a sensorless FOC of same PM-RSM prototype, similar dynamic performance was
shown [28]. It has to be borne in mind that V/f control still does not contain speed or current
regulators (with their tedious calibration).

• An I-f starting with active flux encoderless FOC of RSM was also demonstrated
over a +3000 rpm range [29]. The I-f starting (with rated current) is able to start loads
up to 75–80%, though with a bit of hesitance, which in most applications is allowed, but
not so in robotics-like drives when an encoder drive is required at least for safety, with enco-
derless FOC, DTC, or V/f used for redundancy in such safety-critical applications.

• Design refinements of PM-RSM design for encoderless operation with lower rotor position
estimation error are treated in [30] and so on.

• The PM-RSM design to allow absolute position encoderless control by asymmetrizing the
stator winding and some rotor poles is investigated in [31], while the differences between
stator tooth-wound and distributed windings for rotor position estimation are tackled in [32].

• Encoderless DTFC of RSMwith SVM (to reduce torque pulsations) with experiments down
to 15 rpm is given in [33].

• In another refinement, a signal injected-assisted full order observer, with parameter adapta-
tion for RSM encoderless FOC, is treated in detail [34].

• The PM-RSM’sMTPA encoderless control of PM-RSM for V/f control with two stabilizing
loops (of the same source, however: Δid) benefits a solid stability investigation and regula-
tors design [35].

• Though not in a definitive version, a self-commissioning sequence for encoderless IPMSM
drives with signal injection is introduced in [36].

• An inspiring synthesis on position and speed observers of AC motors with application to
RSMs is also available in [37].

• Efforts to increase robustness in PM-RSM drives are renewed in [38], via deadbeat DTFC,
which is a model inverse digital control method that computes volt-second solutions in the
inverter to drive both electromagnetic torque and stator flux linkage to their desired values in
one inverter constant switching period.

• All of the above are many reasons for further investigations by the diligent reader.
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6 Claw Pole and Homopolar
Synchronous Motors
Modeling, Design, and Control

6.1 INTRODUCTION

In an effort to reduce DC excitation rotor power in synchronous machines, the claw-pole rotor was
proposed by Lundell and implemented as an alternator with diode-rectified output on all cars and
trucks in 1970–1980.

The claw-pole rotor is at its best when a large number of rotor poles is considered (2p. 8),
to benefit from the “blessing” of a single circular DC excitation coil, which explains the drastic
DC excitation power reduction.

It is also possible to add a solid core on the stator and place two circular DC coils on the stator to
excite the claw-pole rotor and thus avoid the slip ring brush hardware; however, in this case, the
machine volume and weight increase notably. On the other hand, a contactless power transformer
to transfer power to the rotor circular DC coil, which requires volume, weight, and costs (high-
frequency transformer plus inverter and a fast diode rectifier on rotor) has recently been proven
feasible (at 3–5 kW) for a regular DC-excited multipole rotor synchronous motor proposed for
HEVs and EVs at 100 kW power/unit.

Also, other methods to transfer power to DC excitation rotor windings, such as frequency injection
in the stator-connected inverter and an auxiliary winding on the rotor, have been proposed recently.
All these methods would be more beneficial on claw-pole SMs because the DC-transferred power
would be a few times smaller (more than two times, anyway, for 3% down to 1%−1.5% of rated
power!).

Moreover, CP-SMs may benefit by the replacement of the existing conductor DC excitation coil
by a single disk-shaped axially magnetized Ferrite-PM. The “blessing” of the disk shape intuitively
leads to the possibility of reduced PM weight as the number of poles produced by the claw-pole rotor
increases; as there is enough volume between the rotor claws, the PM placement should not impose
any additional volume. Also, increasing the number of poles for a pole pitch reduction to 20–30 mm
leads to the use of tooth-wound windings (with 0.6–0.65 slot fill factor) and thus reduces further cop-
per losses in the stator for better efficiency.

The main drawback, even with a disk-shaped Ferrite-PM claw-pole rotor, is considered the limited
stator stack length “dictated” by the limitation of rotor claw radial thickness, which leads to large-
diameter (pancake-shaped) designs. But there are applications such as small hydrogenerators or trac-
tion motors where a large-diameter rotor with many poles and a big hole inside it may use this space
for the integrated hydroturbine rotor or for a mechanical transmission.

Yes, the claw-pole structure (Figure 6.1) typically holds a variable reluctance structure, which
qualifies the machine as the reluctance type, though the machine saliency Ld/Lq, 1.5. For DC
excitation, Ld/Lq. 1 unless the machine is heavily saturated, when Ld/Lq, 1, for the PM claw-
pole rotor.

The claw-pole concept leads to the production of a multipolar magnetic field in the airgap, but
some 20%–30% of the rotor-produced magnetic flux is “lost” between the adjacent claws; to reduce
this effect, interclaw Ferrite-PMs (Figure 6.1) may be placed; they not only increase emf by
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20%–30% but also desaturate the rotor. All the above discussion leads to the idea that there are strong
reasons to further investigate CP-SMs with DC excitation or with PMs on the rotor. The first mild
HEV (Crown Royal by Toyota) used this technology for electric motor/generator traction/braking
assistance, as it is not only technically competitive but already a technology accepted in industry.

The homopolar SMhas a variable-reluctance passive solid iron rotor, but the stator is provided with
a circular DC excitation coil between the two twin stators that contains a three-phase AC winding.

Due to its rotor ruggedness, despite smaller efficiency and higher weight, the homopolar SM-PM-
less was applied for high-speed drives in high-temperature environments and for some “inertia
batteries.”

In what follows, the principles, topologies of practical interest, modeling, performance, and
design, with a few case studies and control of CP-SMs and homopolar synchronous machines
(H-SMs), are presented.

Note: Claw-pole stator core made by of Somaloy and regular SPM or IPM rotor machine have also
being introduced [2] but they are still far from industrial stage even for small torque ratings.

6.2 CLAW POLE–SYNCHRONOUS MOTORS: PRINCIPLES AND TOPOLOGIES

The existing (Lundell) CP-SM with 2p1. 8 pole, claw-pole rotor with DC-excitation singular coil
and distributed (q1= 1, 2) stator winding is depicted in Figure 6.1, where, in order to increase output
(and efficiency), interclaw pole Ferrite-PMs are placed. The interclaw PMs produce a small emf at
maximum speed, as for no load (zero stator currents), their magnetic field closes mainly in the rotor;
this is why cogging torque (at zero stator and DC excitation currents) is small, too. But the PMs could
be placed in three main locations in the rotor (Figure 6.2).

Interclaw PMs have been shown to influence the output of CP alternators on cars by 25%, while
SPMs increase output about 50% [3].

The main reason this solution did not reach production so far is PM (machine) additional cost, at
least for automotive applications. But as more electric energy is needed in vehicles, its production
efficiency (cost) becomes imperative, and this is why increased-efficiency CP alternator/motors
are required ([4] shows an efficiency of 80% for 11 kW at 42 Vdc (generator operation by the stator
of a 3.2-kW, 14-Vdc, up-to-date CP alternator with an efficiency of 70%) after small design alter-
ations such as DC voltage, turn/coil, airgap, use of interclaw PMs). As low-speed applications in
wind and hydro variable-speed (dual inverter–controlled) generator drives are looming, the PM-
only rotor multipole CP machine is to be reconsidered. This is mainly due to the reduction in PM
weight (cost) when the number of poles increases and eventually a tooth-wound-coil winding is
used in the stator to reduce the pole pitch to 20–30 mm (or even less) when such a claw-pole pitch

FIGURE 6.1 Typical automotive claw pole (machine/alternator) with interpole Ferrite PMs and DC excitation
on the rotor.
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is not feasible with regular distributed AC windings in machines with 20 Nm because of lack of space
in slots with a normal slot aspect ratio and reasonable slot leakage inductance. As the analysis of
CP-alternators for car systems is thoroughly treated in [4], here we will present in synthesis the mod-
eling and performance assessment approaches to CP-SMs as motors/generators in variable-speed
drives fed through PWM voltage converters.

6.3 CLAW POLE–SYNCHRONOUS MOTORS MODELING

6.3.1 THREE-DIMENSIONAL MAGNETIC EQUIVALENT CIRCUIT MODELING

As the CP-SM inductances Ld and Lq and Rs stator resistance are defined as for regular synchronous
machines [1], the main interest here is emf expressions. Let us consider the case of PM excitation;
since the excitation magnetic flux lines are three-dimensional (Figure 6.3), a 3D-equivalent magnetic
circuit or 3D-FEM modeling is required.

In Figure 6.3b (valid also for DC excitation), the excitation mmf wfif is replaced simply by
HcPMhPM, while Resc will now be the magnetic reluctance of the PM itself (it was the leakage-path
DC coil magnetic reluctance); HcPM and hPM are the coercive field and the thickness of the disk-
shaped PM in the rotor (Figure 6.2d).

The other magnetic reluctances in Figure 6.3b are: Rg—for airgap

Rg ≈ g · kc
μ0 · αp · τ · lstack

(6.1)

g—airgap, αp—claw-pole span angle (average), kC—Carter coefficient for stator slotting, τ—pole
pitch of claw rotor, lstack—stator length, Rst—stator tooth, Rsy—stator yoke, Rca—claw axial,
Rcr—claw radial, Rcy—rotor yoke, Rctl, Rcal—claw tangential and axial leakages. Except Rg, Rctl, Rcal,
Rcsl, which refer to the air zone, the other magnetic reluctances depend on the magnetic load
(magnetic saturation level). So, the 3DMEC (or 3D FEM) should allow for local magnetic saturation
levels. The MEC yields the magnetic flux in different regions and, finally, the distortion of flux den-
sity in the airgap Bα, Bz along the tangential (α) and axial (z) directions. With an average fundamental
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FIGURE 6.2 Locations to place PMs in the claw-pole rotor: (a) cylinder shape on the nonmagnetic shaft; (b) on
the surface of claw pole (SPMs); (c) interclaw PMs; (d) disk-shaped PM.
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flux density at no load Bg10, the emf E1 (the fundamental component) is obtained:

E1 = π
��
2

√
np1w1kw1

2
π
Bg10τlstack (rms) (6.2)

A new, equivalent, and again nonlinear MEC has to be developed for load conditions (Id and/or
Iq≠ 0); see Figure 6.4.

Here the two PMs refer to magnets when the excitation mmf has to be replaced by HCPM hPM and
refers to the main disk-shaped magnet (Figure 6.2b). This multiple MEC would allow calculating
both E1 and Ldm, and Lqm, the magnetization inductances of the CP-SM, with the magnetic saturation
included.

6.3.2 THREE-DIMENSIONAL FINITE ELEMENT METHOD MODELING

3D-FEM modeling requires full geometry, materials data, and stator currents id, iq for a steady-state
(static) analysis. This data may be obtained from an optimal design code based on MEC, given the
complexity of the problem. 3D FEM should be used wisely to save computation time/effort. For a
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FIGURE 6.3 Typical emf 3D field lines, (a); and a simplified equivalent magnetic circuit, (b) wfif, hPM for
PM-CP-rotors.

182 Reluctance Electric Machines



16-pole (48 slots) CP-SM with interclaw NdFeB magnets (Br= 1.13 T, Hc= 860 kA/m at 20◦C)
comparable with a 2.5-kW 14-V DC CP-alternator but redesigned for 42 Vdc, such a 3D-FEM inves-
tigation has shown a no-load airgap flux density rich in harmonics, even in the axially middle zone of
the machine (z= 0)—Figure 6.5.

The torque pulsations (with and without interpole magnets) and 1500 Aturns of mmf of the field
DC coil are shown in Figure 6.6. This mmf could be obtained alternatively with a Ferrite-PM (HcPM=
300 kA/m) with a thickness hPM:

hPM = wFiF
HcPM

= 1500
300

= 5 mm (6.3)

This is a reasonable value for g= 1 mm (airgap). For a larger airgap, larger wFiF values are
required, but, again, the ratio of hPM/g should be the same in principle. Now, for safety, PM
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demagnetization, and as Ferrite-PMs are not expensive or very heavy, we may double it to 10 mm
while also perhaps doubling the airgap to reduce Ldm, Lqm to meet the voltage ceiling in the inverter.
The problem is that the PM has to produce the magnetic flux of all, say, north poles in the airgap:

APMBm =
p1 · τ · Bg10 · 2

π
· lstack

1+ kf ring e
(6.4)

Also, the rotor claws on one side have to be able to handle this magnetic flux without entering sat-
uration too deeply. This is how the larger-diameter but short-length rotor and short core stack stator
should be adopted. If the outer and inner diameters of the disk-drive PM are about 0.7Dis and 0.4Dis,
the PM area is:

APM = π

4
(0.72 − 0.42)D2

is; πDis = 2p1τ (6.5)

Equations 6.3–6.4 give a realistic idea of the rotor PM size required for a given stack length lstack
and no-load airgap flux density Bg10 value. After showing how a given DC excitation mmf may be
translated into a disk-shaped Ferrite-PM to produce Bg10= 0.65–0.8 T in the airgap, we may resume
the analysis and results in Figure 6.5.

The interclaw PM emf is so small that no overvoltage protection for the uncontrolled generator is
needed, if and only if the CP-SM is DC-excited with iF= 0.

The interclaw magnets increase the no-load airgap flux by as much as around 30%. Similar
improvements are expected in torque for given id, iq, wFiF (HcPMhPM).

As the CP-SM still has DC excitation, the saturation level in the rotor yoke is high and thus torque
pulsations are high; the three slots/pole situation also produces torque pulsations despite rotor effec-
tive double skewing (by the very shape of the claw poles).

Note: The PM-only claw-pole rotor case will lead to less saturation, but the armature reaction field
will remain within pole tops (axis q) and go between adjacent claws (axis d ). Demagnetization avoid-
ance of both main and interclaw magnets should be checked for most critical operation modes.

The good thing is that the Ferrite-PM performance increases at higher temperatures, and then elec-
tric resistivity is high (low eddy currents in PMs by various magnetic field harmonics).

E
le

ct
ro

m
ag

n
et

ic
 t

o
rq

u
e 

T
e 

(N
m

)

Angular displacement (mech. deg)

0
0

2

4

6

8

10

5 10

IPM-CPA

CPA

15 20

FIGURE 6.6 3D-FEM torque with given id, iq, wFiF=HcPMhPM= 1500 Aturns versus rotor position
(sinusoidal stator currents).

184 Reluctance Electric Machines



6.4 CLAW POLE–SYNCHRONOUS MOTORS: THE dq CIRCUIT MODEL
FOR STEADY STATE AND TRANSIENTS

The dq model of a synchronous machine in rotor coordinates may be used if sinusoidal emf, and dis-
tributed windings are considered in the stator of the CP-SM.

We consider here both cases (DC or PM excitation). The interclaw magnet contribution in fact
increases the emf of the main (disk-shaped) magnet by reducing the fringing coefficient in Equation
6.3, and the latter (main magnet) is replaced by its mmf (wFiF=HcPMhPM), as discussed earlier.
Finally, the field current influence is replaced by the constant ψPM0 and the field circuit equation is
removed:

isRs − Vs = − ∂ψ s

∂t
+ jωrψ s; ψ s = ψd + jψq; is = id + jiq; Vs = Vd + jVq

ψd = Lslid + ψdm; ψdm = Ldmid + LdmiF ; LdmiF = ψPM if PM is used

ψq = Lsliq + ψqm; ψqm = Lqmiq

(6.6)

If there exists a DC excitation system:

i′FR
′
F − V ′

F = − ∂ψ ′
F

∂t
; ψ ′

F = L′Fl · i′F + ψdm

Te = 3
2
p1Re( jψ si

∗
s ) =

3
2
p1(ψdiq − ψqid)

(6.7)

J

p1

dωr

dt
= Te − Tload − Bωr;

dθr
dt

= ωr

Vd,q = 2
3

Va + Vbe
j 2π3 + Vbce

−j 2π3

( )
e−jθr = Vd + jVq

(6.8)

Though there are Joule losses in the rotor claws, as there are in any solid iron rotor, their value is
limited by design (larger airgap, etc.) and may be neglected in the dq model for simplicity and added
in the end as claw losses when efficiency is calculated:

Pclaws ≈ 3
2
Rclawi

2
s (6.9)

Core losses are also neglected in Equations 6.5 through 6.7, but they also should be added when
efficiency is determined:

Piron ≈ 3
2

V2
s1

Rcore(ωr)
(6.10)

Rclaw and Rcore(ωr) may be determined by separate FEM calculations (for example, in AC at standstill)
and, respectively, in running on load (ωr ≠ 0).
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For steady state (and PM-only claw-pole rotor), Equations 6.5 through 6.7 simplify to:

is0Rs − Vs0 = −jωrψ s0
d

dt
= 0

( )

ψd = Ldid + ψPM; ψq = Lqiq

Te = 3
2
p1(ψPM + (Ld − Lq) · id) · iq = 3

2
p1 · ψa

d · iq

(6.11)

So, in fact, the CP-PMSM is an IPMSM (E1/Vs max. 0.75!) and all the analysis, design, and con-
trol heritage of the latter may be used here also. This is why we do not insist here on this case. How-
ever, when DC excitation is used, the machine has one more degree of freedom in control, since

ψd = Ldid + LdmiF (6.12)

and the torque Te is

Te = 3
2
p1(LdmiF + (Ld − Lq) · id) · iq (6.13)

There are two favored operation modes for the DC-excited CP-SM:

• Pure iq operation (id= 0) for full torque below base speed
• Unity power factor operation (φ1= 0) for flux weakening (CPSR)—above base speed

The pure iq control instead of maximum torque per winding losses (stator+ rotor [with DC exci-
tation]) is performed for simplicity, since the magnetic saliency is small Ld/Lq, 1.5 (in deep satu-
ration conditions: 0.8, Ld/Lq, 1) and thus the use of reluctance torque is not safe and requires
too many Joule losses in the stator (through Vd, 0), though id, 0 means less flux (saturation) in
axis d.

The vector diagrams in Figure 6.7 illustrate the φ1= 0 and i∗d = 0 motor operation in steady
state: ψs0φ1, ψs0q for the same iq0, iF0

As the stator flux ψs0 for the same iq0 and iF0(ψPM) is smaller for the unity power factor (φ1= 0;
id, 0) it means that, for the same speed, it requires less voltage, and this is why it is used for flux
weakening as long as iF is variable. For PM-CP-SMs, this is not the case, and the controls of
IPMSM apply.

The field current reduced to the stator iF
′
required for unity power factor operation and a given volt-

age Vsmax and torque is obtained as below:

Vsmax = Rsis0 + ωr0 · ψ∗
s0; ψ∗

s0,T
∗
e given; i∗s0 = T∗

e

2
3 · p1 · ψ∗

s0
(6.14)

So, for a given torque T∗
e , motor flux ψs0, and voltage Vs max, the speed ωr0 may be calculated.

Also from Figure 6.7a:

tan (δ∗ψ ) =
Lqi∗s0
ψ∗
s0

; i∗q0 = i∗s0 cos (δ
∗
ψ ); i∗d0 = −

���������
i∗2s0 − i∗2q0

√
, 0 (6.15)

Finally, the required field current flux Ldm iF0 is:

Ldmi
∗′
F0 = ψ∗

s0 cos (δ
∗
ψ )+ Ldmi

∗
s0 sin (δ

∗
ψ ) (6.16)
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As expected, field control iF0 increases with torque to maintain the unity power factor. The ideal
no-load speed ωr0 is:

(ωr0)is0=0 =
Vsmax

ψ∗
s0

, (6.17)

as in the separately excited DC brush motor. Equation 6.12 with torque T∗
e instead of current

becomes:

Vsmax = 2RsTe
3p1ψ∗

s0
+ ωrψ

∗
s0 (6.18)

A linear mechanical characteristic is obtained at the unity power factor, which is known to be
ideal for control; in addition, it is available during flux weakening (wide CPSR). On top of this, iF
decreases in wide CPSR operation and thus the efficiency remains good, despite id, 0 (and its
associated Joule losses) still existing. For zero id (this regime is also feasible for PM excitation of
CP-SM):

ψd = LdmiF = ψPM; ψq = Lqiq; Te = 3
2
p1 · ψPM · iq = 3

2
p1(Ldmi

′
F)iq (6.19)
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FIGURE 6.7 Vector diagrams of CP-MS at steady state: (a) at unity power factor (φ1= 0); (b) i*d= 0.
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As ωr, ωb, in general, the voltage is not limited: Vs≤ Vs max. The control will have to consider
how to drive iq, iF in producing torque Te (Equation 6.19) for similar current density values in the
stator and excitation circuit (if any); then:

i∗q ≈ i∗F0 =
��������
2 · T∗

e

3p1Ldm

√
(6.20)

may be adopted for close to minimum winding losses in the machine.

NUMERICAL EXAMPLE 6.1

A PM-CP-SM has the following data:

Interior stator core diameter Dis= 178mm
Stator core length lstack= 40mm
Pole pitch τ= lstack= 40mm

Rotor PM (Ferrite) excitation airgap flux density fundamental Bg10= 0.7 T; Br= 0.45 T, HcPM=
320 kA=m for Ferrite-PM excitation.

Outer=inner diameter of disk (cylinder)-shaped PM is 0.75Dis=0.4Dis; magnet thickness hPM=
10mm (initial airgap g= 1mm).

The main magnet flux fringing coefficient Kf ring e= 0.5 is reduced to 0.2 (by interclaw Ferrite-
PMs whose properties are the same as above).

Rotor pole pitch average span ratio ap= 0.7.
Emf at base speed nb= 500 rpm is E1= 0.75 Vs max, Vs max= 220*1.41 (peak value=phase).

Calculate:

a. The number of poles 2p1 and base frequency fb

p1 ¼ πDis

2τ
¼ π � 178

2 � 40 � 7 pole pairs (6:21)

f10 ¼ npp1 ¼ 500
60

� 7 ¼ 58:33 Hz (6:22)

The peak airgap PM flux

ψPM1 ¼ 2
π
� Bg10 � τ � lstack �w1 � kw1 ¼

2
π
� 0:7 � 0:04 � 0:04 �w1 � kw1

¼ 1:783 � 10�3 �w1 � kw1 (6:23)

where w1 and kw1 are the number of turns per phase (one current path only) and the
fundamental winding factor, respectively.

Is the disk-shaped Ferrite-PM capable of producing the required airgap flux linkage in
no load?

According to Equation 6.3:

APM � Bm ¼ p1 � τ � Bg10 � lstack
1þ kf ring e

(6:24)

and as above and Equation 6.4

APM ¼ π

4
(0:752 � 0:42) � 0:182 ¼ 0:0102 m2 (6:25)
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So, the required Bm, 0.45 T is determined from Equations 6.23 and 6.24:

Bm ¼ 7 � 0:7 � (2=π) � 0:04 � 0:04
(1þ 0:2) � 0:0102 ¼ 0:408 T , 0:45 T (6:26)

Now,with a20-mm-thickmagnet that “serves”evena2� 2mmairgap andBr= 0.45 T
(more above 25�C) is capable of producing the required PM flux density.

b. The number of turns per phase w1, for a q1= 1 stator-distributed (42 slots for 14 poles),
one-layer winding (kw1= 1), is:

w1 ¼ 0:7 � Vs �
ffiffiffi
2

p

1:783 � 10�3 � 1 � 2π � f10
(6:27)

Consequently:

w1 ¼ 0:7 � 220 � ffiffiffi
2

p

1:783 � 10�3 � 1 � 2π � 58:33 � 332
turns
phase

(6:28)

c. With a slot height=width ≈4=1, equal slot=tooth width, and current density jco=
10 A=mm2, we may calculate the rated current Isn. First, there are seven coils per phase
and thus the number of turns=coil (slot) ns is:

ns ¼ w1

p1q1
¼ 332

7
� 47 turns=slot (6:29)

The slot pitch τs comes from:

τs ¼ τ

m � q ¼ τ

3 � 1 ¼ 40
3

¼ 13:33 mm (6:30)

with an average tooth width of bts= 6mm, the average slot width (along slot height) is
about ws= 9mm and the slot depth (active part) has= 28mm; the slot useful area Aslot is:

Aslot ¼ has �wsav ¼ 28 � 9 ¼ 252 mm2 (6:31)

Now the ampere-turns per slot nsIsn=
ffiffiffi
2

p
is:

ns � Isnffiffiffi
2

p ¼ Aslot � kfill � jcon ¼ 252 � 0:45 � 10 ¼ 1134
A turns
slot

; (rms) (6:32)

So

Isn ¼ 1134
ffiffiffi
2

p

47
¼ 34A (peak value per phase) (6:33)

d. Supposing that pure Iq control is performed, calculate the base-speed-torque:

Ter ¼ 3
2
p1 � iqn �ΨPM1 ¼ 3

2
� 7 � 1:783 � 10�3 � 332 � 34 ¼ 211:328 Nm (6:34)
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e. Calculate the base power at 500 rpm:

Peb ¼ Tem � 2π � nb ¼ 211:328 � 2π � 500
60

� 11 kW (6:35)

f. Calculate the outer rotor diameter Das, the torque=volume, and the shear stress on the
stator inner core:

Dos ¼ Dis þ 2(has þ 0:003)þ 2
Bg1

Bys
� τ
π
¼ 0:254 � 0:26 m (for safety) (6:36)

The stator core cylinder volume is Vos ¼ π

4
D2

oslstack, and the torque per volume is:

Ten
Vos

¼ 211:32
(π=4) � 0:262 � 0:04 � 100 Nm

litre
(6:37)

The tangential shear stress ft is:

ft ¼ Ten
(π=2) �D2

islstack
¼ 211:32

(π=2)0:182 � 0:04 ¼ 10:5
N
cm2 (6:38)

The above are mighty high values in term of the last IPMS designs for racecars, and in
all probability, the airgap should be increased from 1mm to perhaps 2mm to reduce
armature reaction flux density to a reasonable value at base (peak) torque, Ten: Bagq1

, 0.8Bag1 to leave a reasonable 0.8 power factor. The “segmented appearance of
claw poles to stator field” also helps in reducing the armature airgap field (Iq control,
Id= 0). The already-adopted hpm= 20mm thickness for the disk-shaped Ferrite-PM
also might hold, but the above preliminary performance assessment should continue
with the magnetic design of the rotor and computation of Ldm, Lqm, Ld, Lq, Rs to prepare
all data to verify the above performance claims by more elaborate (MEC and FEM)
modeling.

As E1PM= 0.75 Vs max, the condition Bagq1, 0.8Bag10 should suffice to make the

design practical: ω1Lqiq=E1 ≈ Bagq1=Bag10 and Vs max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E21PM þ (ωrLqiq)2

q
for pure Iq

control.
g. Calculate approximately the Bagq1 for the base (peak) torque Ten.

First, we notice the kind of segmented structure of the rotor in axis q; thus, the airgap
may be considered doubled in axis q, while only τp=τ= 0.7 of the maximum q axis mmf
is active. So, approximately:

3w1kw1Iq(τp=τ)
πp1

¼ Bagq12g
μ0

; g ¼ 2 mm (kc is included)

Bagq1 ¼ 3 � 332:1 � 34 � 0:7 � 1:286 � 10�6

2 � 2 � 10�3 � π � 7 ¼ 0:338 T (6:39)

As magnetic saturation was not considered, some reserve must be maintained.
Also, even for double (rated) current, Bagq1 max= 0.676 T, 0.7 T, which prevents
demagnetization.

Final Note: The preliminary design numerical example here should only be indicative of
the performance range; consequently, an optimal design methodology is needed and
will follow.
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6.5 OPTIMAL DESIGN OF CLAW POLE–SYNCHRONOUS MOTORS

An optimal design methodology and code based on the nonlinear 3D-MEC model, as presented
earlier in this chapter, has been developed and put in place with promising results (after key FEM
validation) for mild-like HEVs and then extended to 100 kW at 6000 rpm for the case of DC-excited
interclaw PMs with and without NdFeB or Ferrite. Sample results are given in Table 6.1 [6,7].

To prepare for the case of the Ferrite disk-shaped PM claw-pole rotor CP-SM, we describe here
only the essentials of the optimal design’s MATLAB code.

6.5.1 THE OBJECTIVE FUNCTION

The objective function contains three terms: initial machine cost ci, energy loss cost ce over its life,
and the penalty function cost cp. In the initial cost, in addition to the active materials cost, the passive
materials and fabrication costs may be added:

ci = ccopper + cstator core + crotor iron + cPM + cpassive + cfabrication (6.40)

ce = penergy Pn1
tr1
η1

+ Pn2
tr2
η2

( )
hpyny (6.41)

with: penergy—energy price; Pn1, tr1, η1—electromagnetic power (in kW), relative time operation, effi-
ciency at 3000 rpm; Pn2, tr2, η2—electromagnetic power, relative time operation, efficiency at 6000
rpm; hpy—hours in use per year, ny—number of operation years.

The main penalty function related to power unrealization is cp:

cp = kpp (Pn . Pn1 max) · pn
pn1 max

+ (Pn . Pn2 max) · pn
pn2 max

+ (Pn . Pb) · pnpb

( )
· ci (6.42)

where kpp is a coefficient such that it always renders the optimal design capable of power realization
at all critical speed speeds, base speed (Pb), within the maximum voltage of the inverter Vs max.
The (Pn. Pn1 max) expression (logical comparisons) is “1” if the maximum generator power at the
speed is smaller than required power, and it is “0” if the machine is able to realize the required power.

Other penalty function components such as the PM demagnetization avoidance condition, say,
for (1.5–2) Isn (pure Iq control) may be added. The condition in numerical example 6.1, (Bagq1)Iq max/

Bag10, 0.8, could be such a penalty function component.
Stator over temperature may also be a penalty function component to be expressed by a simple

thermal model referring to stack radial outer area Asout and to an equivalent heat-transmission

TABLE 6.1
100-kW CP-SM Optimal Design Results

CPA without IPM IPM-CPA with NdFeB PMs IPM-CPA with Ferrite PMs

Efficiency at 3000 (rpm)(�) 0.934 0.9468 0.9425

Power produced at 3000 rpm (W) 105280 108500 159260

Efficiency at 6000 (rpm) (�) 0.9262 0.942 0.9396

Power produced at 6000 rpm (W) 120000 130720 207000

Active material cost (EUR) 132.71 213.98 148.15

Airgap length (mm) 1.15 1 1.45

Total cost (EUR) 296710 307110 296250

Stator outside diameter (mm) 395.5 389 388

Stator core length (mm) 36.5 51 47.5
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coefficient αTemp= (14–100)W/m2/◦C, dependent on the cooling system for the application:

ΔT = Ploss in critical operationmode

αTempAsout
, ΔT∗ (6.43)

The rotor temperature penalty may also be considered, especially due to eddy currents in the solid
iron claw poles (by field harmonics from all sources), even if the Ferrites are better (higher Br) with
higher temperatures. The ferrite PMs have to be protected against low temperatures, even by preheat-
ing them at standstill via AC stator currents in cold mornings before operation.

As the nonlinear multiple MECmodel, already introduced, wemention here the set of variables for
optimization (the variable vector X).

X = (sDo, sDci, rDi, lc, shy, stw, sMs, hag, poles,

sb, ap, rpl, wrd, lrc, rpk, lextmax, kippm) (6.44)

where
sDo—stator outer diameter (mm)
sDi—stator inner diameter (mm)
rDci—rotor coil inner diameter (mm)
lc—stator core length (mm)
shy—stator yoke thickness (mm)
stw—stator tooth width (mm)
sMs—slot opening (mm)
hag—airgap (mm)
ap—polar span (p.u.)
rpl—rotor pole length (mm)
wrd—width of rotor end disk (mm)
lrc—rotor length variation due to disk (mm)
rpk—rotor pole height (mm)
lextmax—maximum ampere-turns of field coil (or HcPMhPM for PM excitation only) in Aturns
kippm—interclaw magnet fill factor

Note: For the disk-shaped Ferrite PM-excited claw-pole rotor, the changes in the MEC are minimal
(as shown earlier in this chapter). The disk PM radius RPMo, RPMi and its thickness hPM have to enter
the variable vector; other than that, the optimal design code may also be used for the disk-PM excited
claw-pole rotor. The optimization algorithm is based on the Hooke–Jeeves method with 10–20
random starting variable vector runs to avoid (most probably) local optimums.

6.6 OPTIMAL DESIGN OF A PERMANENT MAGNET–EXCITED CLAW
POLE–SYNCHRONOUS MOTOR: A CASE STUDY

Based on Numerical Example 6.1, the optimal design code was put in place with FEM key validation.
(Am NdFeB or SM investigation by preliminary analytical design with 3D-FEM heavy usage is
available in [8].)

6.7 CLAW POLE–SYNCHRONOUS MOTOR LARGE POWER DESIGN
EXAMPLE 6.2 (3 MW, 75 RPM)

In an attempt to investigate the suitability of DC-excited CP-SM for hydro or wind generators, a few
specifications are put in place to start:

• Rated power: Pn= 3MW
• Rated speed: nn= 75 rpm
• Tentative efficiency: ηn. 0.9
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• Rated power factor: cos ρ1= 1
• Airgap: g= 8 mm
• Number of poles: 2p1= 40
• Number of phases: m= 3
• Number of current paths: ac= 10
• Tangential specific force: ft= 6 N/cm2

• Tentative inner stator diameter: sDi= 4.5 m; no load flux density Bgd0= 0.8 T
• Phase voltage Ffn: 2900 V (rms)
• DC link voltage: Vdc= (π/

��
2

√
)Vfn= 6346 V at 75 rpm

• DC excitation

A diode rectifier is used to interface with a DC voltage bus and thus cos φ1= 1; sinusoidal current
in the machine is assumed.

The design is based on same nonlinear MEC model as was depicted in this chapter [9] and thus
here only sample results are given to acquire a sense of magnitudes:

• The excitation mmf wFiF= 32.789 kAturns
• Stack length lstack= 0.22 m
• Excitation losses Pexc= 45.801 kW
• Current density jcon= 6 A/mm2

• Stator copper losses pcopper= 97.127 kW
• Iron losses piron= 3.14W/kg Giron= 6.109 kW
• Claw pole losses 0.3% Pn= 9 kW
• Active weight 10.4 tons
• Efficiency= pn

pn + pexc + pcopper + piron + pclaw + pmec
= 0.941

• Weights: stator core (1945 kg), stator cooper weight (1412 kg), rotor iron+ excitation coil
(mover) weight (7038 kg!).

A few design sensitivity investigations have shown results as in Figure 6.8 [1].
By increasing the stator inner diameter from 3 m up reduces stator and active material weight but

increases the total copper losses. The sDi= 4.5 m and 8-mm airgap yield the above performance,
which is considered acceptable for a preliminary investigation. As the excitation coil losses have not
been considered, the efficiency of 0.94 is an upper limit for the disk-shaped Ferrite-PMCP-SMdesign.

Similar designs for 1MW, 150 rpm and 100 kW, 600 rpm [9] have yielded efficiencies in
excess of 0.93 (excitation losses not considered) for active weights of 3431 kg and 1063 kg, respec-
tively. It is inferred here that the optimal design code described earlier in this chapter may be exer-
cised on disk-shaped Ferrite-PM claw pole–excited version of the above design for hydro and wind
generators or other low-speed high-torque applications. But this is beyond the scope/space here.

6.8 CONTROL OF CLAW POLE–SYNCHRONOUS MOTORS
FOR VARIABLE SPEED DRIVES

The control strategies for CP-SMs are:

• With encoder
• Encoderless

and, on principle:

• Field-oriented control
• DTFC
• Scalar (V/f or I-f) with stabilizing loops
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Disk-shaped PM-excited claw-pole rotor SMs are similar to IPMSMs with strong PMs (E1/Vs max.
0.75) and with variable magnetic saturation (0.7, Ld/Lq, 1.2). Their control is treated richly in the
literature, and this is why we will leave this part out here.

The circular coil DC-excited claw-pole-rotor SM, on the other hand, has not enjoyed such atten-
tion. In fact, only encoder FOC strategy has been implemented for this machine so far. Here is
such a FOC for CP-SM for automobile tractionlike applications that is run in the torque mode control.
A calculator (Figure 6.9) gathers information on vehicle speed, M/G speed, Vdc of battery on
load, and SOC of same battery. For start, let us consider the case of pure Iq control, though unity
power factor control is needed, too, to extend the CPSR. Such a control scheme is illustrated in
Figure 6.9.

The output of the reference calculator prescribes the field current (IF) versus speed and the ψF(I′F)
function. It also yields the reference torque Te

*. A coefficient transforms I′F (reduced to stator) to IF in
the field coil. Subsequently, with measured field current IF, the field current error enters a PI+ sliding
mode robust controller that controls the voltage in the DC–DC converter that feeds the excitation cir-
cuit on the rotor. As the saliency is small, from the reference Te

*, the q axis reference current Iq
* is:

I∗q ≈ 2T∗
e

3p1ψ∗
F(I

′
F)

(6.45)

Now, Id
*= 0 unless the voltage limit Vs max

* in the inverter is reached. Otherwise, a nonzero
(negative) Id

* is considered through a robust PI+SM controller, as is required from the inverter

(through the regulators of Id, Iq closed-loop PI+SM regulators Vd
*, Vq

*; Vs =
������������
V∗2
d + V∗2

q

√
).
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If V∗
s ,

Vdc��
2

√ for motoring mode, a negative Id
* is prescribed:

I∗d = − V∗
s − Vdc��

2
√

( )
· kp + ki

s

( )
+ km sign V∗

s − Vdc��
2

√
( )

(6.46)

Now, if V∗
s , (Vdc/

��
2

√
) for generating mode, a positive Id

* is ordered through the loop in
Equation 6.46.

The slight increase for motoring and decrease in generating may be required to allow for the
10%–15% reluctance torque contributions.

For the 100-kW, 6000-rpm, CP-SM design already mentioned earlier in the chapter and with
Vdc= 500 V, Rs= 0.213Ω, Rexc= 142.1Ω, Ld= 1.515 mH, Lq= 1.6 mH, stator leakage induc-
tance Lsl= 0.303 mH, excitation leakage inductance Lel= 2.09 H, the above-mentioned FOC
control (Figure 6.9) was implemented with results as in Figures 6.10 through 6.12. Figure 6.10
shows results at 2000 rpm in motoring at 100 kW in terms of Vα, Vβ, Iα, Iβ, IF, Pmech, Pinput.

Similar results at 100 kW for motoring and generating at 6000 rpm are given in Figures 6.11
and 6.12.

The above results show the control capable of handling the 2000–6000 rpm speed range at 100
kW. Full voltage is needed at 6000 rpm for full power, as expected, and a negative Id

* is implemented;
otherwise, Id

*= 0 FOC. The response in field current and powers are stable.

Note:DTFC and scalar controls (V-f, I-f with stabilizing loop [as developed for PM-RSM]) may also
be applied to CP-SMs with DC excitation or PM excitation.

6.9 THE HOMOPOLAR–SYNCHRONOUS MOTOR

Two typical topologies of H-SM are presented in Figure 6.13a and b.
The two configurations are characterized as follows:
In configuration a) the DC field does not use a special magnetic circuit but overlaps the AC field in

the laminated core of the stator, which is now made of two identical parts with an AC winding that
goes through both of them or two AC windings connected in series or in parallel.
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Configuration a) looks simpler, but the AC coils have longer end connectors and thus AC copper
losses are larger; also, DC coil excitation copper losses end up larger, as the diameter of the DC coil
is larger.

Configuration b), by overlapping DC and AC fields, is exposed to larger magnetic saturation levels
unless the stator core is larger.

FIGURE 6.10 Motoring at 2000 rpm, 100 kW, 500 Vdc with the excited-PM-CP-SM.

FIGURE 6.11 Motoring at 6000 rpm, 100 kW, 500 Vdc with the excited-PM-CP-SM.
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Configuration b) needs a special heavy/voluminous solid iron additional core that “embraces” the
laminated AC core provided with an AC winding (even a tooth-wound three-phase winding may be
used to reduce AC copper losses and the total length of the stator).

Configuration b) does not transmit any DC homopolar magnetic field through the single AC stator
core and thus magnetic saturation is smaller and so are the AC coil ends; the rotor structure is simple
(segmented).

If the DC coils are placed at a smaller diameter (closer to the rotor diameter), the DC excitation
losses will be smaller than for configuration a).

Both configurations may be built with external rotors, but only configuration a) in Figure 6.13
seems competitive/practical.

Which of the two configurations is finally better depends on the application specifications.

Note: Concerning the feasibility of replacing the DC excitation stator coils with stator PMs, no con-
figuration offers enough space in the solid iron stator core for PMs to use Ferrite-PM flux concentra-
tion (Figure 6.14). Other EM configurations (such as flux switching or flux reversal machines) offer
such opportunities for convenient PM location in the stator.

H-SMs have not come close to market status on a large scale, and they show small torque/volume
(weight). They may be used for special high-speed (energy-storage) applications or in small hydro-
generators where the rugged solid iron rotor may be placed above the integrated turbine rotor in one
piece. An H-SM is basically an SM that can be considered as such. Consequently, we end here this
short treatment of H-SMs, referring the reader to some representative literature [10–13]. However,
starting from the application of linear H-SMs for integrated propulsion and levitation on magnetic
levitations (MAGLEVs), we may imagine the multiple large-diameter rotary H-SM made of
sectors—used, say, with a hydroturbine-integrated rotor for self-suspending the entire rotor by con-
trolling the DC excitation accordingly.

FIGURE 6.12 Generating at 6000 rpm, 100 kW, 500 Vdc with the excited-PM-CP-SM.
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6.10 SUMMARY

• Claw-pole rotor synchronous machines with more than eight poles are characterized by
at least two times the reduction of DC excitation losses in comparison with pole-by-pole
N S N S DC excitation on regular SMs with same number of poles.

• This reduction of DC excitation power from 3% of SM rated power by more than two times
increases efficiency and reduces the power transfer to rotor system size and cost and the rotor
temperature, which has been shown recently to be the bottleneck in the thermal design of a
regular SM with contactless power transfer to the rotor for 100-kW HEV applications [14].

• A high number of poles and a large diameter in a pancake-shaped machine are required for
CP-SM to be competitive in high-torque low-speed applications (hundreds to tens of rpm,
typical of hydro and wind generators and direct drives).

• A disk-shaped Ferrite-PM claw-pole rotor in SMs is shown in the chapter to produce in such
large diameter/length machines an airgap multipolar flux density on the order of 0.7 T,
which may prove sufficient for high torque (rotor shear force) density. It is clear that, in
this way, PM weight may be saved due to the PM disk-shaped “blessing,” similar to the
blessing of the DC coil circularity in the Lundell machine (CP-SM). The DC coil may
thus be eliminated with the CP-SM, turning it into a strong PM-emf (E1. (0.7–0.75)Vs max

IPMSM.
• The 3D shape of DC excitation (or PM) field lines through the CP-SM leads to the use of

3D-equivalent MEC or 3D-FEM approaches, to calculating airgap flux density, emf E1,
inductances Ldm, Lqm, and torque Te.

• The nonlinear 3D-MEC method determines the performance rather satisfactorily in less
than 10% of the computation time of 3D-FEM and thus the optimal design code for CP-
SM preferably uses the 3D-MEC method for modeling the machine. 3D-FEM may be
used to validate the 3D-MEC optimal design.

• Such an optimal design code with multiple-term objective function was presented, with rep-
resentative results and 3D-FEM validation for an automotive-like CP-SM with and without
interclaw PMs (to boost torque) in the 10 kW range; the results are encouraging.

• Based on the circuit dq model, suitable for steady state and transients, through Numerical
Example 6.1, an 11-kW, 600-rpm, 211-Nm CP-SM with disk-shaped Ferrite PM claw-
pole rotor is evaluated for steady and preliminary design with a potential 10 Nm/kg and
10 N/cm2 rotor shear stress for a current density jcu= 10 A/mm2, at 58.44 Hz/14 poles,
with efficiency well above 90%.

• Numerical Example 6.1 shows the potential of a Ferrite-PM CP-SM for high torque density
([5] claims a recent record 80 Nm/liter for 60 kW at 6000 rpm via IPMS with SmxCoy
magnets).

• The optimal code developed for the Ferrite-PM CP-SM at 11 kW and 600 rpm has con-
firmed Numerical Example 6.1’s performance, leading to the conclusion that this machine
should be investigated further, at least for low-speed, high-torque drive.

• Another numerical example (6.2) gives the results for DC-excited 3-MW, 15-rpm 1-MW,
150-kW, 100-kW, 600-rpm CP-synchronous generators for wind or hydro turbines, which
show promising performance.

• Recently, another hybrid excited claw-pole rotor SM has been proved capable of doubling
the emf by adding axial Ferrite-PMs [15].

• Though, basically, the control of CP-RSM resembles that of SM (if they have DC excitation)
or of strong emf (E1. 0.75Vs max) IPMSMs, there are very few solutions that have been
experimented with for CP-SM. An example related to an encoder FOC of a DC-excited
CP-SM, designed for 100 kW from 2000–6000 rpm at 500 Vdc, gives good performance
in terms of power, current, voltage, and field current responses over the entire speed-
power range.
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• DTFC and scalar controls (V/f with stabilizing loops) are still due in encoder or encoderless
implementation for CP-SM variable-speed drives.

• The homopolar SM (DC and AC on stator and variable reluctance rotor) in two main imple-
mentations is introduced and discussed qualitatively. A detailed optimal design code and
advanced control methods for H-SM are still due, as the literature on the subject is still
sparse, though application to inertia batteries seems promising.

• The extension of homopolar SMs with stator PMs and variable reluctance rotor for high-
speed bearingless motor drives [16] should also be considered, as in such a case, the low
torque density of the machine does not lead to a bulky motor/kW, since forced cooling
already increases the machine volume.

REFERENCES

1. I. Boldea, Synchronous Generators, 2nd edition chapter 2, book, CRC Press, Taylor & Francis Group,
New York, 2016.

2. A. Reinap, M. Alaküla, Study of three-phase claw-to-claw pole machine, IEMDC’03, 2003, pp. 325–
329.

3. R. Block, G. Hennenberger, Numerical calculation and simulation of claw pole alternator, Record of
ICEM–1992, vol. 1, 1992, pp. 127–131.

4. I. Boldea, Variable Speed Generators, 2nd edition chapter 6, book, CRC Press, Taylor & Francis Group,
New York, 2016.

5. M. Popescu, I. Folley, D. A. Staton, J. E. Gross, Multi-physics analysis of a high torque density motor for
electric racing cars, Record of IEEE-ECCE 2015, pp. 6537–6544.

6. B. Simo, D. Ursu, L. Tutelea, I. Boldea, Automotive generator/motor with claw pole PM-less, NdFeB or
ferrite IPM rotors for 10 and 100 kW a 6krpm: optimal design performance and vector control dynamics,
Internal Report-UPT, 2014.

7. L. Tutelea, D. Ursu, I. Boldea, S. Agarlita, IPM claw-pole alternator system for more vehicle breaking
energy recuperation, JEE, UPT, www.jee.ro (online only). vol. 13, no. 3, 2012, pp. 211–220.

8. F. Jurca, I. A. Viorel, K. Biro, Steady state behavior of a permanent magnet claw pole generator, Record
of OPTIM, 2010, pp. 291–296 (IEEE xplore).

9. C. R. Bratiloveanu, DTC Anghelus, I. Boldea, A comparative investigation of three PM-less MW power
range wind generator topologies, Record of OPTIM 2012, pp. 535–543 (IEEE xplore).

10. R. Rebhi, A. Ibala, A. Masmoudi, MEC-based sizing of a hybrid-excited claw pole alternator, IEEE-
Trans, vol. IA–51, no. 1, 2015, pp. 211–223.

11. Z. Lou, K. Yu, L. Wang, Z. Ren, C. Ye, Two-reaction theory of homopolar inductor alternator, IEEE
Trans, vol. EC–25, no. 3, 2010, pp. 677–679.

12. P. Tsao, An integrated flywheel energy storage system with homopolar inductor motor/generator and
high-frequency drive, PhD thesis, University of California, Berkeley, 2003.

13. E. A. Erdelyi, Influence of inverter loads on the airgap flux of aerospace homopolar alternators, IEEE
Transactions on Aerospace, vol. IA–3, no. 2, 1965, pp. 7–11.

14. C. Stancu, T. Ward, K. Rahman, R. Dawsey, P. Savagian, Separately excited synchronous motor with
rotary transformer for hybrid vehicle application, Record of ECCE 2014, pp. 5844–5851.

15. G. Dajaku, B. Lehner, Xh. Dajaku, A. Pretzer, D. Gerling, Hybrid excited claw pole rotor for high power
density automotive alternators, ICEM-2016, pp. 2536–2543 (IEEE xplore).

16. W. Gruber, M. Rothböck, R. T. Schöb, Design of a novel homopolar bearingless slice motor with reluc-
tance rotor, IEEE Trans, vol. IA–51, no. 2, 2015, pp. 1456–1464.

200 Reluctance Electric Machines

http://www.jee.ro


7 Brushless Direct
Current–Multiple Phase
Reluctance Motor Modeling,
Control, and Design

7.1 INTRODUCTION

Quite a few electric machine technologies without PMs, such as reluctance synchronous and DC-
excited synchronous machine drives, are currently used, both for line-start (constant-speed) and var-
iable-speed applications, where, however, for the latter case, a PWM converter to produce variable
voltage amplitude and frequency is required.

The absence of PMs in RSMs and DC-excited SMs leads to lower cost but a lower power factor
(for RSMs) and, respectively, to larger-volume machines with DC joule losses (temperature-limited)
rotors fed either through a brush slip-ring device or a contactless (rotary transformer) power trans-
former to the rotor (less than 3% power rating, though).

A passive (windingless and PM-less) rotor as in RSMs but with a larger airgap and better PWM
converter voltage utilization (better equivalent power factor) would eventually lead to a better drive at
reasonable costs and performance. Such a machine should also be capable of working at low and high
speeds due to a larger airgap that allows enough space for a reinforcing carbon fiber rotor ring. A
departure from sinusoidal to trapezoidal current control is also expected to be beneficial in a multi-
phase machine (m. 3 phases). A higher torque density is expected in a given geometry by using
mF phases as excitation phases, and the remainingmT=m−mF phases are torque phases. Each phase
plays both roles in relation to the distributed magnetic anisotropy (MFBA or ALA) rotor, similar to
the case of RSMs, but with a higher airgap.

From such targets, the hereby called BLDC-MRM was born in 1986 [1]. It stems, in our interpre-
tation, from a DC brush motor stripped of its DC exitation, but with the brushes moved to the corner
of the stator poles; the latter is provided with multiple flux barriers to reduce armature reaction
(Figure 7.1a). Finally, the stator and rotor are inversed, and the stator, now with m. 3 phases (2p
poles) and diametrical (y= τ) coils, is fed from a multiphase PWM inverter triggered by rotor posi-
tion (Figure 7.1b).

The multiphase inverter may be built as a null point configuration (Figure 7.2b) or as multiple one-
phase inverter bridges in parallel (Figure 7.3).

The number of phasesm≥ 3may be an odd number (5, 7, 9, 11, 13, 15…) or an even number (6, 8,
10, 12, 14, 16…).

For trapezoidal phase current control, the summation of phase currents (the null current in null cur-
rent inverter-fed motors is the DC link current inm× 1-phase inverters) is no longer zero (as it is with
symmetrical windings with m≥ 3 phases and sinusoidal current).

It has been shown that for m, an odd number of phases, the null current (or phase current summa-
tion) in amplitude is one time the phase current but two times the phase current for m as an even
number.
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Irrespective of the number of phases, the ones counted 1, 3,… have their winding ends swapped,
and the voltage applied is (−V) so that power on that phase remains positive, but the null current (or
phase current summation) is reduced to the values mentioned above.

So, apparently, an odd-phase current machine (m= 2k+ 1) is better than an even-phase current
machine (m= 2k). However, for simple redundancy improvements, an m= 3k machine allows the
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segregation ofm/3 subinverter units and thus at least one of them can continue the operation in case of
one phase fault. Such an operation at lower power requires small changes in control.

The airgap g of the machine needs not to be very small (as in RSMs) in order to quicken the
current commutation when one phase after the other switches roles (from a field phase, when
its coils are placed between rotor poles, to a torque phase, when the coils “fall” under rotor poles
[Figure 7.1b]). But the airgap g should not be too large, either, because then too much of an mmf
(current IF) is required to produce full flux density in the airgap (0.7–0.85 T).

As the stator slotting has to be uniform, because all phases switch between field and torque roles,
an optimum airgap should be found. This airgap mitigates between sufficiently quick current commu-
tation at maximum speed and reasonable copper losses in the field phase stages.

For motoring, when the field current top iF and the torque current top iT levels are equal to each
other (iF= iT), the operation at the MTPA condition is met implicitly without any online decision
making in the control so typical in sinusoidal current-controlled AC machines. In general, the torque
expression with dual flat-top trapezoidal phase current (iF, iT) is simply:

Te = pψFiT m− mF( ) (7.1)

The flux linkage by the mF field phases in a torque phase is ΨF (per phase):

ψF = μ0 · ns · IF · mF

2 · g · Kc · 1+ Ksd( ) · 1− mF

m

( )
· τ · lstack · ns · p1 (7.2)

where: ns—turns /coil (slot), p1—pole pairs, g—airgap, Kc—carter factor, Ksd—magnetic saturation
in axis d (for the excitation field flux lines: phases E and F in Figure 7.1b).

There is no apparent need to use the dq model, as the stator mmf is no longer a traveling wave and
the currents are not sinusoidal.

Phase coordinates may be adopted for simplicity, despite the fact that the self and mutual induc-
tance all vary with rotor position.

7.2 TORQUE DENSITY AND LOSS COMPARISONS WITH INDUCTION
MOTORS

Torque density and loss comparison with the induction motor (IM) may be performed if the actual
(trapezoidal) current shapes are replaced with rectangular ones (Figure 7.4) [3].

The ideal excitation flux ends up trapezoidal (Figure 7.4b), while the emf E becomes rectangular.
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The ideal electromagnetic power Pe is thus simply:

Pe = mT · E · iT ; E = 2 · Bgav 0 · w1 · lstack · 2 · p · τ · n (7.3)

where Bgav 0 is the average airgap flux density in a torque phase, w1= ns · p turns per phase, τ—pole
pitch, n—speed in rps. With two-level rectangular flat bipolar ideal currents, the RMS value of stator
current IRMS is [3]:

IRMS = iT

������������������
mT + mF IF/IT

( )
mT + mF

√
(7.4)

But the current sheet As is:

As = 2 mT + mF( ) · w12·p1
2 · p1 · τ · IRMS (7.5)

The tangential specific force (rotor shear stress), fT is:

fT = Pe

2 · π · n · p · 2 · p · lstack
( )

τ
= KI · Bg avg · As · N/m2( )

(7.6)

with KI from Equations 7.4 through 7.6 as:

KI = mT�����������������������������������
mT + mF( ) mT + IF/IT

( )2 · mF

( )√ (7.7)

Let us denote Ldm, Lqm as the magnetization inductances of a phase when the latter is placed with
its field in axis d (field phase), and, respectively, in axis q (torque phase). The expression of average
airgap flux density Bg avg (also used in Equation 7.2) and produced by the field phases Bgk that also
account for armature reaction is [3]:

Bg avg = Ka · Kf · Bgk (7.8)

with

Ka = 1

1+ Lqm
Ldm

· mT

2 · mF
· IT
IF

; Kf = 4 · mF · IF/IT − 1
4 · mF · IF/IT (7.9)

Consequently, the tangential specific force fT becomes:

fT = KI · Ka · Kf · Bgk · As [N/m
2] (7.10)

For an induction motor, this specific force f ′T is:

f ′T = 1��
2

√ kw1 · Bgk1 · A′
s1 ·

cosφ1

1+ cosφ1
(7.11)

with kw1—stator winding factor, φi—internal power factor angle, and A′s1—the total current sheet.
Adopting the same current sheet As, A′s1 and resultant airgap flux density Bgk, the ration of specific
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forces fT/fT′ for the BLDC-MRM and IM is [3]:

fT
fT ′

=
��
2

√ Ka · KT · Ki

Kw1

1+ cosφi

( )
cosφi

(7.12)

As an example, for m= 6 (mF= 2, mT= 4), IF/IT= 1, Lqm/Ldm= 0.2, and Kw1= 0.933, cos φi,
we obtain fT/fT ′ = 1.558.

Alternatively, if the same power (torque) density in Equation 7.3 is targeted, the ratio of current
sheets As/A′

s1
= fT ′/fT = 0.642.

So the ratio of copper losses is: Pco/Pco′ = As/A′
s1

( )2
= 0.412. Consequently, the BLDC-MRM

with six phases, in our case, turns to be, ideally, superior to three-phase IM either in torque density,
copper losses (efficiency), or both (at lower levels). The passive (windingless and PM-less) rotor in
BLDC-MRM leads to a more efficient cooling (exclusively in the stator) and thus a higher peak
torque density.

7.3 CONTROL PRINCIPLES

The consideration of stator slotting, rotor MFB or ALA structure, magnetic saturation, current trap-
ezoidal two-level bipolar phase currents may lead to a reduction in torque density or efficiency
improvements calculated above. However, they are still worth revisiting by more practical (technical)
theories/models, but not before illustrating here the simplicity of the control system (Figure 7.5).

In Figure 7.5, i∗F is made dependent on speed, allowing for flux weakening (by reducing iF) with
speed. The torque reference current value i∗T is the output of the speed controller; a limiter may be
added, especially for low speeds.

The current reference waveforms, whose two top values are i∗F and i∗T , are given as a function of a
rotor position whose zero values are related to phase a* in rotor axis d.

Let us note that this simple control may be augmented to correct, say i∗F(wr) or i∗F(T
∗
e , wr), to oper-

ate at i∗F = i∗T or, when the voltage limit is reached, i∗F is further reduced and i∗T is limited.
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Finally, the machine may switch from motoring to generating or back by simply changing the
sign of i∗T in Figure 7.5. In principle, we could change, instead, the sign of i∗F , but the transients
will be slower and the torque response sluggish, as it is in the separately excited DC brush machine.

7.3.1 A TECHNICAL THEORY OF BRUSHLESS DIRECT CURRENT–MULTIPLE PHASE

RELUCTANCE MOTOR BY EXAMPLE

Let us consider the ideal specifications in Figure 7.6.
To illustrate the technical (very preliminary) theory here, let us consider a seven-phase machine

(mF= 2, mT= 5), VDC= 400 V, 2p= 6 poles ( f1max= 300 Hz, at 6000 rpm), outer stator diameter
Dos= 0.3 m, airgap g= 2 mm, and torque density tv= 45 Nm/liter at Teb. A typical application
would be a traction drive, but, in a similar way, dedicated specifications could be assigned for,
say, an autonomous DC output generator or a variable-speed hydro/wind generator, and so on.

7.3.1.1 Solution
Let us consider iT= iF up to base speed. The stator stack length lstack is straightforward:

lstack = Peb/ 2 · π · nb( )
tv · π · D

2
os

4

= 50/ 2 · π · 25( )
45 · π · 0.3

2

4

= 0.1 m (7.13)

Considering an airgap flux density produced by the two field phases (mF= 2) of 0.75 T, we obtain:

BgF = μ0 · mF · iFb · ns
2g · KC 1+ KSF( ) (7.14)

with KC= 1.12, KSF= 0.25:

nbiFb = 0.75 · 2 · 2 · 10−3 · 1.12 · 1.25
1.256 · 10−6 · 2 = 1.672 · 103 Aturns/slot (7.15)

with 2p1= 6 poles and a stator core interior diameter Dis= 0.6 ·Dos= 0.6 · 300= 180 mm, the pole
pitch of coils τ is:

τ = π · Dis

2p1
= π · 180

2 · 3 = 94.2 mm (7.16)

The aspect ratio of stator core lstack/τ= 100/94.2= 1.06 is close to an intuitive low copper loss
case (due to reasonably long coil ends).

Pelm/Pib

1 2 3 4

Pelm

Te ( p.u.)
Teb

ωr ( p.u.)ω0

FIGURE 7.6 Typical torque and power specifications at CPSR= 4/1, for 1.0 p.u. power.
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The stator yoke depth hys is:

hys = Bg load

Bys

τ

π
= 1.1 · 0.75

1.5
· 94.2

π
= 16.5 mm (7.17)

So the height left for the stator slot hst becomes:

hst = Dos − Dis

2
− his = 300− 180

2
− 16.5 = 43.5 mm (7.18)

Considering the wedge and slot neck height hs0+ hw= 2.5 mm, the useful height of the trapezoi-
dal-shape stator slot hsu:

hsu = hst − hs0 + hw( ) = 43.5− 2.5 = 41 mm (7.19)

Here comes the first (of three) verifications, which is related to torque-producing capability
for i∗F = i∗T . First, the base torque Teb is calculated:

Teb = Peb

2 · π · nb =
50 · 103
2 · π · 25 = 318 Nm (7.20)

But

Tebc ≈ BgF · lstack · ns · iFb · mT · 2 · p1 · Dis

2

= 0.75 · 0.1 · 1672 · 5 · 6 · 0.18
2

= 338Nm . 318Nm

(7.21)

As Tebc. Teb, there is some guarantee that the machine may deliver the required base (peak) tor-
que at the calculated stator mmf (1672 Aturns/slot).

Note: Amore realistic modeling, based on MEC or 2D-FEM, has been applied to verify in detail this
torque claim in detail; see Equation 7.21.

The second verification is related to the slot area sufficiency for the base (peak) torque in terms of
current density (which then defines the copper losses).

The slot pitch at the airgap τs is:

τs = τ/m = 94.2/6 = 15.7 mm (7.22)

By adopting a rectangular tooth with a width bts= 8.7 mm, the lower width of the slot is: bs1=
τs− bts= 15.7− 8.7= 7 mm (Figure 7.7). The slot width bs2 is:

bs2 =
π · Dos − 2 · hys
( )
2 · p1 · m − bts = π · 320− 38( )

6 · 6 − 7 = 18 mm (7.23)

The slot useful area Aslot emerges as:

Aslot = hsu · bs1 + bs2
2

= 41 · 7+ 18
2

= 512.5 mm (7.24)
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Consequently, the current density jcon (with perfectly rectangular bipolar current i∗F = i∗T ) is:

jcon = ns · i∗Fb
Aslot · kfill =

1672
512.5 · 0.45 = 7.25A/mm2 (7.25)

The length of a turn of the stator coils lc calculates:

lc ≈ 2 · lstack + 2 · 1.33 · τ
= 2 · 0.100+ 2 · 1.33 · 0.0492
= 0.4505 mm

(7.26)

So the copper losses at base (peak) torque are:

pcob ≈ m · ρcob · ns · lc · p1 · iFb · jcob
= 7 · 2.3 · 10−8 · 0.4505 · 1672 · 3 · 7.25 · 10−6

= 2637.6 W

(7.27)

This represents 5.27% of base power Peb. Assuming 1500 rpm, a reasonable efficiency (after core
and mechanical losses are still to be added) is expected.

The peak flux density produced by armature reaction at the corner of the rotor poles in the stator
Bb
agq(i

∗
Tb = i∗Fb):

Bb
agq =

μ0 · mF · ns · iFb( )
2 · g+ mFB p · bb = 1.256 · 10−6 · 5 · 1672

2 · 2 · 10−3 + 6 · 4.5 · 10−3 = 0.338 T (7.28)

The armature reaction flux density is reasonably small in comparison with the 0.75 T of flux
phases. Also, the ratio Lqm/Ldm:

Lqm
Ldm

≈ 2 · g
2 · g+ mFBp · bb =

2 · 2
2 · 2+ 6 · 4.5 = 0.129 (7.29)

I
stack = 100 mm

h
ys  = 16.5 mm

hst = 43.5 mm

Φ = 300

Φ = 180

b
s2 = 18 mm

b
s1 = 7 mm

b
s = 6 mm

h
su  = 41 mm

FIGURE 7.7 Stator slotting.
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The flux bridges on the rotor (Figure 7.8) exist to maintain the integrity of rotor laminations and
might increase this ratio; thus, methods used for the RSM may be used here to calculate the contri-
bution of flux bridges to the increase of Lqm.

Also, we may infer from above that even doubling the torque current (now i∗Toverlaod = 2 · i∗Fb) will
double the torque and the machine will still be able to cope with the situation, albeit being
more saturated.

The technical theory so far may be extended to calculate the number of turns per coil ns.
A very approximate way to do it is to use the equation of a torque phase between commutations but

with current chopping (still) at base speed and maximum speed. Thus (as for regular BLDC PM
motors!):

VDC = Rs · iTb + E + ΔEchopping (7.30)

E ωb( ) = 2 · p · ns · lstack · BgF · π · Dis · nb
= 2 · 3 · 0.1 · 0.75 · π · 0.18 · 25 · ns
= 2.437 · ns

(7.31)

But

RsiTb ≈ pcob · ns
m i∗Tb · ns
( ) = 2637.6

7 · 1672 · ns = 0.225 · ns (7.32)

To calculate the chopping voltage ΔE, we need the torque phase equivalent inductance Lq:

Lq
( )

phase ≈ 1.2 · Lqm
( )

phase

= 1.2 · Ldm · Lqm
Ldm

= 1.2 · Ldm · 0.129

Ldm ≈ 6 · μ0 · ns · p
( )2

τp · lstack
π2 · g · KC · 1+ KSF( ) · p

= 6 · 1.256 · 10−6 · 3 · ns( )2 · (5/7) · 94.2 · 10−3 · 0.1
π2 · 2 · 3 · 1.12 · 1.25 · 10−3

= 5.51 · 10−6 · n2s

(7.33)

Torque phases zone

Excitation phases zone

Flux bridge 0.7 mm thin

hb = 4.5

6.75

FIGURE 7.8 The rotor geometry.

Brushless Direct Current–Multiple Phase RMM, Control, and Design 209



So

Lq ≈ 1.2 · 0.129 · 5.51 · 10−6 · n2s = 0.853 · 10−6 · n2s (7.34)

But if the chopping frequency of the current is fch= 5 kHz and the hysteresis band of current
chopping is 1% of the rated (base) current, then:

ΔE = Lq · ΔiT = 0.853
π2

· 10−6 · 1672 · 0.01
5000−1 · ns = 0.713ns (7.35)

So, using ΔE, RsiTB, and E(ωs) from Equations 7.35, 7.32, and 7.31 in Equation 7.30, the number of
turns per coil ns is:

ns = 400
2.437 · ns + 0.225 · ns + 0.713 · ns

≈ 118 turns/coil (slot)
(7.36a)

Note: We introduced for Vdc 400 V, which means that we assumed implicitly that the 6× 1 phase
inverter is used. Nowwemay verify if, at max speed and its torque for CPSR, the voltage is sufficient.
Let us suppose that we reduce the field current iF

* nmax/ns= 4 times, but keep the torque current
to provide a ¼ torque (CPSR= 4/1).

By applying the same Equation 7.30, the resistive voltage drop stays the same and so does the
emf E (speed increases by four times, but the flux (field current) decreases by four times also.

The chopping voltage drop also stays the same, as iT
* is the same and so are fch and ΔiT= 1% of the

base torque current.
So, in this case, the operation of torque phases is not posing any problem. For the same (base)

power at max. speed, even the copper losses will be somewhat reduced, as iF
* is reduced by four times,

while iT
* stays the same. A similar approach may be applied for the phases when they commutate,

which will find, probably, that the number of turns/coil ns has to be somewhat diminished.
However, still, during current commutation from torque to excitation mode at maximum speed,

another voltage equation stands:

Vdc . Ld
diphase
dt

∣∣∣∣
∣∣∣∣ ≈ Ld iT max − −iT max/4

( )( )
n−1
max · 2p · m · 2( )−1

∣∣∣∣∣
∣∣∣∣∣ = 1.2 · 5.51 · 10−6 · 118

100−1 · 42 · 2( )−1 · 5
4
· 1672 = 137 V

(7.36b)

Apparently, from Equation 7.36b, the current commutation at maximum speed is guaranteed, but
the motion-induced voltage in the commutated phase is still neglected. As there is a generous voltage
reserve in Equation 7.36b and as commutation duration was considered half the stator slot pitch angle
time, the result still holds by being on the conservative side.

It is hoped that the technical theory so far has opened a window in understanding how this machine
works. It is thus now time for a thorough FEM investigation to bring the necessary precision in results
and further clues to various phenomena in BLDC-MRMs.

7.4 FINITE-ELEMENT MODEL–BASED CHARACTERIZATION
VERSUS TESTS VIA A CASE STUDY

As the machine has a passive rotor and both stator and rotor cores are laminated, only static 2D-FEM
is used to characterize the machine, emphasizing a 35-Nm laboratory prototype of 5 phases, 30
slots, and 6 poles (Figure 7.9):
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Magnetic field distribution at load (Figure 7.10) [6].
Magnetic field distribution at full load (Figure 7.11) [9].
Self and mutual phase a inductances versus rotor position at rated current IFb

* = ITb
*

(Figure 7.12) [9].
Average torque and torque density versus torque phase current density iT for a few field current

densities iF [9] (Figure 7.13).
Torque pulsations have been explored on a six-phase ALA-rotor prototype [9] at standstill with

all phases in series (Figure 7.14).
Total torque ripple with current actual trapezoidal waveforms are shown in Figure 7.15 [9].
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FIGURE 7.9 Five-phase six-pole BLDC MRM, (a) stator; (b) rotor; (c) experimental rotor.
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FIGURE 7.10 FEM-calculated radial component of airgap flux density at no load (iF= 4A, iT= 0) and on full
load (iF= iT= 4A, Tem= 33 Nm).
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The above sample results warrant comments such as:

The airgap flux density is within limits and has pulsations mostly “dictated” by stator slot open-
ings, and the armature reaction (on load) is mild (Figure 7.10).

Flux weakening by reducing iF is effective (Figure 7.11).
The phase inductances (self and mutual) depend on rotor position (and current), but they should

be curve fitted by an average value plus a cos(2θev) term, as done with salient-pole synchro-
nous machines (Figure 7.12).

The average torque versus torque current density shows the machine capable of delivering
rated (base) torque 33 Nm for jF= jT= 5 A/mm2, but it is capable of producing up to
160 Nm ( jCo= 12 A/mm2) for a short duration of time (Figure 7.13).

The static torque pulsations are notable, but FEM results fit experimental results. They may be
cut in half by making the rotor two parts, shifted by half a slot pitch (Figure 7.15).

FEM-extracted flux lines prove a gain in the armature reaction at rated (base) load (Figure 7.16)
in the 6-phase, 12-pole, 190-Nm, 200-rpm prototype [2].

FEM investigation may be used further to reduce torque pulsations and assess magnetic saturation
influences, especially if heavy overloading is needed. But also due to the complexity of the geometry,
FEM may be mandatory to be used to calculate iron losses, since the rotor core losses are not
negligible.
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FIGURE 7.11 Radial component of airgap flux density (on load) over two poles at low speeds: flux weakening
is viable and is due to iF

* decreasing with speed and iT
* = ct.

Laa

Lba

Lca

Lda

Lea

P
h

as
e 

in
d

u
ct

an
ce

 (
H

)

0.5

0.4

0.3

0.2

0.1

–0.1

–0.2

–0.3

0

0 45 90 135

Angular displacement (el. deg.)

180

FIGURE 7.12 FEM (continuous lines) and curve-fitted phase a inductances (self and neutral) in the five-phase
machine at rated current versus rotor position at standstill.

212 Reluctance Electric Machines



2 (A/mm2)

E
le

ct
ro

m
ag

n
et

ic
 t

o
rq

u
e 

(N
m

) 240(a)

(b)

200

160

120

80

40

0
0 2 4 6 8

Torque phase current density : jT  (A/mm2)

Field phase current density : jF

Field phase current density : jF

10 12 14 16

T
o

rq
u

e/
m

as
s 

(N
m

/k
g

)

10

9

8

7

6

5

2

3

4

0

1

0 2 4 6 8

Torque phase current density : jT  (A/mm2)

10 12 14 16

4 (A/mm2)
6 (A/mm2)
8 (A/mm2)
10 (A/mm2)
12 (A/mm2)

2 (A/mm2)
4 (A/mm2)
6 (A/mm2)
8 (A/mm2)
10 (A/mm2)
12 (A/mm2)

FIGURE 7.13 FEM-calculated average torque (a); and torque density (b) versus torque current density for the
five-phase machine.

10

I = 1.5 (A)
I = 6.5 (A)
I = 10 (A)
I = 13.4 (A)
I = 16.8 (A)
I = 21.3 (A)

I = 1.5 (A)
I = 6.5 (A)
I = 10 (A)
I = 13.4 (A)
I = 16.8 (A)
I = 21.3 (A)

50 15 20 25 30

Angular displacement (mech. deg.)

1050 15 20 25 30

Angular displacement (mech. deg.)

T
o

rq
u

e 
(N

m
)

0

10

20

30

40

50

60(a)

(b)

T
o

rq
u

e 
(N

m
)

0

10

20

30

40

50

60

FIGURE 7.14 Static torque with ripple: (a) by FEM; (b) measured—six-phase machine (at standstill with all
phases in series).

Brushless Direct Current–Multiple Phase RMM, Control, and Design 213



7.4.1 IRON LOSS COMPUTATION BY FINITE-ELEMENT MODEL

To reduce the computation effort, we use here 2D-FEM only to calculate the flux density variation
with time in all FEM elements (in fact with rotor position for given phase current waveforms at given
speed), and these flux density variations in all FE elements are added up to get the core losses by an
analytical formula traced back to Steinmetz-Jordan-Bertotti [10]:

pFe = Kh · f · Bα + Ke · f 2 · B2 + Ka · f 1.5 · B1.5 [W/m3]
Ke = π · σ · d2/6

(7.37)
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with Kh= 140W/m3, α= 1.92, Ke= 0.59W/m3, and Ka= 0 from the M19 magnetic core made of
d= 0.35-mm-thick laminations with σ= 2.17 · 106 S/m (electrical conductivity).

Sample results for the five-phase machine at three points (P1, P2, and P3) in the stator
(Figure 7.17a–d) show that the flux density variation is far from a sinusoidal (or traveling field) wave-
form and thus decomposition in harmonics in both stator and rotor elements is required and their con-
tribution added up. Calculations have been made for four speeds (250, 500, 750, 1000 rpm).

It seems that in our rather small speed (frequency) machine (200 rpm), the core losses are not large
(10%–20% of rated copper losses) but the rotor core loss contribution is up to 50%, despite its reduced
volume with respect to stator core volume.

This is due to the fact that higher-order time flux density harmonics (r. 7) are larger in the rotor
core, and we should remember that this is not a traveling field AC machine but rather closer to the
operation mode of a DC brush machine.
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7.5 NONLINEAR MAGNETIC EQUIVALENT CIRCUIT MODELING
BY A CASE STUDY

As known, FEM provides precision, but requires large computation time and resources. In view of
optimal design of BLDC-MRMs, a theory that is more complete than the technical one developed
earlier in this chapter (which, however, may offer a good starting point geometry) is needed, without
too large of a computation time.

The nonlinear MECmethod [11] may be used successfully for the scope (as done for the claw-pole
SM in Chapter 6).

MEC is based on defining flux tubes all over the machine. The flux tubes have two equipotential
planes with magnetic scalar potentials u1 and u2 (which are virtual variables in magnetics, in contrast
to electrostatics).

The magnetic reluctance Rm and its relations to magnetic flux Φ and u2 − u1=ϴ (mmf) are:

Rm =
∫x
0

dx

μ x( ) · A x( )

for μ x( ) = ct, A x( ) = ct: Rm = L

μA
= 1

G

(7.38)

Rm = u2 − u1
φ

; u2 − u1 =
∫x
0

�H · �dx; φ =
∫∫
A

�B · �da (7.39)

where G—permeance.
The solution of MEC is similar to that of a multiple resistive electric circuit with u2 − u1= θi, as

voltages, Φi as currents, and Rmi as resistances.
To simplify the modeling in the stator and rotor yokes, the geometric permeances Gsy, Gry relate

only to flux density tangential components, while only radial components are considered for the stator
and rotor teeth permeances Gst and Grt.

The more elements (and nodes), the higher the precision, but the larger the computation time.
Permeances may be divided according to their magnetic permeability in constant (airgap) perme-

ability and variable permeability permeances.
Finally, we consider the permeances that vary with rotor position in relation to the airgap where the

energy conversion takes place.
For example, the airgap permeanceGij, between i stator tooth and the jth rotor tooth (between bar-

riers), may be defined as (Figure 7.18) [9]:

Gij =

CfGmax, 0 ≤ γ ≤ γt

Cf
Gmax

2
1+ cos π

γ − γ′t
γt − γ′t

( )( )
, γ′t , γ , γt

Cf
Gmax

2
1+ cos π

γ − 2 · π + γ′t
γt − γ′t

( )( )
, 2π − γ′t ≤ γ , 2 · π

0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7.40)

with

γ′t = 2
wst − wrt( )
sDi− g

; γt = 2
wst + wrt + sMs+ rMs

sDi− g
(7.41)

Gmax = μ0 · lstack · wt/g; wt = min wst, wrt( ) (7.42)
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There is some fringing in the airgap that may be accounted for by a coefficient Cf (Equations 7.40
through 7.42) that multiplies Gmax [11]:

Cf ≈ sMs

wst · ln 1+ sMs

wst

( ) (7.43)

As the airgap permeance of different airgap-related flux tubes varies with rotor position, new
connections between them have to be considered, with motion.

The sources in the MEC are based on the slot mmfs (Figure 7.19). The MEC equation in matrix
form is simply:

[G][V] = [φt] (7.44)

[G]—permeance matrix: (53× 53) for the six-phase, six-pole (36 slots), nine rotor slots/pole
[V ]—node potentials (53× 1)
[Φt]—tooth fluxes (52× 1)

Observing the machine symmetry, only two poles are simulated, using, though, adequate boun-
dary conditions [11].
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The electromagnetic torque Te is:

Te = p1
∑Ns

i=1

∑Nr

j=1

(Vi − Vj)
dGi, j

dγ
(7.45)

with Ns—stator slots/two poles (Ns= 12) and Nr—rotor teeth/two poles (Nr= 18).
For given sources (mmfs) with known fluxes, the program solves iteratively for node potentials.

Iterations are needed to account for magnetic saturation.
A typical tooth flux density calculated by the MEC method for one rotor position, its 2D variation

with stator tooth current (Figure 7.20a), and its variation with rotor position (Figure 7.20b) show the
capability of the MEC model to fairly portray the geometrical slotting complexity and nonlinearity
due to magnetic saturation. The torque was subsequently calculated (Equation 7.45) and compared
with FEM results (Figure 7.21).

As is evident in Figure 7.21, the MEC-calculated torque has its pulsations much too large in com-
parison with the 2D-FEM results. So, at best, the MEC peak torque may be used as average torque.
However, the computation time was 4 seconds versus 3700 seconds for 2D-FEM.

FEMmay be used for one electrical degree time-step after MEC-based model optimal design code
to check the optimal solution and calculate the core losses, as mentioned in section 7.3.1. But in this
case, if FEM is to be embedded in the MEC optimal design, a time-step of mechanical degree should
perhaps be used for 130 s FEM computation time. This way, the total optimal computation time will
be kept within a few hours on a single contemporary desktop computer.
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FIGURE 7.19 The magnetic flux tube, (a); and the generic MEC of BLDC-MRM, (b). (After D. Ursu, “Brush-
less DC multiphase reluctance machines and drives”, PhD Thesis, University Politehnica Timisoara, Romania,
2014 (in English). [9])
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7.6 CIRCUIT MODEL AND CONTROL

Technical theory, MEC, and FEM modeling are all useful to investigate performance on an existing
device and for designing it, mainly for steady-state operation. However, to quickly investigate steady
results, transients, and control design, with an inductance matrix [L] imported after curve fitting from
the above methods, a circuit model is needed.
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As already implied, a phase coordinate model is practical despite the fact that its inductance
matrix depends heavily on rotor position and currents (or magnetic saturation), because phase current
control is operated with flat-top two-level bipolar currents (rather than with sinusoidal currents) for a
five-phase machine [6]. The voltage equation in matrix form is:

Vs[ ] = Rs is[ ] + d

dt
L θer , is( )[ ] is[ ]( )

(7.46)

Vs[ ] = Va, Vb, Vc, Vd, Ve[ ]T

is[ ] = ia, ib, ic, id , ie[ ]T ;
ψ s

[ ] = L θer, is( )[ ] is[ ]
ψ s

[ ] = ψa, ψb, ψ c, ψd, ψ e, ψ f

[ ]T
(7.47)

Te = 1
2
is[ ]T ∂ L θer, i( )( )

∂θer
· is[ ] (7.48)

J

p

dωr

dt
= Te − Tload − B · ωr;

dθer
dt

= ωr; ωr = 2 · π · n · p (7.49)

where n is the rotor speed in rps.
The inductance matrix (L) for a five-phase machine is “full”:

L[ ] =

L Lab Lac Lad Lae
Lba Lbb Lbc Lbd Lbe
Lca Lcb Lcc Lcd Lce
Lda Ldb Ldc Ldd Lde
Lea Leb Lec Led Lee

⎡
⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎦ (7.50)

The phase inductances may be approximated as for salient-pole synchronous machines by intro-
ducing a single term in 2θer. For phase a:

Laa = Laa0 + Laa2 · cos 2θer( )
Lab = Lab0 + Lab2 · cos 2θer − π/5

( )
Lac = Lac0 + Lac2 · cos 2θer − 2π/5

( )
Lad = Lad0 + Lad2 · cos 2θer − 3π/5

( )
Lae = Lae0 + Lae2 · cos 2θer − 4π/5

( )
(7.51)

The values of Laa0,… , Lae0, Laa2,… , Lae2 for phase a, but similarly for the other phases, may be
FEM (or MEC) model-calculated or measured (from, say, steady-still flux decay tests) by regression
methods.

Typical such comparisons are shown in Figure 7.12. For given inputs [V ], Tload, and initial values
of variables [is], the circuit model (Equations 7.46 through 7.51) can be solved through a numerical
method. True, for each computation step, the matrix [L(θer, i)] has to be inverted. It may be more
feasible to solve the same model in [ψs] as the variable vector:

Vs[ ] = Rs is[ ] + d ψ s

[ ]
dt

(7.52)
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with [ψs] from Equation 7.47 for each integration step, [is(k)] has to be calculated after inverting [L],
but, in this case, the derivatives ∂[L]/∂θer are not modeled, which may turn out to be an important
advantage.

If enough time is allowed when starting with zero (or given) speed ωr and zero phase currents,
steady-state operation is obtained with the same circuit model (Equations 7.46 through 7.51).

The calculated waveform of phase a current versus time at 500 rpm (for the five-phase prototype
already introduced in the chapter) shows good agreement with test results in Figure 7.22 [6].

Also, measured and circuit model–calculated torque for given (experimental) currents compare
acceptably (Figure 7.23).

The higher-frequency torque ripples in the calculations have perhaps been introduced mainly
by the Runge-Kutta numerical solving algorithm, while the lower-frequency torque ripple
differences between theory and experiments are due to machine manufacturing imperfections and
the neglecting of magnetic saturation variations in inductances. FEM-calculated torques for same-
rated currents iF

* = iT
* are notably closer to measurements (Figure 7.23c).

The control system for thefive phaseBLDC-MRM, fed from a 5× 1 phaseH-bridge inverter, implies
independent control of all phases. The speed and current control scheme are shown in Figure 7.24.

The speed PI controller with a limiter has Kp= 0.005, Ki= 30 while hysteresis current controllers
are applied (band= 0.05A) with VDC=+300 V.

The simulation model is illustrated in Figure 7.25.
A 4/1 speed ratio was demonstrated (Figure 7.26) though not at rated power in tests, as iF

* was not
reduced inversely proportional to speed, in order to keep system efficiency high: (90% motor+
inverter maximum efficiency was measured).

Note:A comprehensive FEM characterization and four-quadrant control of a six-phase BLDC-MRM
is offered in [5]. From there, we gather here only a few sample results, including:

Speed reversal transients (Figure 7.27).
No-load motor to generator transients (Figure 7.28).
For this machine, a null point six-phase inverter was used (Figure 7.29). The three main control

system parts are shown in Figure 7.30a–c.
Making use of a lower power switch count in the null point inverter implies controlling not the null

current but the null point voltage pulsations (Figure 7.30c) in order to stabilize phase currents that
each have PI controllers.

7.7 OPTIMAL DESIGN METHODOLOGY AND CODE WITH A CASE STUDY

In an optimal design methodology, a few main steps are to be followed:

• Choose a proper (rapidly enough convergent) optimization algorithm.
• Define the optimization variable vector and its domain for the case in point.
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• Define the objective (cost-fitting) function components: cost functions and penalty func-
tions, in an unitary way.

• Choose a machine (drive) nonlinear model: MEC- or 2D-FEM–based, whose imported data
will feed the circuit plus control model of the motor/generator drive.

• Define input and output files as text and graphs.
• Verify offline or embedded by FEM the main performance of the optimal design machine

and correct the machine model (if requested) by fudge factors until the FEM and non-
FEM models are close enough to each other.

• If thermal and mechanical design follows, then that part of optimal design has to be added,
but these steps are beyond our scope here. A simple thermal model here, though, excludes all
designs with a high average or critical-point over-temperature.

After comparing four different metaheuristic optimal algorithms [9], the modified particle swarm
optimization (PSO_M) was applied to BLDC-MRM, because it can be seen as artificial intelligence in
the sense that it follows five principles:

• Proximity: simple space and time calculation made by population
• Quality: simple space and time calculation carried out by population
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• Diverse response: no excess resources are allocated in too narrow a space
• Stability: population should not change significantly with environmental change
• Adaptability: population should change behavior if the comparative price is worth the

trouble
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7.7.1 PARTICLE SWARM OPTIMIZATION

PSO emulates bird flocking or fish schooling [12–13]. Its foundation is based on the fact that coop-
erative populations (that share info) are eventually superior to the noncooperative ones, especially
when food resources have an unpredictable distribution, when cooperation surpasses competition
effects. Each particle has not only a position xi but also a speed vi.
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After a random initialization of particles (variable vector), their fitting (objective) function values
are evaluated, and the best position in space (qbest) and the best position of each particle (pbest) are
memorized.

A new velocity v(t+ 1) at t+ 1 time moment is computed as:

v t + 1( ) = w t( ) · v t( ) + c1 · rand 0,1( ) · pbest − x t( )( )+ c2 · rand 0,1( ) qbest − x t( )( )
(7.53)

x t + 1( ) = x t( ) + v t + 1( ) (7.54)

where c1, 2 is the self-confidence factor, c2, 2 is the swarm factor, and w is the weight factor
(it decreases from 0.9 to 4 during optimization).

To speed up convergence, the weight factor w(t) is replaced in Equation 7.53 by coefficient k

k = 2

2− φ−
���������
φ2 − 4φ

√ ; φ = c1 + c2 . 4 (7.55)

Example: With φ= 4.1, k= 0.729, and c1+ c2= 1.5 in Equation 7.53, the situations in Equations
7.53 and 7.54 are equivalent.

Synthetic particle swarm movement and the PSO flowchart are illustrated in Figure 7.31.
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7.7.2 OPTIMIZATION VARIABLE VECTOR X FOR BRUSHLESS DIRECT

CURRENT–MULTIPLE PHASE RELUCTANCE MOTOR

The choice of variable vector X is an art. The most influential dimensional ones and as many nondi-
mensional ones as possible should be chosen to quicken the optimal design convergence process.
In our case, X is [9]:

X = [ ftan, Bag, js, λ, bzPτs, sMs, shyPτp, shyPτr hagq, hag, rhyPτp]

tangential
force in
(N=cm2)

airgap flux
density in

(T)

current
density in
(A=mm2)

lstack=pole
pitch ratio

stator
yoke pole
pitch ratio

(�)

stator
slot

width in
(mm)

stator yoke
pole pitch

ratio
(�)

rotor tooth=
rotor slot

(flux barrier)
pitch ratio

(�)

equivalent
airgap in
axis q in
(mm)

machine
airgap
in (mm)

rotor yoke
width=pole

pitch

(7.56)

A population of 100 particles (variable vectors), followed for 50 generations in a hypercube, at the
designer choice, suffices:

Xmin , X , Xmax (7.57)

In our case study, the specifications refer to a six-phase BLDC-MRM of Teb= 160 Nm, six poles,
at 3000 rpm (50 kW). For this case, Xmin and Xmax are:

Xmin = [0.5, 0.4, 2, 0.6, 0.3, 1, 0.25, 0.35, 5, 0.35, 3]

Xmax = [3, 1, 10, 2.4, 0.7, 3, 0.7, 0.65, 20, 1.2, 0.7]
(7.58)

The random initial population (of 100 particles) is:

Xi = rand Xmin + rand 0,1( ) Xmax − Xmin
( )

, Xr

( )
for i = 1 : P = 100

(7.59)

After each particle speed computation and position updating, the new position is rounded accord-
ing to Xr, again chosen by the designer, in our case:

Xr = 0.05, 0.01, 0.1, 0.05, 0.1, 0.1, 0.05, 1, 0.05, 0.1[ ] (7.60)

If an initial design is available from a preliminary method, as the technical theory in section 7.2, it
may be introduced as Xinit.

Now, let us define the cost or fitting or objective function tcos t.
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FIGURE 7.31 Particle swarm motion (a); and PSO flowchart, (b).
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7.7.3 COST FUNCTION COMPONENTS

As we are concerned with both initial cost (or volume or weight) and lower losses, a complex cost
function tcos t is defined here:

tcos t = mcos t + ecos t + pencos t (7.61)

with mcos t—material costs (copper, laminations, and shaft) and passive (framing, etc.) materials

mcos t = coppercos t + Lamcos t + shaftcos t + PasMcos t (7.62)

The energy loss cost ecos t is:

ecos t

eprice · Pn · 1
ηn

− 1
ηmin

( )
· hpy · ny, η , ηmin

eprice · Pn · 1
η
− 1

( )
· hpy · ny, η ≥ ηmin

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(7.63)

where hpy is the number of hours at full power per year and ny is the number of years in operation. It is
also possible to define a “most frequent load” level for, say, a standard driving cycle, for which to
calculate ecos t.

Penalty cost pencos t is here the sum of two terms:

• Overtemperature penalty Tempcos t
• Power nonrealization penalty: Powcos t

Tempcos t = max 0, Tw − Tm( )mcos t[ ] (7.64)

with

Tw = pcopper + piron
αT · Area

+ Tambient; Tambient = 40◦C (7.65)

αT—equivalent heat transmission coefficient calculated at the outer stator core area. It also depends
on the cooling system: αT= 14–100W/m2◦C.

Powcos t is:

Powcos t = 2 Pn − Pmin( ) · mcos t, Pn , Pmin

0, Pn ≥ Pmin

{
(7.66)

All components in tcos t are expressed in terms of money, and the penalty functions are also
proportional to the materials cost, mcos t.

7.7.4 OPTIMAL DESIGN SAMPLE RESULTS

Sample results from the best particles of the swarm are presented in Figures 7.32 through 7.40 [9].
The initial and optimal cross-section are illustrated in Figure 7.40.
The optimal design code investigated 5000 machines (100× 50) within 20,000 seconds on an

2.26-GHz Intel i5 processor.
The sample results in the case-study in point (Figures 7.32 through 7.40) for 160 Nm, 3000 rpm

(50 kW) may be characterized as follows:

• Keeping the efficiency above 94%, the active weight dropped from 67 kg to 32 kg; also, the
tcos t dropped from 670 to 250 USD.
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• The outer stator diameter was reduced from 342 to 271 mm, with the stack length about the
same: lstack= 123 mm.

• The core and copper losses are not far away from each other in the optimal solution.
• The current density went from 1.5 to 9.4 A/mm2.
• The stator slot opening and airgap were reduced to 1.4 mm and 0.4 mm, respectively. As the

airgap is small, the commutation of the current (trapezoidal with iFb
* = iTb

* ) at 3000 rpm and
VDC= 500 V within one slot pitch time has to be checked via circuit model.
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But, increasing the airgap to improve current commutation will also increase copper losses in field
phases and thus should reduce efficiency somewhat.

If the machine were intended for a CPRS= 4, nb= 3000 rpm, and nmax= 12,000 rpm, a penalty
function for power unrealization at maximum speed should be added, while, implicitly, the airgap
would increase. The efficiency at maximum speedmight hold if the field current i*Fnmax= iFn

* /CPRS.
The torque density is only 25 Nm/liter, which is to be expected because the efficiency was kept

above 94%.
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7.8 SUMMARY

• BLDC-MRM stems from an upside-down DC brush motor with stripped-off excitation and
brushes shifted from a neutral axis to the corners of former inductor poles. Starting with a
two–stator pole, six–rotor slot (coils) DC brush machine, we thus obtain a two-pole six-
phase BLDC-MRM where the stator holds the six-phase AC coils, and the multiple flux
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barriers or axially laminated anisotropic passive rotor provide(s) for low armature reaction,
thus securing high torque density. Out of six phases, two (mF) of them are situated at some
moment between the rotor poles and play the role of excitation (iF—current), while the other
four (mT), under the rotor poles momentarily, play the role of torque phases (iT current)
[1–7]. The principle may be used in multiphase IM drives as well [8].

• Mechanical commutation is replaced by electronic commutation, and the machine
becomes brushless.

• The natural situation corresponds to iF= iT, when the torque-speed curve is similar to that of
a series DC brush machine, known to be ideal for traction (wide CPSR):

• Torque is: Te= kT ·mT · iF · iT
• A multiphase reluctance machine was obtained, which, however, operates as a DC brush

machine with a power angle oscillating a little around the value of 90◦.
• The current waveforms, intact with rotor position, are trapezoidal bipolar with two flat tips

(iF
* and iT

*).
• The commutation transition of currents between + and – polarities and the iF

* and iT
* tops,

almost linear, depends on machine inductances. This is why the machine airgap should
not be too small (as is in reluctance synchronous machines), but it may not be too high,
in order to keep the excitation losses (mFRsi2F) reasonably small for good efficiency.

• Amild magnetic saliency in the rotor, with Lqm/Ldm≈ 4.5, sometimes suffices to secure low
enough armature reaction for high torque density before the stator core teeth oversaturate.

• The BLDC-MRM may be run:
• At constant iF

* but variable iT
* (with reference torque)

• At iF
* = iT

* as long as the voltage ceiling in the inverter permits; this is the implicit max-
imum torque per current condition (MTPA: so simple to achieve here)

• for wide CPSR

i∗F = i∗Fb
ωb

ωr
, for ωr| | . ωb| |

and torque current iT
* decreasing to reference torque

• Stator coordinates are used for the circuit model, with rotor position–dependent machine
inductance matrix.

• The torque density (Nm/Kg or Nm/liter) has been proven 40% more than in an IM with
same stator and total copper losses.

• The larger airgap allows a retaining carbon fiber on the rotor to permit operation at high
speeds.

• The efficiency remains high during fluxweakening for wide CPRS as iF
* decreases with speed.

• A technical theory was developed first to calculate a preliminary (initial) geometry for
given specifications.

• 2D-FEM characterization of the BLDC-MRM; one of five phases and one of six phases were
presented to shed light on the complexity of machine geometry, magnetic saturation, and
stator and rotor core loss computation.

• Alternatively, a nonlinear magnetic equivalent circuit method was developed for BLDC-
MRM and proved useful for machine modeling in optimal design. The computation time
is hundreds of times smaller than for 2D-FEM, but the precision is lower, too.

• The circuit model in phase coordinates was developed with the inductance “full” matrix
dependent on the rotor position by cos(2θer) as in salient pole synchronous machines; curve
fitting from 2D FEM or from a flux decay standstill test is required to get simple analytical
formulae for the inductance matrix.

• The circuit model may then be used to portray steady-state operation and especially transient
operation without or with closed-loop speed and current control.
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• With m one-phase inverters, the DC line voltage (+) is applied to each phase and phase cur-
rents are all controlled individually. The same is valid for a null-point m-phase inverter, but
now the voltage applied to each phase is smaller than VDC, and, in addition, the null-point
voltage pulsations have to be controlled to bring symmetric current in all phases. The null
current is equal to the phase current top value in odd-phase count machines and twice as
much in even-count phase motors. However, the latter uses fewer power switches and allows
for simpler fault-tolerant operation by grouping the phases in groups of three.

• A 4/1 or more CPSR was demonstrated at high efficiency in a five-phase BLDC-MRM.
• Machine overloading is permissible, as no PMs are present.
• A PSO-based optimal design code (ODC) with MEC for machine modeling was put in place

and applied with encouraging results for high efficiency (94%) for an 160-Nm, 3000-rpm
drive (for 6 hours of computation time on a single laptop). Wide CPRS designs are also fea-
sible with ODC.

• 2D-FEMmay be used parsimoniously as embedded in the ODC after the optimization cycle
is done to check the key performance (torque and inductance matrix) and correct the MEC
model online by fudge factors to speed up convergence. Still, tens of hours of computation
on a single laptop are required.

• In conclusion, BLDC-MRM is worth trying both in drives with and without a wide CPSR, at
small and high speeds and torques; the not-so-small airgap leads to room for a rotor carbon
fiber retaining rig, but the remaining airgap also leads to small enough mechanical losses in
high speed applications.

• BLDC-MRM may be considered a strong competitor to the brushless excited SM in most
variable-speed motoring/generating drive applications.
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8 Brushless Doubly-Fed
Reluctance Machine Drives

8.1 INTRODUCTION

As implied in Chapter 1, the commercially named BDFRM may be considered a flux modulation
reluctance machine that has two windings in the stator (both AC three-phase, for example, or
one AC three-phase and one DC-fed) placed in semiclosed uniform slots and a salient pole rotor
with Pr poles. The two stator AC-distributed windings, primary and secondary (controlled),
have different numbers of pole pairs pp, ps and are called primary (power) secondary windings.
The latter are fed at ωs= variable through an AC-DC-AC (or AC-AC) PWM converter such that a
speed ωr is:

ωr = ωp + ωs

pp + ps
; pp + ps = pr; ωs ./, 0 (8.1)

where pr is the number of rotor equivalent salient poles.
In principle, it may also be feasible to have pp− ps= pr, but then performance is lower. The

so-called primary (power) and secondary (control) windings are both on the stator, while the flux
modulator is represented by the salient-pole rotor, which may be built in four main configurations
(Figure 8.1).

Though the number of rotor poles pr may be odd or even, even numbers lead to fewer radial force
peaks and thus to lower noise and vibrations.

It has also been demonstrated that the higher the magnetic saliency in the rotor, the better the
magnetic coupling of the two windings and thus the higher the torque for given primary (power)
and secondary (control) winding mmfs. Also, it has been proven that the numbers of stator windings
pole pairs ps and pr should not be too far apart, though this would mean that they should be rather
large numbers and, consequently, BDFRM is more suitable for low-speed applications for primary
fundamental frequency fp= 50 (60) Hz.

The coupling between the two windings (or the flux modulation) is performed by the first har-
monic (with pr periods per revolution) of airgap magnetic permeance [1]. Alternatively, the same cou-
pling may be performed by a nested cage rotor with pr poles, when the brushless doubly fed induction
motor (BDFIM)—proposed a century ago—is obtained [1–3]. The rotor nested cage on the rotor and
its losses are notable demerits of BDFIM.

Let us consider, as an example, a two-pole primary (power) winding and a six-pole secondary
(control) winding, with a four-pole rotor. The fundamentals of the mmfs of the two windings
(Figure 8.2a) interact through the first (pr periods) harmonic of the airgap magnetic permeance
(1/g)—Figure 8.2b and c.

For simplicity, the stator slot opening effect is neglected in Figure 8.2.
The BDFRM may be built with two separate rotor distributed AC windings placed in the same

slots or as a single winding (divided into three or two sections) connected to handle both roles
(or one of pp and one of ps pole pair windings); see Figure 8.3a–c.

When the secondary (control) winding is DC-fed (i*c= id0), the machine behaves as a synchro-
nous machine with pr pole pairs: ωr= ωp/pr (pr= pp+ ps) [4], when the power factor is improved
as in any synchronous motor.
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The fabrication simplification brought in by the simple winding solution (Figure 8.2a,b,c) leads
to a higher slot filling factor but also to additional copper losses in the winding with a lower num-
ber of poles. So, in general, two separate windings, eventually phase shifted by 90◦ mechanical
degrees, may be the practical solution in many applications. It is to be shown in subsequent sec-
tions that for a limited speed range |ωs|, ωp/3, the power rating of the secondary (control) stator
winding Ps is:

Ps ≥ Pp
ωsmax

ωp
(8.2)

With slip defined as S=−ωs/ωp, the BDFRM becomes somewhat similar to BDFIM, but it has
better efficiency, as only core losses occur in the winding-less (passive) rotor.

This is how the main merit of BDFRM, besides being brushless, comes into play: partial rating
of secondary (control) winding power converter. If the power winding unity power factor is targeted,
the KVA rating of the converter has to be raised notably. To grasp the BDFRM operation, its phase
coordinate and dual dq model are to be treated in what follows.

NA (Φ )

Φ

2π/Pr

2π α/Pr 2π
1/g

(a)

(b)

(c)

2π

2π

θrm

Na (Φ )

FIGURE 8.2 Winding function fundamentals Np(Φ), Ns(Φ), (a); ideal inverse airgap, (b); actual inverse airgap
1/g, (c).
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(MFB) rotor
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Flux barriers

(a) (b) (c) (d)
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layer

Nonmagnetic
spider

Axially laminated
layer
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segment

Nonmagnetic
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Axially laminated
anisotropic (ALA) rotor

Segmented regular laminated
anisotropic (SRGA) rotor

FIGURE 8.1 Typical magnetically anisotropic rotors: (a) conventional; (b) MFB-rotor; (c) ALA-rotor;
(d) segmented regular laminated anisotropic (SRGA)-rotor.
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8.2 PHASE COORDINATE AND dq MODEL

The voltage equations in phase (stator) coordinates are simply:

[VApBpCp ] = [Rp][iApBpCp ] (8.3)

[VAsVBsVCs] = [Rs][iAsBsCs ]+
d

dt
[ψAsBsCs

] (8.4)

where [Rp]=Diag Rp, [Rs]=Diag Rs are three component diagonal matrixes and [VApBpCp], [iAsBsCs ],
[ψApBpCp

] are three term column matrixes (the first two) and a 3× 3 matrix (the third-order variable:
flux linkage matrix).

The relationship between the phase flux linkage and currents are standard:

[ψApBpCp
] = [LApBpCpApBpCp][iApBpCp] + [LApBpCpAsBsCs][iApBpCp ]

3× 1 3× 3 3× 1 3× 3 3× 1
(8.5)

[ψAsBsCs
] = [LAsBsCsAsBsCs][iAsBsCs ] + [LApBpCpAsBsCs][iApBpCp]

3× 1 3× 3 3× 1 3× 3 3× 1
(8.6)

2pp = 6 (Ap, Bp, Cp)

A

A
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(c)
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B C
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2P1 = 6The distributed
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2P2 = 2

Pr = P1 + P2 = 4
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Frequency converter ω 2
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FIGURE 8.3 BDFRMstatorwindings: (a) separateACwindings (2pp= 6, 2ps= 2,pr= 4); (b) singleAC+AC
windings (2pp= 6, 2ps= 2, pr= 4); (c) single AC+DC winding (2pp= 4 AC, 2ps= 2, DC pr= 3).
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with

[LApBpCpApBpCp] =
LApAp LApBp LApCp

LBpAp LBpBp LBpCp

LCpAp LCpBp LCpCp

∣∣∣∣∣∣
∣∣∣∣∣∣ (8.7)

[LAsBsCsAsBsCs ] =
LAsAs LAsBs LAsCs

LBsAs LBsBs LBsCs

LCsAs LCsBs LCsCs

∣∣∣∣∣∣
∣∣∣∣∣∣ (8.8)

[LApBpCpAsBsCs (θrm)] =
LApAs LApBs LApCs

LBpAs LBpBs LBpCs

LCpAs LCpBs LCpCs

∣∣∣∣∣∣
∣∣∣∣∣∣ (8.9)

The motion equations may be added:

J
dωrm

dt
= Te − Tload

Te = 1
2
[iApBpCp ]

∂[LApBpCpAsBsCs (θrm)]

∂θrm
[iApBpCp ]

T ;
dθrm
dt

= ωrm

(8.10)

where ωrm and θrm are the mechanical angular speed and rotor axis angle with the axis of phase Ap.
In order to reduce the torque pulsations, it would be practical to have only [LApBpCpAsBsCs ] dependent on
rotor position, like in a nonsalient-pole rotor synchronous machine.

The stator slotting will be considered here only by the Carter coefficient (Kc), and the rotor slotting
(due to flux barriers) is neglected in terms of airgap permeance pulsations. Thus, only the simplified
(equivalent) 1/(gKc) stepwise function in Figure 8.2b is considered.

Pursuing the method of winding functions and considering only their fundamentals [5] per pole as
Mp(φ) and Ms(φ), Figure 8.2a, the neutral (airgap) inductance between any two phases of the two
windings Lij(θrm) is:

Lij(θrm) = μ0 · lstack
ppτp
π

·
∫2π
0
g−1
e (θrm, φ) · Ni · sin (pp, φ) · Nj · sin (ps, φ)dφ (8.11)

where τp is the pole pitch of the primary (power winding) and lstack is the stator core axial length.
The equivalent inverse airgap function ge

−1(θrm, φ)—Figure 8.2b—is:

g−1
e (θrm, φ) = (g · Kc)

−1

θrm + π

pr
(2n− α) ≤ φ ≤ θrm + π

pr
(2n+ α)

g−1
e (θrm, φ) = 0

θrm + π

pr
(2n+ α) , φ , θrm + π

pr
(2n+ 2− α)

(8.12)

Here n= 0, 1, 2, pr – 1.
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The ideal inverse airgap function here was adopted for simplicity, while a more involved one may
be adopted for more precision. In such conditions, LApAs is:

LApAs = μ0
ppτp
π

lstack
gKc

NpNc·

− sin (pp − ps)
pp − ps

· πα
pr

·

∑pr−1

n=0

cos (pp − ps)θrm + 2πn(pp − ps)
pr

[ ]( )

+ sin
pp + ps

pr
· πα
pr

·
∑pr−1

n=0

cos (pp + ps)θrm + 2πn
[ ]( )

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(8.13)

If (pp− ps)/pr is not an integer, the first term in Equation 8.13 becomes zero and LApAs is
(pp+ ps= pr):

LApAs = Lmps cos (pr · θrm) (8.14)

Lmps = μ0 · pp · τp · lstack
NpNsα

g · Kc

sin (πα)
πα

(8.15)

Similarly:

LBpCs = LCpBs = LAsAp = LApAs = Lmps · cos (pr · θrm)

LApBs = LBpAs = LCsCp = LCpCs = Lmps · cos pr · θrm − 2π
3

( )

LApCs = LCpAs = LCsCp = LCpCs = Lmps · cos pr · θrm + 2π
3

( ) (8.16)

Now if 2pp/pr and 2ps/pr are also not integers, the self and mutual inductances within the two
windings end up independent of rotor position θrm:

LApAp = LBpBp = LCpCp = Lpσ + Lmp

LApBp = LApCp = LBpCp = − 1
2
Lmp

LAsAs = LBsBs = LCsCs = Lsσ + Lms

LAsBs = LAsCs = LBsCs = − 1
2
Lms

(8.17)

with:

Lmp =
μ0 · pp · τp · lstack · N2

p · α
g · Kc

; Lms = μ0 · ps · τs · lstack · N2
s · α

g · Kc
(8.18)

and:

Np = 2
π

N1 · Kw1

pp
; Ns = 2

π

N2 · Kw2

ps
(8.19)

with N1, N2, Kw1, Kw2 the number of turns per phase and the winding factor of the primary (power)
and secondary (control) windings.
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So:

Lmp = 4
π2

τp · lstack(N1Kw1)2 · α
pp · g · Kc

; Lms = 4
π2

τs · lstack(N2Kw2)2 · α
ps · g · Kc

(8.20)

The space phase vectors of the flux linkages of the two windings are in their phase coordinates:

�ψ∗
ApBpCp

= 2
3
(ψAp

+ a · ψBp
+ a2 · ψCp

) = Lp�iApBpCp + Lm�i
∗
AsBsCs

· ejθer

�ψ∗
AsBsCs

= 2
3
(ψAs

+ a2 · ψBs
+ a · ψCs

) = Ls�iAsBsCs + Lm�i
∗
ApBpCp

· e−jθer

(8.21)

with

θer = prθrm and Lp = Lpσ + 3
2
Lmp

Ls = Lsσ + 3
2
Lms, Lm = 3

2
Lmps

(8.22)

Lpσ and Lsσ are the leakage inductances per phase.
The dq (space phase) model is needed to eliminate the rotor position angle in Equation 8.21.

A random dq reference system may be used, as defined by its angle θb, because only the coupling
inductances between two windings depend on rotor position.

For the secondary (control) winding, the transfer matrix is applied to conjugates:

�f dqp =
2
3
fApBpCpe

−jθb , �f dqs =
2
3
�f
∗
AsBsCp

e−j θb−θer( ) (8.23)

As visible in Equation 8.23, the Park transformations are valid in two different systems of coor-
dinates, defined by θb and θb− θer for the two windings.

The Park transformation matrixes are used to get the dq variables directly:

fdpqpnb = [P(θb)]fApBpCp

fdsqsns = [P(θb − θer)]f
∗
AsBsCs

(8.24)

with

P(θer)[ ] = 2
3

cos (−θer) cos −θer + 2
3
π

( )
cos −θer − 2

3
π

( )

sin (−θer) sin −θer + 2
3
π

( )
sin −θ − 2

3
π

( )
1
2

1
2

1
2

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦

(8.25)

Finally, Equations 8.21 through 8.25 lead to the dq model of BDFRM:

�Vdpqp = Rp�idpqp +
d

dt
�ψdpqp + jωb�ψdpqp ; ωb = dθb

dt

�Vdsqs = Rs�idsqs +
d

dt
�ψdsqs + j(ωb − ωr)�ψdsqs ; ωr = pr · ωrm

(8.26)
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and

�ψdpqp = Lp ·�idpqp + Lm ·�idsqs
�ψdsqs = Ls ·�idsqs + Lm ·�idpqp

(8.27)

The model (Equations 8.26 and 8.27) is similar to that of the doubly fed induction machine if we
only define slip as: S=−ωs/ωp.

Synchronous coordinates (ωb= ωp) may be profitable for field-oriented control, while stator coor-
dinates (ωb= 0) are adequate for the case of ωs= 0: DC excitation of secondary (control) winding,
when the case of a stator “DC-excited cageless rotor nonsalient pole” synchronous machine is met.

The electromagnetic torque in the dq model is simply:

Te = 3
2
pr(ψds iqs − ψqs ids )

= 3
2
prLm(idp iqs − iqp ids )

= 3
2
pLm(ids iqp − iqp ids )

(8.28)

We may now reduce the secondary (control) winding to the primary (power) winding to obtain:

L′ms = Lms · Np

Ns

( )2

= Lmp; L
′
m = 3

2
Lmps · Np

Ns
= 3

2
Lmp · Kp

Kp = sin πα( )
πα

, 1; with α = 1
2
⇒ Kp = 2

π
!

(8.29)

Now L′m , (3/2) · Lmp, which is the strong difference with respect to the doubly fed inductance
machine (DFIG) counterpart as:

Lp − L′m = Lpσ + 3
2
Lmp(1− Kp) . Lpσ

L′s − L′m = L′sσ +
3
2
Lmp(1− Kp) . L′sσ

(8.30)

So there is an additional large leakage inductance Lmσ that corresponds to the average airgap of
the machine: Lmσ= (3/2)Lmp(1− Kp). In the dq model (with the same reference systems for both
windings ωb), all variables have the same frequency (in both windings), but in reality, it is ωp

in the primary (power) winding that refers to stator coordinates (ωb= 0) and ωs for the secondary
(control) winding in the same coordinates.

So, for steady state d/dt→ jωp and jωs for the dq voltages of the two windings. The dq equivalent
circuit for steady state in stator coordinates is shown in Figure 8.4.

The dq model of BDFRM leads to remarks such as the following:

• The additional inductance (Lmσ) in both sides of Figure 8.4 dependent on (1− Kp) should
be made as small as possible to secure an acceptable power factor and thus lower the kilo
volt ampere (KVA) rating in the PWM converter that feeds the secondary (control) wind-
ings. To do so, pp and pq should be close to each other, but the shaping of rotor saliency
will also help.

• To do so, the MFBA-rotor or the ALA-rotor (Figure 8.1b and c) should be adopted, as
explained later in the chapter.

• The slip S expression (S=−ωs/ωp) contains the sign minus because ωr= ωrm(pp+ ps)=
ωp+ ωs, where ωs is positive (same phase sequence with primary windings) in
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oversynchronous operation and negative (opposite sequence of phase in the secondary
windings) in undersynchronous operation. Synchronous operation is considered for ωs= 0
and thus ωr = ωp/pr.

• When the secondary (control) winding is DC-fed S= 0, synchronous machine-like opera-
tion is obtained.

• The right part of the equivalent circuit in Figure 8.4 becomes in this case a current DC source
(Figure 8.4b):

�iF = idc; Vs = 3
2
Rs · idc (8.31)

• As the secondary (control) winding is three phase, its DC resistance is (3/2)Rs, which
explains the DC control voltage Vs expression in Equation 8.31.

• Finite-element analysis of ALA-rotor BDFRM has shown that, despite nonsinusoidal airgap
flux density, the mutual inductances between the two windings vary rather sinusoidally with
rotor position [6], as in Equations 8.14 through 8.16.

• The additional inductance Lmσ (Figure 8.4) both in the primary (power) and secondary
(control) windings will have a beneficial effect in the sense of reducing the overcurrents dur-
ing large symmetric and asymmetric voltage sags or swells in the power grid, in contrast to
the regular DFIG (with slip-rings and brushes and the secondary winding on the rotor),
again, at the price of a lower power factor.

• It should be mentioned that a BDFRM may also operate as an induction motor if the
secondary (control) winding is short-circuited; in this case, ωs is given by ωp and the speed
ωr: ωs= ωr− ωp.

• Also, it should be noted that the key torque factor (Equation 8.29) is

Lm = 3
2
L′mps =

3
2
Lmp · α · sin (πα)

πα
= 3

2
Lmp · Kps (8.32)

both α (ratio of rotor pole span/pole pitch) and sin(πα)/πα are smaller than unity; con-
sequently, the torque density is inevitably smaller than for DFIG, for similar mmfs in the
windings. Minimizing this effect leads to the optimal design of the MFBA or ALA-rotors
(Figure 8.1) for BDFRM. Using a sinusoidal analytical model has led to values of Kps

from 0.11 to 0.5 for various pole pair combinations (pp, ps) and for given airgap. The higher
coupling factor is obtained with pp. ps [7].

• As expected, the maximum torque is obtained when the self-induced and induced voltages in
each of the two windings are at 90◦, or when the corresponding phase currents in the dq
model, say, in stator coordinates, are at 90◦ with each other. With zero stator resistance,
say, for motoring, in the primary (power) winding, the phasor diagram may be simplified

Additional large
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p
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FIGURE 8.4 dq equivalent circuit of BDFRM in steady state: both windings are AC fed (a); secondary
(control) winding is DC fed from a three phase winding (b).
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to that of Figure 8.5 where φs is the ideal power factor angle. It may be demonstrated [7] that
the ratio of current loadings (Ap, As) in Aturns/m is, in this case:

Ap

As
= tanφs · G.F. (8.33)

G.F. = ppCps

psCpp
(8.34)

• G.F. is the goodness factor, with Cps and Cpp as coupling and self-coupling coefficients
(Cii, Cjj, Cij), as in Tables 8.1 and 8.2 [7].
It should be noticed that G.F. depends on the combination of pole pairs pp and ps and that

for pp. ps, the grid winding electrical loading Ap may be increased (by increasing G.F.)
without affecting the power factor (in Equation 8.33) too much; fortunately, this would
mean higher ideal coupling coefficients (Cij).

ϕ1 Ε p

Ι pΙ s

Ε ps Ι s
= jωpLmps

Ε pp Ι p
 = jωpLmp

FIGURE 8.5 Power winding factor for maximum torque (motoring).

TABLE 8.1
Ideal Coupling Coefficient

Pole Numbers Coupling Coefficients

pr pi pj Cii Cij=Cji Cjj

2 4 8 0.00 0.00 0.00

4 2 6 0.1817 0.3183 0.661

5 4 6 0.3831 0.4677 0.5780

6 2 10 0.0865 0.2067 0.5827

6 4 8 0.2933 0.4135 0.6034

8 2 14 0.0498 0.1501 0.5643

8 4 12 0.1817 0.3183 0.6061

8 6 10 0.3499 0.4502 0.5900

10 2 18 0.0323 0.1169 0.5520

10 4 16 0.1216 0.2523 0.5946

10 6 14 0.2477 0.3784 0.6081

10 8 12 0.3831 0.4677 0.5780

20 10 22 0.4454 0.4918 0.5447

Source: A. M. Knight et al., IEEE Trans., vol. IA–49, no. 1, 2013, pp. 50–58. [7]
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• If a similar procedure is followed for the secondary (control) winding, one obtains [7]:

As

Ap
= tanφs

psCsp

ppCss

( )
(8.35)

Now multiplying Equation 8.33 with Equation 8.35 yields:

GPF = CppCss

CpsCsp
= tanφp · tanφs; Cps = Csp (8.36)

GPF in Equation 8.36 was calculated in Reference 7 and is also given in Table 8.2. As
expected, the lower the coupling (CpsCsp), the larger the power factor angles φp, φs and
thus the lower the power factor. Also, for maximum torque conditions, the two power factors
may not be maximized simultaneously. This comes as no surprise, as the machine magne-
tization may be provided either from one winding, from the other, or by both. If the primary
(power) winding is run at the unity power factor (cos φp= 1), the above conditions fall and
thus the machine may not operate for maximum torque conditions in this situation.

• Again, for maximum torque/current (maximum torque as discussed above) in space vectors,
one obtains:

Te = 3
2
pr �Ip
∣∣ ∣∣ · �Is

∣∣ ∣∣ · Lm; �Is
�Is
∣∣ ∣∣ = j

�Ip
�Ip
∣∣ ∣∣ (8.37)

For steady state, the voltage equations become:

�Vp = Rs · �Ip + jωp(Lp�Ip + Lm�Is)
�Vs = Rs · �Is + jωs(Lm�Ip + Ls�Is)

(8.38)

These expressions, with Lm, Lp, Ls calculated preliminarily, as discussed above, allow one
to calculate approximately the maximum torque capability of the machine and then the
active and reactive powers for each winding.

TABLE 8.2
Ideal Goodness Factor

Pole Numbers
psCpp

ppCps

CppCss

C2
ps

pr pg ps

6 2 10 0.4780 1.1793

6 4 8 0.7050 1.0349

6 8 4 1.3706 1.0349

6 10 2 1.7741 1.1793

8 2 14 0.4300 1.2493

8 4 12 0.5840 1.0869

8 6 10 0.7718 1.0189

8 10 6 1.2716 1.0189

8 12 4 1.5755 1.0869

8 14 2 1.8614 1.2493

Source: A. M. Knight et al., IEEE Trans., vol. IA–49, no. 1, 2013, pp. 50–58. [7]
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Such a calculus done in Reference 7 for an outside stator diameter of 430 mm and stack
length lstack= 251mm BDFRM showed it capable of producing 300 Nm over a wide speed
range with a power factor of 0.8 lagging in the power winding and 0.5–0.6 in the control wind-
ing. The torque density proved to be small (8.6 Nm/liter) for Ap/As= 16220 A/m/15780
A/m and grid frequency fp= 50 Hz, and synchronous (normal) speed (ωs= 0) of 500 rpm.
The speed range around synchronism defines the KVA of the secondary (control) winding
and its PWM converter rating by the same principle as for DFIG: Ps≥ (|ωs max|/ωp) · Pp.

• To conclude, after this preliminary investigation by electric circuit (phase coordinates and
dqmodel) theories, we have to notice that the machine torque density in Nm/liter is smaller
than that of the competitor’s solutions, but there are no brushes. However, the power factor
is impaired by an additional notable airgap inductance present in both windings (Lmσ in
Figure 8.4); this will lead to higher kVA in the secondary control winding PWM converter
if high or even unity power factor is required in the primary (power) winding.

8.3 MAGNETIC EQUIVALENT CIRCUIT MODELING WITH
FINITE-ELEMENT MODEL VALIDATION

The phase coordinate and dq model with winding-function-method-based inductances may be used
for preliminary performance investigation and control. But the consideration of magnetic saturation
and stator and rotor slotting effects on circuit model parameters on average torque, torque ripples, and
radial forces is imperative for practical design purposes.

2D-FEM is the way to go, but, for optimal design codes, it requires prohibitive computation time.
So FEM is to be used with care, rather to validate optimal design codes that use nonlinear analytical
(realistic machine) models: MEC, for example.

Given the complexity of stator and rotor slotting, using FEM-only for optimal design codes for
BDFRM within a few hours of computation time on a single desktop computer are still due.

The MEC case study here [8] refers to a four-pole power and eight-pole control three-phase wind-
ing 540-Watt, 1380-rpm BDFRM with its main specifications in Table 8.3 and main given geometry
data in Table 8.4.

A rather complex equivalent magnetic circuit including the airgap, stator and rotor slots, flux
barriers, and teeth is required. There are 48 slots on the stator and 11 equivalent slots/pole (6 poles)
on the rotor (Figure 8.6).

Considering this structure, the MEC for three stator slots and four flux rotor barriers is as in
Figure 8.7.

TABLE 8.3
Specifications

Item Description Value

4-pole winding Rotor speed 1380

Phase voltage [V] 100

Phase current [A] 5.3

Frequency [Hz] 60

8-pole winding Phase voltage [V] 179

Phase current [A] 12.1

Frequency [Hz] 78

Source: M. F. Hsieh et al., IEEE Trans., vol. Mag–50, no. 11,
2014, pp. 1–5. [8]
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As the MEC method was described in previous chapters (see Chapter 7), we will present it only
briefly here.

The main element is represented by the magnetic reluctances. Rg for airgap; Rts, Rtr for stator and
rotor teeth; Rsn, Rrn for stator and rotor poles; and the leakage reluctances Rls, Rlr for stator and rotor
shoe gaps.

There is a direct relationship between the magnetic flux in different magnetic tubes and various
field sources (mmfs: Fs1, Fs2,… in Figure 8.7) via a nodal approach:

[Gm][V] = [φt]; [Gm] = [Rm]
−1 (8.39)

It is implicit that the magnetic reluctances (Rgi) and their magnetic permeancesGgi depend on rotor
position angle; thus, torque Te is produced:

Te = pr
∑Ns

i=1

∑Nr

j=1
(Vi − Vj)

2 dGij

dγ
(8.40)

The fluxes in different teeth are summed to get the flux linkage of all coils of all phases at different
moments in time (with simultaneous values of all currents as assigned). Magnetic saturation is
considered iteratively in the MEC code (Figure 8.8) [8].

TABLE 8.4
Main Dimensions

Description Value Description Value

Length of air gap 0.5 mm Height of the stator shoe 1.1

Stator slot number 48 Width of the rotor tooth (induction rotor) 4.2 mm

Stack length 81 mm Width of the rotor tooth 4.2 mm

Coil turns (4- and 8-pole) 15 Width of the rotor rim 2 mm

Stator tooth width 3.8 mm Height of the rotor shoe (reluctance rotor) 1 mm

Width of the stator yoke 10 mm Outer slot radius 48.4 mm

Rotor radius 70 mm Height of the stator slot 21.1 mm

Source: M. F. Hsieh et al., IEEE Trans., vol. Mag–50, no. 11, 2014, pp. 1–5. [8]

FIGURE 8.6 One-quarter cross-section: the white part represents steel and the black part refers to slots (or flux
barriers). (After M. F. Hsieh et al., IEEE Trans., vol. Mag–50, no. 11, 2014, pp. 1–5. [8])
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FIGURE 8.7 MEC of stator airgap and rotor section. (After M. F. Hsieh et al., IEEE Trans., vol. Mag–50,
no. 11, 2014, pp. 1–5. [8])
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FIGURE 8.8 MEC code flowchart.. (After M. F. Hsieh et al., IEEE Trans., vol. Mag–50, no. 11, 2014,
pp. 1–5. [8])
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The airgap flux density linking the two windings (coupling torque producing) flux density is
separated by using, say, only currents in the primary (power) winding and calculating the flux linkage
in the secondary (control) winding after extracting the fundamental for the secondary (control) wind-
ing period (2τs):

ψps =
2
π
Bg1s · τs · lstack · N2 · Kw2 (8.41)

Then the average torque Te avg is:

Te avg = 3
2
prψpsIp sinφi (8.42)

where ψps and Ip are peak phase values and φi is the angle between the induced voltage and the
current. Sample MEC (Vmec) results compared with FEM (Vsim) show acceptable agreements
(Figures 8.9 and 8.10) [8].
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The stator teeth (airgap) flux density in Figure 8.9 is calculated rather acceptably by MEC, but, as
the voltage waveforms show (under steady state), there are still notable differences with respect to
both experiments and FEM on the small-power prototype under investigation here (Figure 8.10).

The reduction, up to two orders of magnitude, of computation time by MEC with respect to FEM
may justify the lower precision of the former method and its use in optimal design codes.

8.4 CONTROL OF BRUSHLESS DOUBLY-FED RELUCTANCE MACHINES

Both BDFIMs (with nested-cage rotor) and BDFRMs (with reluctance rotor) are credited with safer
operation (lower overcurrents for low grid voltage ridethrough) due to the additional (leakage) induc-
tance present both in the power and control windings. This way, the crowbar protection of secondary
(control) winding is not necessary, in contrast to regular DFIMs. This is a solid reason to pursue
BDFRM control and its implementation for both generator and motor modes in undersynchronous
(ωs, 0, S. 0) and oversynchronous (ωs. 0, S, 0) operation modes. The rotor speed ωrm is:

ωrm = ωp

pr
1+ ωs

ωp

( )
= ωp

pr
(1− S); S = −ωs/ωp (8.43)

while the mechanical power (at zero losses) Pm is:

Pm = Te · ωp

pr
+ Te

ωr

pr
= Pp + Ps = Pp(1− S) (8.44)

There is rich literature on BDFRM control:

• Scalar control [9]
• Voltage vector oriented (VC) [10]
• Power (primary) winding flux oriented control [10]
• DTFC [11]

Other controlled strategies such as torque and reactive power control (TQR) or direct power
control (DPC) are derivatives of DTFC.

All the above control strategies may be implemented with encoder feedback or encoderless, but
DTFC (and DPC) seem particularly adequate for encoderless control. Here, we investigate in
some detail VC and FOC as they reveal the essentials of active and reactive power control in the
primary (power) winding:

Pp = 3
2
(Vαiαp + Vβiβp); iαp = iAp, iβp = iAp + 2iBp��

3
√ (8.45)

Qp = 3
2
(Vβpiαp − Vαpiβp)

Vαp = 2VAp − VBp − VCp

3

Vβp = VBp − VCp��
3

√

(8.46)

VC and FOC are both vector controls, but for VC, the voltage vector �Vp of primary (power) winding
is oriented along axis qp, while for FOC, the same power winding flux vector is oriented along axis dp.
This difference, which reflects only the primary (power) winding resistive voltage drop (Rpip)
influence leads to some coupling of active and reactive power control for VC while decoupling
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control is secured for FOC, at the price of an additional primary (power) winding flux estimator
(Figure 8.11).

Making use of the already developed dq model, but this time at speed ωp for the primary (power)
winding and at speed ωs for the secondary (control) winding (to secure DC variables during steady
state), the torque Te and active and reactive power Pp, Qp may be expressed by:

(Te)VC = 3pr
2

(ψmdisq − ψmqisd) (8.47)

ψmd= ψmp for FOC (Figure 8.11):

(Pp)VC = (Te)vc ·
ωp

pr
; (Qp)VC = 3

2
ωp

ψ2
p

Lp
− ψmdisd

( )
− ψmqisq

[ ]
(8.48)

(Pp)FOC = 3
2
ωp

Lm
Lp

ψpisq; (Qp)FOC = 3
2
ωpψpipd (8.49)

Equations 8.47 through 8.49 evince the uncoupling and, respectively, coupling character of Pp

and Qp for FOC and, respectively, for VC.
A generic VC or FOC system is portrayed in Figure 8.12 [10].
Only the secondary (control) winding-side PWM converter is shown in Figure 8.12. The grid-side

converter (as part of an AC-DC-AC system) is not shown, as its control (in general V∗
dc,Q

∗
c control by

idg, iqg control) is standard as for DFIG and independent of the other part, though, during voltage sags
and the like, its behavior should be mandatorily considered.

Typical experimental results on a lab prototype (its data is shown in Table 8.5) are given in
Figures 8.13 and 8.14 but for FOC and VC.

The results in Figures 8.13 and 8.14 warrant remarks such as:

• The two control methods (FOC and VC) show very similar speed, torque, and active
power responses.
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FIGURE 8.11 Primary (power) winding voltage vector angle and speed (θp, ωp), its flux angle and speed
estimators. (After S. Ademi et al., IEEE Trans., vol. EC–30, no. 2, 2015, pp. 596–604. [10])
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• The results differ in terms of power winding current iφd and reactive power, probably due to
the small coupling of d-q axes in VC.

• The q-axis currents ipq, isq are similar to active power and torque responses, as they are
directly related to each other.

• The speed transition through synchronism (Figure 8.14)—750 rpm—shows clearly that the
sequence of secondary (control) winding currents changes at synchronism (ωS= 0) when
the latter become, for a while, DC currents.

• The lagging reactive power of 1200 VAR is a direct result of i∗sd = 0 (pure active power han-
dled by the secondary [control] windings) to secure minimum converter current (KVA in the
inverter).

TABLE 8.5
BDFRG Lab Prototype

Rotor inertia [J ] 0.1 kg · m2

Primary resistance [Rp] 11.1Ω

Secondary resistance [Rs] 13.5Ω

Primary inductance [Lp] 0.41 H

Secondary inductance [Ls] 0.57 H

Mutual inductance [Lm] 0.34 H

Rotor poles [pr] 4

Primary power [Pr] 1.5 kW

Rated speed [nr] 1000 rev=min

Stator currents [Ip,s] 2.5 A=rms

Stator voltage [Vp] 400 V=rms

Stator frequency [fp] 50 Hz

Winding connections Y=Y

Stator poles [p=q] 6=2

Source: S. Ademi et al., IEEE Trans., vol. EC–30, no. 2, 2015,

pp. 596–604. [10]
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• If unity power factor in the stator is needed, the control should have i∗sd = 0 and the inverter
KVA ratings (and cost) increase notably (even by 100% from |Smax|/Pp).

• Quantitative analysis of BDFRMbehavior in the presence of asymmetric deep power grid volt-
age sags, smooth transitions from grid to autonomous (islanding), back operation, and so on all
still need to be investigated. Notable refinements in encoderless control are also expected.

8.5 PRACTICAL DESIGN ISSUES

The design of BDFRM was treated far less than its control [12–14]. It is suggested that this machine
may be advantageously designed even for a 2-MW wind generator for ωp= 50 Hz, fs≤ 50 Hz,
and speed range from 500 rpm to 1000 rpm when the power and control windings each deliver
50% of full power 2 MW at 1000 rpm. At 750 rpm, fs= 25 Hz, the control winding may produce
0.66MW with the power winding delivering 1.14MW [12]. In both cases, the power factors are
low (0.87 lag and 0.12 lagging for 1000 rpm and 0.58 lag and 0.33 lag for 750 rpm, both at about
1.8–1.9 MW delivered). It is evident that such a small power factor in the control winding (0.2,
then 0.3) would lead to a hardly acceptable KVA rating of the converters, which have to deliver
0.66 to 0.9 MW of active power in the design.

The additional (leakage) inductance—due to average airgap permeance—that occurs both in the
power and control winding by principle leads to this situation. Yes, this additional inductance limits
the currents in both windings in case of power grid deep voltage sags or swells, but the price in the
control winding inverter oversizing hardly seems practical. Moreover, the 7–10 Nm/liter torque den-
sity, in a 0.74 m outer stator diameter, 200 kW (at 1200 rpm, with minimum speed of 600 rpm),
though offering 94% efficiency for 70% of operation points in the speed-torque envelope, is far
less than with competitive solutions. The PWM dual AC-DC-AC converter KVA sizing at the unity
power factor in the power winding should be close to 100%—as, for example, in cage rotor induction
generators with full ratings (100%) and similar PWM converters. A pertinent analysis of these aspects
is available in [15], but for a BDFIM (with nested cage rotor).
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It seems that disruptive improvements, eventually adding capacitors in series with power winding
to compensate for the additional airgap inductance is needed in normal operation. To handle voltage
sags, such capacitors may be short-circuited. Resonance conditions have to be avoided all over the
operation range. Trading these capacitors for drastically lower (additional) converter KVA ratings
may be practical. Another potential way to reduce the KVA ratings of the control winding con-
verter may be the finding of applications where the power winding frequency may be variable
with speed (its voltage may be requested to be constant) to reduce the maximum slip (ωs/ωp). Stand-
alone (vehicular) generators with controlled AC voltage amplitude or DC output may represent
such opportunities.

Yet another way to go to reduce total KVA ratings of the two back-to-back converters is to force
the grid side converter to deliver reactive power to partly magnetize the machine through the main
winding. Still, that additional inductance (Figure 8.4) raises the KVA to higher values than in DFIGs.

Finally, when the control winding is DC fed (ωs= 0) a synchronous machine with a large syn-
chronous inductance and a slow DC excitation response (all due to the additional inductance
[Figure 8.4]) is obtained. This results in moderate-high power factor reluctance machines with favor-
able efficiency [4].

8.6 SUMMARY

• BDFRMs, similar to BDFIMs, have a stator with two AC windings of pp and ps pole pairs
placed in uniform semiclosed slots of a laminated iron core. Their rotor has pr= pp+ ps
poles, either salient (reluctance) or of nested cages (BDFIM).

• One power winding of pp pole pairs is connected to the grid or kept in general at constant Vr,
fp while the other is fed from a power converter at variable Vs, fs.

• The two windings interact through the first harmonic of airgap permeance (for BDRM) to
produce constant torque (power) if the speed ωrm= (ωp+ ωs)/pr.

• But the constant/average component of airgap permeance is reflected in an additional
large constant inductance Lmσ (Figure 8.4) in both windings (same value if the secondary
[control] winding is reduced to the primary [power] winding). This additional inductance
does not produce torque, but consumes reactive power, thus leading to inherent low
power factor.

• The torque for given geometry and mmfs in the two windings is maximum when the
two windings currents (in a single-speed dq reference system) are phase shifted 90◦

(in time).
• Though BDFRM has a salient pole rotor, it behaves like a nonsalient pole machine in the

sense that only the coupling inductances between two windings vary with rotor position.
• Coupling inductance is characterized by a coupling factor Kij≤ 0.5, indicating limited tor-

que density in comparison with other AC machines with the same geometry and airgap. But
it is brushless, and the ideal power rating of secondary control winding Ps= Pp(|ωs max|/ωp);
ωs, 0 for undersynchronous and ωs. 0 for over synchronous speed ωsyn operation (ωsyn=
(ωrm)= ωr/pr). Unfortunately, the sizing of the secondary (control) winding PWM con-
verter, even for Ps, 0.3Pp, is not possible unless all reactive power in the machine is
extracted through the primary (power) winding from the power grid when the power factor
is rather low.

• At the other extreme of operation, at the unity power factor in the power winding, a notable
oversizing (+100%) of the KVA in the control winding converter is required.

• To alleviate the situation, the grid-side PWM converter (part of the AC-DC-AC system that
feeds the secondary winding) may be controlled not only at given DC link voltage, but also
to deliver reactive power (Qq. 0) from the DC link capacitor and thus counteract the reac-
tive power required in the stator with the unity power factor in the control winding.
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• Apart from simplified parameter formulae in phase and dq coordinates, useful for control,
MEC and FEM are used to account for magnetic saturation and stator and rotor slotting.

• Quite a few design hints and examples are available to provide a feeling of magnitudes.
• Control of active and reactive power delivery from the power winding may be scalar, voltage

vector–oriented control, power winding flux–oriented vector control (FOC), or DTFC
or TQC or DPQC, with or without encoder feedback over a 2/1 speed range with applica-
tion for motoring and generating (for wind energy conversion) at small speeds (as pr. 4
in general), but they may also be used in speeds of thousands of rpm in autonomous gener-
ators, where power winding frequency may also vary with speed for AC or DC constant
(increase) voltage output (avionics, ship, train generators) with a 2/1 speed range. This
way, S=−ωs/ωp can be kept small over the entire speed range and thus the KVA rating
of the AC-DC-AC converter may be kept reasonably small, making the situation
economically feasible.

• A series AC capacitor in the power winding, provided with a fast short-circuit hardware, will
further reduce the PWM converter rating by compensating that large additional (leakage
like) reactance (ωpLmσ).

• When used as a generator at the power grid, facing grid voltage sags or swells, the short-
circuiter opens and thus ωpLmσ limits the overcurrents in the machine.

• Developments on DFRM design, control, and applications are expected in the near future
mainly due to its brushless ruggedness and reduced PWM converter KVA rating for up
to 2/1 speed control range, not to mention that the machine may stand light starts as an
induction cage motor by short-circuiting the control windings until the minimum speed
for self-synchronization ωr min= (ωs− |ωs max|) · pr is reached.
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9 Switched Flux–Permanent
Magnet Synchronous Motor
Analysis, Design, and Control

9.1 INTRODUCTION

When, in 1943 [1] and 1955 [2] (Figure 9.1a and b), the outer and inner, respectively, rotor single-
phase configurations for generator mode were invented, the “switched-flux”machine had PMs in the
laminated stator together with 1(2) AC coils and a salient-pole passive laminated iron rotor.

The three-phase configuration of SF-PMSMs introduced in [3] provided radial magnets with
tangential opposite polarity to make room for three phase coils and secure symmetric emfs
(Figure 9.2).

The principle of FS-PMSM may be derived by the flux-modulation approach [6], which divides
the SF-PMSM in three parts:

• PM (+ eventually) DC excitation (mmfs) on the stator (its speed isΩe= 0) with pe pole pairs
• The armature (AC) winding mmf on the stator (its speed is Ωa and it has pa pole pairs)
• The flux modulator (the rotor here) with speed Ωm (mechanical) and pm pole pairs; the rotor

has pr salient poles (pr= pm)

If only the fundamental of airgap permeance is considered, to provide synchronism between the
AC winding mmf wave and the excitation (PM) produced airgap flux density, and thus secure non-
zero average torque, two conditions have to be met [6] for maximum torque:

pa = pe − pm
∣∣ ∣∣; Ωm = Ωa( pm − pe)

pm
(9.1)

From the configurations in Figure 9.2, simply Pe= Ns/2, Pm= Nr stator and rotor poles: Ns= 12,
Nr= 10, pe= 12, pm= 10, pa= 2, fa= pm · n. The number of pole pairs of pa= 2 means that even
a distributed AC winding with four poles may be used. However, its larger end coils lead to larger
copper losses unless the stator stack core length is large in comparison with the AC coil throws.
The configurations in Figure 9.2b and c with 6 stator poles and 13 (respectively, 14) rotor poles
operate on a similar principle, but use other harmonic of airgap permeance, again with the rotor as
flux modulator, as explained later in more detail.

The flux modulator “matches” the different pole pairs (pe and pa) of excitation PMs and armature
mmfs, such that, ultimately, FS-PMSMs may be assimilated to synchronous machines.

Many slightly different configurations claiming novelty have been introduced, such as:

• The outer rotor FS-PMSM (Figure 9.3) [7]
• The axial airgap FS-PMSM (Figure 9.4a and b) [8, 9]
• DC-assisted FS-PMSM (Figure 9.5a and b) [10, 11]
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C-type stator cores (6/13); (c) with distributed AC winding (6/14). (After E. Hoang, A. N. Ben Ahmed, J. Luci-
darme, Record of the European Conference on Power Electronics and Applications, vol. 3, 1997, pp. 903–908;
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R. Bosch, Patent no. 741163, Class 21d1, Grorep 10, Sept 16, 1943 [1]); (b) with inner rotor. (Adapted from
S. E. Raunch and L. J. Johnson, AIEEE Trans., vol. 74, no 3, 1955, pp. 1261–1268. [2])
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A few general remarks are in order here:

• The main advantage of an SF-PMSM is that it retains torque density of regular PMSMs
(in some conditions), while the placements of magnets on the stator leads to their easy
cooling and to a passive salient pole rotor, so the machine may be considered thermally
and mechanically rugged.

• However, as evident in Figure 9.2, only at best half of all coils throw is “visited” at a moment
by the maximum PM flux (positive or negative); PM flux concentration is inherent to obtain
the same torque in the same stator volume as for regular PMSMs. Still, “PM flux fringing”
is so high with identically placed tangentially magnetized PMs that the mass of PMs per Nm

Stator lamination Rotor lamination

Winding

Magnet

FIGURE 9.3 Outer rotor 12/22 FS-PMSM. (After W. Fei et al., IEEE Trans., vol. IA–48, no. 5, 2012,
pp. 1496–1506. [7])
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FIGURE 9.4 Axial airgap FS-PMSM: (a) with stator back iron. (After W. Zhao, T. A. Lipo, B.-I. Kwon
IEEE Trans., vol. MAG–51, no. 11, 2015, pp. 8112204 [8].); (b) without stator back iron. (After B. Zhang et al.,
IEEE-Trans., vol. MAG–51, no. 11, 2015, pp. 8204804. [9])
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is almost twice as large with respect to regular PMSMs with same stator volume and same
copper losses. The reduction of PM weight for the same emf at the same speed for the same
stator volume is demonstrated in [4] (Figure 9.2b) with C stator cores and 6 (instead of 12)
stator poles and 13 (instead of 10) rotor poles. However, at overloads, this performance
improvement is not notable, a sign that the C core machine is more saturated.

• It has been demonstrated [12] that even at full load, with NdFeBmagnets, the risk of demag-
netization is high and the use of Ferrites in the standard configuration (Figure 9.2a) may lead
to early PM demagnetization.

• However, the machine inductances Ld ≈ Lq are notably larger than for regular IPMSMs and
thus the CPSR at full power is larger for SF-PMSMs for the same stator volume and copper
losses. But the cost of the motor is also larger.

• The outer-rotor SF-PMSM was proposed in the hope of reducing losses, but it did not yet
yield satisfactory results.

• The axial airgap TF-PMSM takes advantage of two rotor sides and is claimed to increase
torque density (torque/volume) but not efficiency.

• The notably higher inductances make the SF-PMSM operate at a lower power factor as a
motor (higher KVA in the inverter) and with large voltage regulation in generator mode.

• The additional memory magnets (AlNiCo), magnetized/demagnetized in tens of millisec-
onds (for positive or negative polarity), may reduce the NdFeB magnet weight per Nm
and thus decrease copper losses during flux weakening, but the response in torque is marred
by the time (tens of milliseconds) required to bring the total PM flux at the required torque
level first.

• The configuration in Figure 9.5b—with DC claw-pole stator assisting excitation—requires
reasonable DC excitation power, but about 35% of NdFeB flux is lost through the claw-pole
structure that embraces the now-bulky stator.

• The rather large highly peaked airgap flux density in the airgap (1.4–1.7 [1.8] T) leads to
large (local) radial forces, which increases noise and vibrations and thus at least the number
of rotor poles pr has to be even in order to avoid uncompensated radial forces.

• The “switched-flux” term was used initially [2] to designate, in fact, a PM flux “reversal” in
the AC coil (coils) when maybe the second term (“reversal”) would be more proper, because
a “switch” is characterized by 0 and 1, not by −1/+1, situations.

• As “flux-reversal” PMSMs allow slightly different embodiments [13] from SF-PMSMs,
they will be treated in Chapter 14.
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FIGURE 9.5 DC-assisted FS-PMSM: (a) with memory additional PMs. (After H. Yang et al., IEEE Trans.,
vol. IA–52, no. 3, 2016, pp. 2203–2214. [10]); (b) with claw-pole stator-circular dc coil. (After A. Dupas et al.,
IEEE Trans., vol. IA–52, no. 2, 2016 pp. 1413–1421. [11])
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• The doubly salient machines with DC stator coils (instead of PMs) in addition to AC coils
may also be considered a variety of FS machines, but they will also be treated separately in a
dedicated chapter, as they stem from the switched reluctance motor core.

• Given the myriad analyzed configurations, we will present here a synthesis of SF-PMSM
principles and their modeling, then analyze a few key implementations with their control.

9.2 THE NATURE OF SWITCHED FLUX–PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSMs represent, in fact, synchronous machines with stator PMs and a flux-modulation rotor to
couple the PM airgap flux density with the AC stator mmf to produce nonzero average torque.

The airgap permeance harmonics affect this magnetic coupling and, by using this method [5],
we can not only explore different stator and rotor pole (Ns, Nr) combinations, but also calculate
analytically, for preliminary design, the torque, inductances, and finally performance. More
advanced modeling by MEC or by 2D (3D) FEM should follow to allow more precision for
modeling the double saliency of the machine, considering magnetic saturation, and investigating
PM demagnetization aspects. But, as shown in [6], the method of pole pair matching of rotor, stator
PM mmf, and AC coil mmf may be instrumental in designing the AC coil windings with their
connections [15].

The “airgap permeance” approach [15] will be followed primarily here. But first, let us notice
the operating principle of PM flux linkage in the AC coil “switching” or (+ −) in Figure 9.6.

9.2.1 AIRGAP PERMEANCE HARMONICS

The SF-PMSM has doubly saliency, whose airgap permeance Λg (in the absence of magnetic
saturation) may be approximated to [16]:

Λg(θs, t) ≈ g · Λs(θ) · Λr(θs, t)
μ0

(9.2)

where Λs(θs), Λr(θs, t) are permeances related to the stator and, respectively, rotor slotting.
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FIGURE 9.6 Principle of PM flux switching (a); and the ideal PM flux, emf and current in the AC coil versus
rotor position (b). (After Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425–1437. [15])
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For a single saliency Λ(θ)—say, for the stator one—:

Λs(θs) ≈ Λ0 + Λ1 cos (Zsθs) (9.3)

if only the first harmonic is considered.
By conformal mapping [16]:

Λ0 ≈ μ0
g1

1− 1.6β
so
ts

( )

g′ = g+ Lm/μr; β = 0.5− 1

2

�������������
1+ so

2g′

( )2
√

Λ1 = μo
g

4
π
β 0.5+ (so/ts)2

0.78125− 2
so
ts

( )2

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦ · sin 1.6 · π so

ts

( )
(9.4)

with so—slot opening, ts—slot pitch, μr—recoil permeability of PMs, Zs—number of stator slots
(see Figure 9.7). After neglecting airgap permeance harmonics higher than 2Z1 in the stator and Z2
in the rotor (Z1, Z2—stator teeth in the stator and in the rotor), from Equation 9.2:

Λ(θs, t) = g

μ0
(Λs0 − Λs1 · cos 2Z1θs( )) · (Λr0 − Λr1 · cos (Z2θs − Z2Ωrt)) (9.5)

The constant component and the four harmonics in Equation 9.5, 2Z1, Z2, 2Z1+ Z2, 2Z1− Z2, with
their speed Ωr dependence are shown in Table 9.1 [15].

FEM verifications of Equation 9.5 for a 12/10 SF-PMSM are shown in Figure 9.8 [15].
Only the important harmonic 20 is missing in Equation 9.5, as it refers to the second harmonic

(2Z2) of the rotor component, which is missing.
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FIGURE 9.7 Two coils and their core section in SF-PMSM.
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TABLE 9.1
Airgap Permeance Harmonics

Pole Pair Amplitude Speed Source

Const.
g

μ0
^s0 ^r0 0 Airgap

2Z1
g

μ0
^r0 ^s1 0 Stator slots

Z2
g

μ0
^s0 ^r1 Ω Rotor slots

2Z1+ Z2
g

2μ0
^s1 ^r1

Z2
2Z1 þ Z2

Ω Stator and rotor slots

2Z1� Z2
g

2μ0
^s1 ^r1 � Z2

2Z1 � Z2
Ωa Stator and rotor slots

a Negative value means opposite speed direction.
Source: Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425–1437. [15]
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FIGURE 9.8 Airgap permeance harmonics amplitudes for a 12/10 SF PMSM (a) as calculated from Equation
9.5 (b), and with FEM (c). (After Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425–1437. [15])
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9.2.2 NO-LOAD AIRGAP FLUX DENSITY HARMONICS

The magnet mmf may be described by its fundamental and third harmonic:

F1M(θs, t) = F1 sin
Z1
2
θs

( )
+ F3 sin

3
2
Z1θs

( )
(9.6)

Accounting for airgap by the product of Carter coefficients Kcs, Kcr:

F1 = 4
π

Kα1BrhPM

μoμrec 2+ hPM
gKcsKcr

· τPM
lPM

( )

F3 = 1
3
4
π

Kα3BrhPM

μoμrec 2+ hPM
gKcsKcr

· τPM
lPM

( )
(9.7)

where hPM, lPM are the magnet thickness and radial height, τPM is the peripheral distance between two
adjacent magnets, and Kα1 and Kα2 are approximation coefficients.

The no-load airgap flux density Bg(θs,t) is thus:

Bg(θs, t) = F(θs, t) · Λ(θs, t) (9.8)

Taking into account only the flux harmonics that will benefit the emf, we obtain (from Equa-
tions 9.5 to 9.7) [16]:

Bg(θs, t) = −B1 sin Z2 + Z1
2

( )
θs − Z2Ωrt

( )
+ B2 sin Z2 − Z1

2

( )
θs − Z2Ωrt

( )

+ B3 sin 5
Z1
2
− Z2

( )
θs + Z2Ωrt

( )
+ B4 sin

3
2
Z1 − Z1

2

( )
θs + Z2Ωrt

( )

+ B5 sin Z2 + 5Z1
2

( )
θs − Z2Ωrt

( )
+ B6 sin Z2 + 3Z1

2

( )
θs − Z2Ωrt

( )
(9.9)

with

B1 = F1
g

2μ0
Λs0Λr1 + F3 · g

4μ0
Λs1Λr1

B2 = F1
g

2μ0
Λs0Λr1 + F3 · g

4μ0
Λs1Λr1

B3 = F1
g

4μ0
Λs1Λr1

B4 = F1
g

4μ0
Λs1Λr1 + F3 · g

2μ0
Λs0Λr1

B5 = F1
g

4μ0
Λs1Λr1

B6 = F1
g

4μ0
Λs1Λr1 + F3 · g

2μ0
Λs0Λr1;

(9.10)
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9.2.3 ELECTROMAGNETIC FORCE AND TORQUE

The emf expression, based on the winding function method, is:

e = − d

dt

∑
γglstack

∫2π
0

Bg(θs, t)Ni(θs)dθs (9.11)

where γg is the rotor outer radius, lstack is the stack length, and Ni is distribution of stator coil turns of
a phase along rotor periphery; m is the phases.

Finally, the electromagnetic torque Te is simply:

Te = eAiA + eBiB + eCiC
Ωr

=
∑
i=1.6

3
��
2

√
· Z2
Pi

rglstackIRMSBiWs

( )
(9.12)

where Bi= B1, B2, B3, B4, B5, B6 as above and Pi is the order of flux density harmonics [15]:

(Pi)i=1,2,..,6 = Z2 + Z1/2, Z2 − Z1/2, 5Z1/2− Z2, 3Z1/2− Z2, Z2 − 5Z1/2, Z2 + 3Z1/2 (9.13)

In Equation 9.12, the phase currents were considered in phase with emfs (id= 0), and Ns is the
number of turns/phase.

9.2.4 FEASIBLE COMBINATIONS OF STATOR AND ROTOR SLOTS: Z1 AND Z2

In order to obtain a symmetric m phase winding:

Z1
GCD(Pi, Pa)

= mk; k-integer positive (9.14)

Pi is the airgap flux density harmonic pole pair and Pa is the pole pair of armature (AC) winding mmf.
Though there are many harmonics Pi, fortunately all have the same greatest common divisor (GCD)
(Z1, Pi) and thus Pa is easier to match in Equation 9.14, as the harmonic order may be “thrown out” in
Equation 9.14 for compliance.

The minimum order of these harmonics may be chosen equal to Pa. In this case:

Z1/Z2 = k;
Z1

GCD(Z1, Pa)
= mk (9.15)

For single-layer windings, Z1/2 will replace Z1 in the second condition (Equation 9.15). Table 9.2
summarizes Z1, Z2 conditions for three-phase SF-PMSM.

Table 9.2 offers also Pa/pole pairs of armature mmf, Kw winding factor for nonoverlapping wind-
ing, SPP is slots/pole/phase and pole ratio PR= Z2/Pa, which is a kind of “magnetic gear ratio” [15]:

SPP(g) = Z1
2mPa

(9.16)

The airgap flux density on no load for the 12/10 prototype in [5] appears in Figure 9.9.
The working airgap flux density harmonics that produce fundamental emf are the 4th, 8th, 16th,

and 20th. The 6th and 18th harmonics are produced by the PM mmf third harmonic (Equation 9.16).
Also, the second harmonic and 16th flux harmonic are produced by the fundamental PMmmf and the
20th (2Z2) airgap harmonics and create a second-order emf harmonic that is ignored in Equation 9.9,
but accounted for by FEM.
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9.2.5 COIL CONNECTION IN PHASES

The standard “star of slot emfs” method used for regular AC symmetric windings may still be used
here, but the electrical angle between the emfs in two adjacent slots αe is:

αe = Pa
2π
Z1

= Pa · αsgeometric (9.17)

TABLE 9.2
Z1 & Z2 Conditions in Three-Phase SF-PMSM

Z1 Z2 2 4 5 6 7 8 10 11 12 13 14 16 17 19 20

6 Pa 1** 1** 2**

–

2 1** 1** 2

–

2 1** 1** 2 2 1**

kw 0.5 0.5 0.866 0.866 0.5 0.5 0.866 0.866 0.5 0.5 0.866 0.866 0.5

SPP 1 1 0.5 0.5 1 1 0.5 0.5 1 1 0.5 0.5 1

PR 2 4 2.5 3.5 8 10 5.5 6.5 14 16 8.5 9.5 20

12 Pa 4 2** 1

–

1 2** 4 5

–

5 4 2** 1 1 2**

kw 0.866 0.5 0.259 0.259 0.5 0.866 0.933 0.933 0.866 0.5 0.259 0.259 0.5

SPP 0.5 1 2 2 1 0.5 0.4 0.4 0.5 1 2 2 1

PR 0.5 2 5 7 4 2.5 2.2 2.6 3.5 8 17 19 10

18 Pa 7** 5** 4 3** 2 1** 1** 2 3** 4 5** 7** 8 8 7**

kw 0.9 0.735 0.62 0.5 0.617 0.167 0.167 0.617 0.5 0.62 0.735 0.9 0.945 0.945 0.9

SPP 3=7 0.6 0.75 1 1.5 3 3 1.5 1 0.75 0.6 3=7 0.375 0.375 3=7

PR 2=7 4=5 5=4 2 7=2 8 10 11=2 4 13=4 14=5 16=7 17=8 19=8 20=7

Overlapping winding is preferred. kw is the winding factor of FSPM machines with nonoverlapping winding.
Two slot-pitch winding is preferred. **means that the phase back emf waveform is asymmetrical.

Source: Y. Shi et al., IEEE Trans., vol. 63, no. 3, 2016, pp. 1425–1437. [15]
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This is similar to conventional AC windings with Pa pole pairs. For Z1= 12 stator teeth, Z2= 10
rotor poles. Pa= Z2− Z1/2= 10− 12/2= 4 pole pairs. The star of slots (emfs)—Figure 9.10—is
similar to that of a single-layer 12-slot/4 pole pair (8 poles) fractional slots (concentrated) winding
regular PMSM (SPP= 0.5).

It has to be pointed out that all working flux harmonics (Equation 9.9) have the same star
of slots!

9.2.6 SYMMETRICAL PHASE ELECTROMAGNETIC FORCE WAVEFORMS

By selecting a suitable combination of stator and rotor teeth (Z1 and Z2), the virtually asymmetric
single-coil emfs (due to even time harmonics) may become symmetric in a phase emf when
connected in series [17]. The even time harmonics in emf are produced by even flux harmonics
(Equation 9.9).

Considering the machine periodicity, tp (number of emfs per phase in phase with each other) is:

tp = GCD(Z1, Pa) (9.18)

as in standard AC machines.
For odd, duplex-2, or duplex-odd phase machines, if tp and Z1/m · tp are odd, the phase emf

waveforms are asymmetrical. But if Z1/m · tp is even and

Z2
tp

= 2k + 1, (9.19)

the phase emf waveforms become symmetric.
Also, if tp is even, but Z1/tp is odd, the number of star spokes is not a multiple of 2 m, but, still, if:

2Z2
tp

= 2k+ 1, (9.20)

the phase emfs are symmetric.
Finally, for even or duplex-even (except for two-phase machines), if tp and 2Z1/mtp are odd num-

bers, again, the phase emfs are asymmetric. But if 2Z1/mtp is even and Z2 satisfies Equation 9.19, the
phase emfs become symmetric again. However, with tp even and 2Z1/mtp odd, Z2 should satisfy
Equation 9.20 to secure symmetric phase emfs.
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FIGURE 9.10 SF-PMSM, (a); and the star of slots, (b).
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9.2.7 HIGH POLE RATIO PR= Z2=====Pa
For the 12/10 SF-PMSMPR= 10/4= 2.5. A high PR is likely to produce higher torque density [18].
The C stator core SF machine (Figure 9.2b) with Z2= 13 and Pa= 2 has PR= 6.5 (!) and a winding
factor of 0.866. However, it is plagued by uncompensated radial forces that create additional noise
and vibration and core loss (due to Z2= 13, odd). The winding factor is the product of the distribution
factor and chording factor, typical in standard AC machines.

9.2.8 OVERLAPPING WINDINGS?

In a high pole ratio, PR= Z2/Pa SF-PMSMs, the SPP(g) becomes large (Equation 9.16) and thus
nonoverlapping windings tend to have a low winding factor (Kw1= 0.5, for C-core 6/14 SF-PMSM,
PR= 14, Pa= 2, SPP= 1, Kw1= 0.866 for 12/10 standard PMSM).

For high PR (PR. 3), SF-PMSM distributed windings have been proposed:

• Integer q (for SPP. 1, integer) distributed AC windings (Figure 9.2c)
• Fractionary q (for SPP. 1) distributed windings
• 0.5, SPP, 1–concentrated windings with two slot-pitch throw

The FEM-calculated single-coil emf harmonics spectrum in a C-core 6/14 SF-PMSM for over-
lapping and nonoverlapping windings is shown in Figure 9.11 [5].

It is evident that the overlapping type of winding for same number of turns/slot produces twice as
much emf (and torque) for a given stator current. Unfortunately, the phase emfs of the C-core 6/14
SF-PMSM have asymmetric phase emfs that reflect themselves in third-order torque ripple. The 2/1
increase in emf with overlapping winding, for the same number of turns/slot and current (same
current density), means more losses for the overlapping winding due to larger end turns, but also
two times more torque.

With the C-core 6/14 SF-PMSM, Pa= 1 and thus the AC coils throw in the three-phase over-
lapping windings is πDr/2pa= τcoil. If lstack. τcoil, the relevance of the end connections in copper
losses for overlapping windings decreases. The two-slot pitch coil throw winding is a good com-
promise for the case in point. The 6/13 SF-PMSM with nonoverlapping windings falls in between
the two overlapping windings for 6/14 SF-PMSM; it has symmetrical phase emfs but also
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FIGURE 9.11 Single-coil emf for a 6/14 SF-PMSM with overlapping and nonoverlapping winding.
(After D. Li et al., IEEE Trans., vol. EC–31, no. 1, 2016, pp. 106–116. [5])
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uncompensated radial forces. Also, the armature reaction field is larger for overlapping windings, and
so is the mutual inductance between phases. Weaker fault tolerance is thus obtained. This only shows
that choosing Z1 and Z2 is paramount; it has many consequences and should be selected application
by application.

However, if the armature winding mmf pole pairs pa are redefined to be the working harmonic pair,
the star of slots (emfs) method may again be applied to allocate phase coils to slots, as in standard
PMSMs with either nonoverlapping or overlapping AC windings. The number of slots/pole/phase
is defined as in classical theory, q= SPP= Z1/2m · Pa, and then the winding factor may be calculated
with same standard formulae for both nonoverlapping and overlapping AC windings [19]. When
torque density is paramount, overlapping windings with C-core 6/13(14) and other SF-PMSMs
are likely to be more suitable in terms of torque/volume, torque/losses, and torque/PMweight (cost).

Typical stars of emfs (slots), their allocation with phases, and the winding connections for the
12/11 and 12/26 standard SF-PMSMs are shown in Figure 9.12a through c [15].

The angle β of adjacent slot emfs is:

for 12/11 SF PMSM:

β = 150◦, as Ns = 12, Pa = Nr − Ns/2 = 5; β = 360◦

Ns
· Pa

for 12/13 SF PMSM:

β = 30◦, as Ns = 12, Pa = 13− 12/2 = 7; β = 360◦

12
· 7

for 12/26 SF PMSM:

β = 240◦, as Ns = 12, Pa = 26− 12/2 = 20; β = 360◦

12
· 20

While the 12/11 and 12/13 SF-PMSMs produce reasonable emfs and torque, the 12/26 config-
uration produces 20 times less [15] torque for the same geometry and is offered here just to illustrate
the nature of SF-PMSMs. To further shed light on the nature of SF-PMSMs, [15] offers a parallel
between the above-adopted classical (motor-oriented) theory and the generator-oriented theory to
prove that, in fact, they are equivalent.

9.3 A COMPARISON BETWEEN SWITCHED FLUX–PERMANENT MAGNET
SYNCHRONOUS MOTORS AND INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSM modeling starts from a method to calculate the no-load airgap-flux density, computes the
emfs for then phases, then calculates Ldm, Lqm, Lsl, ψPM (the PM flux linkage per phase) [12]. Stator
resistance Rs computation is straightforward, but core loss piron calculation, which is due to numerous
flux harmonics (on load especially) in the stator and rotor (including PM eddy current), may be
approached with adequate precision only by FEM. The flux density variation in time in all FEM
elements is used in two (three) term core loss formulae initiated early by Steinmetz (Chapter 7).

This way, steady-state and transient performance (for control) may be approached by the dqmodel
as for regular IPMSMs. Moreover, the magnetic saliency in SF-PMSMs is rather small and thus a
wide CPSR is obtained just because the machine inductance in p.u. values is large, due to the small
airgap and stator current mmf flux harmonics.

More and more, 2D-FEM is used to extract Ldm, Lqm, and ψPM, electromagnetic torque with all
their variations, with rotor position (Ldm and Lqm vary little with rotor position, but enough to impede
rotor position estimation in encoderless drives). A correction is needed, as known for IPMSMs.
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As an example, starting with [12], a comparison between standard 12/10 SF-PMSMs and four
different PMSMs with NdFeB or Ferrite magnets is unfolded here.

The four IPMSMs treated in (Figure 9.13) are:

• SPMSM (Figure 9.13a)
• IPMSM with flux-barrier-rotor (Figure 9.13b)
• IPMSM with spoke magnets (Figure 9.13c)
• IPMSM with V-shaped magnets (Figure 9.13d)
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FIGURE 9.13 Four PMSMs: (a) SPMSMS; (b) flux-barrier-rotor IPMSM; (c) spoke-magnet IPMSM;
(d) V-shaped magnet IPMSM. (After A. Fasolo, L. Alberti, N. Bianchi, IEEE Trans., vol. IA–50, no. 6, 2014,
pp. 3708–3716. [12])
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First, NdFeB-sintered magnets are considered, then Ferrite magnets are introduced in all four
PMSMs (Figure 9.13) and in the regular two-layer main 12/10 SF-PMSM (Figure 9.14) [12].

9.3.1 NDFEB MAGNETS

All these machines have two-layer fractional identical winding. First, they all have same outer
rotor diameter Dos= 134 mm and stack length lstack= 90 mm, and the same inner stator diameter
Dis= 71.5 mm. For this condition, the PMmagnet weight was: 0.27 kg for flux-barrier-rotor IPMSM,
0.55 kg for SPMSM (Br= 0.97 T, μrec= 1.06 p.u.) for a nominal stator slot current of 1665 Aturns
(peak)—9 A/mm2 (rms).

The average torque (with pure iq current) was 30 (31) Nm for the SPMSM and SF-PMSM
and for the V-shaped IPMSM, but about 40 Nm for the spoke-shaped IPMSM. The flux-barrier
IPMSM produced, however, only 15 Nm. By the torque/PM magnet weight, for the same copper
losses and same stator, the spoke-shaped IPMSM is best, by far, but, unfortunately, as Figure 9.15
[12] shows, only the SPMSM is free of PM load demagnetization at full torque. The flux-barrier
IPMSM is also safe from this point of view, but at half of the torque value, when all the others
will also be okay.

As visible in Figure 9.16, even the SF-PMSM is not free of demagnetization at full load. Moreover,
in the spoke IPMSM (Figure 9.15c) and SF-PMSM, the level of flux density along most of the PM
length is smaller. This demagnetization inquiry was performed for 120◦ temperature (with NdFeB,
0.97 T, μrec= 1.06 p.u. at 20◦), when the intrinsic coercive force Hic= 450 kA/m. Bn. 0.4 T was
considered acceptable (free of demagnetization risk).

9.3.2 FERRITE PERMANENT MAGNETS

By putting Ferrite magnets in same geometry, torque has decreased and so has efficiency (for same
current density). The average torque was 20.9 Nm for SF-PMSM, 10.3 Nm for flux-barrier IPMSM,

FIGURE 9.14 12/10 SF-PMSMwith magnetic flux lines, under load. (After A. Fasolo, L. Alberti, N. Bianchi,
IEEE Trans., vol. IA–50, no. 6, 2014, pp. 3708–3716. [12])
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20.7 Nm for spoke IPMSM, 13.0 Nm for SPMSM, and 17.6 Nm for V-IPMSM [12], with the PM
volumes in the ratio: 100%/210%/43%/43%/43%.

As Ferrite PMs get better with temperature rise, their demagnetization risk is checked at 20◦ (Hic=
250–300 kA/m, μrec= 1.06 p.u.). Bn. 0.1 T was considered safe on the PM surface along its length.

Unfortunately, even this time the SF-PMSM is not demagnetization safe and neither are the
spoke IPMSM and V-IPMSM. The flux-barrier IPMSM and SPMSM are safe, but at notably lower
(50–65%) torque for the same stator geometry and lower losses. Better (or more) PMs and/or differ-
ent PM placement are required to avoid demagnetization risk with both NdFeB and Ferrite magnets.
However, the regular SF-PMSM produces least torque Nm/PM weight even with Ferrites.

The initial cost/torque of all 10 motors at 30 Nm (five with NdFeB and five with Ferrite PMs) was
also calculated and found to be the largest for NdFeB-SF-PMSM (3.3 USD/Nm), but rather low for
the Ferrite SF-PMSM (1.6 USD/Nm). Moreover, there is no guarantee that the whole magnet will
survive demagnetization at full torque in both cases [12].

At about the same initial cost, both the NdFeB and Ferrite flux-barrier IPMSM are safe from
this point of view, but only with NdFeB (2.0 USD/Nm) are they free from demagnetization at the
lowest volume of all five machines. Not so for the Ferrite PM version of SPMSMS, which is not
safe at full load (the price of magnetic materials was 60 USD/kg for NdFeB (0.97 T, μrec= 1.06
p.u.), 10 USD/Kg for Ferrite PMs, and 2.2 USD/Kg for iron laminations) [12].
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9.3.3 FLUX WEAKENING (CONSTANT POWER SPEED RATIO) CAPABILITY

The same five motors with NdFeB magnets have been investigated for flux-weakening capability by
imposing 30 Nm up to 1000 rpm and inverter current limit: 14 A; inverter voltage may be different
to allow each machine 30 Nm at 1000 rpm [12].

Tomaintain voltage at speeds above 1000 rpm, the value of id increases (negative) or the current dq
angle moves from the MTPA to maximum torque per voltage (MTPV). The results in power versus
speed in Figure 9.16 [12] show that, here, the SF-PMSM is notably superior even to the V-IPMSM,
not to mention the other three contenders. However, we should bear in mind that both the SF-PMSM
and V-IPMSM face the danger of demagnetization at 30 Nm (up to 1000 rpm) and at high speeds
(because id, 0 increases).

As the flux density in the stator yoke and upper and lower tooth zone is less sinusoidal in time with
the SF-PMSM [12]; the core losses are expected be higher (in the latter) and thus the efficiency is
lower. Also, the noise and vibration are expected to be higher with the SF-PMSM.

Finally, the torque/volume for the SF-PMSM (with NdFeB magnets) was found to be only 28.5
Nm/liter (at 9.00 A/mm2), while it was 42.1 Nm/liter for the spoke PMSM; unfortunately, the latter
is also under demagnetization risk. Torque pulsations for all motors studied here proved to be less
than 6.4% [12] (Figure 9.17).

A few final remarks may be placed here:

• The regular SF-PMSM allows for a thermally and mechanically more rugged motor, but,
when prime-quality NdFeB or SmCo magnets are used, it faces demagnetization risk,
even at 9 A/mm2 current density for only 28.5 N/liter at 30 Nm.

• The regular SF-PMSM is notably better in terms of CPSR once the demagnetization risk is
eliminated, hopefully at moderate additional costs.

• It seems that there is hardly a way to make the regular 12/10 (or similar) SF-PMSM less
expensive in terms of USD/Nm for the same copper losses as the SPMSM.

• Ferrite PMs should be checked carefully for demagnetization if ever tried for SF-PMSMs.
• The C-core (6/13, for example) SF-PMSM [4] has been proven to produce more emf

(+40%) and torque (slot opening between the six poles is four to five times larger than
PM thickness) in contrast to the 12/10 SF-PMSM of the same geometry, with half the
PM (NdFeB) weight. The machine inductance also is increased 2.5 times, which may be
good for wider SPSR, but at full (or over) load, the demagnetization risk is higher than in
the regular SF-PMSM. The cost per torque Nm (in USD/Nm) will be decreased notably
with respect to the regular SF-PMSM due to the use of about 50% PM weight.
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• Similar, better, results in terms of torque/PM weight have been claimed in [9] for a linear
motor version of SF-PMSM with axial airgap and twin rotor where the stator in the middle
has AC coils embracing two PMs (Figure 9.4b).

• Yet another attempt to increase torque/volume but also increase torque/PM weight [8]
introduces an axial airgap twin-rotor 12/13 SF-PMSM, with dual stator winding
(Figure 9.4a). Here, 3D-FEM is necessary (axial airgap). For an average torque of 70 Nm
(torque ripple is about 5%) at 10 A/mm2

, a torque density of 13.5 Nm/liter is claimed for
an efficiency of 0.8 at 450 rpm. Compared with the more than 45–60 Nm/liter in commer-
cial EV and HEV propulsion at 50–100 KW for efficiency above 90%, with IPMSM or with
copper cage IM, we feel that much more is to be done to make the FS-PMSM
fully competitive and demagnetization safe in premium-quality (Nm/liter and efficiency)
applications.

EXAMPLE 9.1: PRELIMINARY DESIGN

After elucidating to some degree the nature of SF-PMSMs and offering a rather complete compar-
ison with four PMSMs, essentially using FEM for machine characterization, here we introduce a
preliminary design example that may serve in feasibility studies or as an initial design for optimal
design methodologies.

Let us design a Ten= 100 kNm direct drive SF-PMSM that works at nN= 30 rpm and operates at
fN= 50Hz.

The machine geometry, represented by two poles only, is shown in Figure 9.18.
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FIGURE 9.18 SF-PMSM: two of many poles.
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A shear rotor stress ft= 5 N=cm2 is adopted, and the ratio of stack length to interior stator diam-
eter ratio is: λ= lstack=Dis= 0.15. Dis may now be simply calculated as:

Te ¼ Dis

2
� ft � π �Dis � lstack

Dis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ten

π � ft � λ
3
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

100 � 103
π � 5 � 104 � 0:15

3
s

¼ 1:618m

(9:21)

So lstack is:

lstack ¼ λ �Dis ¼ 0:15 � 1:618 ¼ 0:242m (9:22)

The number of rotor salient poles for around 50 Hz is:

Nr ¼ pr ¼ fn
nn

¼ 50
30=60

¼ 100 (9:23)

In reality, to simplify the design (Figure 9.18), here we magnetically separated the coils, and the
extra available volume and area are used for cooling. Thus, if the rotor anisotropy has a periodicity
of 2τ, one coil sector, which includes 2=3τ shifting of coils (phases), is (4τ+ 2τ=3) long. The num-
ber of such sectors is 6 k and thus:

2Nr � τ ¼ 6k 4τ þ 2
3
τ

� �
¼ 28kτ (9:24)

With K= 7; Nr becomes Nr= 98 rotor poles; fn ¼ 98
100

� 50 ¼ 49Hz. The airgap is g= 2mm
(assigned value), while the pole pitch:

τ ¼ π �Dis

2 �Nr
¼ π � 1:618

2 � 98 ¼ 0:02592m ¼ 25:92mm (9:25)

The slot opening, equal to the PM thickness lpm, is taken as lpm= 10mm. So the stator tooth
wts ¼ τ �w0s ¼ 25:92� 10 ¼ 15:92mm. The rotor pole span wpr is in general:

wpr ¼ (0:7� 1:0)τ (9:26)

We may now calculate the ideal no-load (PM) flux density in the airgap BgPMi:

BgPMi ¼ Br

wts=hPM þ (μrec=μ0) �
2g
lPM

(9:27)

which was derived based on:

Bm ¼ Br þ μrec �Hm

Bm � hPM ¼ Bg �wts

HmlPM þ Bg

μ0
� 2g ¼ 0

(9:28)

With strong NdFeB magnets, Br= 1.2 T and μrec= 1.05 µ0. Now, the PM flux fringing (Kfringe)
and magnetic saturation (Ks) reduce BgPMi to BgPM= 1.1 T.

BgPM ¼ BgPMi
1

(1þ Kfringe)(1þ Ks)
(9:29)

With Kfringe= 0.66, Ks= 0.2, BgPMi= 2.19 T.
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This high value is only theoretical, and from Equation 9.27:

2:19 ¼ 1:2
15:92=BPM þ 1:05 � 2:2=10 (9:30)

the magnet radial height hPM= 124.6 mm
Consequently, the maximum PM flux per coil turn φPMmaxc is:

φPMmax ¼ BgPM �wts � lstack
¼ 1:1 � 0:0159 � 0:242 ¼ 4:238 � 10�3 Wb

(9:31)

With 2K coils per phase (K= 7), the PM phase linkage ψ is:

ψPMphase ¼ 2KφPMmax � nc
¼ 2 � 7 � 4:238:10�3 �wb � nc ¼ nc � 59:33 � 10�3 Wb

(9:32)

nc—number of turns per coil.
The emf per phase (peak value) is:

Em ¼ 2 � π � fn � ψPMmax ¼ 2 � π � 49 � 59:43 � 10�3 � nc ¼ 18:25 � nc (9:33)

Now, the Ampere turns per coil (slot) can be calculated from torque Te:

Ten ¼ 3
Emffiffiffi
2

p In
1

2 � π � nn

ncIn ¼ 2nc
3
ffiffiffi
2

p Ten � 2πnnEm
¼ 2 � 100 � 103 � 2 � π � 60=60

3
ffiffiffi
2

p � 18:25
¼ 16:26 � 103Aturns=slot(rms)

(9:34)

The slot width wsu ¼ (1� 1:2)τPM ¼ 1:1 � 25:92 ¼ 28:512mm. The total available slot height
hsu= hPM� (2=3)wts� 0.005= 124.6� (2=3) · 15.92� 5= 109.09 mm. Now, if we consider
the coil cross-section rectangular and a slot filling factor Kfill= 0.65 (preformed coil), the current
density jcon is:

jcon ¼ ncIn
hsuwsuKfill

¼ 16:26 � 103
109:1 � 28:52 � 0:65 ¼ 8:040A=mm2(rms)

(9:35)

With a turn length lcoil as:

lcoil � 2lstack þ 4τPM þ π �wsu

¼ 2 � 0:242þ 4 � 0:02592þ π � 0:0285 ¼ 0:677m
(9:36)

the stator phase resistance Rs is:

Rs ¼ 2K � ρCo �
lcoil

ncIn=jcon
n2c

¼ 2 � 7 � 2:1 � 10�8 � 0:677
16:26 � 103=8:04 � 106 � n

2
c

¼ 9:571 � n2c � 10�5Ω

(9:37)
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And thus the copper losses pcopper are:

pcopper ¼ 3 � Rs � I2n ¼ 3 � 9:571 � (nc � In)2 � 10�5 ¼ 75:913 W (9:38)

But the electromagnetic power Pelm is:

Pelm ¼ Te � 2π � nn ¼ 100 � 103 � 2π � 60=60 ¼ 628 kW (9:39)

So it seems that the copper losses are rather large (almost 13% of the electromagnetic power).
This is mainly due to the rather large ft= 5N=cm2 allowed in the design. On the other hand, the
design should continue, as apparently the machine inductance will be very large, so thicker PMs
might be needed at a larger airgap, also to secure an acceptable ideal power factor of 0.707 when:

Emffiffiffi
2

p ¼ ωnLsIn (rms); then:Vsn � Emffiffiffi
2

p �
ffiffiffi
2

p
(rms) (9:40)

Vsn is the rms phase stator rated voltage.
From these equations, the number of turns per coil nc may be calculated (from Vsn). After that,

the phase inductance Ls ≈ Lsl+ 1.05Ldm is calculated using analytical expressions. If too large, Ls
would make the solution of nc infeasible (by not complying with the second equation in Equation
9.40); measures to reduce Ls have to be taken.

9.4 E-CORE HYBRID EXCITED SWITCHED FLUX–PERMANENT MAGNET
SYNCHRONOUS MOTORS

DC assistance in SF-PMSMs is possible first in the regular 12/10 full reluctance stator core config-
uration (Figure 9.19a) [20, 21].

The use of assisting DC excitation allows for:

• Lower magnet volume, weight, cost
• Stronger flux weakening (FW) with zero stator id control and eventually lower total AC

copper losses
• DC excitation-positive DC current at full torque below base speed and negative DC current

for FW above base speed

Pertinent methods to optimize such a hybrid excitation SF-PMSM referring to Nr (number of rotor
poles), PM thickness lPM, slot width ws, yoke depth hys, PM radial length hPM, slot height hsu, stator
(Bs) and rotor (Br) tooth (pole) widths, and the stator split ratio Dis/Dos have been delivered [21].

The thin teeth embraced by the DC coil span may be also optimized.
The E-core (Figure 9.19b) 12/10 SF-PMSM keeps 12 stator poles, but 6 are narrow and have

DC coils placed on them. This way, the configuration falls close to the C-core 6/10 SF-PMSMs.
The C-core configuration has been proven to need about half the PM weight of the initial 12/10
configuration, but in a 6/13 slot/pole combination. The C core Ns= 6(coils)/Nr= 13 rotor
poles SF-PMSM, also known to produce symmetric phase mmfs, is also chosen to increase torque
(Nm/PM weight). As evident in Figure 9.19b for the E-core machine, the flux of DC coil II
overcomes that of DC coil I because of the difference in magnetic reluctance. Consequently, the
DC excitation mmf does not need to be so large, as the airgap is rather small (parallel hybrid
excitation).

It has been proven that, even for jdc=+15 A/mm2 in the DC coils, the no-load flux linkage may
be varied only by+8%,−13% while, with Ferrite PMs, the variation is+45%,−63% for the regular
12/10 SF-PMSM. The flux variation range for the E-core 6/11, 6/13 SF-PMSM is smaller than for
the regular 12/10 SF-PMSM, but the average torque of the E-core 6/13 SF-PMSM is 25% larger.
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The flux variation capability is larger for Ferrite PMs, but the average torque for similar geometry is
notably smaller. It may be fairly stated that the flux variation capability with the SF-PMSM is still
small, and new ways to improve it are needed.

9.5 SWITCHED FLUX–PERMANENT MAGNET SYNCHRONOUS MOTORS
WITH MEMORY ALNICO ASSISTANCE FOR VARIABLE FLUX

Performing flux weakening in IPMSMs, as in SF-PMSMs, is accomplished by negative id current
component control, which at high speeds means higher copper losses and thus lower efficiency
than even IMs in same situation.

It should be ideal to control the SF-PMSM at id= 0 (maximum torque per current as Ld ≈ Lq) but
weaken the flux. This operation may be done through memory AlNiCo magnets with DC current
coils, which may magnetize them positively or negatively “online” to increase/decrease the flux
of the main (NdFeB) magnets over a wide range of flux adjustment.

This situation [10], already alluded to earlier in this chapter, is presented here in more detail, as the
flux adjustment range may reach a 5/1 ratio eventually. The proposed configuration [10] is shown in
Figure 9.20.

The 12/14 SF-PMSM configuration is chosen to mitigate between average torque, torque ripples,
and compensated radial forces. To reduce torque ripples from 16.5% to 8.6%, tooth steps and rotor
pole chamfering are added (Figure 9.20b), though the average torque is reduced by 7% (Figure 9.21).

To avoid too-heavy magnetic saturation in the stator core, care should be exercised in choosing
the proportion (hybridization ratio HR) of AlNiCo and NdFeB magnets (HR= 0.85 for the case in

Stator Stator

Stator

winding Stator

winding

Rotor Rotor

PM

PM

Excitation

winding Excitation

winding I

Excitation

winding II

Flux, excited

by PM

Flux, excited

by excitation winding

(a) (b)

FIGURE 9.19 12/10 SF-PMSMs with hybrid excitation (a) with regular stator core; (b) with E-core stator.
(After Y. Wang, Z. Deug, IEEE Trans., vol. MAG–48, no. 9, 2012, pp. 2518–2527; J. Krenn, R. Krall,
F. Aschenbrenner, Optimization of Electrical and Electronic Equipment (OPTIM), 2014 International Confer-
ence on, Brasov, Romania, 22–24 May 2014. [20,21])
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point). The flux adjustment ratio increases with more AlNiCo area per pole, while the average torque
is larger with more NdFeB area (which has a 6/1 higher coercive field Hc):

Hc = AAlNiCo

ANdFeB
(9.41)

A typical result of this compromise [10] is shown in Figure 9.22a.
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brp τr
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hm2
g

(b)

(a)

FIGURE 9.20 Hybrid 12/14 SF-PMSM with memory AlNiCo additional magnets—only one stator slot sur-
rounding is shown. (a) barrier configuration; (b) tooth tip and rotor pole chamfer. (After H. Yang et al., IEEE
Trans., vol. IA–52, no. 3, 2016, pp. 2203–2214. [10])
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2016, pp. 2203–2214. [10])
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Also, to reduce NdFeB thickness is important, but preserving low enough cogging torque and
high torque/PM volume (weight)—Figure 9.22b [10]—is paramount. If the NdFeB magnets are
too thick, they will simply demagnetize the AlNiCo magnets under load. This new problem needs
careful scrutiny. Results in Figure 9.23 illustrate the need for a new compromise for 0.8 T no-load
airgap flux density to secure a zero demagnetization ratio (in %) for the AlNiCo magnets when the
NdFeB magnets are 2.5 mm thick [10].

It has to be remembered that the online magnetization/demagnetization of AlNiCo within tens of
milliseconds by DC coils + currents makes the torque response slower. But this may be acceptable
in some applications with wide CPSR, such as traction, ventilation, and pumps.

As the efficiency improvement at high speed (FW) was the main goal of the AlNiCo memory
magnets’ presence, Figure 9.24 [10] shows the optimum wide operation torque-speed range where
high efficiency is secured as it should be.

To conclude, we notice the following:

• The introduction of memory AlNiCo magnets to supplement NdFeB main magnets in a
12/14 SF-PMSM has raised the flux adjustment ratio to 5/1, for a hybridization (area) of
0.85 (AlNiCo area/NdFeB area), which means a notable reduction of NdFeB weight for
a given peak torque.

• The design has to avoid too-thick NdFeB magnets to avoid AlNiCo PMs demagnetization
under full load. However, too-thin NdFeB magnets will lead to demagnetization risk at high
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loads; also, it will lead to a large inductance, which will reduce the power factor and thus
increase the inverter KVA ratings.

• A few tens of milliseconds DC +current pulses from dedicated DC coils are required to
change the flux level, so the torque response is slower.

• The energy loss in DC coils to magnetize/demagnetize the AlNiCo magnets online is
quite small.

• The higher efficiency at high speeds (for wide CPSR) by the method is demonstrated.
• All the above merits are paid for by additional hardware and space (larger outer stator

diameter) and a four-quadrant DC-DC converter to handle the mag/demag current pulses.
The peak KVA rating of the DC–DC converter should not be trivial (≈3%–5%).

9.6 PARTITIONED STATOR SWITCHED FLUX–PERMANENT MAGNET
SYNCHRONOUS MOTORS

SF-PMSMs are characterized, as now known, by stator PMs that produce in the AC stator coils
(nonoverlapping or overlapping) a bipolar (ideally sinusoidal) flux linkage due to the stator and
the rotor magnetic saliency (open slots on both sides).

In general, nonoverlapping coil windings embrace about one rotor pole pitch in SF-PMSMs, while
overlapping coils embrace around two or more rotor pole pitches to match the flux-modulator
principle:

pa = Nr − Ns/2 (9.42)

pa, Nr, Ns are the AC winding mmf pole pair, rotor, and stator tooth number.

Note: Flux-reversal PMSMs [13,14], in contrast, have multi-PM pole pitch nonoverlapping windings
with PMs either on the stator or rotor and will be treated in a separate chapter.

Rather recently, inspired by the “flux reversal” concept [13], partition-stator SF-PMSMs have
been proposed [22, 23]. In such machines, the external stator carries the AC nonoverlapping coil
winding placed in Ns teeth with open slots, while the internal stator also carries Ns or Ns/2 PM poles
of alternate polarity (with surface, consequent, or spoke-shaped PMs (Figure 9.25). In between, the
rotor is made of Nr laminated iron segments that provide a magnetic saliency with Nr periods per
periphery. So, here, only the PMs of the SF-PMSM have been placed in a separate stator.
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FIGURE 9.24 Optimum wide torque speed envelope with high efficiency for the AlNiCo SF-PMSM.
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According to the flux modulation principle (Equation 9.42) the pole pairs of stator mmf pa= 4
(it is the fundamental one for the q= 1, 24-slot stator winding [Figure 9.25a] and the largest forward
harmonic for the tooth-wound 12-slot winding [Figure 9.24b]).

Consequently, Ns= 12, Nr= 10, pa= 4 in Equation 9.42. Now, for the PS-SF PMSMs, the inner
stator pole pair pPM= Ns/2= 6 again, as it is for the regular SF-PMSM (12/10).

To reduce PM weight, consequent poles may be used in the interior stator, while, to increase mf
and torque, spoke magnets are adequate.

Finally, it is possible to use only six PM poles on the interior stator (for the 12/10/6 combination),
but only for a single layer tooth-wound winding, which has been proven to produce wide CPSR and
good PM utilization at lower torque per outer stator volume [23].

Thus, only the PS-SF-PMSM with surface PMs on the interior stator (Figure 9.24a and b) will be
treated in more detail here.

The interior stator may be shifted with respect to the outer stator poles to obtain a kind of flux
weakening. However, the flux adjustment is only from 100% to about 60%, which hardly justifies
the introduction of an even small power servo drive with a high-ratio latched gear to do the flux weak-
ening. And, again, an analytical technical theory of PS-SF-PMSMs may be elaborated on for prelim-
inary design and as a safe starting set of variables for optimal design codes. The segmented character
of the rotor and the slotting in the stator introduce additional phenomena besides magnetic saturation
that warrant the use of 2(3)D-FEM. 3D-FEM is imperative in short stack length lstack/coil-through
ratio (less than 1–1.5) machines. For comparison, two such machines (24/10/12 and 12/10/12),
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FIGURE 9.25 Partitioned-stator 12/10/12 SF-PMSM configurations with radial airgap and segmented rotor:
(a) with overlapping (distributed: q. 1) winding and SPMs; (b). with tooth-wound winding and SPMs; (c) with
consequent interior stator Ns= 12 PM poles (12/11/12). (Adapted from C. C. Awah et al., IEEE Trans., vol.
MAG–52, no. 1, 2016, pp. 9500310. [23]); (d) with spoke-shape Ns= 12 PM poles on the interior stator.
(Adapted from C. C. Awah et al., IEEE Trans., vol. MAG–52, no. 1, 2016, pp. 9500310. [23]); (e) with
tooth-wound AC outer stator coils and Ns/2 interior stator PMs (Nso/Nsi= 12/6).

Switched Flux–Permanent Magnet Synchronous Motor Analysis, Design, and Control 283



PS-SF-PMSMs with outer stator diameter Dos= 90 mm and stack length lstack= 25 mm, are investi-
gated, globally optimized, and compared for 20W of ideal copper losses at rated speed nn= 400 rpm.

The calculated electrical efficiency (mechanical losses are taken as zero, when they are notable
with two small airgaps around the anisotropic laminated rotor) obtained (Figure 9.26a) [25] seems
remarkable. The rated average torque for 20W ideal copper losses for both machines investigated
is around 2.87 Nm (Figure 9.26b). The core loss is larger for the 12/10/12 configuration because
of the richer content of harmonics of the outer stator mmf (Figure 9.26c), and so are the PM eddy
current losses (Figure 9.26d).

The 24/10/12 configuration has been shown to have higher phase self-inductance and lower
mutual inductance (due to shorter flux lines, in essence) and thus it shows a smaller short-circuit
current and slightly larger CPSR. Despite larger end coil connections, the slightly higher emf of
the 24/10/12 configuration leads to slightly better (1%) efficiency because of lower core losses.
But the difference is small and the machine frame is about 10% larger, heavier, and costlier (in copper
and framing).

Figure 9.27 exposes the first prototype of these two machines [22]:

Note: Though the torque/volume of around 8 Nm/liter is, for an outer stator diameter Dos= 90 mm,
rather acceptable, the mechanical complexity of the machine leads to increased fabrication costs and it
is still to be determined if the PS-SF-PMSM will replace the regular SPMSMs and IPMSMs with
tooth-wound AC stator windings. But if, as shown in [24], increasing the number of rotor poles to
13 (14) and reducing the outer rotor pole tips leads to a further 80% increase in torque at the price
of thicker magnets, which also reduces demagnetization risk, high torque/volume may be expected.
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9.7 CIRCUIT dq MODEL AND CONTROL OF SWITCHED FLUX–PERMANENT
MAGNET SYNCHRONOUS MOTORS

SF-PMSMs may be assimilated to synchronous machines where the number of pole pairs is the num-
ber of rotor salient poles Nr. There is some magnetic saliency (Ld, Lq), but not much. If a DC field
stator winding is added, its equation should be added. Also, the emf (by PMs and DC coils) is rather
sinusoidal. So the dq model in rotor coordinates ωr= 2πNrn for synchronous machines may be used

(a) (b)

(c) (d)

(e) (f )

Iron bridge

Bearing

C
R

FIGURE 9.27 The PS-SF-PMSMprototypes forDos= 90 mm and lstack= 25 mm (a) outer stator with 24 slots;
(b) outer stator with 12 slots; (c) 10-pole cup-shaped rotor; (d) rotor laminations with bridges (for one piece);
(e) 12-pole inner stator; (f) inner stator with bearing. (After Z. Z. Wu, Z. Q. Zhu, H. L. Zhan, IEEE Trans,
vol. EC–31, no. 2, 2016, pp. 776–788. [22])
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to portray SF-PMSM behavior for transients and control design:
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and torque Te:

Te = 3
2
priq(ψPM +Mf if + (Ld − Lq)id) (9.45)

In the absence of DC stator excitation (with positive and negative excitation current if), the dq
model in Equations 9.43 through 9.45 “degenerates,” as expected, into that of regular IPMSMs.
So all the control heritage of IPMSMs:

• Field-oriented control
• Direct torque and flux control
• Scalar V/f (or I-f) control with stabilizing loops

may be applicable here [25]. The inductances may be imported from finite-element analysis (FEA)
or may have analytical formulae based on MEC modeling. Yes, cross-coupling saturation occurs,
and this may cause errors in rotor position (and speed) observers for encoderless control.

As the SF-PMSM is similar to a regular IPMSMwith small magnetic saliency Ld/Lq= 0.8− 0.85,
we refer the reader to the rich literature (papers and books) on the IPMSM control with and without
encoder feedback [25], except for encoderless control with signal injection, which bears some
peculiarities worth considering here. So attention will be placed on DC-excited SF-PMSMs for
wide speed range control, where this machine shows definite merits.

9.7.1 SIGNAL INJECTION ENCODERLESS FIELD-ORIENTED CONTROL OF SWITCHED

FLUX–PERMANENT MAGNET SYNCHRONOUS MOTORS

For sustainable operation at low speeds (a few rpms) and for nonhesitant starting, either encoder con-
trol or signal injection encoderless control may be applied. However, the magnetic saliency for signal
injection (especially) is low in SF-PMSMs and thus position observers have difficulties in assessing
rotor position correctly, especially as SF-PMSMs tend to have a large number of poles.

The FOC of SF-PMSMs may start with a “signal injection” rotor position (and speed) estimation
and then “fuse in” an emf (or active flux [25])-based speed and position observer for wide speed
control (with flux weakening). But this control for SM drives is already treated extensively in the
literature [25], where, from MTPA to MTPV, controls are corroborated seamlessly.

However, as the saliency is small, the CPSR is acceptable (2/1 to 3/1) only due to large machine
inductance in p.u.

Ref. 26 investigated four 12/10 SF-PMSMs as follows:

• Three-phase with double-layer tooth-wound AC coils (Figure 9.28a)
• Three-phase with one-layer tooth-wound AC coils (Figure 9.28b)
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• 2× 3 phases (phases A1 and A2 are in series) for fault tolerance with two 50% rating
inverters (Figure 9.28c) or with one of 100% ratings with alternating (Figure 9.28c) and
adjacent (Figure 9.28d) three-phase coil groups

For high-frequency ωk injection at standstill or at low speed (ωr/ωk, 0.05), the dq model in
synchronous dq coordinates is:

Vdh

Vqh

∣∣∣∣
∣∣∣∣ = Ldh Ldqh

Lqdh Lqh

∣∣∣∣
∣∣∣∣ ddt idh

iqh

∣∣∣∣
∣∣∣∣ (9.46)

where the HF inductances—which include cross-coupling terms (Lqdh≈ Ldqh≠ 0)—are:

Ldh = ψd(id + Δid, iq)− ψd(id , iq)
[ ]

/Δid
Lqh = ψq(id, iq + Δiq)− ψq(id, iq)

[ ]
/Δiq

(9.47)

Ldqh = ψd(id, iq + Δiq)− ψd(id, iq)
[ ]

/Δiq
Lqdh = ψq(id , iq + Δiq)− ψq(id, iq)

[ ]
/Δid

(9.48)

A2(a) (b)

(c) (d)

C
1 C1

B
1

B1

A
1 A
1

C
4

B4

A4
C3

C3

B
3

B3

A
3

A
3

C
2

B2

A2
C1 +

B
2

+

B
1

+

B1 C1
A

1 A
2 A

1

C2 B2

C
2

B1
+

A2
+

B
2+

A2
+

C
2

+

C1

B
2

A
1

+

A1+

C
1

+

C
2

+

B1

FIGURE 9.28 12/10 SF-PMSM (a) double layer; (b) single layer; (c) alternating 2× 3 phases; (d) adjacent
2× 3 phases. (After T. C. Lin et al., IEEE Trans., vol. IE–63, no. 1, 2016, pp. 123–132. [26])

Switched Flux–Permanent Magnet Synchronous Motor Analysis, Design, and Control 287



These inductances may be FEM calculated and shown to be dependent on both current id, iq
and smaller, with the machine heavily saturated, than the dq inductances calculated from FEM in
zero-frequency conditions at standstill, with frozen permeabilities as:

Ld(id, iq) = ψd(id, iq)− ψPM

[ ]
/id

Lq(id , iq) = ψq(id, iq)/iq
(9.49)

It would be good for encoderless signal injection control for Lqh− Ldh to be notable (though not
large in principle in SF-PMSMs) and constant with load; if not, practical corrections should be
applied to reduce the steady-state rotor position estimation error.

Assuming that the estimated reference frame angle θeer with respect to the rotor d axis differs a little
from the real one θer: Δθe = θeer − θer, we may calculate the machine response in the estimated
reference system (θrer) by the transformation:

T(Δθ) = cos (Δθe) − sin (Δθe)
sin (Δθe) cos (Δθe)

∣∣∣∣
∣∣∣∣ (9.50)

We obtain:

Ve
dh

Ve
qh

∣∣∣∣
∣∣∣∣ = T(Δθ) · Ldh Ldqh

Lqdh Lqh

∣∣∣∣
∣∣∣∣.T−1(Δθ) · d

dt

iedh
ieqh

∣∣∣∣
∣∣∣∣ (9.51)

From Equations 9.49 through 9.51, one obtains:

d

dt

iedh
ieqh

[ ]
=

1
Lp

+ 1
Lm

cos (2Δθe + θm)
1
Lm

sin (2Δθe + θm)

1
Lm

sin (2Δθe + θm)
1
Lp

− 1
Lm

cos (2Δθe + θm)

⎡
⎢⎢⎣

⎤
⎥⎥⎦ Ve

dh
Ve
qh

[ ]
(9.52)

with

Ls0 = (Ldh + Lqh)/2, Ls2 = (Lqh − Ldh)/2

θm = tan−1 −Ldqh
Ls0

( )
; Lp =

LdhLqh − L2dqh
Ls0

; Ln =
LdhLqh − L2dqh�����������

L2dh + L2qh

√ (9.53)

If the voltage injection into the virtual (estimated) reference frame has a pulsating character (only
along axis de):

Ve
dh

Ve
qh

[ ]
= Vh

cos α
0

[ ]
; α = ωht + φ (9.54)

where Vh, α are related to voltage injection parameters. Using Equation 9.54 in Equation 9.52, one
obtains approximately:

iedh
ieqh

[ ]
= Ip + In cos 2Δθe + θm( )

In sin 2Δθe + θm( )
[ ]

sin (ωht + φ) (9.55)

with

Ip = Vh/(ωhLp), In = Vh/ωhLn (9.56)

288 Reluctance Electric Machines



As expected, In. Ip and its processing, after filtering the ωh frequency component, will yield a raw
rotor position estimation θ̂er.

To obtain the amplitude of carrier (ωh) current response, synchronous detection and low pass filter
(LPF) are applied [26]:

iedh
ieqh

[ ]
= LPF

iedh
iedh

[ ]
· 2 sin (ωht + φ)

( )

= Ip + In cos (2Δθe + θm)

In sin (2Δθe + θm)

[ ]
(9.57)

The “road” from measured carrier deqe currents to their pulsating amplitudes and to ieqh response
(according to Equation 9.57) is shown in Figure 9.29 [26].

It has been shown [26] that the amplitude of the ieq circle (Figure 9.29c) is higher for the two-phase
12/10 single-layer and 2× 3-phase 12/10 double-layer windings. However, additional saliencies
occur, which finally render the double layer 12/10 winding best for encoderless control! The rotor
position extracted from Equation 9.57, even with a single PLL tracking observer (Figure 9.29a), is
not improved enough in quality, unless an orthogonal PLL observer is applied [26]; see Figure 9.30b.

Even tracking observers based on motion equation, such as the PLL observer, may be used to
improve the quality of rotor position and speed estimation ([25], Chapter 9), especially during speed
transients. The entire FOC diagram is represented in Figure 9.31.

The 12/10 SF-PMSM investigated [26] has the data: Ten= 2.7 Nm, nn= 4000 rpm, Ld= 0.277
mH, L2= 0.377 mH; digital simulations at 25 rpm and test results in transients from 0 to 25 rpm
illustrated in Figure 9.32 [26] show remarkable quality performance.
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9.7.2 DIRECT CURRENT–EXCITED SWITCHED FLUX–PERMANENT MAGNET SYNCHRONOUS MOTORS

FIELD-ORIENTED CONTROL FOR A WIDE SPEED RANGE

This time, the complete dq model (including the field circuit equation) is used. An axial-airgap
topology with six stator E-cores (and DC-poles on the thinner teeth in the middle of E cores)
and 11 rotor poles [27] is used for exemplification (Figure 9.33). The same topology, but with a
radial airgap, was described earlier in the chapter as a good candidate for wide CPSR (Figure 9.33)
and PM weight reduction by using positive (magnetizing) and negative (demagnetizing) DC
excitation current.
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For a wide torque speed control range envelope, id= 0 control with positive if below base
speed (for more torque) and negative if above base speed (for less flux) may be described in three
stages [27]:

i∗d = 0, i∗F = 2Te − 3prψPMiqn
3p1Mf iqn

for Tload .
3
2
prψPMiqn; ωr , ωb

i∗d = 0, i∗F = 0, i∗q =
2Te

3prψPM
for Tload .

3
2
prψPMiqn

(9.58)

Above base speed ωb, for flux weakening, there are two additional options:

Stage 1

i∗F =
�������������������������
(Vdc/

��
3

√
ωr)

2 − (Lqi∗q)
2

√
− ψPM

M∗
F

. 0

i∗d = 0

i∗q =
2T∗

e

3
2
pr(ψPM +MFi

∗
F)
, if V∗

s , VDC/
��
3

√

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9.59)
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For higher speeds:

Stage 2

i∗F = − iFn| | , 0

i∗d =
�������������������������
(Vdc/

��
3

√
ωr)

2 − (Lqi∗q)
2

√
− (ψPM −Mf i∗Fn)

Ld
, 0

i∗q =
2Te

3pr[ψPM + (Ld − Lq)i∗d −Mf iFn]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9.60)

Alternatively, above base speed, the machine may be run at unity power factor [25].
Particle swarm optimization is used online in [27] to optimally choose one of the four control strat-

egies depicted in Equations 9.58 through 9.60. By optimal behavior, small torque, excitation current,
and speed ripples are targeted.

For a 12/10 axial-airgap DC-excited SF-PMSM with the data: VDC= 200 V, nn(nb)= 750 rpm,
Tn= 6 Nm, In= 4 A, ifn= 3 A, ψPM= 0.1Wb, Rs= 3.4Ω, Ld= 10 mH, Lq= 15 mH, Rf= 7.9Ω,
Mf= 15 mH, sample results such as in Figure 9.34a and b have been obtained through digital simu-
lations and experiments [27].
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The results in Figure 9.34 trigger remarks such as:

• The DC-excited SF-PMSM is capable of a wide speed range with positive and negative DC
field current contribution.

• id* is either 0, or, at the largest speeds, it is negative, together with a negative DC
field current.

• PSO leads to lower ripples in torque, current, and speed.

The generic FOC system is shown in Figure 9.35.

9.7.3 ENCODERLESS DIRECT TORQUE AND FLUX CONTROL OF DIRECT CURRENT–EXCITED
SWITCHED FLUX–PERMANENT MAGNET SYNCHRONOUS MOTORS

As already mentioned, being basically a cageless rotor synchronous motor, FOC and DTFC may be
applied accordingly ([25], Chapter 14) to SF-PMSMs. While the encoderless FOC implementation of
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DC-excited SMs based on the active flux concept is illustrated in [25], a dedicated DTFC is developed
for a DC-excited three-phase SF-PMSM in [28]. Space vector modulation is used also in [28] (as in
[25]) to reduce the torque ripple.

The key element is the stator flux estimator (|ψ̂s|, θ̂ψ s
, ω̂1), from which the rotor position θ̂er is

obtained as:

θ̂er = θ̂ψ s
− δ̂ (9.61)

where δ̂ is the torque angle, the angle of the stator flux vector with rotor axis d (the axis of DC
excitation and of PMs), calculable from torque:

T̂e = 3
2
pr(ψ sαisβ − ψ sβisα)

= 3
2
pr ψ̂ s

∣∣ ∣∣(ψPM +Mf if ) sin δ̂

(9.62)

A first-order and band-path (BP) filter are used to estimate stator flux from voltages eα, eβ, while
a multiple low pass filter of eα, eβ is used to estimate the stator flux vector speed ω̂1 and its position
θ̂ψ s

. So, a voltage emf model is used for stator flux estimation and is prone to notable errors at low
speeds. The use of the active flux concept Ψ

a
d in a combined voltage/current model observer ([25]

Chapter 14) leads to:

�ψa
d = �ψ s − Lq�is (9.63)

Aligning to the rotor d axis θ̂�ψa
d
= θer would simplify the speed estimator though a PLL observer act-

ing on θ̂�ψa
d
rather than on θψ s

, which would allow operation at much lower speeds. The estimated
θ̂er = θ̂�ψa

d
is used only in the stator flux observer at low speeds in DTFC. One more aspect to treat

is how to control the DC field current iF.
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Equations 9.58 through 9.60 may be used for wide speed control in three stages, to produce stator
flux �ψ∗

s

∣∣ ∣∣, torque T∗
e reference values [27], and DC +field current i∗F .

For autonomous generators, the DC output voltage in Equation 9.59 may be replaced by V∗
dc. But,

in addition, to correct for machine parameter detuning, Vdc may be measured and a PI controller will
add an additional DC field current reference Δi∗F:

Δi∗F = PI(V∗
dc − Vdc) (9.64)

So, a generic DTFC based on the active flux model [25] could be used as in Figure 9.36.
For motoring (and grid operation), Vdc in Equation 9.57 could be replaced by the reference control

voltage V∗
s = Vdc/

��
3

√
, while the control system in Figure 9.36 holds.

Transients with SVM-DTFC encoderless DC-excited SF-PMSM specific control at high speeds is
shown in Figure 9.37 [28]. The errors in position and speed estimation are large, but the response is
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still stable. Potentially, the scheme in Figure 9.36 should operate even below 10 rpm safely without
signal injection in encoderless control.

9.7.4 MULTIPHASE FAULT-TOLERANT CONTROL OF SWITCHED FLUX–PERMANENT MAGNET

SYNCHRONOUS MOTORS

Note: The SF-PMSMmay be built in multiphase (say, five or 2× 3 phases) configurations when their
control with 1, 2, 3 open (or shorted) phases is of interest for safety-critical AC drives [29]; see
Figure 9.38.

Figure 9.38 [29] illustrates a five-phase SF-PMSM with phase C shorted and reconfigured analytical
hybrid control to account for the noncompensated reluctance torque with phase C shorted; a small
torque ripple is left.

Note: In contrast, the 2× 3 phase 12/10 SF-PMSM introduced earlier, when 2%× 50% rating twin
three-phase inverters are used, offers nonreconfigured control with one faulty phase at 50% torque by
shutting down the three-phase group with the faulty phase(s).
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9.8 SUMMARY

• Placing the PMs on the stator allows for easier fabrication and PM cooling, while a salientNr

pole passive rotor offers a rugged motor configuration. This is how switched-flux PMSMSs
were born in one-phase topologies in 1943 [1] and “reborn” in 1955 [2].

• In essence, the AC coils on the stator have their throw (span) around the rotor saliency pole
pitch. However, they comprise two stator teeth that sandwich a radially placed but tangen-
tially magnetized PM, which implicitly produces PM flux concentration and thus the airgap
no-load flux density is, in general, from 1.3 to 1.7 T for reasonable torque density
(Nm/liter).

• The PM flux of the AC coils, modulated by stator and rotor saliency, changes (switches)
polarity; this is why they are called “switched-flux” PMSMs.

• SF-PMSM meet the synchronization condition:

pa = Nr − pPM, pPM = Ns/2; Nr = pr = pm (9.65)

where pa, pPM,Ns are the stator (armature) mmfmax. forward space harmonic and number of
PM flux pole pairs (pPM= Ns/2, in general), and, respectively,Nr is the number of fluxmod-
ulator (rotor) salient poles equivalent to the pole pairs pr (pm).

• The closerNs,Nr are, the better in terms of average torque pulsations, and so on.Ns− Nr= 2
is a preferred combination, but manymore are feasible as long as they lead to symmetric 3(n)
phase emfs.

• Unfortunately, the bipolar PM flux in the AC coils exploits at best half of coil span, and this
is why good torque density implies heavy magnetic saturation.

• The frequency of stator currents fc= pr · n; n—the rotor speed at synchronism.
• It has been proven that regular SF-PMSMs can develop in the same stator (outer diameter

and stack length) for the same copper losses and similar torque as regular IPMSMs, but
for less Nm/PM weight and with a stronger risk of PM demagnetization than in IPMSM.
Still, in some configurations (say, instead of 12/10 combinations), C core 6/13 combina-
tions produce similar Nm/PM weight.

• Despite double magnetic saliency, the dqmodel magnetization inductances Ldm, Lqm do not
differ much, and id*= 0 control is used below base speed for MTPA in most cases.

• However, the SF-PMSM has a larger synchronous inductance Ls= Ldm≈ Lqm and thus may
offer good CPSR operation.

• DC hybrid excitation may be added to reduce PM weight and extend the CPSR.
• Also, AlNiCo memory magnets (with mag/demag. DC coils) may be added to the stator to

reduce NdFeB weight by at least 40%, though keeping the peak torque below base speed.
AlNiCo magnets add to NdFeB magnet flux, but may be demagnetizing for flux weakening
while keeping id= 0 for large CPSRs.

• The regular SF-PMSM may be treated almost as a nonsalient pole (surface) PMSMS, but
with its large inductances, influenced by current, due to heavy magnetic saturation.

• The small differential (at AC) magnetic saliency may still be used for signal injection enco-
derless FOC where the popular 12/10 (and so on) configuration apparently fares best.

• Partitioned stator (exterior and interior) configurations have also been tried, where the seg-
mented lamination-made rotor (fluxmodulator) is placed in between stators. This more com-
plicated topology does not bring more torque density, but placing the PMs on a separate
(interior) stator may allow easier replacement by replacing the entire interior stator. Also,
the demagnetization risk of PMs may be reduced. Finally, a high power factor with such
a PS-SF-PMSM has been reported recently [30]—around 0.96 for 2.7 Nm.

• The circuit model and encoder and encoderless control of SF-PMSMs is similar to that of
small-saliency, strong-emf IPMSMs, or of DC-excited SMs (when SF-PMSM has a DC
excitation assistance). So, FOC, DTFC, and scalar (V/f and I-f) with stabilizing loops
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control, as known for regular AC synchronous motors/generators [25], is feasible for
SF-PMSMSs.

• Multiphase fault-tolerant configurations with their reconfigurable control are also applicable
to SF-PMSMs.

• Multiphysics optimal design, including electromagnetic, thermal, and mechanical aspects, is
paramount in establishing SF-PMSM practicality.

• A hybrid excitation flux-switching PM motor with stator PM placed between the DC coils
has recently been proven capable of producing competitive performance in experiments
[32–33].

• Significant R&D effort is anticipated in this field [31], which seems close to industrialization
both at low speeds and high torque and at medium speeds for medium and small torque
applications, where fundamental frequency stays, in general, below 1 kHz.
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10 Flux-Reversal Permanent
Magnet Synchronous
Machines

10.1 INTRODUCTION

As suggested in Chapter 1 [1], the flux-reversal (FR) PMSM may be considered a kind of flux
modulation single-airgap (single-rotor) machine similar to the switched-flux PMSM.

However, at the time of FR-PMSM introduction [2–6], the main idea was to use it in doubly salient
machine multiple alternate polarity PMs on wider stator poles that host nonoverlapping multiple
phase windings made of 2mk coils (m—number of phases, k—an integer). Only the passive rotor
has the function of magnetic saliency with Nr salient poles (Figure 10.1).

The large stator (coil) poles contain 2np PMs of alternate polarity located as surface PMs
(Figure 10.2a) or as radially placed but tangentially magnetized PMs inside the former (Figure 10.2b).

Considering the PM pole pitch on the stator as τPM, allowing the rotor magnetic anisotropy to have
the same period of 2τPM, and providing for 2τ/3 displacement between adjacent stator large poles
to secure symmetric emfs, the following relationship is valid:

2τPMNr = 2np · 6K + 6K · 2
3

( )
τPM (10.1)

or

Nr = 6K · np + 2K (10.2)

It may be rightfully agreed that, this way, with same periodicity of 2τPM in the PMs and of rotor
saliency, a synchronous machine is targeted.

The increase of AC nonoverlapping coil span in FR-PMSM to 2,4,6,8 PM poles was intended for
copper loss reduction (in a kind of magnetic gear effect), while torque increases (for given geometry
and AC coil mmf) with the number of PM poles (2np) per coil span. But, at the same time, the PM
fringing flux between poles increases with the reduction of the τPM. Eventually, at a certain (large,
though) Nr, the two effects neutralize each other.

This fringing effect occurs in all flux-modulation machines when the pole pitch decreases, reduc-
ing torque magnification.

On top of that, with stator PMs, in general, only half the PMs (or half the AC coil span in
SF-PMSMs) are active at any time. Still, the reduction of pole pitch τPM= 10–12 mm (large Nr) leads
to significant torque density. However, the PM weight per Nm has to be used to assess performance.

The price to pay is larger machine inductance in p.u. and thus a lower power factor for competitive
torque density, which will lead to larger KVA ratings in the PWM converter that feeds the machine
in a variable-speed drive. At the same time, the large inductance Ls is “good” for flux weakening,
providing for wide CPSR.

But, as at low speeds, the electric machine is more expensive than the PWM converter
(torque defines machine cost), the latter’s KVA overrating might add reasonably to the total cost
of the drive.
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Another embodiment of FR-PMSM with stator-PMs is shown in Figure 10.3a and b, for one-
and three-phase implementation for small power applications. It has Ferrite PMs that are
“planted” in the stator after the AC coils are in place and thus PMs may be easily replaced and
easily detachable. Here, all PMs are active all time, but still only half the stator coil span is active
at any time.

(a) (b)

FIGURE 10.2 Typical three-phase FR-PMSMs: (a) with stator surface PMs (Ns= 12, np= 2, Nr= 28);
and (b) inset radial stator PMs (Ns= 12, np= 3, Nr= 40). (After I. Boldea, Variable Speed Generators,
book, 2nd edition, CRC Press, Taylor and Francis Group, New York, 2015 (Chapter 11: “Transverse flux and
flux reversal permanent magnet generator systems”, pp. 479–527). [7])
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FIGURE 10.1 “Metamorphosis” of flux-modulation machines to “flux-reversal” and to “switched-flux” stator
PMSMs. (After D. Li et al., Record of IEEE-ECCE, 2015, pp. 2153–2160. [1])
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In an effort to better use the PMs (to make them all active all the time) the spoke-shaped PMs
may be placed in the rotor, sandwiched between two magnetically anisotropic stators that are phase
shifted with each other by a PM pole pitch. Now the number of rotor pole pitches is 2Nr, but the
number of pole pairs is only Nr (Figure 10.4). Both stators may be provided with 2mk AC coils
for more Nm/volume. To simplify the fabrication, only the outer stator bears AC coils on large poles
that comprise 2np× τPM active spans. Consequently, the interior stator is simpler (Figure 10.4) and
shorter axially, to allow a shorter glass-shaped rotor.
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To simplify the fabrication process, an axial airgap version of the rotor-PM three-phase FRM is
shown in Figure 10.4b [9].

Note: It may be argued that the rotor-PM FR-PMSM is similar to the Vernier PMSMwith two stators
and spoke-shaped rotor PMs. This is true, but the nonoverlapping three-phase winding in the stator
makes the difference when 2, 4, 6 pole, q= 2 stator/pole/phase overlapping windings are used in the
Vernier PMSM [10]. The nonoverlapping 2mK coil (K= 1,2,…) windings may lead to lower
copper losses per torque for same rotor pole pitch τPM and number of rotor pole pairs Nr (2Nr—

PM poles). Also, the separation of coils leads to longer coil life between eventual repairs that are
much easier to do (only the faulty coil is “extracted” and replaced).

The low power factor is the main problem of all flux modulation machines. Its alleviation through
optimal design and rather high PM airgap flux density (1.4–1.5 T) to allow even 1 A/mm2 current
density in high-torque machines [10] and thus make LsIn/ψPM= 0.7−0.8(cos φ= 0.85). Finally,
all “F-M” machines have small functional saliency (Ld ≈ Lq) despite the physical double saliency,
because they mainly use the first airgap magnetic permeance harmonic to couple PM and arma-
ture-current mmf waves.

10.2 TECHNICAL THEORY VIA PRELIMINARY DESIGN CASE STUDY

Let us consider a 60-Hz, 128.5-rpm, 200-Nm, three-phase FR-PMSM with surface stator PMs
(Figure 10.5).

10.2.1 SOLUTION

The operation at 60 Hz for a base speed of 128.5 rpm is good, since a regular off-the-shelf PWM
inverter may be used. But the number of rotor poles Nr (pole pairs, in fact) should be large:

fn = nn · Nr; Nr = 60
128.5/60

≈ 28 (10.3)

However, for symmetric-phase emfs, Equation 10.2 has to be fulfilled:

Ns np + 1
3

( )
= Nr (10.4)

Winding (outer)

(a) (b)
Stator core

Coil

PM
Rotor pole

Winding

(inner)

Tinner Touter

FIGURE 10.4 Rotor PM dual-stator three-phase FR PMSM (a) radial airgap; (b) axial airgap.
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with np= 2 (2np= 4) and Ns= 12 stator large poles (coils); also Nr= 28 rotor salient poles + inter
poles (2Nr pole spans of τPM). The magnets (Figure 10.5) are placed on the large stator pole shoes that
make up 2np= 4 of them along the periphery. The big stator slot opening is 2τPM/3.

The relationships between PM radial thickness hPM, airgap g, and τPM are intricate and require
an optimization calculus, say, for maximum PM flux in the coil. This would lead to an optimal
(hPM+ g)/τPM ratio of less than ½, as in any variable reluctance structure.

To start the preliminary design, we adopt a shear rotor stress ft= 1.5–3 Nm2 for the base
torque Teb:

Teb = ft · π · Dr · lstack · Dr

2
(10.5)

Dr—rotor diameter, lstack—axial length of stator core. To limit end-coil length, the stack length
lstack is:

λs = lstack
Dr

≥ 0.2− 1.4 (10.6)

Dr =
���������
2TeNs

ftnπ
2 · λs

3
√

=
��������������������

2 · 270 · 12
2 · 104 · π2 · 1.055

3
√

= 0.18 m (10.7)

The stack length lstack= λsπDr= 1.05 · 0.182= 0.19 m.
The maximum value of PM flux in a coil with 2np PMs in its throw is:

φPM = lstack · (Bg PM iKfringe) · τPM · np (10.8)

Bg PM i is the ideal maximum flux density in the airgap:

BgPM i = Br · hPM
hPM + g

(10.9)

Dr

NN
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2τPM

W
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S

S

SS

g

FIGURE 10.5 Three-phase FR-PMSM with stator surface PMs geometry.
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with hPM= 2.5 mm, g= 0.5 mm, and, for the PM with Br= 1.21 T, kfringe= 0.4 (fringing
coefficient: only 40% of the ideal PM airgap flux embraces the AC coils), Bg PM i= 1.008 T, but
Bg PM= Bg PM i · kfringe= 0.4 T. This is a strong penalty for being able to reduce the PM pole
pitch τPM to:

τPM = π · Dr

2Nr
= π · 0.180

2 · 28 = 10.1 · 10−3 m (10.10)

It is to be proven by FEM if kfringe is this small, but here a conservative value is assigned. Approx-
imately, the PM flux in the coils will be sinusoidal:

φPM(θr) = φPM sin (Nrθr) (10.11)

The derivative of this flux with rotor position θr is straightforward:

dφPM(θr)
dθr

= NrφPM cos (Nrθr) (10.12)

But we have Ns/3 coils per phase (four coils in our case) which, if connected in series, will lead
to the emf per phase peak value E1:

E1 = Ns

3
· nc · 2πn · lstack · π · Dr · kfringe · np2 · BPM i (10.13)

where nc—the number of turns per coil. Note that πDr in Equation 10.13 represents the entire rotor
periphery and thus “hides” the torque magnification Nr.

Now the torque Te with current I1 in phase with emf E1 (id= 0 in the FOC) is simply:

Te = 3
2
E1I1

��
2

√
/(2πn) (10.14)

This way, from Equations 10.13 and 10.14, the number of amperturns per coil (peak
value) is:

ncI1
��
2

√
= nc

2
3
Te

2πn
E1

= 1032Aturns/coil (peak value) (10.15)

Choosing a rated current density jcon= 3.57 A/mm2 and a slot filling factor kfill= 0.5, with two
coils per slot (double side-by-side layer winding), the active slot area is:

Aslot = 2ncI1
jcon · kfill =

��
2

√ · 1032
35 · 106 · 0.5 = 831.5 · 10−6 m2 (10.16)

Now the slot geometry should be easy to settle, as the big stator slot pitch τstator= πDr/Ns= π ·
0.18/12= 0.0471 m. Even with a 30-mm-deep stator slot (hsa), a slot geometry fulfilling Equation
10.16 may be found.

As the slot sizing completion, airgap, and leakage inductance calculations are straightforward, we
will not insist on these aspects here, but proceed with FEM characterization to check the technical
oversimplifying theory put forward here to provide a starting geometry.
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10.3 FINITE-ELEMENT MODEL GEOMETRY

At no load, for the now known geometry, 2D-FEM has been used (lstack/Dr= 1.055!), and the PM
flux per pole and cogging torque have been calculated first (Figure 10.6).

Figure 10.6 shows clearly that the PM flux per stator poles in phases A, B, C are rather symmetric
and sinusoidal and that the cogging torque may be drastically reduced to (1.5%!) for a 1.8–mechanical
degree skewing.

This advantage is paid for by a 7% reduction in EMF (and in torque for given stator current); see
Figure 10.7.

The PM flux derivative (with rotor position) shows a large fundamental and tiny third harmonic
(Figure 10.8).
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It may thus be fairly claimed that the machine shows a sinusoidal emf and consequently may be
supplied with three-phase sinusoidal currents, here in phase with their emfs, not to total flux per-pole
derivatives that are not only different (in amplitude from emf), but, as expected, are shifted with
respect to the PM flux derivatives with rotor position.

As visible in Figure 10.9a and b, the phase currents (though in phase with emfs) are not in phase
with total flux derivatives, and the corresponding angle is, in fact, the ideal power factor angle φi

(machine losses will reduce it a few percent in motoring).
The total emf:

Et = dφt

dθr
· Ns

3
· 2πn (peak value) (10.17)

Now the peak voltage equation during steady state VA is:

VA �
�����������������������������������������������
Etmax/

��
2

√
+ RsIn cosφi

( )2
+ R2

s I
2
n ( sinφi)

2

√
, (rms) (10.18)
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From here we may calculate the number of turns per coil with given VA (phase voltage [rms]) and
stator phase resistance voltage RsIn as:

RsIn = ρco
lcoil · jcon
ncIn

· Ns

3
· n2c In

= 2.1 · 10−8 · 0.458 · 3.5 · 10−6 · 4 · nc = 0.1346 · nc (10.19)

lcoil ≈ 2 · lstack + 2 · nppτPM
( ) = 0.458m (10.20)

Et max can also be expressed as Et max= Ke · nc and thus the number of turns/coil nc comes simply
from Equation 10.18. In practical designs, a notable voltage reserve has to be left to allow for
“chopping” the sinusoidal current properly at rated (base) speed (frequency).

Further, back to FEM, we may calculate directly, from the total flux per stator pole derivatives
(Figure 10.9b), the instantaneous torque Te:

Te = 3 · Ns

3

dφt
A(θr)
dθ

· nc · iA(θr)+ dφt
B(θr)
dθ

· nc · iB(θr)

+ dφt
C(θr)
dθ

· nc · iC(θr)

⎡
⎢⎣

⎤
⎥⎦ (10.21)

The results for full torque versus rotor position, for sinusoidal currents in phase with their emfs,
depicted in Figure 10.10a–d, lead to remarks such as:
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• A torque of 200 Nm may be obtained for 1032 Aturn/coil/peak value; for 1500 Aturns,
270 Nm is obtained. This means that the large fringing coefficient Kfringe= 0.4 was, after
all, realistic.

• The machine may be overloaded up to 5000 Aturns/coil (peak value) when an average
torque of 680 Nm is still obtained; yes, for a large overcurrent.

• The torque pulsations are small at rated torque (a few percent) but increase steadily
with overload.

• The question arises if the PMs risk demagnetization at peak torque (680 Nm). To verify this,
the radial flux density on the PM surface was calculated in these conditions by FEM
(Figure 10.11).

As expected, only the N/S polarity magnets are demagnetized, but not to endanger their self-
remagnetization. Part of this happy ending is the large flux fringing and part the large total (magnetic)
airgap.

The copper losses. It is important to calculate the copper losses pcon:

pcon = 3RsI
2
1 = 3(RsI1) · I1ncnc

= 3 · 0.1346 · nc · 1032
nc

��
2

√ = 295.5W (10.22)

For 200 Nm, the electromagnetic power and efficiency, with core and mechanical loss lumped up
to 1.5% Pelm, and Pmec= 0.5%Pelm (128.5 rpm only!):

ηn =
Ten · 2πn · (1− pmec)

Ten · 2πn+ pcon + pcore + pmec

= 200 · 2π · 1285/60 · (1− 0.015)
200 · π(128.5/60)(1+ 0.010)+ 295.5

= 2690(1− 0.005)
2690(1+ 0.01)+ 295.5

= 0.9046 (10.23)
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The efficiency looks satisfactory, but the power factor is in the vicinity of 0.7 only.
The rated torque/volume is:

Ten
(π · D2

os/4) · lstack
= 200

π · (0.272/4) · 0.19 = 18.394Nm/l (10.24)

with Dos—stator outer diameter.
It reaches 60 Nm/l for the peak of 680 Nm. While the performance may be considered acceptable,

the large fringing PM flux, the torque density, efficiency, and Nm/kg of PM (cost) are notable.

10.4 COMPARISON BETWEEN FLUX-REVERSAL PERMANENT MAGNET
SYNCHRONOUS MACHINES AND SURFACE PERMANENT MAGNET
SYNCHRONOUS MOTOR

Reference 11 unfolds a complete comparison between a 6/14 FRMwith 2np= 4 PM/stator pole and
a 24-slot/28–rotor pole SPMSM with Dr= 160 mm, Dos= 270 mm, stack length lstack= 150 mm
(close to our design in the previous section), airgap g= 0.5 mm, PM height hPM= 2.5 mm. Both
motors that are compared operate at the same frequency for the same speed, so core losses should
be also comparable. The average torque (for the same coil mmf) was 114 Nm for FR-PMSM and
only 73 Nm for the SPMSM.

But phase self and mutual inductances have been found to be five times larger in FR-PMSMs.
They hardly vary with rotor position (almost no saliency: Ld ≈ Lq)—Figure 10.12 [11].

So the power factor was only 0.73 for FR-PMSM but 0.94 for the SPMSM. However, the
efficiency, from the tests run (for FR-PMSM with series capacitor compensators of the machine
large reactance [ω1Ls] in generating on a resistive load) have proved about the same efficiency, but
the generator power was extended by 50%.

Finally, the torque-speed envelope was checked for the same inverter max. voltage, with 6/14
FR-PMSM exceeding spectacularly the 24/28 SPMSM (Figure 10.13).

Wide CPSR applications seem to favor FR-PMSM.

10.5 THREE PHASE FLUX-REVERSAL PERMANENT MAGNET SYNCHRONOUS
MACHINES WITH ROTOR PERMANENT MAGNETS

As alluded to earlier in this chapter (Figure 10.5), in order to increase the axial flux in the airgap,
PM flux concentration (through spoke-shaped rotor magnets) with all the magnets active all the
time is required. The PMs are placed on the rotor, which is sandwiched between two stators with their
stator saliency phase shifted by a rotor PM pole pitch. The inner stator is not wound to simplify
fabrication. The two twin stators are, however, both active in an axial airgap configuration.

To grasp the nature of this machine and acquire a feeling of the magnitudes, let us perform again a
preliminary design followed by key FEM validation checks [12].

Let us now consider the configuration in Figure 10.14, which now has two airgaps and double
saliency in both. Again, the stator’s saliency period is 2τPM, while the large stator slot opening is
2τPM/3, scaled for diameter.

There are six large stator poles (six AC coils, two per phase), which carry four smaller salient poles
(and three interpoles) 2nppr= 4. So the number of rotor PM poles is 2ppr= 46= (7 · 6+ (2/3) · 6)
and, at 50 Hz, the speed nb is:

nb = fb
ppr/2

= 50/23 rps = 130.43 rpm (10.25)
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A much higher rotor sheer stress ft= 6 N/cm2 for a Teb= 150 Nm motor with lstack= 70 mm
and stator outer diameter Dos, 300 mm, with jcon, 6 A/mm2 and a line voltage of 380 V,
efficiency above 90%, and a power factor above 70% are expected.

Using the same technical theory as in section 10.2, we obtain in sequence:

Dr ≈
����������
2Teb

πft · lstack

√
= 176mm (10.26)

τPM = πDr

ppr
= π · 180

46
= 12.02mm (10.27)

The airgap is considered here as g= 0.7 mm, and the rotor stack length is 73 mm (in contrast
to lstack= 70 mm in the stator) to avoid large axial forces on the bearings.

The leakage inductance will reduce this value further.
We chose here NdFeB PMs with Br= 1.2 T and μrec= 1.05 µ0 at 20◦C. So the ideal radial height

of the PM spokes hr will be:

hr
τPM

= BPM/Br

2Kfringe 1− (BPM g/Br) · (2gμrec/μ0)/(hPM)
( ) (10.28)

The rotor core is made of one-piece regular laminations and thus two 0.5-mm-thick iron
bridges are left above each encapsulated magnet whose thickness hPM= 4 mm (the pole pitch τPM
is only 12 mm!). The PM flux fringing coefficient Kfringe= 0.42. It is slightly larger than usual
because all magnets are active, but here a conservative design is targeted.

Now, from Equation 10.29, the PM radial height/length hr= 1.8τPM= 21.6 mm.
The coil amperturns (rms) ncIc:

ncIc = Teb
��
2

√

3 · φPMmax · ppr · (Ns/3)
= 325.8Aturns/coil (rms) (10.29)

φPMmax = BgPM · τPM · lstack · 2 · n · ppr; 2 · ppr = 4 (10.30)

Let us now consider the two coils per phase in parallel and correct the voltage (due to end-coil
inductance) by a factor Kcor= 0.27:

nc
dφPM

dθr

( )
· 2πn

����������������
1+ Bag

BPM( )

( )2
√

(1+ Kcor) = V1

��
2

√
(10.31)

Stator I

Ring shape

rotor

Permanent

magnets

Stator II

Winding

FIGURE 10.14 Three-phase FR-PMSM with dual stator and PM rotor (radial airgap).
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The airgap flux density produced by all |iq| stator rated current is:

Bag ≈ μ0ncIc
��
2

√

2g
≈ 1.256 · 10−6 · 325 · ��

2
√

2 · 0.7 · 10−3 = 0.5 T (10.32)

This leaves room for a 2.0-p.u. current, but with notable magnetic saturation.
With V1= 220 V from Equation 10.31, nc= 155 turns/coil. So the coil current Icn= ncIc/nc=

325/155= 2.10 A, phase current In= 4.2 A.

Note: Now the assumption of Bag= 1.0 T is crucial and should be carefully checked, best by
FEM; supposing it holds, we may calculate the apparent input power Sn:

Sn = 3V1In = 3 · 220 · 4.2 = 2772 VA (10.33)

The electromagnetic power Pen writes:

Pen = Teb · 2πns = 2041 W (10.34)

So:

Pen

Sn
= ηn cosφn ≈ 0.736 (10.35)

To complete the machine general sizing, we first calculate the outer stator back iron hyos:

hyos =
φPMpole

2 · Bys · lstack ≈ 22.4 mm (10.36)

With a slot filling factor Kfill= 0.5 and rated current density jcon= 3 A/mm2, the slot active
area Aslot is:

Aslot = 2ncIcn
Kfill · jcon = 433 mm2 (10.37)

The copper wire diameter dco= 0.9238 mm.
As the sizing of the slot is straightforward with Dr given and six large stator poles, we leave it out

here. But, for copper loss computation, the average turn length coil is required:

lcoil ≈ 2 · lstack + 2 4+ 3( )τPM + τPM

≈ 2 · 0.07+ 14 · 0.012+ 0.012 = 0.32m (10.38)

The coil resistance Rcoil:

Rcoil = ρcoil
lcoil · nc · jcon

Icn

= 1.68 · 10−8 0.32 · 155 · 3 · 106
2.1

= 1.19Ω (10.39)

So the copper losses:

pcopn = 3 · 2 · Rcoil · I2cn = 31.49W (10.40)

(Again, the two coils per phase are connected in parallel.)
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At 50 Hz, the core losses should not be significant, but let us suppose they are 75W (with about 30
kg of stator core weight); the mechanical losses are taken as 1% Pelm. Thus, the rated efficiency is:

ηn =
Pen − pmec

Pen + pcore + pcopn
= 2041− 20

2041+ 75+ 87.65
= 0.9411 (10.41)

So, from Equation 10.34, the power factor should be:

cosφn =
ηn cosφn

ηn
= 0.736

0.917
= 0.782 (10.42)

The total motor active weight was calculated at 40 kg, so the torque/weight is 3.75 Nm/kg or 30
Nm/l. This is about twice as much as for the surface-rotor-PM FR machine of about the same spec-
ifications. The added difficulties in its fabrication have, though, to be weighed carefully.

The FEM verifications done for the scope show the results visible in Figure 10.15a–c.
It is confirmed by FEM that:

• The cogging torque is reduced, for 0.5 mechanical degrees skewing, to 2 Nm (1.5% of rated
torque of 150 Nm).
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• The machine may develop an average torque Teb≈ 150 Nm at 4.2 A/phase (rms) with
155 turns/coil and two coils in parallel per phase.

• It is seen that, in contrast to surface-stator PM FR-PMSM, the machine saturates rather
heavily. Apparently, overloading is not an asset of this machine.

• With 155 turns/coil, the self-inductance (Figure 10.15c) may be written as:

LAA ≈ L0 + L2 cos θer (10.43)

with

L0 = 0.06826H, L2 = 0.03688H (10.44)

End-coil inductance is not considered here.
• The mutual inductance is much smaller than the self-inductances, but it varies more with

rotor position and it has lower-order harmonics. This property may be used for rotor position
estimation in encoderless FOC (DTFC) in variable speed drives.

• The phase voltage drop on the machine inductance is approximately: VLs = ω1Lsin =
2π · 50 · (3/2)0.0684 · 4.2 = 135.0 V (rms); this seems to validate the power factor calcu-
lated analytically.

• The copper losses for 150 Nm (FEM validated) torque are confirmed.

The conclusion is that FEM-based optimal design is needed to extract more power per volume at
good efficiency with airgap flux density Bg PM= 1.4–1.5 T and a large airgap (here g≈ 0.7 mm), for
larger outer stator inner diameter and shorter lstack (pancake) shape topologies.

A power factor above 0.7–0.8 may be obtained (as for Vernier machines [10]). The axial airgap
twin active stator topology may be of practical interest also. Still, the machine PWM converter initial
cost, plus the capitalized cost of the losses for a most-frequent torque and speed pair, per system func-
tional years (hours in all), has to be included in the optimal design code to see if and where the rotor-
PM dual-stator FR-PMSM drive is feasible.

Note on three (m)-phase FR-PMSM control.Again, as the emf is sinusoidal and the dq inductances
are almost equal to each other, the machine behaves like an SPMSM but is easy to saturate magnet-
ically (with a large synchronous inductance). So FOC, DTFC with and without encoder feedback, or
scalar (V/f or I-F) control with stabilizing loops, typical for synchronous motors, may be applied.

10.6 ONE-PHASE FLUX-REVERSAL PERMANENT MAGNET
SYNCHRONOUS MACHINE

The one-phase PMSM with self-starting facility (by, in general, tapered airgap) may be implemented
in FR configurations with PMs on the stator, both with surface PMs (NdFeB) or with detachable
Ferrite-PMs with flux concentration. Small power (,100W) applications may profit from this ther-
mally and mechanically rugged motor topology. It may also be used at high speeds with a lower
flux density.

A typical configuration is shown in Figure 10.16.
If the surface PM configuration (Figure 10.16) is characterized by a small maximum PM flux

density (Bg PM≤ 0.4 T, even with high-quality NdFeB sintered magnets), Bg PM max in the airgap
can reach values above 0.7 T with Ferrite-PMs bellow the active two rotor poles (Figure 10.17 [17]).

By tapering the airgap, it is possible to obtain a stator/rotor geometry that allows for nonzero
(positive) total torque (above a certain current level) for any rotor position. This is to say that safe
self-starting is obtained. For a 35W, 0.2 A, 290 VDC (a single-phase inverter is needed), at 1600
rpm motor, such a self-starting torque/position level with trapezoidal bipolar current is shown in
Figure 10.18 (by 2D-FEM) [17].
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FIGURE 10.16 One-phase stator-PM FR-MSMS: with surface PMs.
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FEM-only–based optimization might be run with a penalty function as min(torque). 0.1 Nm
(in our case) to secure nonhesitant large self-starting torque (yes, in a single direction of motion).

The machine inductance does vary with rotor position (Figure 10.19).
The PM-emf waveform, cogging torque, and inductance dependence on rotor position and current

(due to magnetic saturation) are a clear indication that FEM results (eventually after curve fitting)
should be exported to a phase coordinate circuit model of this motor.

The circuit plus the motion equations may thus be summarized as:

di

dt
dωr

dt

⎡
⎢⎣

⎤
⎥⎦ =

− R

L(θr)
−Ke(θr)

Ke(θr)
J

0

⎡
⎢⎣

⎤
⎥⎦ i

ωr

[ ]
+

1
L(θr)

0

0
1
J

⎡
⎢⎣

⎤
⎥⎦ V

Tcogg(θr)− Tload

[ ]
(10.45)

dθr
dt

= ωr; Tem = Ke(θr) · i; emf = Ke(θr)ωr (10.46)

where
L(θr) is the phase inductance versus rotor position (θr) and current
Tload—load torque (Nm)
I—phase current (A)
ωr—angular mechanical speed (rad/s)

A typical control system may use a Hall sensor (for position and speed feedback) or it may
be encoderless, but use speed and current closed loops (Figure 10.20).
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Let us consider here a small compressor load whose torque model and motor data are described
in Tables 10.1 and 10.2. The compressor torque expressions are [8]:

Vc = cos (θr + π/6)+ 1[ ] · Rexc · Spist + Vm (10.47)

Pc =

Pd
Vm

V0

( )ngas

, if Vc . 0 and Vc , Vm
Pd

Ps

( )1/ngas

Ps, if Vc . 0 and Vc , Vm
Pd

Ps

( )1/ngas

Ps
Vmax

Vc

( )ngas

, if Vc ≤ 0 and V| |c . Vmax
Ps

Pd

( )1/ngas

Pd, if Vc ≤ 0 and Vc| | ≤ Vmax
Ps

Pd

( )1/ngas

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10.48)
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FIGURE 10.20 Generic encoder (Hall sensor) one-phase FR-PMSM control system.

TABLE 10.2
Motor Control Data

Parameters

R—is the resistance (Ω) 37.85

J—is the inertia constant—(kg · m2) 1� 10�4

Number of poles 4

Switching frequency (kHz) 10

DC link voltage (V) 300

Speed regulator proportional gain 2

Speed regulator integral gain 1� 10�2

Current regulator proportional gain 1

Current regulator integral gain 1� 10�4

Sapling frequency (kHz) 100

TABLE 10.1
Compressor Torque Model

Rexc (Axis eccentricity) 10� 10�3 m

Spist (Piston surface) 0.45� 10�3 m2

Vm (Cylinder dead volume) 120� 10�9 m3

ngas (Gas constant) 1.1

Pd (Discharge pressure) 5.3 bar

Ps (Suction pressure) 0.3 bar
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Tload = sin θr + π

6

( )
· Rexc · (Pc − Ps) · Spist (10.49)

Digital simulation results (for J= 1 10−4 Kg m2 and for Jʹ= 3 10−4 Kg m2) are shown in
Figure 10.21a and b [8].

It is evident that only with an enlarged inertia is the compressor variable-with-rotor-position-load-
torque handled with a small speed ripple.
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10−4 Kg m2); (b) large inertia (J= 3 10−4 Kg m2). (After F. J. H. Kalluf et al., Record of ACEMP-OPTIM,
2015, pp. 406–411. [8])
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Design optimization (efficiency versus percentage costs of a three-phase BLDC PM motor) show
that good performance is expected for up to 100W in such small motors [9], where cost may be traded
for electrical efficiency with both copper and aluminum windings (Figure 10.22).

Considerable talent is expected to be further devoted to small motor (actuator) drives within
100 (1000) W, with one-phase inverter control, for household, vehicular-auxiliary, info-gadget,
and industrial applications.

10.7 SUMMARY

• Flux-reversal PMSMs use multi-PM pole nonoverlapping AC coils on the stator and
salient pole rotors (Nr poles) such that for a three-phase machine: Ns= (kp+ (1/3))Nr;
kp= 1, 2,…. In general, each of the Ns stator poles has 2np PM of alternate polarity.

• This may be considered a particular case of Ns, Nr combinations that secures symmetric
three-phase emfs in the AC coils; the multiple AC coils are supposed to reduce copper
loss for given torque, machine geometry, and PM pole pitch τPM. The stator slot openings
between the Ns poles are (2/3τp) wide to secure symmetrical emfs.

• Alternatively, the PMs may be placed inside the stator pole, as, for PM flux concentration,
behind the stator coils, when the stator poles are magnetically nonsalient.

• Finally, the PMs may be planted on a rotor with 2pPM poles (instead of Nr salient poles and
interpoles with 2τPM periodicity) in a spoke shape to allow:

• PM flux concentration
• Dual-stator operation when all PMs are active all the time.
• The two stators are shifted by one pole pitch τPM: the interior stator may be moved by a

servomotor to produce mechanical flux weakening. Axial airgap topologies are also
feasible.

• So, in regard to the above, FR-PMSM is somewhat different from SF-PMSM.
• Allowing PM pole pitch of down to 10–12 mm for an up to 1–2 mm airgap, the

FR-PMSM leads to notable torque magnification as all F-M machines do, and thus has
suitable low and medium speeds when the fundamental frequency remains below 1 kHz
in the KW power range and less for larger power/unit.

• However, as the PM pole pitch decreases, the PM flux fringing increases, reducing the
real torque magnification; finally, the machine inductance ends up larger in p.u. values
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FIGURE 10.22 Electrical efficiency–cost Pareto fronts. (After F. J. H. Kalluf et al., Record of ACEMP-
OPTIM, 2015, pp. 406–411. [8])
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and the power factor remains low (below 0.75) in surface-stator PM FR-machines when
there is an optimum ratio (g+ hPM)/τPM≤ 0.5. Still, the machine allows overloading and
in contrast to tooth-wound coil SPMSMs (of the same τPM and geometry) may produce
up to 50% more torque and power, but at smaller power factor (around 0.7–0.75).

• The spoke-PM-rotor dual stator FR-PMSM, with PM flux concentration and at 1.4 T PM
flux density in the airgap, is capable of doubling the torque (power) with respect to the
surface-stator-PM FR-machine of the same geometry, at lower copper losses.

• For this configuration, a 21-mm-high, 4-mm-thick magnets, airgap g= 0.7 mm, τPM=
10–12 mm, for a 70-mm stack length, 180-mm inner diameter of outer stator, the
machine may produce 150 Nm at 22 Nm/l for an efficiency of 91.7%, power factor
0.80 at 130 rpm, 50 Hz PM magnetization at 2 p.u. load, but has to be checked carefully;
the power factor may be increased by allowing some Id, 0 in the control, to the detri-
ment of larger copper losses.

• As FR-PMSMs, though they have physical magnetic saliency, operate without functional
saliency (Ld= Lq), and the emf is almost sinusoidal, FOC, DTFC, or scalar control strat-
egies typical to SPMSMs may be used [14], with the observation that heavy saturation
may occur and has to be accounted for.

• FR-PMSMs operate at very low cogging and resultant full torque ripple less than 3%–5%
• Stator-Ferrite PM one-phase PMSMs, with dual-saliency and tapered airgap (for safe

starting), are offering PM flux concentration and all PMs working at all times (yes, on
only half of the stator coil throw, as in SF-PMSMs, etc); 0.75 Tmax. Ferrite PM flux den-
sity in the airgap was obtained with two stator poles (2np= 2) and four rotor salient poles.
PMs have cubicle shape and may be inserted (or extracted) with AC coils in place. By
airgap tapering with geometrical variables changed and FEM calculation, positive-
only total torque is obtained, above a certain trapezoidal-shaped current level, to provide
for self-starting; yes, only in one direction of motion. Preliminary results have shown effi-
ciency above 0.84 for 100W, 3000 rpm. Small power moderate cost actuators for home
appliances, info gadgets, vehicular auxiliaries, and industrial process motion controllers
below 100W (1 kW) may profit from this rugged motor of moderate to low initial cost
and good efficiency.

• As an example, an inner stator with DC excitation multiphase FR-machine (without PMs)
has been proposed recently for wind power generation [13–14].

• New stator/rotor slots/pole combinations are investigated for lower torque
pulsations [15].

• Also, transverse flux-reversal motors/generators with SMC cores have recently been pro-
posed at 1.2 kHz fundamental frequency for 3000-rpm drives in the sub and kW range,
for better efficiency but still at a small power factor [16].

• New design methods for FRMs are still being proposed [17].
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11 Vernier PM Machines

11.1 INTRODUCTION

Vernier reluctance machines were apparently introduced in 1960 [1], while their PM versions have
been developed since 1995 [2–4]. Vernier PM machines are characterized by larger torque density
and higher efficiency in low-speed drives. Being a flux-modulation machine (Chapter 1) with an
open-slotted, stator with its slots containing a distributed (q. 1) winding with pa pole pair mmf
and 2pr PM-rotor poles, the two conditions for nonzero average torque (and synchronous operation)
are (Chapter 1):

+ pa = Ns − pr; ωa = pr · 2πn; PR = pr/pa (11.1)

Fundamentally, the first harmonic of the flux modulator (the slotted stator airgap magnetic perme-
ance of Ns periods per the entire periphery) “couples” the rotor-PM mmf pr pole pair mmf with the
armature AC winding pa pole pair mmf. As already demonstrated for switched-flux and flux-reversal
PM machines, numerous stator slot (Ns)/rotor poles (2pr) combinations are eligible, but the one in
Equation 11.1 produces large torque density, with pa= 1,2,3 and q1= 1,2 (slots per pole per phase).

The topology may vary from the surface PM rotor (Figure 11.1a) [5] to the spoke-shaped PM-rotor
sandwiched between two stators (Figure 11.1b) [6–9], or a combination of stator and rotor PM struc-
ture (Vernier+ flux-reversal concept)—Figure 11.1c [10].

In an effort to increase the torque PM weight and reduce the end-coil length (and their copper
losses), the consequent PM pole outer rotor with toroidal (Gramme-ring) AC windings on the interior
stator (2pa= 2) was also investigated (Figure 11.2) with partial success.

We rank the success chance of Vernier PM machines as moderate because of the fabrication com-
plexity of the interior Gramme-ring winding stator while, for similar complexity, the spoke-shaped
PM rotor dual stator (Figure 11.1b) produces better torque/volume, torque/PM weight, and effi-
ciency. Since all PMs are active all the time, (2pa= 4, q= 1,2), and the emf is large with two airgaps
(airgap flux density is as high as 1.4–1.45 T), the spoke-shaped PM-rotor dual stator Vernier machine
ends up having a high power factor (above 0.8) with a rather large torque/volume index. It may be
practical to use thicker and deeper Ferrite PMs on such a rotor dual-stator machine to preserve high
torque density [13].

Axial–airgap versions of three-/multiphase Vernier PM machines look more manufacturable, as
the two stators are identical. Also, one-phase Vernier PM machines with tapered airgap (on the stator
part) may be imagined to allow safe self-starting conditions, as for FR-PMSMs (Chapter 10).

As the number of the stator slots Ns≥ 12, the number of rotor PM pole pairs pr. 10 (with pa= 2),
the frequency for a given speed tends to be rather large. So, if used at nn= 3000 rpm, the minimum
fundamental frequency of the AC stator current would be fa= nnpr. 50× 10= 500 Hz.

This already implies costly high-quality thin lamination cores. So, in general, Vernier PM
machines are mostly suitable for low and moderate speeds and high-torque applications (tens of
Nms and more).

As already noted in Chapter 10, on flux-reversal PM machines with spoke-shaped PM–rotors, the
Vernier PM machine counterparts are similar, but the windings use overlapping three-/multiphase
coils (with 2pa= 2,4,6), while FR-PM machines use nonoverlapping AC windings with four equiv-
alent mmf poles.

As Vernier PM machines in variable speed motor/generator drives have not yet reached commer-
cialization, here we will proceed with technical design methodologies with FEM validation [12–14]
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and case studies and control principles with some test results to offer the reader a feeling of the mag-
nitude of his or her choice of a drive suitable for a specific application.

11.2 PRELIMINARY DESIGN METHODOLOGY THROUGH CASE STUDY

Let us consider a 5000-Nm, 30-rpm, line voltage ,380 V(rms) spoke-shaped PM-rotor dual-stator
Vernier PM machine [as in 8]; see Figure 11.1b.

The preliminary design methodology includes quite a few stages, as follows.

11.2.1 TWIN ALTERNATING CURRENT WINDINGS AND THEIR STATOR PHASE SHIFT ANGLE

Let us, for a start, imagine that we have already chosen from Equation 11.1: pa= 2 stator
mmf pole pairs, Ns= 24 slots (q1= 2= SPP), and thus pr= 22 PM pole pairs (44 poles) on
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the rotor (PR= pr/pa= 22/2= 11). Later, this decision’s motivation will be examined (Fig-
ure 11.3) [7].

A single-layer regular symmetric winding (q1= 2 slots/pole/phase) is chosen to yield a funda-
mental winding factor Kw1= 1. The two windings should be connected in series, as their stator cores
are shifted by the geometrical angle α0:

α0 = paπ

pr + pa
(11.2)

The angle α0 corresponds to the “slot versus tooth” relative position of the two stators and
allows the PMs on the rotor to streamline their flux lines. Theoretically, the emfs in the two wind-
ings should be in phase, but, with rectangular cross-section PMs, the outer and inner airgap per-
meances are not identical. However, this angle is smaller than αes/2= π/2 mq= π/(2× 3× 2)=
π/12= 15

◦
[8].

A 2D-FEM analysis is mandatory for enough precision, but an initial geometry is first required.
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rotor and toroidal winding stator. (After Z. S. Du, T. A. Lipo, Record of IEEE-ECC, 2015, pp. 6082–6089;
S. Niu, S. L. Ho, W. N. Fu, IEEE Trans. on MAG, vol. 50, no. 2, 2014, pp. 7019904. [7,10])
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11.2.2 GENERAL STATOR GEOMETRY

Adopting a stack length lstack= 0.25 m and torque/volume ratio of tevn= 66 Nm/liter (at outer stator
diameter D0so), the latter is:

D0so =
�����������

Ten

tevn
π

4
lstack

√√√√ =
�����������������������

5000

66× π

4
× 0.25× 103

√√√√ ≈ 0.62 m (11.3)

The ratio between the inner and outer diameter of the outer stator is assigned the value Dios/

D0so= 0.77. It is, in general, between 0.65 and 0.7 for a four-pole stator winding, but is larger
here, as 40% of the mmf is produced in the interior stator.

Thus

Di0s = 0.77 · D0so = 0.77 · 0.62 ≈ 0.470 m (11.4)

11.2.3 PERMANENT MAGNET STATOR SIZING

With magnet radial length lPM, thickness (tangentially) hPM, and PM pole pitch τPM, the following
equations are valid on no load:

BgPMi

μ0
2g+ Hmh1M = 0; lPMBm ≈ BgPMiτPM (11.5)

Bm = Br + μrecHm; Hm , 0 (11.6)

Then, considering flux fringing through the airgap permeance and the flux-bridges (thickness:
hbridge) in the rotor lamination that holds the magnets, we may calculate the actual airgap flux density
that really produces emf BgPM is:

BgPM = BgPMiKfringeKbridge (11.7)
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Before FEM verification, Kfringe may only be guessed by appearance; Kfringe= 0.55 is a safe value
for the case in point, while Kbridge should modify Br; in fact:

Kbridge = 1− 2Bsathbridge
lPM

( )
(11.8)

with Bsat= 2 T, hbridge= 0.7–0.8 mm, and lPM= 20–40 mm, Kbridge= 0.85–0.92.
Now, adopting BgPM= 0.8, BgPMi (Equation 11.7) is:

BgPMi = 0.8
0.55× 0.95

≈ 1.414 T (11.9)

This value is needed to calculate the rotor PM geometry.
This is a rather high value, which should be available in the rotor, so the rotor core will be

saturated, especially under load; thus, Equations 11.5 and 11.6 are only approximate (μrec=∞).
With an airgap g= 1.5 mm and the PM thickness hPM= 0.40 · τPM= 0.4 · 34.04= 13.62 mm ≈ 14
mm, Br= 0.3 T, μrec= 1.25μ0 (at high temperatures [100◦C]), finally, from Equations 11.5 and
11.6, the magnet radial height lPM is calculated in the sequence below:

Hm = −BgPMi

μ0

2g
hPM

= 1.414× 2× 1.5

1.256× 10−6 × 14
= −0.2412× 10−6 A/m

Bm = Br + μrecHm

= 1.13+ 1.20× 1.256× 10−6 × (−0.2412× 10−6) = 0.665 T (11.10)

lPM = BgPMi

Bm

τPM
2

= 1.414× (34/2)
0.6652

≈ 36 mm (11.11)

11.2.4 PERMANENT MAGNET FLUX LINKAGE AND SLOT MAGNETOMOTIVE FORCE

The PM flux per one-turn AC coil (per stator coil span) ψPM is:

φpmax = BgPM
πDi0s

2pa
(1− Ks01)lstack (11.12)

The slot opening ratioKs01= 0.6− 0.65= b0s1/(b0s1+ b0t1); b0s1, b0t1 are the outer stator slot and
tooth spans.

The total (peak) PM flux linkage per phase ψPM1 is:

ψPM1 = φPMavkw1paq1ns (11.13)

where q1= slots/pole/phase= 2 (in our case) and ns= nc is the number of turns/slot (or per coil in
the adopted single-layer winding).

The torque expression is simple if the reluctance torque is neglected (as it is small):

Ten = 3
2
paψPM1I1peak cos γi (11.14)

For simplicity, we consider here γi= 0 to compensate for not including the reluctance torque,
which may account for 7–10%.
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From Equations 11.3 and 11.14 with ψpmax from Equation 11.12, the peak total slot mmf nsIpeak is:

nsIpeak = 2Te

3kw1paq1BgPM
πDi0s

2pa
(1− kas1)lstackpr

= 2× 5000

3× 1× 2× 2× 1.8× π × 0.477
4

× 0.4× 0.25× 22

=1264.325 Aturns peak (11.15)

Thus, the total electric average loading is:

Atpeak = Ns(nsIpeak)
πDi0s

= 24× 1264.375
π × 0.477

= 20260 Aturns/m (11.16)

Distributing this electric loading between the outer and inner stator is now rather straightforward,
as the outer diameter of inner stator Di0s is:

D0is = Di0s − 2(lPM + 2hbridge)− 2g

= 477− 2(36+ 2× 0.8)− 2× 1.5 = 398.8 mm

Aouter

Ainner
≈ Di0s

D0is
= 477

398.8
= 1.196 (11.17)

11.2.5 ARMATURE REACTION FLUX DENSITY Bag AND IDEAL POWER FACTOR

A quick check of armature reaction airgap flux density Bag gives:

Bag = μ06nsIpeak
paπ2g

= 1.256× 10−6 × 6× 1264

π × 2× 221.5× 10−3 = 0.5068 T (11.18)

This is a notable value, but in comparison with BgPM= 0.8 T , it leads to a peak flux density in the

stator teeth Btmax =
�������������
B2
gPM + B2

ag

√
= 0.946 T, which is an acceptable value.

However, at 2 p.u. current, the machine core may notably saturate and thus the airgap may be
increased to cope with a strong overload application with high PM demagnetization risks. It is
now feasible to calculate approximately the ideal power factor cos φi:

cosφi ≈
BPMg����������������������������

B2
gPM + B2

ag(1+ Kleakage)2
√ (11.19)

where Kleakage= Lleakage/Lqm. A value of Kleakage= 0.2 is assigned here and thus:

cosφi ≈
0.8������������������������

0.82 + 0.50682 × 1.22
√ ≈ 0.7966 (11.20)

11.2.6 RATED CURRENT AND NUMBER OF TURNS=====COIL

Even the number of turns per slot (and per phaseWs= paq1ns= 4ns in both stators) may be computed
by using the expression:

ψPM1ω1/ cosφi ≈ Vs; Vs = VL

��
2

√��
3

√ = 220
��
2

√
(11.21)
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with ω1n≈ 2πnpr= 2π(30/60)× 22= 69.08(rad/s):

ψmax =
Vs cosφi

ω1n
= 220

��
2

√
0.89

69.08
= 4.026 Wb (11.22)

So, from the torque expression (11.14), the peak current per phase is:

I1peak = 2 · Ten
3 · pr · ψmax

= 2× 5000
3× 22× 3.76

= 37.625 (11.23)

Consequently, the number of turns per “slot pair” ns is:

ns = nsI1peak
I1peak

= 1264.375
37.625

= 33.58 ≈ 33 turns (11.24)

So I1peak ≈ 38A (peak value).
For a phase:

Ws = pa · q1 · ns = 2 · 2 · 33 = 132 turns/phase (11.25)

Note: By “slot pair,” we mean inner and outer stator corresponding slots.

11.2.7 COPPER LOSS AND ELECTROMAGNETIC POWER

The copper loss may be calculated by adopting an average AC coil length lcoil and a current density
jcon= 1.5 A/mm2:

lcoil ≈ 2lstack + π
πDi0s

2pa

( )
= 2× 0.25+ π20.477

4
= 1.675 m (11.26)

The end coil still amounts to two times more than the active coil length. So, the rated copper losses
pcon are:

pcon = 3ρco
lcoil(4ns)
I1peak��
2

√
jcon

( ) I2peak
2

= 3× 2.1× 10−8 × 1.675× 4× 33× 382

2
38��

2
√ × 1.5× 106

= 563.1 W (11.27)

The electromagnetic power Pen is simply:

Pen = Ten2πnn = 5000× 2× π × 30
60

= 15700 W = 15.7 kW (11.28)

The ratio of copper losses per electromagnetic power is only pcon/Pen= 563/15700= 3.586 %.
An efficiency well above 0.92 is expected, as core and mechanical losses should be moderate, too.
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11.2.8 STATOR SLOT AREA AND GEOMETRY

The active slot area of the outer stator slot (with 18 turns in the outer stator slots and 15 turns in the
inner stator slot; 33 turns per “slot pair” as in Equation 11.24) is:

Aslot0 ≈ ns(Ipeak/
��
2

√ ) × 18/33
jconKfill

= (1264.375/ ��
2

√ )18/33
1.5× 0.45

= 724 mm2 (11.29)

For a slot pitch of τslot0= πDi0s/Ns= π× (0.477/24)= 0.062 m and a slot opening of 35 mm, the
outer stator slot will be only at most 24 mm deep (the active part).

Note:We should remember, though, that such a long stack (0.25 m) is not easy to handle in fabrica-
tion, as the rotor, sandwiched between the stators, will be that long, and so will be that of the inner
stator plus the axial length of coils ends. It might be more practical to “plant” the entire winding in the
outer stator slots, which will end up 45 mm+ 5 mm= 50 mm deep (the aspect ratio will still be low to
ensure a low slot leakage inductance). In this case, fabrication complexity and the effort of cooling of
windings may be reduced.

11.3 HARD-LEARNED LESSONS FROM FINITE-ELEMENT METHOD ANALYSIS
OF VERNIER PERMANENT MAGNET MACHINES

A few recent pertinent FEM case studies on Vernier PM machines and some with experimental ver-
ifications have led to conclusions like the following:

• The optimal stator pole pair (pa) increases with the outer stator external diameter, but is
smaller if the pole ratio PR= pr/pa increases (Figure 11.3) [8].

• A larger pole ratio PR leads to larger torque, but also may lead to a lower power factor
(Figure 11.4) [8].

• The pa= 2 (with q1= 1) (Ns= 12 slots with Nr= 10 PM rotor pole pairs) seems a practical
compromise between high torque density and good power factor.

• The spoke-PM rotor Vernier machine (12/10/2) with two stators may produce twice
as much torque as the conventional four-pole surface PMSM in the same volume [12],
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but the Nm/kg of PM is about the same, and the power factor is smaller (though still
satisfactory); however, the machine topology is notably more complex, increasing the
fabrication cost.

• There is an optimal stator slot opening ratio (0.6–0.65) to maximize torque (Figure 11.5) [8].
• r+g /g

+ = r−g /g
−(ratios of radius to respective airgap) is required to fully exploit the dual

stator spoke PM rotor.
• The surface PM-rotor single-stator Vernier machine may produce about the same torque as

the spoke-PM-rotor with dual stators but at a notably smaller power factor [12].
• There is an optimal PM pole ratio (1− hPM/τPM)≈ 0.58− 0.64 [8] for maximum torque,

but even for the PM-like ratio of 0.71, the machine may develop high enough torque at
BgPMi= 1.5 T (ideal flux density in the airgap).

• A large PM airgap ideal flux density BgPMi= 1.41 T in the airgap before considering fring-
ing is mandatory for good torque density (66 Nm/liter, here [8]).

• Larger stator slot opening ratios S01 and S02 (0.65–0.68) lead to higher power factors.
• High-torque machines (2000 Nm, 30 rpm in [8] and 5000 Nm, 30 rpm in our example)

are designed at 1.2 (1.5) A/mm2 current density, which means that more copper is used,
as the useful active PM airgap flux density is not Bg1= 1.43 T but Bg1Kfringe (fringe factor
Kfringe ≈ 0.55), which is only BgPM= 0.8 T.

• Longer stator stacks lstack/(πD0so/2pa) ≈ 1 may be tempting to further reduce copper weight
(and losses), but then the longer inner stator length, including end-coil axial length, would
pose serious fabrication problems. This only shows that the torque was obtained largely by
increasing the airgap diameter.

• The peak radial forces, which are determined by BgPMi≈ 1.41 T, are large and thus noise and
vibration will be important.

• The cogging torque is not so small, especially with thick spoke-shaped Ferrite-magnets
(thick magnets are needed to avoid their demagnetization at 2+ p.u. current). Rectangu-
lar-area magnets influence the flux distortion in the inner airgap differently and thus torque
ripple may be as high as 20%. However, very good performance has been reported (with
notably longer [radially] magnets [lPM longer]) [13].

• The surface single-stator Vernier PMmachines [14], even in consequent PM pole stator and
rotor configuration [10], may not match the dual stator spoke-shaped PM rotor Vernier
machine in the torque density, though they make better use of the PMs and may reduce
the machine initial cost via a simplified topology. Power factor is also to be investigated
here.
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Trans. on IA, vol. 51, no. 4, 2015, pp. 2972–2983. [8])
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• The axial-airgap alternative configuration of spoke-shaped PM (even with Ferrites)-rotor
twin-stator Vernier machine might be easier to manufacture.

• The power factor was already raised to a reasonable value as well as efficiency, but the
machine initial cost (fabrication cost included) has to be carefully addressed, as Vernier
PM machines are not otherwise likely to be less expensive (in Nm/USD for a given effi-
ciency and power factor) than multiple-pole SPMSMs with tooth-wound coils for PM
pole pitches above τPM. 30 mm, even in large torque applications, as already demonstrated
for SF-PMSMs [15]. The same is true for consequent Vernier PM motors [11] in terms of
power factor and efficiency, though at higher torque for the same geometry.

11.4 VERNIER PERMANENT MAGNET MACHINE CONTROL ISSUES

The rather sinusoidal emf (as for flux reversal PM machines; see Chapter 10) and the small dq
(orthogonal) magnetic anisotropy (1. Ldm/Lqm. 0.85) allows for dq-modeling for transients and
control. The machine may be treated almost like an SPMSM, with a synchronous inductance Ls ≈
Ld≈ Lq easier to saturate [10].

The machine reactance ω1Ls in p.u. is larger than in SPMSM, so these machines show better flux
weakening capability (wider but not excessive CPSR) and may sustain 2+ p.u. overcurrents with no
demagnetization risk, if properly designed, even with Ferrite-PMs. This is partly due to the rather
large PM flux fringing and the fact that most armature reaction mmf field lines go parallel to the
spoke-shaped PMs in the rotor.

The FOC, DTFC, and scalar (V/f, I-f) control science heritage of AC (SPMSM-like) motor/
generator drives, with stabilizing loops, may be used here. As saliency is small and load dependent,
encoderless control should be carefully pursued to avoid notable errors in the rotor position
observers.

11.5 VERNIER PERMANENT MAGNET MACHINE OPTIMAL DESIGN ISSUES

Analytical preliminary design methodologies such as the one in this chapter have been introduced to
produce a design start-up geometry not very far from the optimal one.

With enough multiframe computer hardware available, FEM-only-based optimal design cases that
integrate dq circuit models with FEM imported parameters for transients and control design, for a
wide speed range and using multiobjective optimization algorithms, are the way to go, though it still
takes tens of parallel computation hours.

For less computation time (10 times less), nonlinear analytical model-based optimization, fol-
lowed by a few FEM runs for the optimal geometry, should be performed to check key performance;
if not met, adequate fudge factors (based on regression principles) are introduced to adjust the ana-
lytical model in order to speed up optimization algorithm convergence. It is too soon to tell if and
when Vernier PM machine drives will reach international markets, but strong R&D efforts are
still underway.

11.6 COMBINED VERNIER AND FLUX-REVERSAL PERMANENT
MAGNET MACHINES

Reference 10 describes “a novel stator and rotor dual PM Vernier motor.” In fact, it combines, in a
single interior stator and outer rotor, the two flux-modulation principles that animate the Vernier
machine (stator modulator-consequent pole PM rotor) and the flux-reversal (flux-switching) effect
by consequent PMs on the 3k large stator poles that host 3k nonoverlapping coils (Figure 11.6).
The machine may also be built in interior rotor topology.
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The machine fabrication is notably simplified, as it has a single stator and the windings use non-
overlapping coils (as in flux-reversal or FS-PMSMs), allowing shorter frame length for a given airgap
diameter while still showing moderately long end coils.

The two conditions for synchronous operation and nonzero average torque of flux-modulation
machines (Chapter 1) still hold:

pa = pm − pPM
pPMωPM − pmωm + (pm − pPM)ωa = 0

(11.30)

where:
pa, ωa—pole pair and mechanical speed of stator winding mmf
pm, ωm—pole pairs and mechanical speed of flux modulator
ppm, ωpm—pole pairs and mechanical speed of PM excitation

With ωm (the stator is the flux modulator), a first working frequency ωa1 is:

ωa1 = −pPMrωPMr/(pm − pPM) = pPMrωPMr/pa (11.31)

In this machine, however, dual flux modulation is exercised by the consequent pole PM/teeth
structures of the rotor and the stator.

Looking from the rotor side (Vernier principle), we have already obtained Equation 11.31. But,
from the stator side (flux-reversal principle), the pm pole pair stator consequent pole PMs are
modulated by the pr consequent pole pairs of anisotropic rotor, where ωpm (stator PMs produce a fixed
magnetic field).

A second working frequency ωa2 is obtained:

ωa2 = pmrωmr/(pmr − pPMs) (11.32)

with pmr= pPM, ωmr= ωr, pPMs= pms. It is evident that ωa1 and ωa2 will have the same pole pair
(pPMr− pPMs), and thus the two flux-modulation parts add the emfs and torques.

There are, for example, 27 PMs (and 27 teeth) in the stator and 24 PMs (and 24 teeth) in the rotor.
The nonoverlapping winding forms a six-pole (pa= 3) mmf (9/6) typical combination in tooth-
winding coil-PMSMs.

As visible in Equation 11.31, the machine speed ωPMr is low, since pa, pPMr and thus the stator
fundamental frequency is fa= pPMrn (n-speed in rps), with ωa, ωm, ωPM as mechanical angular speeds.

27 stator PM

poles = PMs

24 rotor

PM poles = PPM

Stator

windings

Rotor
Stator

PMs

9 slot 6 pole (Pa = 3)

nonoverlapping winding

(a) (b)

FIGURE 11.6 Combined Vernier+ flux-reversal: (a) with outer rotor; (b) with inner rotor.
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For an outer rotor outer diameter of 213.4 mm and 50 mm stack length, airgap g= 0.6 mm,
Br= 1.1 T, 1.5-kW, 250-rpm, 75-V (100-Hz) machine, calculations by 2D-FEM with sinusoidal
pure Iq current ideal control show torque results as in Figure 11.7 [10].

The dual-PM (Vernier+ FR) machine shows a notably enlarged torque (up to 60 Nm).
Also, the no-load airgap flux density in the airgap with PMs only in the rotor and stator flux-mod-

ulation (Figure 11.8a) (Vernier machine) and the one with PMs only in the stator and rotor flux-mod-
ulation (flux-reversal machine)—Figure 11.8b—are in phase, adding up contributions to torque [10].

As Figure 11.7 shows, the maximum torque with dual PM design is 50% larger than for only sta-
tor-PM-modulation, only 8.2% more than for only rotor-PM-modulation, but 60% larger than for a
conventional surface PM-rotor motor machine. For 60 Nm and an outer stator diameter of 0.21 m
and stack length 0.05 m, a torque density of 34.66 Nm/liter is reported [10].

11.7 SUMMARY

While the results are encouraging, further steps are required to prove the eventual practicality of the
dual PM assessment of Vernier machine:

• PM demagnetization risk at 2.0 p.u. pure iq current.
• Evaluation of efficiency and power factor against machine initial cost.
• Optimal design methodologies integrating time-stepping FEM and circuit model with field-

oriented control [10] for a given torque/speed envelope, and an assigned maximum inverter
voltage vector Vsmax = V1

��
2

√
.

• To reduce copper losses, fractionary-slot Vernier PM machines have been proposed; while
the torque production is acceptable, the power factor is still low with surface PM rotors [16].

• Directly driven wind generators have been targeted for Vernier PM machines. For 3 kW/

350 rpm/163.3 Hz a Ns= 36 slots, ps= 8, pr= 28, such a machine, with spoke-shaped
Ferrite-rotor, good performance in terms of torque density and losses has been proven,
but at a notably smaller power factor than a conventional tooth-wound PMSG [17].

• Sensorless vector or direct torque control of concentrated (or distributed) winding Vernier
PM machines is very similar to that of standard permanent magnet synchronous generators
(PMSMs) [18].

• Gramme-ring (toroidal) winding dual-rotor axial-airgap Vernier machines for ps= 2 stator
mmf pole pairs (pr= 22, ps= 24 stator slots) have been proposed very recently in order to
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reduce copper losses [19], but the power factor remains low (less than 0.6), and the effi-
ciency is 0.86 for a 100-Nm, 320-rpm machine at 32 Nm/l torque density. Also, a spoke-
Ferrite-rotor dual-stator Vernier machine has been claimed very recently to produce 700
Nm at 400 rpm for 96% efficiency (power factor 0.72) at 23 Nm/l for a 0.355-m stator outer
diameter, without PM demagnetization at 3.0 p.u. load current [20].
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12 Transverse Flux Permanent
Magnet Synchronous Motor
Analysis, Optimal Design,
and Control

12.1 INTRODUCTION

Transverse flux PMSMs were apparently introduced in 1986 [1] in an effort to increase torque density
in low and medium variable-speed motors, by separating the magnetic and electric circuit design and
thus reducing the pole pitch τPM down to 10–20 mm even in large torque applications.

The initial single-sided topologies [1–3] are shown in Figure 12.1a and b.
The I-shaped cores between U-lamination stator cores allow for all magnets to be active all the

time in a flux line with four airgap crossings. The IPM rotor allows for PM flux concentration,
that is, higher torque density. The I-shaped core advantage is paid for in a larger leakage inductance
of the machine. The main problem is PM flux fringing, while the main advantage is torque magnifi-
cation by increasing the number of poles 2pPM.

Double-sided stator configurations, especially with IPMs, are favorable in reducing the PM flux
fringing by making all the magnets active all the time and increasing torque/volume (Figure 12.2).

Further, PM flux fringing may be notably reduced by planting additional lateral magnets on the
IPM rotor poles of a single-sided TF-IPMSM (Figure 12.3).

TF-PMSMs operate as synchronous motors with the number of stator U-shaped cores (Ns) equal to
the number of rotor PM pole pairs (pPM). They have a modular structure with each phase being inde-
pendent, and thus notable eddy current losses occur in the magnets and rotor core by the inverse com-
ponent of the stator mmf field. The fundamental frequency fn= pPM · n limits the core losses, while
dividing the pole PMs into a few pieces circumferentially (and/or axially) will reduce PM eddy cur-
rent losses drastically. TF-PMSM was included (Chapter 1) in the category of flux-modulation PM
machines, where the pole pairs of stator mmf pa= 0:

pa = Ns − pPM = 0 (12.1)

The torque magnification effect with the circular coil (phase) is evident if we only imagine increas-
ing the number of stator U-shaped cores and the number of poles in the rotor for a given machine
general geometry.

The maximum PM flux in the coil remains about the same with increasing pPM, but its polarity
reversal in the coil is performed in a shorter time (angle) and thus a larger emf and torque (for
same coil mmf) are produced.

As the pole pitch τPM decreases (with increasing pPM), PM fringing is enlarged such that there is an
optimum in terms of maximum emf (torque) for a given machine geometry and copper loss for a cer-
tain (large) number of rotor poles.

When pPM increases, for a given speed, frequency fn increases and thus core losses increase.
All these aspects have to be considered carefully in designing TF-PMSMs, as it seems that, again,
g+ hPM/τPM, 1/2, to secure high torque density. TF-PMSMs suffer from the same drawback of a
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lower power factor for higher efficiency (due to coils’ circular shape), mainly because of PM fringing.
In spoke-shaped PM-rotor configurations, the power factor may be kept within reasonable values.

Besides rotor-PM topologies, TF-PMSM was investigated for stator-PM configurations also, with
a variable reluctance passive rotor (Figure 12.4) [4].

Also, the outer rotor configuration [4] may be preferred; see Figure 12.5.
The stator-PM configurations (Figure 12.4) pose fabrication problems. SMC cores are used

because the flux lines are 3D in the variable reluctance rotor.
However, in low-speed applications, when rated frequency is below 50 (60) Hz, a stator-PM con-

figuration with radial-airgap and shifted regular laminations in the stator may be used to make the
machine more manufacturable (Figure 12.6).
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FIGURE 12.1 Single sided TF-PMSMs (one phase is shown) (a) with surface PMs; (b) with interior
(spoke) PMs.
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The stator flux barriers filled with PMs also play the role of slits that reduce the eddy currents pro-
duced by magnetic field lines at 90◦ with respect to laminations (mainly in the yoke zone). Also, the
variable reluctance rotor that experiences axial and radial flux line portions, though made of axial
laminations rolled over one another, has thin slits to reduce the core eddy currents (see view of C
in Figure 12.6). Heavy PM flux concentration with all PMs active at any time is obtained, as in
TF-IPMSMs with dual stators (Figure 12.2). The configuration in Figure 12.6 is suitable for easier
(less costly) fabrication.

It is also possible to use a modular claw-pole SMC stator configuration with an ordinary surface
PM rotor (2, 3 phases [modules] are placed axially), especially for small powers, in order to produce a
compact motor of low and medium speed (less than 3000 rpm, in general [5]); see Figure 12.7.

Reference 5 shows that for 20-tone, force-produced, low-density (5.8 g/cm3) soft magnet compos-
ites, stator core fabrication costs and core losses are reasonable. At 60W, 3000 rpm, the average core
losses are already 6W (10%) of rated power, so efficiency is below 90%.
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FIGURE 12.4 TF-PMSMs with stator PMs: (a) with axial airgap; (b) with radial airgap. (After J. Luo et al.,
Record of IEEE-IAS-2001, Chicago, IL. [4])

FIGURE 12.3 Single sided TF-IPMSM with antifringing additional PMs.
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Efforts to reduce cogging torque in TF-PMSMs refer to increasing the number of phases, which are
anyway shifted by 2π/m radians (in the stator or rotor) or by skewing PM placement on the rotor
or stator.

Using herringbone teeth [6] on a double C-hoop stator [7] may also lead to torque ripple reduction
for 7%–8% of average torque reduction, though [8–10].

In yet another design (Figure 12.8, after [8]), the IPM rotor with axially straight spoke-shaped
magnets interacts with stator U-shaped cores that are skewed by one pole pitch.

The stator may be made of rectangular distinct axial laminations packs for stator slot walls (teeth)
and yokes. Still, the stator and rotor need to be encapsulated in nonmagnetic frames, in contrast with
the stator-PM TF-IPMSM in Figure 12.6. One important aspect of TF-PMSM is that it is made of
m (m≥ 2) axially placed (and shifted) single-phase modules. So, even if a multiphase TF-PMSM
has a total small torque ripple (5% or so), each phase-part (module) of the machine experiences higher

(a) (b)

FIGURE 12.5 The outer rotor TF-PMSM: (a) the inner stator; (b) outer rotor. (After I. Boldea, Variable Speed
Generators, 2nd edition, book, CRC Press, Taylor and Francis, New York, 2015 (Chapter 11). [2])
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FIGURE 12.6 Stator-PM TF PMSM with regular stator laminations.
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torque ripple. So, the noise and vibration aspects are to be given special attention. In what follows, we
will treat in more detail:

• A preliminary nonlinear analytical design methodology (to produce a start-up geometry for
eventual more involved MEC modeling)

• Magnetic-equivalent circuit modeling
• MEC-based optimal design methodology via a case study
• 2D and 3D FEM characterization
• TF-PMSM control issues

SMC

stator

Y
X

Z Y
X

Z

Rotor PM

(a)

(b)

FIGURE 12.7 Claw-pole-SMC-stator TF-SMPSM (one phase is shown): (a) molded SMC claw pole stator
(half of it); (b) 3D view.

(a) (b)

Z

Y

X

FIGURE 12.8 Twisted-stator cores straight-IPM-rotor TF-PMSM (a) 3D-view—one phase; (b) 3D mesh for
FEM analysis. (After E. Schmidth, IEEE Trans., Vol. MAG–47, no. 5, 2011, pp. 982–985. [8])
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12.2 PRELIMINARY NONLINEAR ANALYTICAL DESIGN METHODOLOGY

EXAMPLE 12.1

Let us consider a set of specifications of a TF-PMSM:

Ten= 5000 Nm
nn= 75 rpm, fn= 50 Hz
VnL= 380 V (rms)—line voltage (star connection of the 3 phases)

Solution

First, a suitable configuration has to be chosen. Let us consider a surface PM outer rotor with U- and
I-shaped cores in the inner stator, which is made of three modules (axially), one for each phase
(Figure 12.9).

The I-shaped cores help in making all PMs active at all times and thus reducing the PM fringing
flux to keep the PM airgap flux density high.

12.2.1 STATOR GEOMETRY

With λst= lstack/Dis= 0.1 and the rotor shear stress ftn= 4 N/cm2, the outer stator diameter Dis is:

Dis =
������������

Ten
3π · λst · ftn

3
√

; Ten = π · Dos · fte · Dis

2
· 3 · 2 · lstack (12.2)

Three modules (phases) have been considered, and lstack is the axial length of one leg of the
U-shaped stator.

So:

Dis =
�������������������

5000

3 · π · 0.1 · 4 · 104
3
√

= 0.51 m (12.3)

Thus, the U-shaped leg axial length lstack= λst ·Dis= 0.1 · 0.51= 0.051 m.
With a pole pitch τPM= 0.020 m, the number of rotor poles 2pm is:

2pm = πDis

τPM
= π · 0.51

0.02
= 80; pPM = 40 pole pairs (12.4)

A

view of A I-shaped stator cores

U-shaped stator cores

FIGURE 12.9 Surface-PM outer-rotor TF machine with U- and I-shaped stator cores.
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So the frequency is indeed:

fn = pPM · n = 40 · 75
60

= 50 Hz (12.5)

We already know from FR-PMSMs (Chapter 10) that hPM+ g, τPM/2. So, if we choose
g= 1.5 mm (airgap), hPM= 6 mm would be a good choice.

With medium-quality PMs, Br= 1.13 T, μrec= 1.07 μ0 (still sintered NdFeB). Consequently, the
ideal PM airgap flux density Bg PM i is:

BgPM i = Br
hPM

hPM + g
= 1.13 · 6

6+ 1.5
= 0.904 T (12.6)

Now, assuming that PMs span bPM/τPM= 0.9 of the pole pitch and the U (and I) stator cores
cover bus/τPM= 0.8 of the pole pitch, with PM flux fringing coefficient Kfringe= 0.25 (surface
PMs with I-shaped additional cores) and neglecting magnetic saturation, the maximum PM flux/PM
pole φPM max is:

φPMmax = BgPM i · bPM + bus
2

· lstack 1
1+ kfringe

= 0.904 · 1.7 · 0.02
2

· 0.051 · 1
1.25

= 6.27 · 10−4 Wb (12.7)

Aswith other F-M PMmachines, the PM flux in the coil (phase) switches polarity from+ nc · pPM ·
φPM max(=ψPM max) to − nc · pPM · φPM max over one PM pole pitch angle:

θτPM = 2π/2pPM (12.8)

We may suppose at this stage that the PM flux linkage ψPM(θr) in a coil (phase) varies as:

ψPMa(θr) = ψPMmax · sin (pPMθr) (12.9)

12.2.2 COIL PEAK MAGNETOMOTIVE FORCE

A third-space harmonic may be added for a flatter variation ofΨP max with rotor position θr, if needed.
Now, with three phases and phase currents in phase with their emfs (pure iq control), the torque Ten is:

Ten = 3
2
Ispeak

ψPM(θr)
dθr

∣∣∣∣
∣∣∣∣

= 3
2
Ispeak · pPM · ψPmax

= 3
2
ncIspeakp

2
PMφPmax

(12.10)

Consequently, the coil peak mmf ncIspeak is:

nsIspeak = 2
3

Ten
p2PMφPmax

(12.11)

= 2
3

5000

402 · 6.27 · 10−4 = 3322 Aturns/coil

Transverse Flux Permanent Magnet Synchronous Motor Analysis 345



The active stator slot area is thus:

Aslot = ncIspeak/
��
2

√

jcon · kfill (12.12)

A slot fill factor kfill= 0.6 may be assigned, as there is only one circular coil in slot. Also, we
consider jcon= 3 A/mm2 and thus (from Equation 12.13) Aslota is:

Aslota = 3322/
��
2

√

3 · 0.6 ≈ 1309 mm2 (12.13)

The torque per machine cylinder volume is thus 54 Nm/liter (Figure 12.10).
The I-shaped core radial height Lci= lstack/2= 0.0250 m. Finally, leaving hsi= 5 mm distance

between the I cores and the coil, the total slot radial weight hst is:

hst = hsa + hsi + hci (12.14)

The slot aspect ratio ws/hsu has to remain small to yield a small slot leakage inductance to
compensate for the large leakage flux inductance corresponding to tangential armature coil field
lines between the U- and I-shaped cores (the distance between them is only (1− (bsuli/τPM))τPM=
0.2 · τPM= 4 mm).

Fixing the 40 U- and I-shaped cores via nonmagnetic nonconducting material pieces to the
machine frame is an art in itself, as there are strong attraction (normal) forces between the PMs
and the latter.

With slot axial width, Ws≈ 0.8lstack= 40 mm, the total stator slot depth hst Equation 12.14 is:

hst = Aslot a

ws
+ hsi + hci = 1309

40
+ 5+ 25.5 = 63 mm (12.15)

Note: The twice-deeper-than-necessary slot height, to leave room for I-shaped cores and thus make
all PMs active all times and the machine look like it has four airgaps for the PM field, but mainly with

rotor PM

Outer rotor solid back iron

I-shaped core

U-shaped core

51 mm

142 mm

40 mm

hci = 25 mm

hca = 33 mm

hys = 30 mm

Φ510 mm Φ334 mm

5 mm

FIGURE 12.10 Stator U and I cores and stator slot (one phase is shown).
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only two airgaps for the armature field, should pay off and finally provide a small enough synchro-
nous inductance that allows for a moderate power factor. Also, keeping the airgap diameter the same,
an inner stator–outer rotor configuration could have been adopted to further lower the machine
volume.

12.2.3 COPPER LOSSES

The copper losses (with sinusoidal current) are:

pcon = 3
2
RsI

2
speak =

3
2
ρco

lcoil · nc · Ispeak
1/(

��
2

√ · jcon)

= 3
2
· 2.1 · 10−8 · 1.4 · 3322 ·

��
2

√
· 3 · 106 = 620 W

(12.16)

with

lcoil = π(Dis − hst) = π(0.51− 0.063) = 1.4 m (12.17)

But the electromagnetic power Pen is:

Pen = Ten · 2 · π · nn = 5000 · 2π 75
60

= 39.250 kW (12.18)

Consequently, the copper losses represent only about 1.5% of electromagnetic power, which
should secure high efficiency (97%) at 75 rpm, as mechanical and core losses (at 50 Hz) may not
together surpass 1.5% Pen.

The power factor remains the main issue. A simple way to calculate it is to determine an approx-
imate value of the number of turns nc per coil (phase). For that, we have to notice that the inter-U- and
I-shaped core leakage inductance, as the distance between the I and U cores is only 4 mm, while the
magnetic airgap gm= g+ hPM= 7.5 mm.

So, the synchronous inductance includes three types of flux lines representing it (straight through
two airgaps), wondering through four airgaps and the space between the U- and I-shaped cores
(tangentially).

So, the armature reaction flux density inductance with the most part as leakage, will be approxi-
mately:

Ls = Llss + Lslui + Lm2gm ≈ Lslui · 1.5 (12.19)

Ls ≈ μ0n
2
cpPM · (hci · lstack/2)

2gui
· 1.5

= 1.256 · 10−6 · 40 · 0.025 · 0.051
2 · 4 · 10−3 · n2c

≈ 6 · 0.05 · 10−6n2c(H)

(12.20)

As known, the ideal power factor is:

cosφi =
ψPmax��������������������

ψ2
P max + (Lsipeak)2

√ (12.21)

ψPmax = ncpPMφPmax = nc · 40 · 6.27 · 10−4 = nc · 25.08 · 10−3 (12.22)
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But

LsIpeak = 6.005 · 10−6 · nc · 3.322 = 19.99 · 10−3 · nc (12.23)

Consequently

cosφi ≈
25.08������������������

25.082 + 19.992
√ = 0.782 (12.24)

The losses in the machine may drive this value up to cos φ≈ 0.8.

Note: Let us remember that about 2/3 of the armature flux will flow in the stator and thus will not
contribute to the PM demagnetization. Thus, the presence of I-cores may become practical. A rather
conservative design was approached here to serve as a solid start-up for eventual optimal design
attempts.

The voltage equation in steady state (with pure Iq control) is:

Vsmax = ψPmax

cosφi
· ω1 = 25.08 · 10−3nc · 3.14

0.782
= 220

��
3

√
(12.25)

So nc= 30.8 turns/coil≈ 30 turns/coil.
The rated phase RMS current is then In = ((ncIspeak)/

��
2

√
nc) = (3322/

��
2

√ · 30) = 78.53A.
As a verification:

η cosφi ≈
Pen − Pmec

3Vmax · In (12.26)

with ηn= 0.965 (1.5% for core and mechanical loss has to be fulfilled). On the other hand, the appar-
ent input power (motoring) is:

Sn = 3Vsmax��
2

√ · In = 3 · 220 · 78.53 = 51829 VA = 51.289 kVA (12.27)

So, from Equation 12.26, cos φi is

cosφi =
39.520(1− 0.005)
0.965 · 51.829 = 0.782 (12.28)

QED.

12.3 MAGNETIC EQUIVALENT CIRCUIT METHOD MODELING

Let us consider now the case of an axial-airgap TF-IPMSG for wind energy conversion, with the
specifications:

• Pn= 3MW, generated electric power
• fn= 50 Hz, rated output energy
• nn= 11 rpm, rated speed
• nn min= 9 rpm, minimum active speed
• nn max= 13 rpm, maximum rated speed
• Vline= 4.2 kW, nominal line voltage

12.3.1 PRELIMINARY GEOMETRY

The investigated topology (Figure 12.11) has spoke-shaped PMs and dual stator, dual coil, and dual-
rotor active sectors per phase.
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Making use of a preliminary analytical design methodology—as described in the previous
section—a start-up geometry is provided:

• Core outer external diameter Des= 4900 mm
• Radial height of stator leg along one airgap: wst= 95 mm
• Coil slot width wc= wslot= 40 mm
• Coil height (axial) Hc= 51 mm
• Axial stator yoke Hsy= 60 mm
• PM axial length lPM= 65 mm
• Airgap g= 3 mm

To reduce core weight, the stator and rotor poles represent only 60% of the pole pitch τP max=
26.87 mm.

• The average PM thickness hPM max= 13 mm, with six stator modules, four of them back to
back, in a three-phase machine, the generator total length lax= 0.88 m

• Interior stator diameter Dis= 4440 mm

Additional geometrical initial data is needed for MEC modeling [11].

12.3.2 MAGNETIC EQUIVALENT CIRCUIT TOPOLOGY

MECmodeling is based on flux tubes whose permeance is characterized by uniform flux density dis-
tribution. Their magnetic permeance Gm (reluctance Rm) is:

Gm = ΔΦ
θ

Wb

Aturns

( )
= 1

Rm
(12.29)
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FIGURE 12.11 Axial airgap TF-IPMSM (G).
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where ΔΦ is the magnetic flux between two chosen flux lines, where θ represents the mmf:

θ =
∫
H · dl (Aturns) (12.30)

For a magnetostatic problem, the flux is:

ΔΦ = (A1 − A2) · L; θ ≈ Φ
l

μS
(12.31)

with A1, A2 as vector potential values and l the radial length of U cores (Figure 12.12).
The MEC refers in our case to one pole pair along axis d, to calculate the maximum PM flux

density linkage in the coil correctly (Figure 12.13).

12.3.3 MAGNETIC EQUIVALENT CIRCUIT SOLVING

MEC contains 16 nodes, which means 15 algebraic equations. The node magnetic potentials will be
computed using Thevenin’s theorem.

Part of magnetic reluctances is constant, but part of them is influenced by magnetic satura-
tion and thus intensive computation is required. An algorithm to solve the magnetic circuit
model is, in fact, needed. The unknowns are the flux densities (and fluxes) in the magnetic
tubes.

The problem is with the iron flux tubes, which experience magnetic saturation. The computation
process starts with assigned values of flux densities in the iron flux tubes. With these values, iron
magnetic initial permeabilities are calculated (the iron magnetic curve is given as a table for inter-
polation through spline approximation). Then all magnetic permeances are calculated. With known
mmfs (PMs are represented by mmfs), the MEC is solved and now flux densities are calculated.
For those in iron, new permeabilities are found. For the speed-up computation convergence, an
under-relaxation coefficient Ksr= 0.2 was adopted to define the permeabilities for the new compu-
tation cycle:

μnew = 0.8μold + 0.2μcurrent (12.32)

The iterative process continues until sufficient error-limit–based convergence in fluxes is
obtained. With known fluxes, ΦP max and ΨP max are calculated (for zero currents), but calculations
with nonzero currents may also be performed (as Fmst; refer to stator mmfs); see Figure 12.13.

A1

A2

L

1

FIGURE 12.12 The generic flux tube.
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Core no-load losses by magnetic equivalent circuit
Only hysteresis and eddy currents losses are considered, approximately, but in all stator and rotor

core zones of interest, with flux densities in teeth and yokes calculated by MEC:

pFe0,tooth = Bstat tooth

1.5

( )2

·mteeth
fn
60

( )1.5

· pw1.5,60
[ ]

· Kfabrication teeth

pFe0,yoke = Bstat yoke

1.5

( )2

·myoke
fn
60

( )1.5

· pw1.5,60
[ ]

· Kfabrication yoke

pFe0s =2m(pFe0,tooth + pFe0,yoke)

(12.33)

similarly, in the rotors (on rotors, each with two active sections).
For the case in point (with pw1.5,60= 3.82W/Kg, Kfabrication teeth= 1.7, Kfabrication yoke= 1.3),

the total stator and rotor iron losses in the entire three-phase machine were calculated as: pFe0s=
21.82 kW and pFe0r= 27.98 kW.

FIGURE 12.13 MEC for one pole pair.
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The no-load PM flux (for one turn coil) in all poles of a phase: Ψs10=Φs · pPM= 0.4955 Wb.
With an assumed electrical efficiency of ηn= 0.97, the electromagnetic torque Ten is:

Ten = Pn

ηn2πnn
= 3 · 106

0.9 · 2 · π(11/60) = 2.686 · 106 Nm (12.34)

But the electromagnetic torque is also:

Ten = m1

2
· pPM · Ψs10 · ncIpeak nKred (12.35)

AsΨs10 is calculated at no load, it may be reduced on-load due to magnetic saturation and changed
thus by the presence of, say, pure Iq stator currents.

A positive stator current in axis d, Id+, and then a negative one, Id−, are introduced in the MEC in
axis d to simulate the q axis current influence on magnetic saturation. Then an average of the two is
used:

((Ψs1)Id+ + (Ψs1)Id− )/2 = (Ψs1)Iq (12.36)

At start, Kred in Equation 12.35 will be assigned a value, and then it is iteratively calculated by
comparing (Ψs1)Iq with Ψs10 until sufficient convergence is met.

The reduction factor Kred calculated for (0.25, 0.5, 1, 1.25, 1.5, 1.7, 2)Ipeak was thus found to be:

Kred = [0.9857, 0.9874, 0.9058, 0.8444, 0.7786, 0.7097, 0.6412, 0.5783] (12.37)

Results in Equation 12.37 show that above 50% load, the neglect of Kred turns into substantial
errors, because in this IPM structure, magnetic saturation is important.

The output power Pout is then:

Pout = Ψs10 peakIspeak · Kred · ω1 − m1 · Rs1(Ispeak)
2 − pFeload

ωn = 2πfn
(12.38)

The problem is that only the core losses under no load have been calculated so far. But the MEC
allows, again, with+Id, mimicking influence on core losses under load. PFeload may be consequently
calculated simultaneously with Kred. Ispeak corresponds here to one turn/coil. The number of turns/
coil has not been calculated yet here. The rated peak mmf in a phase is Is1n= 9118 Aturns/coil
(Figure 12.14). There are two coils per phase.

The q-axis magnetization coil inductance is calculated as explained earlier.

Lmq = Lmd+ + Lmd−
2

= Lm1n (12.39)

Lmd+ = (Ψs1d+ − Ψs10)/Id+; Lmd− = (Ψs1d− − Ψs10)/Id−; (12.40)

For one turn coil (Lmq)rated= 6.25 · 10−5H, while the slot leakage inductance Lsl= 0.247 · 10−5H.
The coil inductances for one turn versus its mmf are shown in Figure 12.15.
Again, magnetic saturation may not be neglected. The rated copper losses have been already cal-

culated, as they do not depend on the number of turns/coil, but on coil mmf: pcon= 86.151 kW.

352 Reluctance Electric Machines



So the rated reduction coefficient Kred Equation 12.37 is:

Kred n ≈
Pn + m1Rs1I2s1n peak

m1ω1Ψs10 · Is1n peak
= 0.724 (12.41)
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12.3.4 TURNS PER COIL nc
Approximately, considering only the copper losses, the number of coil turns is simply (the two coils
are in parallel):

nc =
��
2

√
Vn������������������������������������

(ω1Ψs10Kred n)
2 + (ω1Ls lnIs1peak)2

√ (12.42)

From Equation 12.42, nc≈ 15 turns/coil.
The copper wire cross-section Awire is:

Awire = Kfill · ws · hs
nc

= 68 mm2 (12.43)

Stranded wire is needed.
The voltage Vn will be corrected to 2448 V (due to the rounding of nc to 15 turns/coil).
Now the phase voltage and current output power can be calculated (Figure 12.16). Also,

Rs = Rs1 · n2c = 0.077 Ω, Lsn = Ls1n · n2c = 0.0159H.

12.3.5 RATED LOAD CORE LOSSES, EFFICIENCY, AND POWER FACTOR

A factor KpFe is introduced here to multiply no-load core losses for load conditions:

KpFe = K2
red n +

Lm1n
Ψs10

( )2

= 1.8467 (12.44)

Consequently, the core losses become PFen= 91.98 KW. So the rated electrical efficiency ηen is
(with zero mechanical losses):

ηen =
Pn

Pn + pcon + pFen
= 0.944 (12.45)

But then the rated power factor cos φn yields:

cosφn =
Pn

2m1VenIfn coil
= 0.4752 (12.46)
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The variation of power factor with output active power is shown in Figure 12.17.

Note: It is evident that the rated power factor is inadmissibly small. So a last attempt to save the sit-
uation would be optimal design in the hope of increasing performance. This was done as
explained below.

By optimal design (to follow), electrical efficiency was thus increased to 0.9669, while the power
factor was increased to 0.665. It has to be remembered that though this leads to notably larger KVA
ratings in the inverter, the latter in this low-speed, super-high-torque application is less expensive than
the electric machine (not so in regular or high-speed machines). Also, the greatest part of machine
inductance is stator leakage, which does not demagnetize the magnets.

12.4 OPTIMAL DESIGN VIA A CASE STUDY

Let us develop an optimal electromagnetic design methodology and apply it to the case study in the
previous section.

Such a methodology implies quite a few stages:

• Specifications
• The electric machine model
• Variables vector with its range
• The optimization algorithm (a modified Hooke–Jeeves algorithm is used here)
• The global objective cost function(s)
• The computer code

12.4.1 THE HOOKE–JEEVES DIRECT SEARCH OPTIMIZATION ALGORITHM

The main goal of an optimization algorithm is to calculate the chosen objective function f (�X) and find
its global minimum, where �X the variable vector is varied in a given domain.

A point in the pattern search is considered a new point (�X) if f (�X) is smaller than in the previous
point. At each step, points around the current one are polled through an a priori number of iterations.
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FIGURE 12.17 Power factor and efficiency versus output power.
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The poll stops when a point with a smaller f (�X) is found. This point is called successful and becomes
the new current point at next iteration, while the current mesh size (for search) is increased. If the
search fails, the poll is called unsuccessful and the current point stays the same for the next iteration,
while the mesh size is decreased.

The Hooke–Jeeves algorithm may be summarized as:

• Phase a: Define a starting point X(k−1) in the feasible region and start with a large step size
(the entire algorithm is to be run from 15–25 random initial starting points to increase the
probability of finding a global optimum).

• Phase b: Exploratory moves in all coordinates (of x) are made to find the current base
point X(k).

• Phase c: A pattern move X(k+1) along a direction from the previous X(k−1) to current X(k)

point is performed:

X(k+1) = X(k) + a(X(k) − X(k−1)) with acceleration a , 1 (12.47)

• Phase d: The base point is set to X(k−1)= X(k).
• Phase e: Tests [computation of the objective function are made to check if improvements in

f (x) took place].
• If X(k+1) yields a smaller f (x), then a new pattern move is performed by jumping at

phase c.
• If X(k+1) is not better (f (X ) is not smaller), the algorithm goes to phase f.

• Phase f: A check is made to see if the search step size should be reduced.
• If the step size cannot be reduced further (its lower limit was fixed a priori), the algorithm

is stopped and X(k) becomes the optimal vector of variables.
• If the search step size may be further reduced, it will be reduced and the algorithm returns

to Phase b.

Feasible initial and range values for the variables vector are required to run the Hooke–
Jeeves algorithm.

12.4.2 THE OPTIMAL DESIGN ALGORITHM

The electric generator (it could be a motor) designed in our case is modeled by MEC, and the opti-
mization algorithm stages are presented here, for the sake of simplicity, in a few steps [11].

• Step 1: Choose the constants and variables vector �X to optimize:

�X = [2pPM, Dext, wst, wc, Hc, Hsy, lPM, lm s, lm r1, lm r2] (12.48)

where:
2pPM (-)—rotor pole number
Dext (mm) outer machine core diameter (it is a three-phase axial airgap TF-IPMSG with two
circular coils per phase)
wc (mm)—stator slot width
Hc (mm)—stator slot weight
Hsy (mm)—stator U core yoke thickness
lPM (mm)—axial length (spoke-shaped PM rotor with dual active zone: two airgap zones)
lm_s ()—ratio between stator pole width and average pole pitch τPM
lm_r1 ()—ratio between airgap rotor pole width and average pole pitch τPM at airgap 1
lm_r2 ()—ratio between airgap rotor pole width and average pole pitch τPM at airgap 2
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• Step 2: The minimum and maximum values of variables are selected:
In our case:

�Xmin = 44, 4900, 10, 5, 5, 20, 5, 0.2, 0.2, 0.2[ ]T
�Xmin = 800, 6500, 250, 250, 250, 250, 0.9, 0.9, 0.9[ ]T

(12.49)

Geometrical and technological constraints are defined as:

�g1(�X) = �0, �g2(�X) ≤ 0 (12.50)

• Step 3: The objective scalar function represents the total cost (initial machine+ converter+
capitalized loss cost plus penalty cost). Its detailed content will be given later in his section,
while here only a general description of f (�X) is given:

f (�X) = f1(X)+ fp(X)

f1(X)− initial cost+ losses cost

fp(X)− penalty cost

(12.51)

with

fp =
∑p+q

i=1

fpi (gi(�X)) (12.52)

and

fpi =
0, if 1 ≤ i ≤ p and gi(�X) = 0
0, if i . p+ 1 and gi(�X) ≤ 0

monotonic positive

⎧⎨
⎩ (12.53)

• Step 4: The initial variable vector with its initial (d�X0) and final (d�Xmin) steps of variation:

�X0 = [546, 4900 mm, 95 mm, 40 mm, 51 mm, 60 mm, 60 mm, 65 mm, 0.6, 0.5, 0.6]

d�X0 = [44, 100, 10, 5, 5, 10, 5, 0.1, 0.1, 0.1] (12.54)

d�Xmin = [2, 1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.01, 0.01, 0.01]

• Step 5: Based on the MEC, all geometrical dimensions and performance are calculated,
based on which the objective function f0 is evaluated. The objective function includes three
big terms:

f (�X) = Ci(�X)+ Ce(�X)+ Cp(�X) (12.55)

with:
Ci—initial machine and PWM converter cost in USD
Ce—machine and converter energy loss for a given number of years, x hours of most

frequent duty cycle of the machine
Cp—penalty function related to, in general:

a. Stator and rotor temperature limitation, based on a simplified thermal model and
equivalent heat transmission coefficient αheat= (14− 100)W/m2/

◦
C
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b. Demagnetization avoidance in most critical operation points
The penalty function components (Equation 12.52) should all be zero in the optimal

design �Xfinal.
• Step 6: A first search along each variable in �X

∣∣ ∣∣, with initial step d�X, up and down, in search
of a set of points called a mesh around the current point, which is the point computed at the
previous computation step. The objective function and its gradient �h

∣∣ ∣∣ are calculated.
�h
∣∣ ∣∣ = ∂f

∂x1

∂f

∂xn
· · · ∂f

∂xn

[ ]
(12.56)

The partial derivatives in Equation 12.56 are done numerically, by using a three-point
evaluation:

∂f

∂xk
=

fk − f0
dxk

, if f−k ≥ f0 ≥ fk (1)

f0 − f−k

dxk
, if f−k , f0 ≤ fk (2)

fk − f−k

dxk
, if f−k , f0 . fk (3)

0, if f−k . f0 . fk (4)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12.57)

fk is the evaluation of f in Xk, obtained from X0 by moving along the k direction with dXk,
respectively, −dXk for f−k. Point �X0 is on the slope for cases 1 and 2 in Equation 12.57,
but is worse in case 3, with a better point in case 4.
We should mention that in cases 3 and 4 (in Equation 12.57), the derivative is not strictly

valid mathematically, but they proved good enough to decide between leaving the worst
point or staying near a good point.
The step along gradient �Δ is also calculated:

�Δ
∣∣ ∣∣ = h1dx1

�h
∣∣ ∣∣ ,

h2dx2
�h
∣∣ ∣∣ , . . . ,

hndxn
�h
∣∣ ∣∣

( )
(12.58)

• Step 7: The variable vector is changed with step �Δ
∣∣ ∣∣ until the objective function decreases.

That is, point Pi is reached in the two-variable vector example in Figure 12.18.
• Step 8: The search movement in step 5 is then repeated to find a new gradient direction and

then the gradient movement is repeated (step 6) until the search movement is not able to find
better points around the current point. This situation corresponds regularly to �h

∣∣ ∣∣ = 0, point
Pj in Figure 12.18.

• Step 9: The variable variation step is reduced by ratio r, 1 and the previous steps are done
again until the minimum step is reached and the gradient norm vanishes. Then the algorithm
is run again from 20 to 30 random starting variable vectors to find rapidly the global opti-
mum with better probability.

Sample results from the MATLAB optimal design code developed for this application are given
as optimum design output file and machine characteristics. A total of 73 computation steps per run
have been necessary, for 57 minutes of computation time on a contemporary desktop computer
(Table 12.1).

The power factor was improved notably (from 0.47 to 0.665); the electrical efficiency increased by
2% (to 0.967), but the outer diameter increased from 4900 to 6500 mm, while the total active weight
was reduced to 9345 Kg (from 9910 Kg). Also, the total cost function was reduced by optimal design
from 639,100 USD to 466,600 USD (initial cost of machine, energy loss, and inverter cost are
included). The prices of copper, laminations, PMs, energy loss, frame cost influence, inverter cost,
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hours per years, and number of years in operation were: 10 USD/kg, 5 USD/kg, 50 USD/kg, 0.1
USD/KWh, 7 USD/kg (at active materials weight), 25 USD/KVA of PWM converter, 1500 equiv-
alent hours per year, and 10 years.

The penalty functions for stator and rotor over-temperature and PM demagnetization have used
dimensionless coefficients applied to initial machine materials cost Cc: 1, 1.2, 2.0.

Complete comparison tables with MEC assessment design and optimal MEC-based design are
offered in Tables 12.2 through 12.4 [11].

12.4.3 FINAL REMARKS ON OPTIMAL DESIGN

• It is based onMEC nonlinear model so key FEM validation is still applicable (as proposed in
the next section).

• It uses a single composite objective function that includes initial costs (of the machine and
PWM converter [per KVA, thus including the extra cost for a lower power factor in the
machine]).

• Penalty functions have to be zero in the optimal solution, as proof of the temperature limi-
tation and PM nondemagnetization in the critical operation point (2 p.u. Iq current, for
example).

• The optimal design machine geometry, weights, initial costs, efficiency, and power factor
depend heavily on the objective function (see [12], where the inverter cost (per KVA) is
not included), but the objective function was first the global cost and then maximum
efficiency.

• The less than 10 tons of machine active weight here for 3 MW, 11 rpm is dramatically less
than the 16.8 tons for 3 MW, 16 rpm [13] with a regular SPMSG with three slots/pole
distributed AC windings at a smaller outer diameter, similar efficiency but at above 0.9
power factor!

• As expected, the power factor may be increased further in the optimal design code by simply
artificially increasing the price/KVA in the PWM converter. However, in low-speed drives,
the electric machine is more expensive than the PWM inverter and thus the objective global
function should be carefully chosen, depending on application.

• GA, PSO, ant-colony, and bee-colony optimization algorithms have been used against the
Hooke–Jeeves algorithm only to see that the final (optimal) solutions are similar but at less

Legend : Pj

Pi+1

Pi

P2
P1

P0

Pn

Following the gradient

Grid search

Track points

Worse points

Worse points

Better points

FIGURE 12.18 Search and gradient pattern movement for a two-variable vector in the Hooke–Jeeves
algorithm.
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TABLE 12.1
Optimum Design Output File

Parameter Value Description

Electrical Rated Parameters

Vcn 2491.857 [V] Phase rated voltage, rms value

Ifn 301.7328 [A] coil rated current, rms value

f1 57.93333 [Hz] rated frequency

Is1n 6827.434 [A] coil rated mmf, peak value

Psipm0 7.19402 [n] PMs flux no load, peak value

Psipmn 6.515624 [Wb] PMs flux at rated load

Rs 0.066177 [Ohm] Phase resistance

lisn 0.016944 [H] Phase q axis rated inductance

Pcun 36149.74 [W] Rated copper loss

Pfe0 41917.96 [W] No load total iron losses

Pfe0s 22555.56 [W] No load total stator iron losses

Pfe0r 19362.41 [W] No load total rotor iron losses

Pfen 66502.24 [W] total iron losses

Pfesn 35784.22 [W] total stator iron losses

Pfern 30718.59 [W] total rotor iron losses

Etan 0.966915 [�] Rated efficiency

Cosphin 0.665004 [�] Rated power factor

Optimization Variables

poles 632 [�] number of poles per primitive machine

Dext 6500 [mm] core outer diameter

Wst 80.57489 [mm] radial height of stator along one airgap

WC 96.97418 [mm] coil width

hc 37.57053 [mm] coil height

hsy 66.20056 [mm] axial stator yoke length

Ipm 39.07571 [mm] permanent magnet axial length

lm_s 0.431178 ratio between stator pole width and average pole pitch

lm_r1 0.391324 ratio between rotor pole body width and average pole pitch

lm_r2 0.433279 ratio between airgap rotor pole width and average pole pitch

lst 38.57053 [mm] axial stator tooth length

Wsp 13.3784 [mm] stator pole width

Wpm 18.88575 [mm] PM width

Wrp 13.44359 [mm] rotor pole width

Rotor Pole Dimensions

Wrp ext 13 [mm] (upper) outer rotor teeth tangential length

Wrp2 13 [mm] lower outer rotor teeth tangential length

Wrp3 11.3 [mm] upper inner rotor teeth tangential length

Wrp int 11.3 [mm] (lower) inner rotor teeth tangential length

Stator Pole Dimensions

Wrs1 51.24243 [mm] stator slot upper outer tangential length

Wrs2 50.90232 [mm] stator slot lower outer tangential length

Wrs3 46.46093 [mm] stator slot upper inner tangential length

Wrs4 46.11009 [mm] stator slot lower inner tangential length

rh2 0.4 [mm] part of rotor length

lr 47.87571 [mm] rotor axial length

(Continued)
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than 50% of total computation time (even with 20 random initial starts with the H-J
algorithm): 57× 20= 1140 minutes (in our case here) on a single desktop computer.

• Computationally efficient FEM optimal design methodologies are more precise and have
been introduced recently, but in general, they still need tens of computation hours on multi-
frame computation hardware [14].

12.5 FINITE-ELEMENT MODEL CHARACTERIZATION OF TRANSVERSE FLUX
PERMANENT MAGNET SYNCHRONOUS MOTORS

Ideally, 3D-FEM should be used to analyze flux distribution, emfs, cogging torque, and total torque
[8] (Figure 12.19). Ldm, Lqm, inductances, core loss, and, finally, performance may all be calculated by
3D-FEM.

TABLE 12.1 (Continued )
Optimum Design Output File

Parameter Value Description

sb 16 [�] turns per coil

Iturns 19609.43 [mm] average length of one turn

qw 113.8554 [mm2] wire cross-section

Weights

ms teeth 204.961 [kg] stator teeth mass

ms yoke 563.4766 [kg] stator yoke mass

mst iron 768.4376 [kg] one stator iron mass

mcu 318.9994 [kg] one coil copper mass

ms 1087.437 [kg] one stator mass

mrp 462.0967 [kg] rotor iron mass

mpm 578.7335 [kg] PM mass per rotor

mr 1040.83 [kg] one rotor total mass

mt 9345.147 [kg] generator total mass

ra pint 1736.201 [kg] total PM mass

mcut 1913.997 [kg] total copper mass

mfet 5694.949 [kg] total iron mass

Costs

cu_c 19139.97 [USD] copper cost

lam_c 28474.75 [USD] lamination cost

PM_c 86810.03 [USD] PM cost

i.cost 134424.7 [USD] initial active material cost

pmw_c 65416.03 [USD] passive material cost

inverter_c 12781.28 [USD] inverter cost

energy_c 153977.5 [USD] energy cost

temp.cost 0 [USD] over-temperature penalty cost

demag.cost 0 [USD] PM demagnetization penalty cost

t_cost 466599.511234 [USD] total cost

i_trace 73 optimization steps

t1 57 [min] optimization time

Source: D. F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University
Politehnica Timisoara, 2008 (in English), supervisor I. Boldea. [11]
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It has been inferred that 2D-FEM may not be used because of the 3D shape of the PM (and stator
mmf) flux lines. However, since TF-PMSMs have many poles, a sector of the machine with at least 10
poles may be made into a corresponding linear motor where the stator cores add additional fictitious
parts. 2D-FEM, may be used then, within limited computation time to calculate flux distribution, say,
in axis d and q on no load (Figure 12.20a–d) for the optimally designed machine in section 12.4.

The PM flux linkage in a one-turn coil Ψs10 was also calculated to be Ψs10=Φs · pPM= 0.4955
(Wb), which is very close to the MEC calculated value (Figure 12.21)—0.75Wb.

The cogging torque was also calculated (Figure 12.22).

TABLE 12.2
Geometry and Weight=====3 MW, 11 rpm AA-TF-IPMSG

Mechanical Parameters Analytical Model Value Optimized Value

External diameter: Dext 4900 [mm] 6500 [mm]

Internal diameter: Dint 4440 [mm] 5984 [mm]

Number of poles: 2P 546 632

Generator axial length: lax 880.44 [mm] 754.7 [mm]

Height of stator (and PM) along one airgap: Wst 95 [mm] 80.5 [mm]

Stator coil width: Wc 40 [mm] 97 [mm]

Stator coil height: Hc 51 [mm] 37.5

Width of PM: wpm 13 [mm] 18.9

Length of PM: Lpm 65 [mm] 39 [mm]

Width of stator pole: Wsp 16 [mm] 13.4

Width of rotor pole: Wrp 16 [mm] 13.4 [mm]

Number of turns per coil: N 15 16

Total copper mass: mcut 801.8 1913

Total iron mass: mFet 7083.8 5694

Total PM mass: mpm 648 578.7

Total generator mass: mt 9910.5 9345

Source: D. F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University
Politehnica Timisoara, 2008 (in English), supervisor I. Boldea. [11]

TABLE 12.3
Electrical Parameters=====3 MW, 11 rpm AA-TF-IPMSG

Electrical Parameters Analytical Model Value Optimized Analytical Value

Phase rated voltage: Vcn 2448 [V] 2491 [V]

Coil rated rms current: Ifn 430 [A] 302 [A]

Rated frequency: fn 50 [Hz] 58 [Hz]

Rated coil mmf, peak: Is1n 9118 [AmpTurns] 6287 [AmpTurns]

Phase resistance: Rs 77.72 [m Ω] 66.17 [m Ω]

Phase q axis rated inductance: Lsn 15.93 [mH] 17 [mH]

Total copper losses: Pcun 86151 [W] 36150 [W]

Total iron losses: PFen 91981 [W] 66502 [W]

Rated efficiency: ηn 0.944 0.967

Rated factor: cos φn 0.475 0.665
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The total cogging torque was calculated at about 1.35% of this 2.68 · 10−6 Nm three-phase
machine, which is quite acceptable.

12.5.1 SIX-MW, 12 rpm (m= 6 PHASE) CASE STUDY BY THREE-DIMENSIONAL

FINITE-ELEMENT MODEL

The 3D-FEMwas used to directly investigate a six-phase 6-MW, 12-rpmwind generator with a radial
airgap in an interior-stator-outer-rotor configuration. The outer rotor uses U-shaped cores with radi-
ally placed, axially magnetized 1.3 T NdFeB magnets (Figure 12.23). From the analytical design, the
main geometry was obtained, with the stator-outer (airgap) diameter,Des= 9 m and jcon= 6 A/mm2,
efficiency 0.96, power factor 0.843, lPM= 150 mm (radially), hPM= 30 mm (axially), lstack (per stator
U-shaped leg)= 81 mm, stator slot area: 50·50 mm2, airgap g= 5 mm, rotor pole pitch τPM= 56 mm,
pole pairs pp= 250 pole pairs.

The element chosen to be studied by 3D-FEM corresponds to a period (2τPM); see Figure 12.24a
with the mesh in Figure 12.24b.

TABLE 12.4
Costs (3 MW, 11 rpm AA-TF-IPSMG)

Cost Parameters Analytical Model Value Optimized Analytical Value

Total copper cost: cu_c 8018 [USD] 19140 [USD]

Total iron laminations cost: lam_c 35419 [USD] 28474 [USD]

Total active material cost: i · cost 144684 [USD] 134424 [USD]

Total passive material cost: pmw_c 69373 [USD] 65416 [USD]

Inverter cost: inverter_c 157842.6 [USD] 112781 [USD]

Energy cost: energy_c 267197 [USD] 153977 [USD]

Total generator costs: t_cost 639100 [USD] 466600 [USD]

Source: D. F. Andonie, “Axial airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University
Politehnica Timisoara, 2008 (in English), supervisor I. Boldea. [11]
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(b) waveforms for a 400 rpm, 400 Nm TF-IPMSMwith single stator and rotor. (After E. Schmidth, IEEE Trans.,
vol. MAG–47, no. 5, 2011, pp. 982–985. [8])
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Subsequently, to increase torque, additional PMs are placed in the lateral faces of rotor poles in
order to reduce PM flux fringing of main IPMs (Figure 12.25) between rotor poles [12].

The torque/phase increases notably with the additional magnet thickness (Figure 12.26).
With six phases, the torque ripple is small (Figure 12.27), and with 5-mm-thick additional mag-

nets, the machine produces the required average torque of around 5 · 10−6 Nm. Similar results are
reported in [12].

Errors of three electrical (3/250 mechanical) degrees in properly shifting one module (by 120◦

electrical) already produces an increase in torque pulsations to 4%–5%.
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ear version cogging force, neglecting end-effect: 3 MW, 11 rpm, AA-TF-IPMSG. (After D. F. Andonie, “Axial
airgap flux concentrated TF-PMSG for direct drive wind turbines”. Licence Thesis, University Politehnica
Timisoara, 2008 (in English), supervisor I. Boldea. [11])
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12.6 CONTROL ISSUES

As Figure 12.21 shows, the PM flux linkage in a coil (phase) of a TF-PMSM is sinusoidal (or may be
made so, by carefully carving the stator and rotor saliencies).

Also, with negative id, Lmd is constant with increasing current, larger than Lmq, and much larger
than Ld+0. At rated current (mmf) Lmd. Lmq and thus there is the same positive saliency, which
for negative id leads to negative (moderate, though) reluctance torque. As this reluctance torque
would reduce the total torque, it may be suitable to control the machine with pure i∗q and zero
i∗d(i

∗
d = 0), unless flux weakening is required, when lagging power factor control may be in place.

So, i∗d = 0 control is used unless the control-designed reference voltage V∗
s is larger than Vs max

(of the inverter) when, through a PI loop, a negative i∗s is prescribed; an almost-unity power factor

(a)

(b)

FIGURE 12.24 3D model (one period), (a); and its 3D mesh, (b).
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condition may add a Δi∗d for precision:

i∗q control with i∗d = 0 for V∗
s , Vsmax

i∗d = −PI(V∗
s − Vsmax) for V∗

s ≥ Vsmax

and

Δi∗d = −PI φ∗ − φ̂1

( )
for V∗

s ≥ Vsmax

(12.59)

FIGURE 12.25 Adding additional magnets on rotor pole sides to reduce flux fringing of main IPMs.
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FIGURE 12.26 Torque/phase versus rotor position without and with 3- and 5-mm-thick additional magnets.
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The field-oriented control, direct torque (or power) and flux control or scalar (V/f or I-f)
control with stabilizing loops may be applied for controlling TF-PMSM(G)s with sinusoidal
currents.

P(θr) is the Park transformation, and PI+ SM means PI+ sliding mode (robust) controller. The
power factor angle φ̂1 has to be estimated and used above a certain speed (frequency) and thus
may be calculated online as:

φ̂1 = tan−1
V∗
q id − V∗

q id
V∗
d id − V∗

q iq

( )
(12.60)

Equation 12.60 stems from the ratio of reactive to active input powers and should work properly
with little filtering above a few Hertz.

For generator control, the speed loop may be replaced by a power loop:

−(PI+ SM) of (P∗ − P̂) = i∗q , 0 (12.61)

Where P* is the reference active power and P̂ is the actual machine active power; the rest of the
control scheme in Figure 12.28 holds.

The speed of the prime mover that rotates the generator is controlled by the prime mover and
influenced by generator-delivered power (braking the rotor). It is also feasible to have the optimal
prime mover reference power (say, determined by wind speed), which leads to a certain reference
speed ω∗

r when, this way, the speed reference is obtained. Again, the FOC system in Figure 12.28
holds.

The unity power factor operation may be limited (in the speed/torque envelope) and may be elim-
inated outside it to avoid instabilities in control.
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FIGURE 12.27 Torque versus rotor position, with 2, 3, 6 modules (phases) and 5 mm thick additional PMs.
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For autonomous generators, with DC-controlled voltage output, the DC voltage error V∗
dc − V̂dc

dictates the reference current i∗q:

i∗q = − PM+ SI( ) of (V∗
dc − V̂dc) , 0 (12.62)

The speed loop will be eliminated.

Note: Ld. Lq in some TF-IPMSMs, mainly due to magnetic saturation, may not be the case for
TF-SPMSMs when Ld= Lq, but the control in Figure 12.28 may still hold, though the rotor position
and speed estimator should be adapted to the SPMSM if the drive is encoderless.

Note: With individual phases (separated coils), higher voltage is feasible in TF-PMSMs, also while
fault tolerance is high, especially in multiphase (m. 3 phases) topologies.

12.7 SUMMARY

• Transverse-flux PMSMs were apparently introduced in 1986 [1] in order to increase torque
density in low-speed high-torque electric motor drives.

• TF-PMSMs have a modular structure with 1(k) circular shape stator-coils per phase. The
U-shaped stator cores embrace the coil, forming a flux modulator with the same periodicity
as the PMs on the rotor (2pPM). Phases (modules) are separated. Moreover, the magnetic
circuit and electric circuit design are decoupled. Small pole pitch, down to 10–12 mm in
high-torque (tens, hundreds of Nm) machines, is feasible, with large mmf in the coils,
producing high torque density.

• Moreover, as the pole pitch goes down, the PM flux fringing goes up and thus counteracts
the torque magnification effect by increasing the number of pole pairs for a given stator cir-
cular coil diameter.

• Moreover, the available space to house large coil mmfs despite a small pole pitch leads inev-
itably to a lower power factor in the machine.

• However, the circular stator multipole coils lead to the lowest torque/copper losses ever,
especially in interior stator–outer rotor radial-airgap topologies.
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• To further increase torque density, spoke-shaped PM dual stator configurations have been
proposed; here all PMs are active all the time, so the emf per given machine configuration
is increased notably.

• The spoke-shaped PMs may be placed on the stator but also embedded in the U-core walls
and back iron. When the rotor is passive and magnetically anisotropic with pPM salient poles
and pPM interpoles, saliency periodicity is again 2τPM, equal to that of the stator.

• Finally, the stator coils may be placed in claw-pole-shaped soft magnetic composite one-
piece cores, with a regular surface PM rotor, suitable for low-power compact motor drives.

• The increased number of poles that leads to torque magnification (TF-PMSM may be
viewed as a flux-modulation machine with the stator winding mmf pole pair pa= 0, and
thus the PR= pPM/pa=∞!), implicitly means higher fundamental frequency for a given
machine speed, that is, larger core losses. The drastically lower copper losses (due to the
“blessing” of circular coils) will overcompensate for the larger iron losses in good designs.

• A preliminary design case study for 5000 Nm at 75 rpm produced amachine with outer-rotor
radial airgap at 55 Nm/liter, 97% efficiency, and 0.78 power factor, which is encouraging.

• MEC nonlinear modeling of a TF-PMSM accounting for the 3D flux tubes was presented
in detail with results on a 3-MW, 11-rpm wind generator case study: the important role
of magnetic saturation was proven in an axial-airgap dual core and coil per phase stator
and dual active area spoke-shaped-PM rotor per phase topology. But the power factor
was too small (0.47) for an efficiency of ≈94.4%.

• Optimal design based on MEC and the Hooke–Jeeves algorithm was presented in detail for
same case study as above, improving performance across the board (power factor rise from
0.47 to 0.67, efficiency from 0.944 to 0.967, weight and overall cost were also reduced); the
still-low power factor resulted in a higher KVA in the converter cost, which was also con-
sidered in the objective function together with the main initial machine cost, energy loss
costs over machine operation life (hours), and penalty functions.

• Penalty functions in the optimal design composite function referred to stator and rotor
over-temperature limitation (by simplified thermal model, but real machine losses) and
PM demagnetization avoidance at 2 p.u. pure iq current.

• 3D-FEM is typically required to fully characterize TF-PMSMs, but 2D versions with a more
than 10-poles sector translated into linear motor counter parts that add fictitious cores to
close typical axial flux lines have been used with good results, saving time on orders
of magnitudes.

• A pure 3D-FEM investigation on a given geometry for a 6-MW, 12-rpm, 50-Hz wind gen-
erator with a radial airgap single-sided stator and rotor and an outer IPM rotor is discussed
in detail. Additional magnets on the core sides of the IPM rotor lead to an increase of 30%
in torque, thus meeting the 5 · 10−6 Nm torque range in a 9-m airgap diameter, total length
0.5 m, 97% efficiency, about 0.84 power factor, 5 mm airgap, 50 · 50 mm2 slot, 0.5 m3 PM
volume design.

• With almost sinusoidal PM flux linkage variation in the circular coils, the TF-PMSM control
may use the entire FOC, DTFC, scalar (V/f and I-f) control with stabilizing loop heritage
of PMSM drives. Some TF-PMSMs resemble surface PMs and other IPM topologies
(where Ldm . or , Lqm) depending on configuration and level of magnetic saturation. FEM
computation of Ldm, Lqm under load is suggested in TF-PMSMs.

• A generic FOC of TF-PMSMs is presented where i∗d = 0 control is switched to i∗d , 0 when
the reference voltage surpasses the maximum inverter voltage Vs max.

• The same FOC scheme (Figure 12.28) may be easily adapted to:
• DC grid constant voltage generating by replacing the speed regulator by an active power

regulator to yield the reference current i∗q
• DC output autonomous generator operation, when the speed regulator is replaced by a DC

voltage regulator that yields, again, the reference current i∗q
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• TF-PMSM still has a way to go before reaching the international markets niche, but the
R&D efforts so far [15] and in the near future may provide for such an outcome; the lowest
copper losses (due to circular AC coils) seem too good of an asset not to exploit in industry.
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13 Magnetic-Geared Dual-Rotor
Reluctance Electric Machines
Topologies, Analysis, Performance

13.1 INTRODUCTION

Magnetic-geared dual-rotor reluctance machines are also flux-modulation machines. Their two
rotors provide for a magnetic-gear effect that may increase the torque/volume in low-speed high-
torque applications, but at the inevitable cost of notable additional PM weight/Nm, though at accept-
able efficiency.

But the elimination of mechanical transmission by using a magnetic gear capable of more than
100 Nm/liter is considered encouraging in pursuing the development of compact low-speed high-
torque pseudodirect drives with MG-REMs. A typical high torque density (100 Nrm/liter) magnetic
gear is shown in Figure 13.1 [1].

The MG has here an inner high-speed PM rotor with phPM pole pairs (phPM= 4), an outer
low-speed PM rotor with plPM pole pairs (plPM= 22), and in between them there is a stationary
flux modulator made of nF−M (nF−M= 26) laminated segmented poles and interpoles.

The principle of F–M machines holds here also:

nhPM = nF−M − nlPM (13.1)

Other pole pair combinations are feasible.
The rotor speed relationship of F−M machines holds here also:

Ωlow = phPM
phPM − nF−M

Ωh = − 1
5.5

Ωh (13.2)

Typical resultant radial airgap flux densities in the airgap adjacent to high-speed and, respectively,
low-speed rotors (Figure 13.2a and b) [1] show the flux-modulation effect of the flux-modulator mag-
netic permeance first-space harmonic.

The torques versus rotor position for the two rotors (Figure 13.3) emphasize the gear ratio
G= Telow/Te_high=Ωh/Ωl= 5.5 [1].

With 1.2 T (μrec= 1.05 μ0) NdFeB magnets, a 100 Nm/liter torque density is demonstrated [1].
There are eddy and hysteresis losses in the cores (especially in the flux modulator) and in the
PMs, which, however, amount in general to less than 20–25% of total losses. This means that both
the torque density and the efficiency of mechanical gears may be hoped for from magnetic gears.
MG is fail-safe in the sense that it trips in case of large over-torque.

It is to be seen how many such accidental stops the MG may survive, especially if it is
performance/price competitive. If a PMSM stator with windings is added to drive the high-speed
rotor of MG, the MG-PMSM with dual rotors is obtained. The MG-PMSM may be built with the
PMSM on the inside [2–3] or outside [4] (Figure 13.4a and b).

The tooth-coil high-speed SPMSM is placed on the inner side of the assembly in Figure 13.4a and
on the outside in Figure 13.4b. Also, while in Figure 13.4a, the flux modulator is stationary and the
two rotors are provided with PMs, in Figure 13.4b, only the high-speed rotor has PMs, and the flux
modulator represents the low-speed rotor.
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pp. 2844–2846. [1])
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The two conditions of flux modulation are met here, too:

Fig.13.4a:

phPM = PPM − PF−M| |; stationary flux modulator :

ΩF−M = 0

Ωa = ΩhPM = PlPM · ΩPM

PlPM − PF−M
+ PF−MΩF−M

PF−M − PlPM
;

phPM = 2; PlPM = 17; pF−M = 19

ΩhPM = Ωa
high-speed PM rotor pole pairs phPM is

the same as that of stator winding mmf

( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13.3)

Fig.13.4b:

Pa = PF−M − PPM; Pa = 4, PPM = 17; PF−M = 21

Ωa = PPM · ΩPM

PPM − PF−M
− PF−MΩF−M

PPM − PF−M
; ΩPM = 0; ΩF−M=0

Ωa − speed of stator mmf wave

ωa angular frequency of stator currents.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(13.4)
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From the equilibrium of powers, say, for the topology in Figure 13.4b, the torque relationships are
obtained:

TF−M = −PF−MTstator
Pa

; TPM = −PPM

Pa
Tstator (13.5)

For both cases, the MG part reduces speed but increases torque of the low-speed PM rotor
(Figure 13.4a) and, respectively, the low-speed flux modulator (made of PF−M salient magnetic seg-
mented poles; see Figure 13.4b).

As in the inner stator configuration (Figure 13.4a), the number of pole pairs phPM of the adjacent
high-speed rotor is the same as that of the stator mmf (pa= phPM); the electric motor part represents
simply a 6/8 tooth-coil SPMSM, which is known to have not only good efficiency but also a reason-
able power factor. For a small-speed drive, the MG-REM, which represents a pseudodirect drive, this
advantage is paramount and may offset the additional mechanical complexity and the larger
initial costs.

Not so with the outer stator configuration (Figure 13.4b), which implies a distributed winding, in
general, and behaves like a Vernier PM machine with a moving flux modulator. Here, the power fac-
tor [5] is an issue, and its solution would be similar to that applied to Vernier PM machines (a dual
stator). It should also be noted that the torques on the low- and high-speed rotor are not independent
(Equation 13.5). So, in general, only the low-speed shaft may be available (unless the application
allows for the fixed ratio between the two torques).

To obtain independent torque control of the two rotors, one more electric (stator) part is required.
Radial and, respectively, axial airgap topologies for such an electric continuously variable transmis-
sion (ECVT) are illustrated in Figure 13.5a and b [5–6].

The pole pair relationships are, in principle, the same as above:

Fig.13.5a:

(Pai)interior
stator

= PiPM − PoPM; stationary flux modulator :

−PiPM × ΩiPM + PoPM · ΩoPM + (pai) ·Ωai = 0;
(pai) · Ωai = ωai

poPM = (pao)outer stator mmf; synchronous machine

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(13.6)

Fig.13.5b:

(Pa1)primary
winding

= (PF−M) primary

ferromagnetic

segmented

rotor

− (PPMs)secondary PM
rotor

PPMsΩPMs + Pa1 · Ω = PF−MΩF−M

(Pa2)secondary
winding

= PPMs; synchronousmachine.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13.7)

It may be inferred that the dual-rotor dual-stator MG-REM includes a Vernier PM machine and
a synchronous machine, while independent stators are fed through their inverters. This way, four-
quadrant operation is feasible in a brushless configuration. Both machines (stators) may be motoring
or generating, one motoring and the other generating, or one may be idle.

The key to four-quadrant operation is the four-quadrant circulation of electric power in each stator
independently. The MG effect is manifest, in the sense that the secondary rotor speed is, in general,
lower than the primary rotor speed and thus the mechanical transmission is replaced by this
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e (electrical) continuously variable transmission (e-CVT). The jury is still out on whether e-CVT is
globally (initial and ownership costs) better than a mechanically variable transmission (MVT) and a
single electric motor drive. In an effort to further reduce the volume of such a four-quadrant but
hybrid-electric CVT, an axial airgap two-rotor, single–stator and inverter PMSMwas also introduced
(Figures 13.6 and 13.7) [7].

The principle here is relying on two stator mmfs, one for 2p1 poles ( f1) and the other for 2p2( f2)
poles, produced by a dedicated two-frequency PWM inverter that drives the two rotors indepen-
dently. The Ns= 12 slots Gramme ring coils (for example), with 2p1= 10 and 2p2= 14, provide
above 0.945 winding factors for both mmf space harmonics. Independent four-quadrant speed control
of the two rotors simultaneously has been proven by digital simulations [7] but not yet in experiments.
The drastic hardware simplification in Figures 13.6 and 13.7 comes at a price: both frequencies (and
their currents) that run the two rotors produce copper losses in the entire unique stator winding,
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FIGURE 13.5 Dual-rotor, dual-electric part MG-REM: (a) with radial airgap. (After S. Niu et al.,
IEEE Trans., vol. MAG–49, no. 7, 2013, pp. 3909–3912; Y. Liu et al., IEEE Trans., vol. MAG–50, no. 11,
2014. [5,6]) (Continued)
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though only one axial face interacts with one rotor; also, the inverter has to handle all kVA power in a
dedicated, say, dual, FOC. It is feasible to build two coil rows (two windings) on the same stator core
(Figure 13.7) and add a power switch to disconnect the temporarily idle winding (if both need not be
active all the time).

It is also possible to apply other principles for a single-stator dual-rotor machine such as using IPM
or variable reluctance rotors (with 2p1 ≠ 2p2 poles) in an axial airgap kind of dual-rotor BLDC-MRM
(Chapter 7).

If the two rotors need to handle notably different powers, a radial airgap configuration of single
toroidally (or radially) wound stator dual PM rotor may be applied [8].
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FIGURE 13.5 (Continued) Dual-rotor, dual-electric part MG-REM: (b) with axial airgap. (After S. Niu
et al., IEEE Trans., vol. MAG–49, no. 7, 2013, pp. 3909–3912; Y. Liu et al., IEEE Trans., vol. MAG–50,
no. 11, 2014. [5,6])
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Here, also, magnetic anisotropy may be used to improve the ratio performance/costs.
Yet another, rather complex, topology of single electric part dual-rotor magnetic-geared REMwas

recently proposed for a pseudodirect drive for wind turbine generators [9]; see Figure 13.8.
The topology includes:

• An outer stator core with pa= 13 pole pairs/section (there are 20 sections).
• Hallbach PMs on stator (four per stator pole pair).
• The low-speed flux modulator pole pieces rotor per section:

PF−M= 15.

• High-speed interior PM rotor with PhPM= 2 per section. As expected:

PhPM = PF−M − Pa (13.8)

• The high-speed PM rotor runs free, as expected, while the low-speed (flux modulator) shaft
is coupled to the wind turbine shaft.

• The magnetic gear ratio G= PF−M/PhPM= 15/2= 7.5/1.
• The 7.5/1 magnetic gear ratio renders the pseudodirect drive here to the class of one-stage

mechanical-geared (multibrid) wind generators, which are known to be competitive because
they strike a good compromise between reducing the mechanical gear stages (complexity
and volume) while not increasing the machine volume and cost too much. Unfortunately,
for the 10-MW, 9.65-rpm (10-MNm) case, the thorough optimal design example in [9]
ends up with a minimum of 45 tons of active weight at an electrical efficiency of 98.5%,
but for 13.5 tons of NdFeB sintered PMs (Br= 1.25 T). This is twice as much as the value
calculated for the same specifications with a three-slot/pole surface direct-drive PMSG at 65
tons of active weight [10].
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FIGURE 13.6 Single-stator single-inverter dual-rotor hybrid CVT with axial airgap, Gramme-ring coils and,
say, 12 stator slots, 2p1= 10 poles, and 2p2= 14 poles rotors. (After I. Boldea et al., Record of IEEE–ESARS,
2012, Bologna, Italy. [7])
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• There are PMs both on the stator and rotor and thus the flux reversal and Vernier principles
are combined in the configuration of Figure 13.8 [9]; the excessive PMweight may prove an
insurmountable demerit in the case in point.

• As in all flux-modulation machines, the power factor—which defines the PWM inverter
kVA, costs, and losses—has to be checked; in all probability, it will not be large for the
design in [9], but refinements in design might increase the power factor to acceptable values
(0.75–0.8).

• For a 6-MW 11.3-rpm TF-PMSG, optimal design has produced an electrical efficiency of
0.967, power factor 0.67 for 16.8 tons of active weight with only 1.7 tons of NdFeB sintered
magnets (Chapter 12). Extrapolating to 10MW, the active weight of TF-PMSG, at the same
power factor but, perhaps, at above 0.97 electrical efficiency, will be only 27 tons, from
which 5 tons represent the NdFeB sintered PMs, in a notably less complicated (for
fabrication) topology.

• This is not to say that the dual-rotor MG-REM in [9] is not to be pursued; it may also be
practical in vehicular propulsion, and when the cost factor is not paramount, the configura-
tion may be improved further.

From the above introductory remarks, we should grasp the wide spectrum of torque and speed
range applications of dual-rotor MG-REMs. From all of the competing topologies, two will be inves-
tigated here in some detail:
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FIGURE 13.7 Single-stator dual-rotor hybrid-electric CVT (the dual stator windings with independent inverter
configuration) (a) cross-section; (b) exploded view.
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• Dual-rotor interior-stator MG-REMs for EVs and generators for good power factor and
torque density

• Axial-airgap dual-rotor dual (electric part) MG-REMs for HEVs (for good torque density
and four-quadrant independent rotor control)

13.2 DUAL-ROTOR INTERIOR STATOR MAGNETIC-GEARED RELUCTANCE
ELECTRIC MACHINES

Let us present again for convenience the cross-section of a high-power-factor dual-rotor interior stator
MG-REM (Figure 13.9) [3].

With high-speed PM rotor pePM= pa= 2 pole pairs, flux-modulator pole count (pair) pF−M= 19,
and lower-speed PM rotor pole pair pePM= 17, the gear ratio G= pePM/pa= 19/2= 9.5.
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FIGURE 13.8 Dual-rotor MG-REM with additional (stator) PMs (a) integration with a wind turbine; (b) 40◦

periodic symmetry cross-section. (After A. Penzkofer, K. Atallah, IEEE Trans., vol. MAG–51, no. 12, 2015,
pp. 8700814. [9])
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At 1800 rpm speed of the interior four-pole SPMSM components, the low-speed (load) PM rotor
runs only at 1800/9.5≈ 189.5 rpm.

Surface PMs have been adopted in both high-speed and the low-speed rotors to secure small
machine inductance, good for a higher power factor and for low voltage regulation in generating.

Dividing the magnets in pieces, tangentially and axially, is advised to reduce PM eddy
current losses.

The four PM poles on the high-speed rotor (adjacent to the inner six-slot stator) should cover only
0.7–0.75 of the pole pitch span τPM, as the cogging torque may be drastically reduced this way. There
will thus be space between PMmagnets on the high-speed glass-shaped rotor where a nonconducting
(siluminium or stainless steel) ladderlike shape rotor frame may be adopted without excessive addi-
tional eddy currents in the latter. The PM segments have parallel—easier to inflict—magnetization,
that is, lower PM costs. The stationary flux modulator and outer PM rotor construction are not an easy
task, either.

Though an analytical field model may be adopted for this kind of complex topologies [9], it is
felt here that direct 3D (2D)-FEM modeling is more practical, even for optimal design. Making use
of 3D-FEM (Figure 13.10 [3]), the PM magnetic flux linkage versus electric cycle shows some space
harmonics, but its THD is less than 5%.

The static torque (at zero speed) with DC stator currents (Ia=−2Ib=−2Ic) has produced torque
on the high- and low-speed rotors (Figure 13.11) [3].

The pull-out torques are 170.5 Nm and 170.5/9.5≈ 18 Nm, respectively, for the low- and high-
speed PM rotors.

Stationary

iron pole

yokes

(a)

(b)

2-D conceptual arrangement 3-D illustration

Specification

Outer rotor PM pole-pair number, Pro

Inner rotor PM pole-pair number, Pri

Axial length

Outside radius of outer PM rotor

Inside radius of outer PM rotor

Inside radius of stationary pole yokes

Inside radius of inner PM rotor

Outside radius of stationary pole yokes

Outside radius of inner PM rotor

Outside radius of stator

Inside radius of stator

Stationary pole yoke number, Pvk

Dimension

17

19

2

100.0 mm
150.0 mm

129.0 mm

127.5 mm
113.5 mm

112.0 mm

99.0 mm
97.5 mm

60.0 mm

Table I

Physical specifications of MDPMG prototype

Outer low-

speed PM

and yoke

rotor

Stator iron

poles and

windings

Inner high-

speed PM

rotor

FIGURE 13.9 Dual-rotor interior stator MG-REM. (After C-T. Liu, H.-Y. Chung, C.-C. Hwang, IEEE Trans.,
vol. MAG–50, no. 1, 2014, p. 4001004. [3]): (a) cross-section; (b) sample prototype data.
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With a high (0.65) slot filling factor, for the six coils that make the two-layer tooth-wound inner
stator windings, the number of turns per phase (two coils/phase) may be calculated after setting the
coil mmf that produces the desired pull-out torque (by FEM, after a preliminary standard design pro-
duces a start-up machine geometry).

The design of the 6/4 SPMSM is standard in calculating the number of turns per phase from the
phasor diagram.

An assumed motor pure iq control would correspond to MTPA conditions due to small saliency
Ld= Lq= Ls, but for an autonomous generator, the machine has to produce at a certain AC output
voltage, load power factor, and active power. For pure resistive load, the phasor diagram of the
machine as generator is rather straightforward, as in Figure 13.12:

Vs1 − RsIs1 =
�����������������
E2
1 − (ω1Lsis1)2

√
; rms values (13.9)
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FIGURE 13.11 Torques on the outer (low-speed) and inner (high-speed) PM rotors. (After C-T. Liu, H.-Y.
Chung, C.-C. Hwang, IEEE Trans., vol. MAG–50, no. 1, 2014, p. 4001004. [3])
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FIGURE 13.12 The phasor diagram of MG-REM as generator on resistive load.

0.04
a

b
0.02

0.00

M
ag

n
et

ic
 f

lu
x

 (
W

b
)

–0.02

–0.04
0.0 0.5

Electrical period (cycle)

1.0 1.5 2.0

FIGURE 13.10 PM flux linkage in the four-pole inner stator phase versus electric cycle (two cycles per
revolution: pa= 2). (After C-T. Liu, H.-Y. Chung, C.-C. Hwang, IEEE Trans., vol. MAG–50, no. 1, 2014,
p. 4001004. [3])
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For already-known ΦPM1 (PM flux per pole pitch of the 2pa pole motor):

E1 = (ΦPM1)maxW1kW1ω1/
��
2

√
(13.10)

Ls = kLW
2
1 ; W1IS1 = known (13.11)

W1—turns per phase; kW1—fundamental winding factor.
The machine inductance for W1= 1 may be calculated analytically or extracted from FEM cal-

culations, while W1Is1 is already known from analytical (or FEM) design as computed for the
given full torque and power angle δV. Some iterations are needed here, as the presence of Id
produces only losses, but its presence is imposed by the unity power factor (resistive) load
considered here.

In [3], W1= 138, 123, 110 turns/phase were tried, with power/voltage generator curves as in
Figure 13.13 [3].

It is evident that a smaller number of turns (W1= 110) produces less voltage regulation:–(4–7)% at
2.5 kW. There is a compromise here, as a too-large number of turns per phase tends to produce a
larger (inadmissible) voltage. Here, 220 V is the targeted phase voltage (RMS). Also, a rated power
angle around δV= π/4 is to be selected for the scope.

The acceptable voltage regulation (at unity power factor) (Figure 13.14) [3] is a clear consequence
of a reasonably low machine inductance (in p.u.).

It goes without saying that some kind of voltage closed-loop control is required, even if the speed
is constant, because the autonomous load power factor varies when a+ 5% voltage regulation is
imposed across the board.

Solutions to this closed-loop control range, from switched AC capacitors to parallel power filters
for AC output, may be appropriate.
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A PWM active rectifier is required for controlled DC output voltage. For the case in point, a loss
breakdown was performed and at 1800 rpm for the high-speed rotor (and 189 rpm for the low-speed
rotor), for 2522W output power (in resistive load), the line current was 4.88 A at 220 V/phase with
71W of iron losses, 87.25W of copper losses, but 295W of lower-speed rotor mechanical losses and
285W for high-speed rotor mechanical losses. A total efficiency of around 80% was obtained. The
very large mechanical losses by the two rotors should be drastically reduced to make the
solution practical.

For EV propulsion, a design, refined in a few stages, with full-size experiments at 60 kW
(gear ratio G= 9/1) (Figure 13.15) [2, 11], has been performed.

The high-speed (inner) PM rotor has eight PM poles on both sides (pa= phPM= 4), initially
with surface magnets in titanium shells, but later as IPMs (Figure 13.16) [2]. The fixed F−M
(outer cylinder) has 64 salient poles (pF−M= 64), while the outer IPM rotor has 60 pole pairs [2]:
pePM= 60= pF−M–pa.

The fixed flux modulator with a segmented cylinder was finally made of one-piece laminations
with salient poles and dummy slots for reducing the core losses and providing a more mechanically
rugged lower core loss (Figures 13.16 and 13.17) [2].

Interior PMs on the outer low-speed rotor have been adopted to increase outer airgap flux density
(and torque) by PM flux concentration.

Shaft

(a)

(b)

Channels for water cooling

Stator

Motor magnets

High-speed yoke

High-speed

gear magnets

Segmented

cylinder

Composite bars

Low-speed yoke

Low-speed gear magnets

Water jacket

FIGURE 13.15 Dual rotor interior-stator MG-REM for EVs: (a) twin motor on EV axle; (b) cross-view.
(After T. V. Frandsen, P. O. Rasmussen, K. K. Jensen, Record of IEEE–ECCE, 2012, pp. 3332–3339. [2])
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A calculated efficiency of 95% at 248 Nm and np= 8000 rpm (nlow= 8000/9 rpm) was
reported in an 8.6-liter active volume [2]. Maximum torque of 600 Nm was needed and produced
to accelerate the EV to 100 km/h in 15 seconds, while a maximum stall torque of 857 Nm was
measured.

The torques versus time and speed conditions for urban driving have all been met at a record
(so far) 100 Nm/liter of active volume (64 Nm/liter per total volume).

Final steel sheet

MIPMG v.2.

Magnets

Titanium cylinder

High-speed rotor

MIPMG v.2.

High-speed rotor

MIPMG v.1.

FIGURE 13.16 Old (12-pole) and new (8-pole) high-speed PM rotor. (After T. V. Frandsen, P. O. Rasmussen,
K. K. Jensen, Record of IEEE–ECCE, 2012, pp. 3332–3339. [2])
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Composite bars

Dummy slot
Steel sheet

MIPMG v.2. Steel sheet

MIPMG v.1.

FIGURE 13.17 Old and improved segmented-cylinder (flux modulator). (After T. V. Frandsen, P. O.
Rasmussen, K. K. Jensen, Record of IEEE–ECCE, 2012, pp. 3332–3339. [2])
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Measured efficiency with torque and speed (Figure 13.18) is satisfactory but smaller than cal-
culated values by (3–4%) [11]. This is a sign that more effort on loss control and reduction is
required; also, the large PM weight, cost and PM demagnetization risks have to be addressed
further.

13.3 BRUSHLESS DUAL-ROTOR DUAL-ELECTRIC PART MAGNETIC-GEARED
RELUCTANCE ELECTRIC MACHINES

As already discussed briefly in “Introduction,” the brushless axial-airgap dual-rotor dual-electric part
MG-REM [6] (Figure 13.5b) is “copied” here for convenience (Figure 13.19).

As evident in Figure 13.18, there is only one spoke-shaped magnet rotor of pPMs= 14 pole pairs
that interacts with both the PM secondary stator winding of the same pa2= pPMs= 14 pole pairs and
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FIGURE 13.19 Dual-rotor dual-electric-part MG-REM with axial airgap. (After Y. Liu et al., IEEE Trans.,
vol. MAG–50, no. 11, 2014. [6])
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the primary rotor (fluxmodulator), which has 24 salient poles (pole pairs: pF–M= 24). The latter inter-
acts with the primary winding pole pairs pa1= 10 (pa1= pF−M–pPMs= 24–14= 10). The speed syn-
chronism relationship is given in Equation 13.7. With 24 slots in the two stators, the two fractionary
windings with 10 and 14 pole pairs may be built for q1= 24/60 and q2= 24/84 slots/pole/phase.
Such q, 1 windings mean shorter end coils and thus lower copper losses and shorter frame
(machine) radial height. The principle of this complex machine is illustrated in a test where the
primary rotor (F–M ) speed ΩF−M= 0 and the second rotor is rotating under no load; the emfs in
the two windings should have the same frequency. Equation 13.7 yields: fa1= fa2= pPMs · nPMs=
14× 428.6/60= 100 Hz (Figure 13.20 [6]) for 428.6 rpm in the low-speed rotor and zero speed
for the flux modulator.

It should be noted that the secondary (PM) rotor interacts with both stators and with the flux-mod-
ulator (primary) rotor using the same magnets. Consequently, there are PM flux lines in three direc-
tions and thus a soft magnetic composite should be sandwiched between the spoke-shapedmagnets of
the second rotor.

It is also recognized that up to 30% of the PM flux of the secondary rotor is leaking at the low radial
end (toward the shaft), but, still, the PM airgap flux density is large enough (with more PMweight) to
secure a competitive torque density. For the same case of fa1= fa2= 100 Hz, secondary rotor speed of
nPMs= 428.6 rpm, and flux modulator nF−M= 0, the torques and core losses of the two shafts, for
jcore= 8 A/mm2 (pure iq sinusoidal current), in comparison with a similar machine with radial airgap
and single stator with dual windings, are shown in Figure 13.21a and b [6].

It is evident that for about the same machine volume, PM volume, and copper and core losses (167
W and 29W, respectively), the torque is substantially larger for the axial-airgap dual-stator electric-
part dual-rotor MG-REM. By adding an additional stator winding with pPM pole pairs to the magnet-
ically geared dual-rotor mechanical port device [13, 14], a single stator winding and inverter with dual
PM rotor (with p1 and p2 pole pairs) and tooth-wound coil winding can also provide independent
torque control for each rotor.

Experimental results are needed to prove the practicality of such a complex machine for HEV pro-
pulsion, while optimal design with limited temperatures and demagnetization avoidance are also
worth pursuing. Optimal control of dual-rotor dual electric-part MG-REM is still to be developed.
The full load torque density would be 30 Nm/liter active volume at an electrical efficiency of about
90% at only 428.6 rpm, for 45 Nm (2 kW) on a secondary machine (the first machine is not activated
in this example). With both stators active, a total torque density of about 45 Nm/liter (active volume)
may be available with an outer secondary stator radius of 120 mm. Also, the PM volume was only
0.254 liters (about 1.80 kg of sintered NdFeB magnets with Br= 1.1 T).
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13.4 SUMMARY

• Dual-rotor single (and dual) electric part magnetically geared reluctance electric machines
fall into the general category of flux-modulation reluctance machines.

• Dual-rotor single-wound-stator single electric parts, in general, with single field-oriented
control do not provide independent rotor control (motoring and generating). So they are suit-
able for applications that do not need dual mechanical ports. One rotor may be free but will
experience torque and participate in magnetic gear torque magnification [2, 3–4, 12].

• Torque densities up to 90 Nm/liter for efficiency above 0.92 at 600 rpm have been reported
for such machines at 30 kW [2, 11].

• Independent control of the two rotors, with a single stator winding and inverter, has been
introduced in an axial airgap configuration where a 12-slot central stator with Gramme-
ring windings “serves” two rotors, one of 10 poles and the other of 14 poles, while the single
inverter uses dual-frequency FOC [7].

• A dual-rotor single outer electric port, with PMs both on the stator surface and the inner
(free) high-speed PM rotor, with the flux modulator at the low-speed (working) rotor, has
been thoroughly investigated for a pseudodirect-drive, 9.655-rpm, 10-MNm (10-MW)
wind generator [9].
Calculations [9] claim an electric efficiency of 98.5% for 45 tons of active weight from

which 13.5 tons are of sintered NdFeB magnets. That is, 60% more PMs than in a regular
three-slot/pole SPMSG (at above 0.9 power factor). A TF-PMSG (Chapter 12) is credited
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with 0.967 efficiency and 0.67 power factor and 27 tons (active weight) with 5 tons of mag-
nets. Power factor is not expected to be large in the dual-rotor single-electric-part MG-REM
proposition, but it is yet to be calculated.

• As known, low power factor increases losses in the machine and its PWM converter, but also
increases the cost of the inverter (which depends on machine kVA). However, in low-speed
applications, the initial cost of the machine (MG-REM included) ends up larger than the ini-
tial cost of the PWM converter; this is why optimal design codes should include the inverter
cost per kVA and the PWM converter losses cost when the global cost of the apparatus is
considered in the composite objective function. This rationale is also true for low voltage
(say, below 50 Vdc PWM converter applications).

• Dual-rotor dual-electric port MG-REMs may act as electric continuously variable transmis-
sions and thus eliminate the mechanical transmission in vehicular applications (gear ratio,
though, below 10/1). Optimal independent control of the two rotors through two stator
windings and their inverters [15] is still being investigated, but theoretical investigation
showed competitive torque densities (50 Nm/liter) for efficiencies above 90% starting
from load speeds of 400 rpm or so.

• Also, two PMSMs, one with dual-rotor and two-inverter control, have been proposed very
recently as a brushless e-CVT for HEVs [16].

REFERENCES

1. K. Atallah, D. Howe, A novel high performance gear, IEEE Trans., vol. MAG–37, no. 4, 2001,
pp. 2844–2846.

2. T. V. Frandsen, P. O. Rasmussen, K. K. Jensen, Improved motor integrated permanent magnet gear for
traction applications, Record of IEEE–ECCE, 2012, pp. 3332–3339.

3. C-T. Liu, H.-Y. Chung, C.-C. Hwang, Design assessments of a magnetic-geared double-rotor permanent
magnet generator, IEEE Trans., vol. MAG–50, no. 1, 2014, p. 4001004.

4. J. Bai, P. Zheng, L. Cheng, S. Zhang, J. Liu, Z. Liu, A new magnetic-field-modulated brushless double-
rotor machine, IEEE Trans., vol. MAG–51, no. 11, 2015, p. 8112104.

5. S. Niu, S. L. Ho, W. N. Fu, A novel double-stator double-rotor brushless electrical continuously variable
transmission system, IEEE Trans., vol. MAG–49, no. 7, 2013, pp. 3909–3912.

6. Y. Liu, Sh. Niu, S. L. Ho, W. N. Fu, A new hybrid-excited electric continuous variable transmission sys-
tem, IEEE Trans., vol. MAG–50, no. 11, 2014, pp. 810404.

7. I. Boldea, L. N. Tutelea, S. I. Deaconu, F. Marignetti, Dual rotor single-stator axial airgap PMSMmotor/
generator drive for HEVs: A review of comprehensive modeling and performance characterization,
Record of IEEE–ESARS, 2012, Bologna, Italy.

8. Y. H. Yeh, M. F. Hsieh, D. G. Dorrell, Different arrangements dual-rotor, dual-output radial-flux motors,
IEEE Trans., vol. IA–48, no. 2, 2012, pp. 612–622.

9. A. Penzkofer, K. Atallah, Analytical modeling and optimization of pseudo-direct drive PMmachines for
large wind turbines, IEEE Trans., vol. MAG–51, no. 12, 2015, pp. 8700814.

10. H. Polinder, D. Bang, R. P. J. O. M. van Rooij, A. S. McDonald, M. A. Mueller, 10 MW wind turbine
direct drive generator design with pitch or active speed stall control, Record of IEEE—IEMDC, 2007,
pp. 1390–1395 (IEEEXplore).

11. T. V. Frandsen, L. Mathe, N. I. Berg, R. K. Holm, T. N. Matzen, P. O. Rasmussen, K. K. Jensen, Motor
integrated PM gear in a battery electrical vehicle, IEEE Trans., vol. IA–51, no. 2, 2015, pp.1516–1525.

12. M. Fukuoka, K. Nakamura, H. Kato, O. Ichinokura, A novel flux-modulated dual-axis motor for HEVs,
IEEE Trans., vol. MAG–50, no. 11, 2014, pp. 8202804.

13. D. Li, R. Qu, X. Ren, Y. Gao, Brushless dual-electrical part dual mechanical part machines based on flux-
modulation principles, 2016 IEEE Energy Conversion Congress and Exposition (ECCE), pp. 1–8.

14. Y. Wang, S. Niu, W. Fu, Electrical continuously variable transmission system based on doubly fed flux-
bidirectional modulation, IEEE Trans., vol. IE–64, no. 4, 2017, pp. 2722–2731.

15. M. Bouheraoua, J. Wang, K. Atallah, Rotor position estimation of a pseudo direct drive PM machine
using extended Kalman filter, IEEE Trans., vol. IA–53, no. 2, 2017, pp. 1088–1095.

16. L. Sun, M. Cheng, H. Wen, L. Song, Motion control and performance evaluation of a magnetic—geared
dual—rotor motor hybrid power train, IEEE Trans., vol. IE–64, no. 3, 2017, pp. 1863–1872.

390 Reluctance Electric Machines



14 Direct Current + Alternating
Current Stator Doubly Salient
Electric Machines
Analysis, Design, and Performance

14.1 INTRODUCTION

Switched reluctance machines [1] are typically double salient and have one- or multiphase armature
windings (on the stator) that are connected in sequence and triggered by the measured (or estimated)
rotor position (Figure 14.1).

The torque of an SRM, magnetic saturation and phase interaction neglected, is simply:

Te = 1
2

∑m
i=1

i2i
dLi
dθγ

(14.1)

So the current polarity is not important in torque production. Based on this observation, multiphase
DC–DC converters in parallel (one for each phase, in principle) have been applied to control the
current pulses.

The simplicity (ruggedness) of the SRM with tooth-wound coils is staggering, which explains the
enormous interest in it since its revival in the 1970s (S.A. Nasar apparently coined the acronym
SRM) [1]. However, it was soon recognized that:

• Good torque density comes with higher peak flux density in the airgap (1.4–1.5 T) with only
one or two phases active at any time; thus, peak radial forces, noise, and vibration are high.

• In an effort to reduce the radial flux density (normal force) but encourage tangential (torque)
force on the rotor, a segmented glass-shaped rotor was sandwiched between two stators with
diametrical coils and corresponding outer and inner phases in series in a two-airgap struc-
ture. Though with much longer end coils, notably more torque is obtained for the same
geometry, copper, and current density than with tooth-wound coils. But the topology is
more complicated [2] and thus not easy to fabricate.

• On top of that, the ratio of active power/kVA (RMS and peak) is notably lower [1] than with
4- to 8-pole IMs, SMs, or PMSMs; this means larger peak and RMS kVA in the converter,
which, for unipolar current, is different from the off-the-shelf PWM inverters with sinusoi-
dal or trapezoidal current control.

• While the carefully designed regular SRMwas recently proven capable of 45 Nm/l, for 400
Nm, efficiency above 0.92 from 2000 rpm, the peak kVA in the converter is still large for the
new standards in HEV and EV applications [3]. IMs and IPMSM [4] for the same applica-
tion proved to be pretty equivalent in Wh/km in standard urban driving of HEV (EV) with
the IM efficiency lower at low speed but better at high speeds (flux weakening) at peak tor-
que densities of 45 Nm/liter and above 60 (70) Nm/liter (active volume), respectively.
These solutions use DC–DC boosting converters plus off-the-shelf IGBT 500 Vdc PWM
inverters. SRM R&D will continue. The incipient commercialization decades ago slowed
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down, but it may revive in niche applications. To further reduce losses and increase the kW/

kVA ratio in SRMs, the doubly salient cores of the latter have been used to:
• Add DC excitation coils on the stator.
• Now make use of AC (armature torque) coils in same slots as the DC coils; or the DC

coils are placed in an inner stator with a salient-pole rotor in between.
• The DC excitation and AC armature coils may be tooth- or multitooth-wound

(Figure 13.2a and b) [5–7] in the search for higher torque density, lower torque ripple,
better power factor, and lower core losses.

• Such machines behave like flux-modulation machines but, alternatively, as DC-excited
(cageless) rotor synchronous machines.

• It is to be borne in mind that DC coil flux in the AC coils reverses polarity in two-tooth-
wound coil configurations (Figure 14.2b), but it varies (in general) from a maximum to
minimum positive value for single tooth-wound coil topologies. The situation is, how-
ever, rather similar to the first case where only half the AC coil span is active, while in
the second case, the single slot pitch AC coil span is active. So there is a kind of “homo-
polar” effect with stator DC excitation in the sense that only about half of it is useful.
But the airgap is kept small for good magnetic coupling and flux modulation through

the two saliencies (of rotor and of stator). This means, however, a large machine
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inductance, which may be useful in motoring for wide CPSR but detrimental in generat-
ing due to large voltage regulation.

• In both cases, when high torque density is targeted, the machine saturates. The power fac-
tor, considering sinusoidal emfs and (Ls= Ld≈ Lq), becomes low (0.6) due to the inher-
ently large synchronous inductance Ls in p.u. A typical such configuration (DC-stator-
excited, AC SRM), stemming directly from SRM (Figure 14.3) has been introduced
recently as a constant DC output voltage autonomous generator with diode rectifier by
using DC excitation current-only control [8,9]. 3.2 kW, 62 Vdc, at 3600 rpm, for 11.2
kg total weight (shaft and frame included), however at 79% efficiency (0.21 kW diode
rectifier loss included), was reported in full-scale experiments [9].

• Despite these demerits, the machine simplicity and ruggedness appeal for quite a few
applications from low-speed high-torque ones to moderate speed (even up to 6–10
krpm in HEV or EVs). Balancing the lower ownership costs of the electric machine
with larger kVA inverter costs is key in a design suitable to a certain application, often
with notable CPSR.

In this case, however, the phases carry bipolar currents. However, the output emf voltages are far
from sinusoids unless geometry changes are made. So, its usage as a motor or AC output autonomous
generator is still in question.

Note: The literature uses different names for all these “DC + AC stator doubly salient machines,”
each with some justification. The name adopted here is deemed to expose the principle and topology
quickly and differentiate from “brushless doubly fed reluctance machines” that have DC + AC dis-
tributed windings in the stator but only one (rotor) saliency (Chapter 8). The treatment of these “flux-
switching,” “flux reversal,” “variable-flux” doubly salient, or “fluxmodulation”magnetless machines
in a dedicated chapter is justified here by the need to go into detail (usually where the devil is) and
expose their full capabilities. This rugged (brushless) PM-less breed of electric machinery for variable
speed drives in motoring and/or generating seems to hold real industrial potential, at least for niche
applications [9].
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In what follows, we will treat the following issues in some detail:

• Two-slot-span coil stator DC + AC winding doubly salient machines.
• One tooth-wound stator DC + AC winding doubly salient machines (with single and dual

stator).
• The DC + AC winding SRM with bipolar AC currents. The main common ground of all

electric machines treated here is the use of sinusoidal current control (FOC) by off-the-shelf
PWM inverters.

14.2 TWO-SLOT-SPAN COIL STATOR DIRECT CURRENT þ ALTERNATING
CURRENT WINDING DOUBLY SALIENT MACHINES

Two-slot-span stator coils, DC and AC, may be used also in FS-PMSMs with hybrid excitation and
thus are considered here first (Figure 14.2b). Although there are many stator and rotor slot (pole) com-
binations Ns and Nr, only those that correspond to the condition:

Nr = Ns/2+ j; j = 1, 2 (14.2)

are investigated here, with j the number of layers in the AC coil winding. The case of 24 stator slots
(12 slots for the DC coils and 12 for the AC coils) and Nr= 10 rotor poles, j= 2 is considered here
in detail.

A thorough characterization of such a DC+AC double salient machine (DC+ACDSM) requires
the investigation of:

• A simplified analytical theory to produce a start-up machine geometry
• DC coil field distribution and their flux and emf in the AC coil waveforms for different

values of DC current (magnetic saturation has to be allowed for)
• AC coil field distribution, flux waveforms in the coils (phases), and inductances—self and

mutual—versus rotor position (magnetic saturation has to be considered)
• Torque waveform for given DC and AC coil mmfs (pure iq control)
• Core loss under no load and under load in the stator and rotor at various torques and speeds
• Normal force on the stator rim distribution

The above targets could be met with enough precision (considering the correct airgap permeance
variation and magnetic saturation) only by 2(3)D-FEM using the frozen permeability method when
calculating DC-produced emfs in the AC coils with stator currents in place (under load). As known,
such a method is still computation time intensive. Analytical field methods such as polar coordinates
with Fourier harmonic solutions of scalar magnetic potential with airgap permeance function for infi-
nite core permeability have been recently derived:

• With semicircular flux lines in the slots for DC field distribution
• With scalar magnetic potential Fourier series solution [10] for the stator (and then rotor) slot-

ting regions for the AC coil (armature) field distribution [11]

Despite their neglect of magnetic saturation, the analytical methods in [10,11] pertinently describe
the phenomena, at least at small enough currents (loads), to serve in pre-optimal design. In optimal
design codes, either nonlinear MEC or 2(3)FEM machine modeling should be performed anyway.

14.2.1 NO-LOAD DIRECT CURRENT FIELD DISTRIBUTION

Figure 14.4 illustrates the position of DC coils and their flux line direction reversal in the AC coil (of
phase A), with their almost sinusoidal flux linkage in the AC coil.
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The trapezoidal shape of DC mmf shows space harmonics Fdc(ν), but so does the airgap function
g(ν, θr) [10]:

g(v, θr) = g0 + gs(v)+ gr(v, θr) (14.3)

With quarter-circular flux lines in the stator slots, the stator contribution to airgap permeance
variation gr(ν) is:

gs(v) = πRsi ·
sin (v/2) sin βs(θs/2)− (v/2)

( )
sin (βsθs/4) cos (v/2)− (βsθs/4)

( ) ; 0 , v ≤ βsθs

0

⎧⎨
⎩ (14.4)

Using Fourier series decomposition, gs(ν) becomes: βsθs, ν, θs

gs(v) = a(I)0 +
∑1
n=1

a(I)n cos (nNsv)+ b(I)n sin (nNsv) (14.5)

Similarly, for the rotor slotting [10]:

gr(v, θr) = a(II)0 +
∑1
n=1

a(II)n cos (nNr(v− θr))+
∑1
n=1

b(II)n sin (nNr(v− θr)) (14.6)
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Finally, the DC mmf Fdc(ν, θr) becomes:

Fdc(v, θr) = kc(v, θr)+
∑1

n=1,3,5

bn sin n
Ns

4
v

( )
(14.7)

The term kc(ν, θr) accounts for the fact that some magnetic permeance Λg(ν, θr)= 1/g(ν, θr)
harmonics will have an order equal those of Fdc(γ, θr), so that an offset is introduced (based on
the condition div B = 0), [10]:

kc(v, θr) =

02π
0

Fdc(v)Λg(v, θr)

02π
0
Λg(v, θr)dv

; Λg(v, θr) = 1
g(v, θr)

(14.8)

In the above equations, ν reflects the position along the stator bore; θr—rotor to stator position,
θs—stator slot pitch, βs—stator slot opening ratio.

The no-load airgap flux density Bg0(ν, θr) is thus simply:

Bg0(v, θr) = Fdc(v, θr) · Λg(v, θ) (14.9)

To obtain the DC field current–produced flux linkage in an AC one-turn coil, φsc1, we need to sim-
ply do an integration:

φsc1 =
Dis

2
lstack

∫5θs/2
θs/2

Bg0(v, θr)dv (14.10)

For single-layer windings and:

φsc1 =
Dis

2
lstack

∫(θs/2)(5−(βs/2))

(θs/2)(1+(βs/2))

Bg0(v, θr)dv (14.11)

for dual-layer windings.
A summation of such AC coil flux linkages per each phase is then required considering their posi-

tion along the stator periphery (ν angle) for single- and multilayer multiphase AC windings [10].
Comparisons of such calculations with FEM are offered in Figure 14.5 for the phase flux linkage

and emf in a 24-slot/10-pole machine [10].
There are notable second and sixth harmonics in the emf and thus geometry optimization of slot

shaping or rotor skewing may be necessary to produce a more sinusoidal emf.
The extension of the study above in [10] for the 24/11, 24/13, 24/14 machines revealed that the

24/11, 24/13 machines exhibit uncompensated normal forces (fn = B2
g0/2μ0(in (N/m2))), which will

produce noise and vibration.
The interaction between Fdc(ν, θr) and Bg0(ν, θr) produces cogging torque Tcogg:

Tcogg = lstack

∫2π
0

∂Fdc(v, θr)
∂θr

Bg0(v, θr)dv (14.12)
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The cogging torque turns out to be smaller for the 24/11, 24/13 machines. All in all, the 24/10
machine should in general be produced, because it has no uncompensated radial forces and its lower
frequency for a given speed ( f1= Nr · n); that is, probably, lower core losses.

14.2.2 ARMATURE FIELD AND INDUCTANCES: ANALYTICAL MODELING

A similar analytical field method was developed in [11] to calculate the field distribution and self and
mutual inductances of AC phases. This time, the scalar magnetic potential equations have been solved
in polar coordinates in the airgap and stator slots, respectively, and the rotor slot zone where the
Laplace equation holds.

ΔV (I) = 0 Region 1 (airgap)

ΔV (II) = 0 Region 2 (slot area)
(14.13)
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The scalar magnetic potential, V, is considered unity on rotor bore and zero on stator edges. Also:

∂2V

∂γ2
+ 1

γ
· ∂V
∂r

+ 1
r2

· ∂
2V

∂v2
= 0; V(r, γ) = ρ(r) · θ(γ) (14.14)

Using Fourier series decomposition and solving separately for stator and rotor slotting, with:

Hv = − 1
v

∂V

∂v
; Hr = − ∂V

∂r
; r − radius (14.15)

And, by normalizing the field Hr on the rotor bore to the field Hr(Dor/2, θs/2), the equivalent
airgap magnetic permeance variation produced by the stator slotting is obtained, Λsg(ν). Similarly,
the rotor slotting contribution Λrg(ν, θr) is calculated. Finally, the total p.u. airgap permeance is:
Λg(ν, θr) is:

Λg(v, θr) = Asg(v)Λrg(v, θr)
Λsg(v)+ Arg(v, θr)

(14.16)

The AC phase mmfs are also decomposed in space harmonics. This depends heavily on the coil
connection in phases, to obtain symmetric emfs.

But, essentially [11]:

Fq(v, θr) = Fg(v)+ kc(v, θr) (14.17)

where

Kc(v, θr) =

02π
0

Fg(v) · Λg(v, θr)dv

02π
0
Λg(v, θr)dv

(14.18)

So, the armature flux density Bag(γ, θr) is:

Bagq(v, θr) = μ0Fg(v, θr) · Λg (14.19)

The flux linkages in the various coils of the same or different phases are calculated to get the self
and mutual phase inductances. Sample results on p.u. airgap permeance variation for a 24-stator slot
structureΛsg(ν) are shown in Figure 14.6 for βs= 0.2, 0.5, 0.8 (slot opening ratio) in comparison with
2D-FEM, only to show very good matching [11] for thin and wide slot openings.

The self and mutual phase inductances versus rotor position for the 24/10 machine, for single- and
double-layer 2-slot-pitch-span coils, are shown in Figure 14.7 [11].

It is evident that only for double-layer winding is the variation of self and mutual inductances with
rotor position symmetrically periodic, so that they may serve as a basis for rotor position estimation in
encoderless variable-speed drive applications. But magnetic saturation (not considered here) may
alter the situation notably.

Also, the variation of self and mutual inductance with rotor position is not large, so the machine
has small functional dq saliency (Ld/Lq≈ 1) and may switch from Ld/Lq. 1 for low flux (flux weak-
ening) operation to Ld/Lq, 1 for heavy loading.
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14.2.3 PRACTICAL DESIGN OF A 24=====10 DIRECT CURRENT þ ALTERNATING CURRENT DOUBLE

SALIENT MACHINE FOR HYBRID ELECTRIC VEHICLES

This time, a tentative geometry for given specifications was obtained by comparison with an existing
IPMSM for Lexus RX 400h (Table 14.1) and by an analytical technical theory [7].
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It should be noticed that:

• Both motors develop the same power at the same DC voltage but at different speeds (12,400
rpm for IPMSM and 20,000 rpm for the AC + DC DSM), so a higher reduction ratio
mechanical transmission is required (4/1 instead of 3.478/1).

• The torque of the DC + AC DSM is 210 Nm, while it is 333 Nm for the IPMSM.
• The two machines have the same overall active size (volume).
• The power density is the same, but the torque density is 33% less for the DC + AC DSM.

A geometrical pre-optimization study with FEM verification finally yielded a machine geometry
capable of producing the required torque and power, but for a power factor of only 0.64 (je= ja=
21 A/mm2).

The emf/phase and the full torque pulsations with pure Iq are shown in Figure 14.8 [7].
The torque and power factor dependence on the two current densities is given in Figure 14.9 [7].
The torque/speed envelope and the efficiency calculated in eight key operation points (1–8) are

shown in Figure 14.10 [7].
The efficiency is acceptable but, again, the power factor is rather low (0.64 at full torque) and thus

the converter kVA and its losses are larger. No experimental confirmation is available so far.
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The efficiency of this machine is better in the flux weakening zone (point 2) than for full flux full
torque (point 1), but also high at low torque and low speeds. This machine is thus better than the
IPMSM at low torque and high speeds. But, again, this is at 66% of torque/volume.

14.3 12=====10 DIRECT CURRENT þ ALTERNATING CURRENT DOUBLE SALIENT
MACHINE WITH TOOTH-WOUND DIRECT CURRENT AND
ALTERNATING CURRENT COILS ON STATOR

Using the 12/10 slot/pole combination has been shown to be a practical solution for high torque
tooth-wound coils PMSMs when considering energy conversion, noise, and vibration.

This is one more reason to use it for DC stator-excited DSM. It has been proposed both with a
single stator and with dual stators (Figure 14.11) [12].
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TABLE 14.1
FEFSSM Design Restrictions and Specifications for HEV Applications

Items IPMSM RX400h FEFSSM

Max. DC-bus voltage inverter (V) 650 650

Max. inverter current (Arms) Conf. 250

Max. current density in armature winding. Ja(Arms=mm2) Conf. 21

Max. current density in excitation winding. Je(A=mm2) NA 21

Stator outer diameter (mm) 264 264

Motor stack length (mm) 70 70

Shaft radius (mm) 30 30

Air gap length (mm) 0.8 0.8

Permanent magnet weight (kg) 1.1 0.0

Maximum speed (r=min) 12,400 20,000

Maximum torque (Nm) 333 .210

Reduction gear ratio 2.478 4

Max. axle torque via reduction gear (Nm) 825 .840

Max. power (kW) 123 .123

Power density (kW=kg) 3.5 .3.5

Source: E. Sulaiman, T. Kosaka, N. Matsui, Record of EPE—2011, Birmingham, U.K. [7]
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As the partitioned stator configuration (Figure 14.11b) did not, in the end, produce notably better
performance (at least in torque density [12]) and is by far more complex, we do not treat it here but
suggest that on outer rotor, inner stator, and single stator such a machine be tried, to better use the
volume closer to the shaft; also, the airgap diameter may be larger, for more torque density.

The DC plus AC stator-excited DSM ultimately acts as a nonsalient pole-synchronous motor with
stator DCmultipolar excitation and concentrated stator ACwinding. But let us show in Figure 14.12 a
precursor of it that was called a “flux-bridge” or “transfer-field” machine in 1977 [14–15].

Note: In a thorough comparative study of such DC plus AC DSMs [16], it was confirmed the
two-slot-pitch span coil DC + AC coil topology produces superior torque density, but the single
tooth-wound DC + AC coil configuration is still more manufacturable, and this is one more reason
to investigate it here.

14.3.1 12=====10 TOOTH-WOUND DIRECT CURRENT þ ALTERNATING CURRENT COILS DOUBLE

SALIENT MACHINE PRACTICAL INVESTIGATION

References 6, 12, 13, and 16 offer a plethora of studies for various combinations of stator slots/rotor
poles (12/5, 2/7, 12/8, 6/4, 6/5, 6/7, etc.) and their average torque, torque pulsations, and emfs,
with experimental results. Here, we review the 12/10 configuration in [5] as it refers to 55 kW
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peak power for 18 seconds at 2800 rpm, with continuous 30 kW from 2800 to 14,000 rpm machine,
destined to HEV traction; see Figure 14.13 [5].

After a preliminary design where DC excitation flux density in the airgap (stator teeth)—Bg0max—

is fixed around 1.4–1.5 T for a designated small airgap g0, the DC coil mmf wFiF can be computed:

(WFiF)d.c. coil ≈
Bg0max

μ0
· g0(1+ ksct) (14.20)

The coefficient ksat is an equivalent magnetic saturation factor recalculated later for peak torque
conditions. For an assigned efficiency of 92%, an electromagnetic torque Ten (for 30 kW at 2800
rpm) is:

Ten = Pen

η · 2π · nn =
30× 103

0.92 · 2π · (2800/60) = 111 Nm (14.21)

For continuous rated low-speed torque (111 Nm) a torque/volume of tVC ≈ 13 Nm/liter is
assigned and, with a core length lstack= 90 mm, the outer stator diameter Dos is calculated:

Dos =
����������������

Ten
π/4
( )

lstack · tvc

√
=

��������������������������
111

(π/4)× 0.09× 9× 103

√
= 0.348 m (14.22)

This torque density (calculated at stator core total volume) for continuous operation is not very
large, but the DC + AC copper losses need a strong cooling system and thus, as initial cost is not
large (no PMs), the design is relaxed on purpose.

As known, at no load, the AC coil turns close to the airgap experience (as in PMSMs) proximity
copper losses which, to be reduced, imply a recess (open space) toward the stator slot tap of a fewmm,
as the maximum fundamental frequency should go up to 2.3 kHz for the max. speed of 14,000 rpm.
At least 20 kHz switching frequency in the PWM inverter would be required to produce a quasi-
sinusoidal current of 2.35 kHz.

To keep the machine size reasonably small, for peak power (55 kW at 2800 rpm or 200 Nm), the
saturation level is high (kSmax= 1, for a 1-mm airgap), and thus (from Equation 14.20):

(WFiF)d.c. coil peak ≈
1.5

1.256× 10−6 × 1.0× 10−3(1+ 1) = 2388.5
Aturns
d.c. coil

( )
(14.23)

With iFpeak= 20 A, there will be 119 turns/DC coil.
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FIGURE 14.13 12/10 tooth-wound DC + AC coils DSM for 55 kW peak at 2800 rpm. (After T. Raminosoa
et al., IEEE Trans., vol. IA–52, no. 3, 2016, pp. 2129–2137. [5])
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The iFpeak= 20 A was chosen based on the available DC voltage that supplies the DC–DC con-
verter that controls the field current, with about 2.5 kW allocated for peak-torque DC copper losses.

The Bg0= 1.5 T does not correspond to very high saturation on no load, but the armature reaction
field contributes heavily to it for peak torque:with armature airgapflux densityBag= 0.7×Bg0= 1.0 T,

the peak tooth flux density would be large: Bteeth peak ≈
�����������
B2
g0 + B2

ag

√
=

�������������
1.52 + 1.02
√

= 1.8 T. Also,

we have to consider the fact that the fundamental frequency will be large, even with 0.2-mm-thick
laminations. Already, f1= 466 Hz at 2800 rpm and thus core losses have to be limited.

It has to be noted that the DC coil flux in the AC coils—both with same single tooth span—is
homopolar and thus varies frommaximum to minimum, which leads to a no-load fundamental airgap
flux density (Bg01) AC of:

Bg01
( )

a.c.≈
Bg0

2 1+ kfringe
( ) ; (14.24)

With kfringe= 0.75, (Bg01)a.c.= 1.5/(2 · (1+ 0.75))= 0.652 T
This explains the not-so-large torque/volume; not to mention the very large radial forces (referred

to as the maximum airgap flux density value).
A tentative peak AC coil mmf valueWacIacmay now be calculated (neglecting the small reluctance

torque contribution):

(Tek)peak ≈
3
2

(2/π)Bg01 · τslot · kW1 · lstack
( )

4(Wa.c.Ia.c.) · Nr (14.25)

With Nr—rotor poles, kW1—fundamental (for Nr= 10 pole pairs) winding factor of a two-layer
AC winding with three phases in 12 slots:

205 = 3
2
· 2
π
· 0.652 · 0.0622× 0.933× 0.09× 4× 10× (Wa.c.Ia.c.) (14.26)

With

τslot = πDis

Ns
= πDos

Ns
· koi = π · 0.348× 0.684

12
= 0.0622 m (14.27)

koi= 0.684 is the adopted split stator diameter ratio. The 62.2-mm stator slot pitch allows for enough
room for the stator slot, with a balanced ratio of stator tooth/slot pitch of 0.466 (14◦/30◦ stator pole
ratio).

Finally, from Equation 14.26, the peak value of AC coil mmf (Wa.c.Ia.c.) for the peak torque Tek=
205 Nm is:

Wa.c.Ia.c. = 1575.2 Aturns/peak value

With this very preliminary data on machine design, a thorough 2(3)D-FEM inquiry is to be per-
formed to mitigate quite a few compromises, such as high average torque and small torque ripple by
optimizing the rotor pole ratio. The results in Figure 14.14 [5]—for a machine similar to the one dis-
cussed above—are self explanatory in this respect: the best compromise between average and ripple
torque is obtained with 14◦ stator pole and 11.5◦ rotor pole spans.

The 205 Nm peak torque with small torque ripple is confirmed by 3D-FEM, where a small id
(for positive reluctance torque, corresponding to tan7.6◦ = Id/Iq) was adopted (Figure 14.15) [5].
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Finally, by using 2D-FEM, the machine was fully characterized by adding info to the circuit model
to calculate, for continuous operation, the torque-speed envelope, the voltage (phase, RMS), phase
current (RMS), power, and efficiency (Figure 14.16a and b [5]).
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The results in Figure 14.16 warrant remarks such as:

• A notable reserve in voltage for continuous operation torque is allowed for, to provide
enough (full) voltage for peak torque at base speed (2800 rpm).

• The DC field current decreases mildly from 2800 to 14,000 rpm, while the AC current
decreases notably with speed.

• The only 89% efficiency at 2800 rpm and 30 kW (111 Nm) is mainly due to the large copper
loss in the 12 DC coils.

• Though a stator water jacket is provided to cool the stator, the DC coils (placed closer to
stator yoke) are better cooled than the AC coils.

• The 83–89% efficiency in the high speed (frequency)—flux weakening—is not enough
to compete with the IPMSM for traction, though even the latter is a bit worse than the
copper cage IM in the flux weakening zone. The two-slot-pitch DC + AC coil DSM
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(in section 14.2), in calculations, has shown better results, but experiments are needed to
prove its claimed superiority.

• All in all, it seems that still further strong improvements are necessary to make the tooth-
wound DC + AC DSM fully competitive at 50–60 Nm/liter, 60 kW, efficiency above
94% at 3000 rpm, with IPMSM. But, still, we have to consider the reduced initial costs
due to the elimination of PMs. Perhaps adopting the partitioned stator to house the DC coils
in the inner stator will be a way to reduce the DC losses and thus, by adding more copper,
increase efficiency across the board. An outer-rotor single-inner-stator configuration may
also provide more torque/volume at good efficiency.

14.4 THE DIRECT CURRENT þ ALTERNATING CURRENT STATOR SWITCHED
RELUCTANCE MACHINE

The DC + AC stator SRM (Figure 14.3) proposed recently for a DC output voltage generator, with
DC field control and a diode rectifier [9], has produced interesting results, though the large synchro-
nous inductance inflicts high voltage regulation to be compensated by the field current increasing with
load. Also, the machine, by adequate design, may be used as a low-speed high-torque motor or gen-
erator, but perhaps in a transverse flux configuration, to reduce DC and AC copper weight and losses
when sinusoidal current field-oriented control may be applied for an off-the-shelf PWM inverter
drive. Both opportunities above will be presented here in some detail.

14.4.1 DIRECT CURRENT OUTPUT GENERATOR

A three-phase 12/8 SRMwith four DC coils and 12 AC coils (Figure 14.17) may be a simple solution
to DC output autonomous generators, operating at constant (or slightly variable) speed (stator
PM-assisted SRMs/Gs have also been proposed, but have not reached industrialization yet).

Four ormore phases are also feasible, but then the fundamental frequency for givenmachine volume
and output power should be larger and so will be the core losses. The machine inductance now varies
with rotor position and thus a reluctance torque component is present. The emfs are not sinusoidal;
thus, finally, the currents contain even harmonics as well as AC phase voltages (Figure 14.17) [9].

The performance illustrated in Figure 14.18 shows that the machine voltage regulation is large, and
constant DC voltage at 3600 rpm and 3 kW can be maintained only around 60 V, at an efficiency of
79% (diode rectifier and DC copper losses included).

With design refinements to make the currents and voltages symmetric and torque pulsation reduc-
tion, mitigating for an optimum airgap, this simple and rugged generator may become practical for
autonomous applications. Auxiliary generators on the ground—such as small wind generators with
battery DC-backed output—or on board vehicles may benefit this technology soon.

14.4.2 TRANSVERSE-FLUX DIRECT CURRENT þ ALTERNATING CURRENT SWITCHED RELUCTANCE

MOTOR=====GENERATOR

As the DC copper losses seem to be the main problem in DC + AC DSMs (section 14.3.1), the use
of transverse flux topologies might help in reducing them drastically to allow, eventually, a larger
airgap and thus a lower machine inductance (better power factor and lower voltage regulation)
(Figure 14.19). It retains the homopolar character of DC (no load) flux linkage in the AC coils.

The DC field coils do not interact notably with the AC coils in the regular configuration
(Figure 14.18a), but they do interact 100% in the transverse flux topology. In a multiphase modular,
transverse-flux topology (Figure 14.18b), if all DC coils are connected in series, the voltage induced
by the AC coils in the DC circuit is ideally zero. Thus a drastic reduction of kVA requirements of the
DC circuit—to the losses level in the DC coils—is obtained.
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Still, each DC coil will experience induced voltage, and it may be used to estimate rotor position in
an encoderless PWM inverter drive.

The investigation of the two configurations in Figure 14.19 for a 6-MW 12-rpm direct-drive wind
generator, first analytically, then by FEM, have eliminated the regular configuration (Figure 14.19a),
as the total generator losses ended up at 1500 kW. For the DC + AC TF-SRM, an equivalent linear
sector was investigated by 2D-FEM with results in airgap flux distribution as in Figure 14.20 [17].
An airgap of 4 mm was allowed for a stator bore diameter Dis= 9 m.

The large airgap and rather large number (Ns= Nr= 375) of poles (same in the stator and rotor)
yield a fundamental frequency of 75 Hz at 12 rpm, which leads to a not-so-large variation of AC coil
flux with position (Figure 14.20c). Still, the machine is proved capable in a six-phase configuration at
Dis= 9 m, 89 tons, of producing more than the required 6.4-MNm average torque, with perhaps
acceptable torque ripple (Figure 14.21) for 428 kW total generator losses (efficiency 0.93).

This super-high-torque example should be indicative of the strong potential of DC + AC TF-
SRMs, mainly based on the “blessing of circular coils” and torque magnification in TF machines
(Chapter 12), in addition to lower DC and AC copper losses per Nm for given machine volume.

The sinusoidal current control (FOC) in six phases here could be approached by two off-the-shelf
50% rating PWM inverters, while the AC voltage induced in any of the DC coils (in series) can serve
as a basis for encoderless FOC. Finally, due to the homopolar DC current flux in the AC coils and
small airgap, the power factor should not be expected to be above 0.7–0.75 for high torque densities.

14.5 SUMMARY

• DC+ AC doubly salient machines may be considered DC+ AC stator coil flux-switching,
flux reversal, flux modulation, or synchronous PM-less electric machines: the acronym here
aims to expose the principle and topology in the fewest words.
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FIGURE 14.17 Three phase DC + AC SRM (G) with DC field distribution with maximum flux in phase B
(in the middle), (a); and electric scheme, (b). (After L. Yu, Z. Chen, Y. Yan, IEEE Trans., vol. IE–61, no. 12,
2014, pp. 6655–6663. [9])
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• Also, DC+ACDSMsmay be considered to stem from SRMs by adding stator DC coils and
running them with AC sinusoidal currents to make use of off-the-shelf PWM inverters for
variable speed drives.

• Equal—one stator slot pitch or two stator slot pitch—DC and AC coils may be used, and
they will be treated in detail with the aim to increase torque density for moderate efficiency.

• Different stator slot pitch span DC coils + tooth-wound AC coils in the stator on regular
SRMs may also be used for scope and are treated in some detail in this chapter.

• Transverse-flux DC + AC doubly salient multiphase modular topologies have been proven
by an extreme torque (6.4-MNm) 12-rpm example to drastically reduce copper losses with
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respect to the regular SRM topology. This configuration may also be associated with trans-
verse-flux (circular coil) SRMs.

• Though the DC stator excitation helps in torque production, it is limited by the fact that, basi-
cally, only half of the DC flux that the machine is capable of is used in producing emf (tor-
que) by the AC coils.

• But the rugged, simple, less-costly magnetless machine with passive (salient) rotor is very
tempting in cost-sensitive variable speed drives.

• A particularly suitable application is represented by autonomous DC-controlled output, a
generator with diode power rectifier and only DC excitation (low power) PWM DC–DC
converter voltage control.

• Still, the large inductance of the machine in p.u. leads to inevitably lower than desired power
factor in motoring and, respectively, large voltage regulation in generating.

• Aggressive future R&D is still needed to make this electric machine breed available in high
performance, cost competitive, variable-speed drives, especially atmoderate and low speeds.
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