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If you are not part of the solution, you are the part of the problem.

— Eldridge Cleaver





A B S T R A C T

This dissertation includes many research activities in the field of anal-

ysis, design and control of Electrically Excited Synchronous Motors

(EESM) and Hybrid Excited Permanent Magnet Motors (HEPM) drives.

EESM and HEPM motors are promising machine configurations for

variable speed applications thanks to their high torque and power

density, high capabilities in a wide speed range and low amount of

permanent magnets. Different architectures of these motors are anal-

ysed and different tests under various operating conditions are car-

ried out and described in the thesis. Structural and thermal limits are

also taken into account.

In Part I, some basic background theory of electrical machines is

reported, focusing on EESM and HEPM motors. Their general archi-

tectures is examined, including series and parallel configurations. The

performance under no-load and load conditions are analyzed and dif-

ferent comparative studies between PMs motors, EESM and HEPM

motors with the same size are presented. Finally, structural and ther-

mal issues affecting rotor winding machines are discussed.

Part II moves the focus on theoretical and effective design. Ana-

lytical techniques are used to calculate the machine parameters, for

given requirements of maximum torque at low speed and flux weak-

ening operating speed range. EESM and HEPM motors are detailed

designed and optimised to achieve the required performance. A novel

fluid rotor geometry and the combination of excitation windings and

permanent magnets are explained. This part concludes in illustrating

the procedure to select an optimum motor geometry, followed by the

prototype construction and the description of a series of experimental

tests.

Finally, Part III examines the , the innovative electrical control strate-

gies employed for HEPM motors, covering control techniques such

as maximum torque per Amps control, sensorless control and flux

weakening operation control. It also considers an extension of implicit

Model Predictive Control to include voltage and current constraints.

This dissertation reports analytical, finite element and experimen-

tal validation, providing valuable insights into the design and control

of EESM and HEPM motors, highlighting their advantages and dis-

advantages.
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S O M M A R I O

Questa tesi comprende numerose attività di ricerca nel campo dell’analisi,

della progettazione e del controllo di motori sincroni ad eccitazione

rotorica Electrically Excited Synchronous Motor (EESM) e di motori

a magneti permanenti ad eccitazione ibrida Hybrid Excited Perma-

nent Magnet (HEPM). I motori EESM e HEPM sono effettivamente

una configurazione di motore promettente per applicazioni elettriche,

infatti esse hanno un’elevata densità di coppia e di potenza, ottime

prestazioni ad alta velocità e richiedono una bassa quantità di mag-

neti permanenti (PM). Per questi motori vengono presentate diverse

architetture e test in diverse condizioni, tenendo conto delle limi-

tazioni strutturali e termiche.

Nella Parte I, vengono riportate alcune nozioni teoriche di base

sulle macchine elettriche, in particolare sui motori EESM e HEPM.

Questa sezione esamina le loro architetture generali, le configurazioni

in serie e in parallelo. Vengono poi analizzate le prestazioni a vuoto e

a carico e viene presentato uno studio comparativo tra motori EESM

e HEPM di dimensioni identiche. Infine, vengono discussi i problemi

strutturali e termici che interessano le macchine a rotore avvolto.

La Parte II sposta l’attenzione sulla progettazione teorica ed effet-

tiva. Vengono utilizzate tecniche analitiche per calcolare i parametri

della macchina, tenendo conto delle regioni di funzionamento in cui

opera. Ed esempio la zona della coppia massima per ampere (MTPA)

e dell’indebolimento del flusso (FW). Partendo da questo, i motori

EESM e HEPM vengono quindi progettati nel dettaglio e ottimizzati

per ottenere le prestazioni richieste. Viene spiegata una nuova geome-

tria del rotore fluido e la combinazione di avvolgimenti di eccitazione

e magneti permanenti. Questa parte culmina nella selezione della ge-

ometria ottimale del motore, accompagnata dalla costruzione di un

prototipo e da test sperimentali su banco.

Infine, la Parte III esamina le innovative strategie di controllo imp-

iegate per i motori HEPM, utilizzando tecniche di controllo come il

controllo MTPA, il controllo senza sensori e il controllo FW ad alta

velocità. E’ stato inoltre studiata un’estensione del controllo predit-

tivo implicito del modello (MPC) che includa i vincoli di tensione e

corrente.

Dunque, questa tesi riporta la validazione analitica, agli elementi

finiti (FE) e sperimentale, fornendo preziose indicazioni sulla metodolo-

gia di progettazione e sul controllo dei motori EESM e HEPM, eviden-

ziandone vantaggi e svantaggi.
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1
I N T R O D U C T I O N

The industry is undergoing a significant transformation with the rise

of electric device and the need for highly efficient and powerful elec-

tric motor technologies. The focus of this work is on meeting the high

torque and power requirements of EVs across a wide speed range,

while also addressing the challenges associated with motor design,

optimization, and control.

Induction motors (IMs), showed in Fig. 1.1, have been widely uti-

lized in the last few decades due to their ease manufacturing and

straightforward control. Some companies, as evidenced by research

conducted by Audi [3] and showed in Fig. 1.2, continue to employ

these motors while enhancing their performance in the EVs industry.

However, the primary trend has been led by synchronous machines

(SyMs), which are gaining increasing popularity due to their numer-

ous advantages. These advantages include exceptional efficiency across

a broad operational spectrum, a high power factor, sustained torque

up to the base speed, impressive torque density, rapid response dy-

namics and simple control algorithms. Electric motor technology is

populated by several configurations [90].

The most used electric SyMs are supplied on the rotor with perma-

nent magnet (PM). SyMs have replaced the induction motors, firstly

due to their higher efficiency and the advent of power electronics.

Moreover, up to now, SyMs have fulfill the market due to their high

torque density, easily manufactured and control.

Main SyPM configurations are: surface permanent magnet (SPM) [86]

and interior permanent magnet (IPM). Both rotor configurations are

shown in Fig. 1.3a and Fig. 1.3b.

As illustrated in Fig. 1.3a, the SPM geometry exhibits the PM, showed

in green, glued on the rotor surface and directly faced on the stator.

Fig. 1.3b reported the IPM motor geometry. Here PMs, are buried in-

Figure 1.1: Induction Motor sketch configuration.

1
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Figure 1.2: Induction Motor developed by Audi [3].

(a) SPM configuration. (b) IPM configuration.

Figure 1.3: SPM and IPM configuration.

side the rotor. The PMs used are composed by rare earth materials

like Neodimium or Samarium-Cobalt.

However, in applications with lower to moderate power require-

ments, the use of rare-earth materials can be cost-prohibitive. In such

cases synchronous reluctance (SyRel) motors are preferable.

SyRel motors do not required rare earth PMs, as shown in Fig. 1.4a,

but they use the rotor barrier to delivering torque.

(a) SyRel configuration. (b) PMaRel configuration.

Figure 1.4: SyRel and PMaRel configuration.

Sometimes, the torque produced is not enough for the application.

For this reason the rotor can be assisted by some ferrite PMs, as

shown in Fig. 1.4b. The SyRel are called Permanent Magnet assisted
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Reluctance (PMaRel) motor, where the main flux is due to the rotor

barrier contribution than the PMs.

In high power applications, as power plant generator, other possi-

ble solutions are suitable also without PMs.

Electrically excited synchronous motor (EESM) is used for in these

cases. Up to now, it has been used in the high power electricity gen-

erations but in the last years EESM has been applied to automotive

industry by Renalut Zoe and ZF[83, 110]. ZF EESM rotor is showed

in Fig. 1.5.

Figure 1.5: EESM developed by ZF [110].

Mainly two EESMs rotor topology can be arranged: the cylindrical

and salient pole [82]. Fig. 1.6a and Figs. 1.6b show the cylindrical and

salient pole rotor geometries corresponding. Both rotor are supplied

by a direct current in the rotor winding represented in orange. The

main difference between the two configuration is that the cylindrical

has a isotropic rotor while the salient pole has a pole that exit by rotor.

EESMs are without PM, and like SyREL and PMaRel motor, has lower

torque density compared to IPM motors.

(a) Cylindrical EESM con-

figuration.

(b) Salient Pole EESM con-

figuration.

Figure 1.6: Cylindrical and Salient Pole EESM configurations.

To fill this gap, an interesting compromise is represented by hy-

brid excited permanent magnet (HEPM) motors, which combine the

benefit of EESM and PM motors. [8, 61]. HEPM motor are starting

to be used in high torque high speed applications. One example is

developed by MAHLE as shown in Fig. 1.7.
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Figure 1.7: HEPM Synchronous Motor configuration developed by MAHLE
[61].

Figure 1.8: HEPM Synchronous Motor sketch configuration.

That is why hereafter the focus will move on HEPM motor [30]

and EESM [84]. In HEPM machine, rotor is modified so that not only

PMs are buried in the rotor structure, but also an excitation winding

is adopted to regulate the rotor flux, as shown in Fig. 1.8. In the

resulting structure, the rotor contains both PMs and Rotor Excitation

Coils, so that it is referred to as a synchronous HEPM machine. The

aim of this rotor arrangement is to get the possibility to change the

rotor flux during the operation of the motor, so as to achieve a wider

speed range.

Different rotor geometries will be investigated to get a proper uti-

lization of the inverter power ratings without increasing the motor

size.

The HEPM machine combines the advantages of PM machines and

wound field machines. In the IPM motor, the PMs produce the total

rotor flux, but this flux is constant. In the wound field motor, the flux

can be varied but an excitation current is always required. The HEPM

motor allows the rotor flux to be reduced or increased by means of a

minimum excitation current, which depends on the requirements of

the application.

The modulation of the rotor flux, according to the operating speed,

yields an increase of the motor performance.

In particular:

• the torque increases during the flux-weakening operations,

• the power increases accordingly,
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• the motor efficiency remains high for a wider speed range.

(a) Series HEPM sketch (b) Parallel HEPM sketch

Figure 1.9: Series and Parallel HEPM motor configurations.

To highlight the benefit of the HEPM machine, some comparisons

will be reported in the next Chapters .

Series and parallel architecture of HEPM motors, reported in Fig. 1.9,

are investigated, designed and compared to IPM motor with the same

size. In series configurations, the flux produced by the excitation coils

flow through the PMs, while in parallel configurations the flux pro-

duced by PMs and by excitation coils has different paths [7, 8].

Others HEPM motors deal with innovative motors like a synchronous

motor used for Biaxial Excitation Generator for Auto-mobiles (BEGA)

[21, 26], demonstrating that BEGA has a very large constant power

speed range.

Also Wang [100] studied that hybrid configuration, focusing mainly

on flux switching motor [25]. Finally, HEPM motor configurations are

compared to conventional IPM motors in terms of torque and speed

capabilities [30, 36].

Moreover, the fundamental equations applied for HEPM motor will

be described and the analysis of the steady-state operation of the IPM

and HEPM motors exceeding base speed will be readily carried out

using the circle diagram theory [69]. It consists in reporting in the

(id, iq) plane the constant current, voltage and torque loci, to point

Figure 1.10: BEGA rotor geometry [21].
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out the operation limits and to individuate the most suitable current

vector control.

The model is sufficiently accurate for a prediction of the motor per-

formance in different working conditions and suitable for the motor

design. The motor performances obtained analytically can be com-

pared with those of a Finite Element (FE) model. The results are gen-

erally in satisfactory agreement with the whole operating speed range

[73].

So far, the synchronous motor model theoretical study with suit-

able control schemes has been provided. Furthermore, the EESM and

HEPM motor variants exhibit interesting and comparable performance

to IPM motor. Moving forward, the discussion will focus on them, ex-

tending the mathematical model and adopting a precise procedure

design and control methodology to HEPM motor and EESM.
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1.1 outline of the thesis

Hereinafter the dissertation structure is briefly presented.

part i presents the background knowledge on electrical machines

and the EESM and HEPM motor analysis:

• Chapter 2 presents an overview of the three-phase a synchronous

permanent magnet motor, focusing on the EESM and HEPM

motor general architectures and operating points.

• Chapter 3 analyses different preliminary HEPM motors config-

urations under no-load condition. This involves a systematic

comparison of different series and parallel configurations. Each

solution exhibits some advantages and drawbacks of each ar-

rangement.

• Chapter 4 analyses HEPM motors configurations under load

performance considering MTPA and FW regions.

• Chapter 5 reports a comparison between the EESM and HEPM

motors, both sharing identical dimensions.

• Chapter 6 discusses the structural and thermal limits that af-

fected the rotor winding machines.

part ii resumes the contributions in the area of HEPM and EESM

design followed by test bench validation, highlighting the potential

and drawbacks of these motors. It is structured in four main Chap-

ters:

• Chapters 7 presents some relevant contributions on analytical

design technique. The design is obtained considering MTPA

and FW operating region requirements and yields the machines

parameter that the motor has to have.

• Chapter 8 focuses on the EESM motor effective design and anal-

ysis, considering the relationship between pole configurations.

• Chapter 9 focuses on the HEPM motor effective design consid-

ering the relationship adding of the PM on the rotor pole.

• Chapter 10 investigates the most promising configuration with

a selection of an optimal geometry. A prototype building and

methodical experimental testing are carried out.

part iii reports Hybrid Excited Permanent Magnet motors elec-

tric control testing on the prototype. The part is divided in five main

Chapters:

• Chapters 11 reports the PM control strategies used in literature.
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• Chapter 12 discuss the HEPM motor model considering the non-

linearity that affected the machine.

• Chapter 13 describes low speed technique as: MTPA technique

and sensorless control.

• Chapter 14 presents high speed algorithm during FW region.

• Chapter 15 reports the discussion of an extension of the implicit

MPC current control, considering the voltage and currents con-

straints.

At the end, Chapter 16 deal with the conclusion.



Part I

E L E C T R I C A L LY E X C I T E D A N D H Y B R I D
E X C I T E D P E R M A N E N T M A G N E T:

B A C K G R O U N D K N O W L E D G E A N D A N A LY S I S

This part begins with an overview of three-phase asyn-

chronous permanent magnet motors, discussing the gen-

eral architectures and operating points of EESM and HEPM

motors. Subsequently, it delves into the analysis of vari-

ous preliminary HEPM motor configurations under both

no-load and load conditions, including comparisons be-

tween series and parallel configurations. Additionally, it

presents a comparative analysis between IPM and HEPM

motor and EESM and HEPM motors sharing identical di-

mensions. Lastly, structural and thermal limitations affect-

ing rotor winding machines are reported.





2
P E R M A N E N T M A G N E T S Y N C H R O N O U S M O T O R S :

G E N E R A L I T I E S A N D O P E R AT I N G P O I N T S

This Chapter aims to introduce the Permanent Magnet Synchronous

Motor technology, which is a valid alternative to the IM for electric

drive, for their easy control, construction and high efficiency. A PM

motor is a type of electric motor that use permanent magnet on the

rotor. Different rotor topology can be obtained but in general they can

be divided in four main categories:

1. SPM motor

2. IPM motor

3. EESM motor

4. HEPM motor.

The first three PM motor are established technology. While, the HEPM

motor, is a new technology, that will be analyzed in details.

2.1 spm and ipm motor

A schematic representation of the structure of three-phase a synchronous

PM motor, two-poles configuration, is shown in Fig. 2.1. The elec-

tromechanical conversion follows the principle of operation of the

electrodynamic systems which is based on the interaction between

stator conductors and magnetic fields created by other conductors or

permanent magnets. The stator winding is three-phase type.

Figure 2.1: Three-phase synchronous permanent magnet motor structure.
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The voltage equation, in abc reference system :






va(t) = Rsia(t) +
dλa(t)

dt

vb(t) = Rsib(t) +
dλb(t)

dt

vc(t) = Rsic(t) +
dλc(t)

dt

(2.1)

Where ia, ib, ic are the phase current, λa, λb, λc are the flux linkage

with abc phases and Rs is the stator phase resistance.

Assuming no iron saturation, the flux linkage with the phases abc

can be divided in:





λa(t) = λa,PM(t) + λa,i(t)

λb(t) = λb,PM(t) + λb,i(t)

λc(t) = λc,PM(t) + λc,i(t)

(2.2)

where λa,b,c,PM are PM flux linkage and λa,b,c,i are the stator current

flux linkage with stator phases respectively.

To simplify the model, the standard d-q synchronous reference sys-

tem is adopted [59]. This reference system rotates synchronously with

the rotor and has the direct axis fixed to the main rotor flux compo-

nent and the quadrature axis components at 90 electrical degrees. In

SyPM motors, the main component is given by the PM flux. To adopt

this reference, it is necessary to know the initial electrical position ϑe
m

and to measure the position by means of some sensors by estimation

observers. In these hypotheses, it is possible to write the d-q voltage

equations as:






vd = Rsid +
dλd

dt
−ωe

mλq

vq = Rsiq +
dλq

dt
+ωe

mλd

(2.3)

where for SPM and IPM the d-q flux linkage λq, λq are developed as:






λd = ΛPM + Ldid

λq = Lqiq

(2.4)

Symbols id, iq represent the direct and quadrature stator current, ΛPM

is the PM flux linkage with stator and Ld,Lq are the direct and quadra-

ture inductances.

The main difference between SPM and IPM motor is the position

of the PMs on the rotor, as shown in Fig. 2.2a and 2.2b. The air gap re-

luctance, is about constant for each rotor position in Fig. 2.2a. In this

case the d-axis inductance (Ld) is equal to q-axis inductance (Lq), and

therefore are equal to synchronous inductance L. While, the IPM mo-

tor architecture, has a variable air gap reluctance, and it is possible to
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distinguish the inductance Ld and Lq. Usually, the q-axis inductance

is higher to d-axis inductance (Lq > Ld).

d

q

N
S

N S

(a) SPM

d

q

N
S

N
S

(b) IPM

Figure 2.2: SPM and IPM motors

Applying the energy balance to (2.3) can be easily computed (2.5)

and then it is possible to obtain the torque equation.

3

2
(vdid + vqiq)dt

︸ ︷︷ ︸
Instantaneous energy (d W)

=
3

2
Rs

(
i2d + i2q

)
dt

︸ ︷︷ ︸
Joule Losses energy(dWj)

+
3

2

(
id
dλd

dt
+ iq

dλq

dt

)
dt

︸ ︷︷ ︸
Magnetic stored energy (dWmag)

+
3

2
ωe

m(λdiq + λqid)dt
︸ ︷︷ ︸

Electromechanical energy (dWem)

(2.5)

The first terms represents the instantaneous energy absorbed by the

motor. The second term is linked to the losses energy (for Joule ef-

fects). The third term is the power absorbed, positive or negative, en-

gaged in producing the variations of the magnetic energy connected

with the field magnetic produced by phase currents. Consequently,

the last term represents the electromechanical energy or the electrical

energy that is converted into mechanical energy.

The torque can be computed equalizing the electromechanical en-

ergy dWem = Tωmdt that yields:

T =
3

2
ωe

m(λdiq + λqid). (2.6)

Substituting, (2.4), the IPM motor torque can be computed as:

T =
3

2
pΛPMiq +

3

2
p(Lq − Ld)idiq. (2.7)

The SPM motor architecture presents Ld = Lq = L, and therefore the

torque expression:

T =
3

2
pΛPMiq. (2.8)
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2.2 eesm motor

The EESM architecture follows the same laws but with the main differ-

ence that this geometry avoids PMs and adds a rotor coil. This wind-

ing permits to adjust the rotor flux according to the control strategy.

The excitation winding changes the air gap flux density produced by

the rotor also according to the rotor current.

A sketch of EESM motor is reported in Fig. 2.3.

d

q
S

N

S

N

S

N

Figure 2.3: Basic architecture of EESM motor

The stator voltage equations are equal to SPM and IPM motors (2.3)

with the adding of the rotor equation:

ve = Reiq +
dλe,rot

dt
(2.9)

where λe,rot = Le
die
dt

+
3

2
Me

did
dt

, Le is the rotor leakage inductance and

Me the mutual inductance linkage with the stator winding.

The rotor flux linkage with the stator is composed just by the rotor

excitation flux λe =Meie and therefore the flux linkage equations are:






λd = λe + Ldid

λq = Lqiq

(2.10)

where λe = Meie is the rotor excitation flux contribute, that can be

positive or equal to zero. The torque equation can be computed adopt-

ing the same energy balance of (2.5) that returns:

T =
3

2
pλeiq +

3

2
p(Lq − Ld)idiq. (2.11)

2.3 hepm motor

Lastly, the HEPM motor combines a field excitation rotor winding

with PM. Unlike the IPM and SPM motor and similar to EESM, with
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HEPM motor architecture it is possible adjust partially the rotor flux

in according to the control strategy. HEPM motor geometry is re-

ported in Fig. 2.4.

Rotor 

Excitation
PMsx

xx

d

q
S

N

S

N

S

Figure 2.4: Basic architecture of HEPM motor

The voltage equations are the same of (2.3) and (2.9). In this cases,

the rotor flux is composed of two terms, PM flux and rotor excitation

flux, and therefore the flux linkage equations are:






λd = (ΛPM + λe) + Ldid

λq = Lqiq

(2.12)

Where λe it is the rotor flux, witch can be positive or negative accord-

ing to the rotor excitation current direction. The term λhe = ΛPM + λe

is the total flux linkage due to the rotor and the torque:

T =
3

2
pλheiq +

3

2
p(Lq − Ld)idiq. (2.13)

In steady-state operations, PMSMs have certain operating limits

that will be analyzed. Electrical quantities in the next section are

assumed to be constant (steady state condition) and denoted with

big symbols Vd,Vq, Id, Iq,Λd,Λq. Under these hypotheses the voltage

equation became:






Vd = RsId −ωe
mΛq

Vq = RsIq +ω
e
mΛd

(2.14)

2.4 operating limits

Electrical machines are influenced by thermal and electrical insula-

tion limits, which impose restrictions on both current and voltage.






I2N 6 I2d + I2q

V2
N 6 V2

d + V2
q

(2.15)
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where VN and IN are the rated voltage and current of the motor wind-

ing. Assuming that the resistance voltage drop Rs

√
I2d + I2q is negligi-

ble compared to the motion term ωe
m

√
(Λ2

d +Λ2
q), the voltage equa-

tion can be simplified as:





Vd = −ωe
mΛq

Vq = ωe
mΛd.

(2.16)

Then, in steady state condition, IPM synchronous motor equations

(2.16) become:





Vd = −ωe
mLqIq

Vq = ωe
m(ΛPM + LdId)

(2.17)

When the d-axis inductance is equal to q-axis inductance, Ld = Lq = L

particular case of the SPM motor, the equation is simplified as shown

below:





Vd = −ωe
mLIq

Vq = ωe
m(ΛPM + LId)

(2.18)

2.4.1 SPM motor

In Id − Iq plane, the current limit, represents a circumference. While,

substituting the equation 2.18 in 2.15 the voltage curve in Id − Iq plane

is obtained. The SPM equations current and voltage limits are:





IN > I2d + I2q
V2

N

ωe2
mL

2
>

(
ΛPM

L
+ Id

)2

+ I2q .
(2.19)

The center of the limit voltage circumference represents the short cir-

cuit current, and it is equal to Idcc = −ΛPM/L.

SPM current and voltage limits are shown in Fig. 2.5

Figure 2.5: SPM motor operating range



2.4 operating limits 17

The blue circle represents the current limit, while the green circles

represent the voltage constraints that change according to the motor

speed. The voltage limit decreases as the speed increases.

The torque curves are depicted by solid black lines, which, for SPM

motors, are straight lines that are just function of the Iq current.

2.4.2 IPM motor

Unlike the SPM motors, the d-axis inductance Ld is not equal to q-axis

inductance Lq. The current and voltage limits change into:






IN > I2d + I2q
V2

N

ωe2
mL

2
d

>

(
ΛPM

Ld
+ Id

)2

+

(
Lq

Ld
Iq

)2 (2.20)

In this case, the d-axis short circuit current, is equal to Idcc = −ΛPM/Ld

and the voltage limit curve becames an ellipse.

IPM motor architecture operating region is shown in Fig. 2.6.

Figure 2.6: IPM motor operating range

In Fig. 2.6 the blue circle represents the current limit, while the

green curves represent the voltage constraints that changes with mo-

tor speed. The voltage constraint is represented by an ellipse with

the horizontal semi-axis greater than the vertical one. This is because

inductances Lq > Ld. The torque curves are hyperbolic curves that

depend on both Id and Iq currents.

2.4.3 EESM motor

As mentioned above, rotor excitation coil adjusts the air gap flux. The

rotor current control permits to extend the operating range and im-

prove the performance of the machine in FW operation. An example

of operating range, for EESM configuration, is reported in Fig. 2.7.
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The center of the voltage limit ellipse Idcc = −Λe/Ld, in this case, is

not constant. The operating limits equations are reported:






IN > I2d + I2q
V2

N

ωe2
mL

2
d

>

(
Λe

Ld
+ Id

)2

+

(
Lq

Ld
Iq

)2

.
(2.21)

Figure 2.7: EESM operating range.

Similar to IPM motor, the blue circle represents the current limit,

while the green, orange and red circles represent the voltage con-

straints that changes according to the motor speed and the rotor exci-

tation current.

The voltage constraint is represented as an ellipse with the hori-

zontal semi-axis smaller than the vertical one. This is because Ld >

Lq.

Also here, the torque curves are hyperbolic curves that depend on

both Id and Iq currents.

2.4.4 HEPM motor

As for the EESM, HEPM motor can operate in a wide range and

improve the performance of the machine during FW operation. An

example of operating range, for HEPM motor, is reported in Fig. 2.8.

The center of the voltage limit ellipse Idcc = −Λhe/Ld is variable with

the excitation current. The operating limits equations are:






IN > I2d + I2q
V2

N

ωe2
mL

2
d

>

(
Λhe

Ld
+ Id

)2

+

(
Lq

Ld
Iq

)2 (2.22)
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Figure 2.8: HEPM motor operating range

The voltage constraint is represented as an ellipse with the horizon-

tal semi-axis higher than the vertical one. This is because Lq > Ld.

Also here, the torque curves are hyperbolic curves that depend on

both Id and Iq currents.

Moving forward, the possibility of modifying the rotor flow makes

HEPM and EESM very interesting, adding a degree of freedom in the

machine operating range. For this reason a detailed study will be car-

ried out, starting with an analysis of different types of configurations.
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H E P M M O T O R A N A LY S I S : N O L O A D

In this Chapter various HEPM configurations are compared under

no-load conditions.

Six-pole architecture has been selected for all the geometries. The ma-

chines are evaluated in terms of flux density, flux linkage, and electro-

motive force (EMF). The results are obtained through finite element

(FE) analysis.

The analyzed geometries consider both series and parallel architec-

tures. Additionally, it’s important to note that these geometries are

presented in their preliminary design state and are not optimized,

yet. The aim of this part is to establish the proof of concept for iden-

tifying the optimal configuration that can effectively achieve a higher

rotor flux increment, a more sinusoidal EMF and an improved flux

density.

3.1 hepm motor : series rotor coil

Series configuration with six Rotor Coils (SRC-6) sketch is shown in

Fig. 3.1a. This machine is the combination of a Vshape IPM motor hav-

ing the excitation current on the rotor. The reluctance of the pole Rpole

(i.e. the reluctance corresponding to NeIe generator only) is mainly

due to the reluctance of the permanent magnet RPM(i.e. RPM/2 in

Fig. 3.1b). Fig. 3.1b shows the corresponding magnetic circuit.

(a) Motor geometry (b) Magnetic circuit

Figure 3.1: SRC-6 configuration: geometry and magnetic circuit

The rotor data geometry is summarized in Tab.1.

3.1.1 Air gap flux density controlled by the rotor excitation current

The air gap flux contribution due to excitation is reduced because

of the high reluctance Rpole. When the rotor circuit is supplied, the

21
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Table 1: IPM and SRC-6 rotor geometry

PM thickness tm 6 mm

PM width hm 21 mm

Slot excitation area Sslot,exc 80 mm2

Rotor current density Jexc 15 Amm−2

average air gap flux density Bg increases or decreases according to

the rotor current direction positive or negative respectively.

It is shown in Fig. 3.2a . The red curve shows the distribution of Bg

with positive excitation current, the dark curve shows the distribution

of Bg without any excitation current, and the blue curve is obtained

with negative excitation current. The waveform of air gap flux density

remains similar to that with only the PMs that is about a trapezoidal

wave.

3.1.2 Flux linkage and electromotive force

The no-load stator flux linkage, in abc and dq reference system, pro-

duced by this air gap flux density are reported in Fig. 3.2b. Fig. 3.2c

reports the behavior of the EMF as a function of the rotor position and

the related fundamental component. Therefore, the excitation current

does not modify the harmonic content of the air gap flux density.

The electro-motive force, can be obtained as:

e = −
dλhe(t)

dt
= −ωe

m

dλhe(ϑ
e
m)

dϑe
m

(3.1)

The no-load flux linkages are not perfectly sinusoidal. They can be

expressed by means of Fourier series as:

λhe(ϑ
e
m) =

∞∑

k=1

(ak · cos(kϑe
m) + bk · sin(kϑe

m)) (3.2)

Deriving the no-load flux linkage with respect the time, the various

harmonics are multiplied by the corresponding harmonic order k.

The EMF harmonics result to be amplified with respect the flux link-

age harmonics.

Fig. 3.2d shows the difference between the actual and the funda-

mental harmonic of the EMF.
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Figure 3.2: Flux density, electro-magnetic force and linkage flux of the SRC-
6 machine

3.2 parallel rotor coil : pole addition

The Parallel configuration with six Rotor Coils (PRC-6) is shown in

Fig. 3.3a. The magnetic circuit is shown in Fig. 3.3b.

Unlike the SRC-6 machine, the PRC-6 configuration is character-

ized by a lower Rpole because there is an iron path in parallel to the

PM path. Therefore the impact of the rotor current on the flux varia-

tion is significantly higher. Also here, there is a rotor coil for each PM,

then the air gap flux density distribution is equal under each pole.

The rotor data geometry is summarized in Tab.2.

3.2.1 Air gap flux density modulated by the rotor excitation current

In the PRC-6 machine the contribution of the flux density excitation

modifies significantly the flux density distribution in the air gap. The

air gap flux density distribution, for PRC-6 configuration, is shown

in Fig. 3.4a. The red line represents the HEPM motor with a positive
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(a) PRC-6 geometry (b) Magnetic circuit

Figure 3.3: PRC-6 configuration: geometry and magnetic circuit

Table 2: PRC-6 rotor geometry

PM thickness tm 10 mm

PM width hm 22 mm

Slot excitation area Sslot,exc 138 mm2

Rotor current density Jexc 10 Amm−2

current, dark line the motor with the excitation current equal to zero,

instead the blue line the flux density at the air-gap when the flux

due to excitation current is opposite to the PM flux. Fig. 3.4a shows

a flux density waveform closer to the sine wave when the current

is positive. The contribution of the excitation flux is higher in this

configuration than in SRC-6 motor, due to the low reluctances in the

magnetic circuit.

This architecture brings a wider regulation of average air gap flux

density. In addiction, compared to SRC configuration, the magnetic

voltage drop on the PM is limited, reducing the risk of demagnetizing

the PM.

3.2.2 Flux linkage and electromotive force

Fig. 3.4b shows the no-load stator flux linkage, they are not per-

fectly sinusoidal, but compared to the SRC-6 the waves are close to

sinusoidal waves and this yields a reduction of harmonics content.

Fig. 3.4c shows the electro-magnetic force EMF behaviour versus posi-

tions. The excitation current gives close contribution in the reduction

of the harmonic content linked by the stator windings.

3.3 parallel rotor coil : pole substitution

The last geometry analyzed has been built, starting from an IPM mo-

tor geometry this PRC-2 configuration is obtained when two PMs are
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Figure 3.4: Flux density, electro magnetic force and flux linkage of PRC-6
machine.

replaced by two rotor coils, as shown in Fig. 3.5a. The magnetic cir-

cuit is shown in Fig. 3.5b and rotor data geometry is summarized in

Tab.3.

Table 3: PRC-2 rotor geometry

PM thickness tm 10 mm

PM width hm 32 mm

Slot excitation area Sslot,exc 206.5 mm2

Rotor current density Jexc 10 Amm−2

3.3.1 Air gap flux density controlled by the rotor excitation current

Fig. 3.6a shows the air-gap flux density in three conditions: red-line

refers to the excitation currents producing a flux that replaces a PM

flux, dark-line refers to the case with zero excitation currents and
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(a) Geometry (b) Magnetic circuits

Figure 3.5: PRC-2 configuration: geometry and magnetic circuit

blue-line refers to the case with negative current, that is when excita-

tion flux is opposite to the PM flux. Red-line shows that the excitation

current develops a flux with the same average value to the PMs. Blue-

line shows that the average flux is mainly negative on the rotor pole

where the coil is located. It is worth noticing that the rotor current

produce a flux density variation only in a portion of the air-gap (ac-

cording to the position of the coils), while the flux remains the same

in front of the rotor PM. However, since the stator winding is dis-

tributed, a variation of the total flux linkage is obtained.

3.3.2 Flux linkage and electromotive force

Fig. 3.6b shows the no-load stator flux linkages. They are not perfectly

sinusoidal, but similar to the SRC-6, the EMF are not a sinusoidal

waveform and there are several EMF harmonics, compared to PRC-

6 machine. Fig. 3.6c shows the electro-magnetic force behavior as a

function of the rotor position at rated speed. The excitation current

gives a high contribution substituting the PM, but there is a high

harmonic content in the EMF waveforms.

3.4 discussion

Three Hybrid Excitation PM machines are analyzed: the first one with

series configuration and two other machines with parallel configura-

tion. Advantages and drawbacks are shown for all of them.

The HEPM motor with series configuration results to be not con-

venient. It exhibits limited performance if compared to the parallel

configurations. There is a limited rotor flux variation even for a high

rotor excitation current. This is because the flux produced by the exci-

tation winding flows through the permanent magnets, which exhibit

a high magnetic reluctance.
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Figure 3.6: Flux density, electro-magnetic force and flux linkage of PRC-2
machine.

The PRC-2 HEPM motor exhibits a proper variation of the flux.

Moreover the harmonic content is limited. This issue has been verified

by a magnetic network according to the position of the excitation coils

and the rotor geometry, a low reluctance is obtained in parallel to the

PM one.

At the end, the PRC-6 HEPM motor exhibits the same advantages

of the previous PRC-2 motor, but a lower harmonic content in electro-

motive force. Moreover, distributing the excitation winding on 6 poles,

the current density to obtain the flux variation of less than PRC-2.

This study has been conducted using preliminary geometries and

has solely focused on no-load analysis.

In the upcoming Chapter, load analysis will be conducted, involv-

ing changes in pole pairs and a comparison with IPM motors suitable

for high-power, high-torque applications. The geometries will be final-

ized and optimized to enable a meaningful comparative assessment.
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This Chapter presents a load performance comparison between an

IPM motor and three different configurations of HEPM motors [6,

8, 112]. The aim is to evaluate different HEPM motor configurations.

The most promising will be selected and used as a benchmark for an

IPM motor.

The motor performance of HEPM machines can be predicted using

analytical models, which are based on mathematical equations that

describe the behavior of the motor. These models are considered to

be sufficiently accurate for a prediction of the motor performance in

different working conditions and are suitable for the motor design.

The motor performances obtained analytically can be compared with

those of a FE model, which is a numerical simulation technique that

can provide detailed information about the behavior of the motor[35].

The results of these two models are generally in satisfactory agree-

ment in the whole operating speed range.

In addition to the improved performance, HEPM machines also of-

fer other advantages. By controlling the rotor flux, these machines

allow to operate over a wide speed range. Furthermore, HEPM ma-

chines are more efficient than traditional PM machines, mainly due

to the increase of the output power. In fact, the HEPM machines ex-

hibit a high power, which remains at its maximum value during all

flux weakening operations. The main focus of this part is given to the

motor performance during FW operations, highlighting the potential

of HEPM machines to reduce the rotor flux at high speeds.

Hybrid excitation offers an additional degree of freedom with a

lower use of magnetic material. This degree of freedom is the hy-

bridization ratio κ, which is the ratio of the rotor winding excitation

flux linkage Λe to the PM flux linkage ΛPM. Their sum gives the total

rotor flux linkage Λhe = ΛPM +Λe. Finally, there is another advantage

adopting the HEPM motor. In the event of a short circuit fault, it is

possible to reduce the rotor flux linkage Λhe so as to limit the short

circuit current and the corresponding braking torque [93].

4.1 flux linkage control strategy

The load analysis of HEPM rotor configurations requires a modulat-

ing rotor flux acting on the excitation control system. This is achieved

starting from the steady state equation system as follows:

TN =
3

2
p
[
ΛheIq + Ld(1− ξ)IdIq

]
(4.1)

29
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(a) HEPM PRC-2(m) motor (b) HEPM PRC-8(⇓) motor

(c) HEPM PRC-8(m) motor (d) IPM V-shape motor

Figure 4.1: IPM and HEPM motor configurations.

V2
N = ωe2

m

[
(Λhe + LdId)

2 + (ξLdIq)
2
]

(4.2)

I2N = I2d + I2q (4.3)

The equations determine the maximum current (IN) and voltage (VN)

given the rated torque (TN) and specific machine parameters, such as

the saliency ratio ξ and d-axis inductance Ld. The hybrid flux linkage

Λhe, which is the sum of the permanent magnet (ΛPM) and excitation

(Λe) flux linkage, can be formulated to maximize torque, as explained

in [35, 56, 84]. At low speed the flux linkage is kept at its maximum

value, while at high speed (ωFW higher than rated speed) the rotor

flux linkage is regulated as described in [67], the optimal rotor flux

linkage is computed as:

Λhe =
ξ (ωFW Ld IN)

2 + V2
N

ωFW

√
(ξ ωFW Ld IN)2 + V

2
N

(4.4)

where the electrical speed is ωFW, the saliency ratio ξ, the inductance

Ld, as well as current and voltage limits IN and VN, respectively.

4.2 hepm motors : working hypotheses

Hereafter a detailed study is described comparing the performance

of three HEPM motors (Fig. 4.1a, Fig. 4.1b and Fig. 4.1c) to an IPM
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motor with V-shaped configuration (Fig. 4.1d). The rotor flux compo-

nent is shown as a dark line if this component is given by the PM

alone. If the component is given by the rotor excitation winding, it is

reported with light magenta lines.

All motors analyzed exhibit the same nominal rotor flux linkage. In

HEPM motors, the rotor flux linkage is regulated according to the de-

signed configuration. The machine performance is evaluated during

FW operations at speeds ranging from the rated speed (nN = 3000

rpm) to 5 times nN (15000 rpm) and under short-circuit conditions.

Average torque, losses, and efficiency are computed for HEPM mo-

tors and compared to the IPM motor. The primary machine data are

presented in the Tab.4.

Table 4: Characteristic shared by all machines

Rated working point operations and PM characteristics

Stator RMS current density Jlim 10 Amm−2

Maximum values of voltage

DC bus

Vdc 600 V

PM Type NdFeB - -

PM Coercivity Hc 850 kAm−1

PM Relative permeability µx = µy 1.049 -

PM Electrical conductivity σ 0,667 MSm−1

Stator winding and geometry

Slot conductors nc 8 -

Machine parallel npp 1 -

Rated current IN 49.7 A

Air gap g 0.89 mm2

Number of poles 2p 8 -

Outer diameter De 200 mm2

Inner diameter Ds 130.86 mm2

Axial length Lstk 135.4 mm

Slot opening height hso 1 mm2

Slot height hs 19.25 mm2

Slot opening width wso 1.88 mm2

Slot stator area Sslot 70 mm2

Number of slots Qs 48 -

Shaft diameter Dsh 53 mm2

The comparison aims to evaluate which configuration exhibits higher

capability in FW operations, lower losses, a lower amount of PM, cop-

per material, and better demagnetization resistance capability. Vari-
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Figure 4.2: Stator current in IPM and HEPM motors in HEPM motor with
PRC -2 configuration.

Table 5: IPM and PRC-2 rotor geometry

IPM V-shape

IPM PM thickness tm 4 mm

IPM PM width hm 16 mm

PRC-2(m)

PRC-2 PM thickness tm 4 mm

PRC-2 PM width hm 16 mm

Slot excitation area Sslot,e 174 mm2

Rotor current density Je 7.5 A/mm2

ous acronyms are used throughout the text, such as "P" (parallel con-

figuration), "RC" (Rotor Coils), m and ⇓ (double arrowhead and single

arrowhead respectively) which refers to the use of excitation coils to

increase and reduce the total rotor flux.

4.3 prc-2 hepm motor (configuration with two paral-

lel rotor coils)

The first HEPM motor is obtained from PM motor where two coils

replace two PMs and is labeled PRC-2. It is shown in Fig. 4.1a, while

the original IPM motor is shown in Fig. 4.1d. Rotor data are reported

in Tab.5. The symbol (m) indicates that the excitation current can flow

in both directions so as to increase as well as to decrease the flux in

the pole.

The winding substitution increases the apparent inductance Ld de-

creasing the saliency ratio ξ = Lq/Ld, since iron path is added to

the d-axis as shown in Tab.6. This reduction increases the stator flux

linkages developed by the excitation rotor currents but decreases the

reluctance torque component. However this machine exhibits interest-

ing capability at high speeds, as it will be shown later.
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Table 6: IPM V-shape and PRC-2 Motor Parameters

IPM V-shape

PM flux linkage ΛPM = 0.1892V · s
Saliency ratio ξ = 2.3

Direct inductance Ld = 2.3mH

PRC-2(m)

PM flux linkage ΛPM = 0.1419V · s
Excitation flux linkage Λe = 0.0473V · s
Saliency ratio ξ = 1.77

Direct inductance Ld = 2.8mH
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Figure 4.3: Torque and Power developed by the HEPM motor with PRC-2
configuration, compared with those of the corresponding IPM
motor.

By utilizing (4.1), (4.2), and (4.3) and taking into account the flux

linkage Λhe (4.4) to maximize torque during FW operation, appro-

priate stator currents Id and Iq along with rotor current Ie can be

obtained at any speed. This procedure will be used to analyze the

HEPM machine. The stator currents Id and Iq can be observed in

Fig. 4.2. Notably, the Iq current in the HEPM motor remains signifi-

cantly higher than in the IPM motor at high speeds. The surge in the

HEPM stator current Iq is due to the decline of the rotor flux with

speed. This enhances the mean torque and output power, as shown

in Fig. 4.3a and Fig. 4.3b.

The outcomes show a different behavior in FW operations. The

IPM motor displays a restricted FW working range with a maximum

speed of (3.5 × nN), while the HEPM motor demonstrates greater

torque and power throughout the entire operating range. The max-

imum torque values are 63N ·m for the HEPM motor and 66N ·m
for the IPM motor. The dissimilar rated torque at rated speed of the
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Figure 4.4: PM and Reluctance torque components developed by IPM and
HEPM PRC-2 configuration with rated current IN.

motors is due to the varied contribution of the reluctance torque com-

ponent, as depicted in Fig. 4.4.

Fig. 4.4 illustrates the torque components in terms of the current

vector angle αe
i (and constant current amplitude). From (14.3), two

simulations are carried out changing the sign of the d-axis current.

This reverse the sign of the reluctance torque only. Comparing the

two results (with positive and negative Id) the two torque components

can be recognised [17]. The solid lines depict the cylindrical torque

components, with the IPM motor demonstrating a PM torque with a

maximum value of 55N ·m, while the HEPM motor displays a PM

torque component of 45N ·m and a torque component due to the ex-

citation current of 15N ·m. The dashed lines represent the reluctance

torque components, with the IPM motor exhibiting a maximum value

of 23N ·m, and the HEPM motor demonstrating a maximum value

of 16N ·m.

The IPM motor torque drops down to zero at 11 000 r/min, on

the contrary HEPM motor exhibits 22N ·m at that speed. The IPM

machine reaches the maximum power of 25 kW at a speed close to

5250 r/min, while the HEPM PRC-2 the maximum power of 25 kW

remains constant for all speeds higher than 5250 r/min. Thanks to the

Λhe control, the HEPM motor power remains about constant along

the whole FW speed range. The behavior of the excitation current is

shown in Fig. 4.5. This excitation current Ie starts reduce the flux for

speed higher than 5250 r/min. The values of NeIe moves from 500A

to −150A. This wide range is due to the presence of only two exci-

tation coils in the rotor. Fig. 4.5 also shows the difference between

the variation of the rotor current as a function of the motor speed

as achieved analytically by means of the rotor flux linkage Λhe given

in (4.4) and numerically by means of a FE analysis. The difference is

due to the different saturation that affects the machine in the various

working points, that is, Ld and Lq are not constant.

Other aspects have to be considered as the efficiency and the losses,

as shown hereafter. Fig. 4.6 shows that the sum of HEPM motor losses
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Figure 4.6: Iron losses, joule stator losses and joule rotor losses in IPM and
HEPM PRC-2 motor.

are always higher than the equivalent IPM motor. The joule stator

losses of the two motors are the same and always constant neglect-

ing the AC additional losses. The rotor joule losses in the two rotor

coils are lower than Pjr = 85W. They are of minor importance com-

pared to the maximum values of Pfe and Pjs that are Pjs = 778W and

Pfe = 2600W, respectively. The latter are the main losses at the higher

speeds in HEPM motor. As shown in Fig. 4.7, this increase of the

losses is due to the stator flux remains high (mainly in the back iron),

and thus the iron losses increase during FW operations as remarked

in Fig. 4.6a and Fig. 4.6b. This is the main drawback of the HEPM

motor with PRC-2 configuration.

4.4 prc-8 hepm motor (eight parallel rotor coils)

PRC-8 motor configuration has been studied considering two differ-

ent geometries reported in Fig. 4.1b and in Fig. 4.1c. The geometry re-

ported in Fig. 4.1b is similar to the IPM configuration adding the exci-

tation windings on the rotor. The other PRC-8 configuration, showed

in Fig. 4.1c, is characterized by lower amount of PM than the first one

allowing a higher width for the flux flowing in parallel to the PM
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Figure 4.7: IPM and HEPM PRC-2 motor flux maps when operating at n =
10000 r/min.

flux. In addition, in this second geometry the rotor excitation current

helps the PM to increase and decrease the rotor flux. Differently from

the PRC-2 motor all PMs are supported by the flux of the excitation

coils. This machine is referred to as PRC-8 (Eight Parallel Rotor Coil)

HEPM motor. Again, the flux of the excitation coils flows through

different paths with respect to the flux due to the PMs, that is, on the

lateral edges of the PMs. These motors are analysed according to two

different excitation modes:

• The excitation winding is used only to reduce the flux due to

the PMs (a single arrow is used to highlight the unidirectional

flux in Fig. 4.1b). This configuration is referred to as PRC-8 (⇓).

• The excitation winding is used both to increase and to reduce

the rotor flux. A double arrowhead is used in Fig. 4.1c, and this

motor will be referred to as PRC-8(m).

The motors analyzed have different PM geometry as reported in

Tab.7 but the excitation winding is the same. As remarked before the

control of the excitation winding is different. The range of operating

speed is kept constant for both the machines. Both the configurations

are compared in term of rated torque and speed, power and efficiency,

as for the previous configuration.

In the PRC-8(⇓) HEPM motor the excitation winding is used only

to reduce the rotor flux. Fig. 4.8a shows that the excitation current is

zero up to 4800 r/min. On the contrary, in the PRC-8(m) HEPM motor
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Figure 4.8: Rotor excitation current in PRC-8(⇓) and PRC-8(m) machines.

Table 7: PRC-8 rotor geometries

PRC-8(⇓)

PM thickness tm 4 mm

V-PM width hm 16 mm

PRC-8(m)

PM thickness tm 4 mm

V-PM width hm 12 mm

PRC-8(⇓) & PRC-8(m)

Slot excitation area Sslot,e 174 mm2

Rotor current density Je 7.5 A/mm2

the excitation current is used to increase and reduce the PM flux as

shown in Fig. 4.8b.

The advantages are the similar to the ones described in the previous

section. At the beginning of the FW operations, the rotor flux is kept

to its maximum value: the excitation current is set to zero in PRC-8(⇓)

as shown in Fig. 4.8a and the excitation current is set to the maximum

value for PRC-8(m) as reported in Fig. 4.8b. At speed higher than

the rated speed, the HEPM rotor flux is reduced, so that the stator

currents become different so as to achieve the highest torque for both

the machines. Fig. 4.8a shows that at speed higher than 4800 r/min

the excitation current Ie starts to decrease to develop a flux opposite

to the PM flux, while in PRC-8(m) the excitation current Ie starts to be

reduced at 5500 r/min. The figures also show the difference between

the analytical and the numerical values, adopted in FE analysis. The

difference is due to the high saturation of the iron developed by the

high current density, while the inductances are considered constant in
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Figure 4.9: Torque and power versus speed.
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Figure 4.10: PM and Reluctance torque components developed by HEPM
PRC-8(⇓) and PRC-8(m) configuration with rated current IN.

the analytical equation for any working conditions. In the non-linear

model the excitation current Ie is slightly higher in all the operating

speed range.

The flux reduction allows the average torque and power to be in-

creased, as shown in Fig. 4.9a and Fig. 4.9b. Also in this case, there is

a satisfactory performance of both HEPM motors. The results show

a different behavior in FW operation. The PRC-8(⇓) motor exhibits a

limited performance compared to the PRC-8(m) motor which reaches

a higher torque and power delivered.

The maximum values of the torque are 66N ·m in PRC-8(m) and

65N ·m in PRC-8(⇓) motor at rated speed. The different rated torque

is due to the different contribution of the reluctance torque compo-

nent as shown in Fig. 4.10. The rated torque of the motors varies due

to the varying contribution of the reluctance torque component. The

figure illustrates the comparison of the excitation and PM torque com-

ponents with the reluctance torque component for both motors. The

operation speed range is covered by both motors, but with different

torque and power. The PRC-8(⇓) machine reaches a maximum power
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Figure 4.11: Losses component of PRC-8(⇓) and PRC-8(m) motor.

of 25 kW at a given speed (5500 r/min), the PRC-8(m) machine has a

maximum power of 25 kW that is kept quite constant for any speed

higher than 5500 r/min. Thanks to the Λhe control, the HEPM mo-

tor power remains about constant along the whole FW speed range.

The curves are not perfectly constant in FW operation due to high

saturation of the machine.

The corresponding losses are reported in Fig. 4.11. In both ma-

chines the stator joule and iron losses are similar compared to rotor

joule losses at low speed. The maximum value of these rotor joule

losses is Pjr = 670W because there are 8 coils instead of 2 in PRC-

8(m). In PRC-8(⇓), at low speed they are lower compared to the val-

ues of Pfe and Pjs, while at high speed their importance increase com-

pared to the maximum values of Pfe and Pjs that reach Pjs = 778W

and Pfe = 1400W. Moreover, the rotor copper losses in PRC-8(⇓) are

higher than PRC-8(m) at high speed. In PRC-8(m) motor the Joule

losses are similar to the other components at low speed. The iron

losses remain limited and much lower in comparison to the PRC-2(m)

motor described in the previous section.

The flux maps of both motors are reported in Fig. 4.12. The pictures

underlined the different saturation that affects the iron in both PRC-8

configurations at the speed of 10000 r/min. The PRC-8(⇓) exhibits a

lower back iron and teeth saturation compared to the PRC-8(m), there-

fore the PRC-8(⇓) iron losses are lower. This advantage is deleted by a

higher risk of demagnetization compared to the PRC-8(m) motor, be-

cause the iron paths parallel to the PMs have a low width, that is easy

to saturate. In the PRC-8(m) the parallel paths are more extended and

guarantee privileged paths for the rotor flux excitation component.

4.5 performance assessment

In this section motor parameters such as PM flux linkage, excitation

flux linkage, saliency ratio and direct inductance are computed for

different configurations. Comparisons are made between IPM and
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Figure 4.12: PRC-8(⇓) and PRC-8(m) motor flux maps when operating at
speed n = 10000 r/min.

HEPM motors in terms of short-circuit current, power, torque and

efficiency at various speeds has been reported. Moreover, the flux

maps of different motor configurations are also shown, highlighting

their saturation characteristics.

4.5.1 Short circuit fault and PM demagnetization

The fault reliability is necessary in PM synchronous motor operations,

for this reason a PM demagnetization analysis is compulsory during

the design of the motor. During a 3-phase short circuit fault of a syn-

chronous PM machine, the terminal voltage is equal to zero and the

stator current are subjected to an uncontrolled free evolution.

The equations during this fault are:






did
dt

=
ωe

mLqiq − Rsid

Ld

diq

dt
=

−ωe
mLdid −ωe

mΛhe − Rsiq

Lq

(4.5)

where ωe
m is the electrical speed, Rs is the stator resistance that is

equal to 0.2154Ω for all machines. At the end of the transitory the

machine works with almost only Id current, whose value is almost

−Λhe/Ld where Λhe is the rotor flux linkage and Ld is the direct axis
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Table 8: PRC-8 motor parameters

PRC-8(⇓)

PM flux linkage ΛPM = 0.1892V · s
Excitation flux linkage Λe = 0.0278V · s
Saliency ratio ξ = 2.1

Direct inductance Ld = 2.2mH

PRC-8(m)

PM flux linkage ΛPM = 0.1419V · s
Excitation flux linkage Λe = 0.0473V · s
Saliency ratio ξ = 2

Direct inductance Ld = 2.6mH

inductance. For the classical PM machine Λhe is equal to ΛPM that is

the PM rotor flux linkage, instead for the HEPM motor Λhe is the Λhe

that is regulated by means of the excitation current control.
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Figure 4.13: IPM (left) and HEPM (right) motor dynamic short circuit cur-
rent, calculated at a speed equal to 10000 r/min.

In this way it is possible to reduceΛhe in case of fault. The rotor flux

linkage components are reported in Tab.6 and Tab.8. Fig. 4.13 shows

the dynamic behavior considering the IPM and the HEPM PRC-8(⇓)

motors. The maximum current that affects the HEPM motor is 30%

lower than the IPM machine. This yields a lower demagnetization of

the PMs that are in both motor and a safer condition in case of fault.

A comparison of all the configurations is carried out in terms of

power in Fig. 4.14a, torque in Fig. 4.14b and efficiency in Fig. 4.15.

It is possible to recognize that at low speeds the IPM motor exhibits

slightly better performance due to the lower iron losses and no rotor

joule losses. However, at speed higher than the rated speed its benefit

disappears and the HEPM motor shows a higher torque and power

behaviour.
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Figure 4.14: Power and torque comparison versus speed.
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Figure 4.15: Overall efficiency comparison.

To verify that performance, the flux map of each machine has been

reported in Fig. 4.7 and Fig. 4.12 at the speed of 10 000 r/min. The

IPM V-shape motor shows a low saturation compared to the other

HEPM motors. This aspect is due to the different stator current sup-

plied to reach the same speed. The highest saturation in the back iron

is found in the PRC-2 (m) that thus exhibits higher losses.

One aspect to consider is the force distribution in the PRC-2 (m)

motor, which is not equally distributed despite the machine period-

icity. In contrast, the PRC-8 (⇓) and PRC-8 (m) motors have a uni-

form symmetry pole by pole. At 10000 r/min, the flux map shows

low saturation for the PRC-8 (⇓), but this increases with the rotor

joule losses. However, there is a range of speeds where this machine

achieves higher efficiency, even though the power delivered and exci-

tation winding flux contribution may be lower.

Instead, PRC-8 (m) motor flux map shows a good trade-off of iron

saturation achieving a very good efficiency. The motor symmetry is

respected and the amount of PM is lower than IPM motor. The PM

magnetization safety is always in the limits of demagnetization in par-

ticular at high speed. The control of the excitation current can help

avoiding PM demagnetization and reducing the impact of a short-
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circuit current in the event of a fault. Indeed the dynamic fault re-

sponse comparison exhibits a reduction of the 30% of maximum short

circuit current for the PRC-8 (m) configuration compared to IPM. The

maximum efficiency reached by PRC-8 is 95% and in the whole speed

range is always higher than 88%. In HEPM motors the power deliv-

ered is almost constant along all the operating region once reached

the maximum power. In IPM motor the power decreases quickly once

overcome the maximum power speed. With the possibility to increase

and to reduce the rotor flux, the PRC-8 (m) HEPM motor configura-

tion exhibits the highest performance, in comparison with the other

solutions described above. In addition, this configuration is charac-

terized by lower PM and Copper volume, making it a suitable and

convenient choice.

4.6 discussion

The analysis presented here exhibits the benefits and limitations of

various HEPM motor configurations in comparison to a conventional

PM motor. These motors are designed with equivalent rotor flux link-

age and size. It is evident that the HEPM motor, regardless of the

configuration, has a greater capacity to operate over a broader range

of speeds than an IPM motor and increased resilience to failure.

The IPM motor is characterised by a given PM flux. It exhibits a

speed limit and a risk of demagnetization in the event of a short-

circuit fault. The HEPM motor has higher speed limit. It has been

analyzed up to a speed five times the rated speed.

The losses of the IPM motor is slightly lower at speed lower than

rated speed, but this advantage decreases at higher speeds. On the

contrary, the HEPM motors reach an efficiency from 95% to 88% in

the whole speed range.

Furthermore, the comparison presented above is based on continu-

ous current rating in the rotor winding. As for wound rotor machines,

an overload current can be supplied in the rotor winding for a short

time. Therefore there is the advantage of an even higher transient

torque at low speed.

Summing up all these aspects the HEPM motor results to be a valid

alternative to IPM motor, guaranteeing good performance in a wide

speed range with a lower overall losses percentage.

Among the various topologies of HEPM motor that have been an-

alyzed, the solution characterized by one coil per pole and reduced

PM width exhibits the better performance. The main advantage of

this configuration is that the symmetry remains the same in any op-

erating conditions. In addition, the bidirectional excitation current

yields a better modulation of the rotor flux.

Until now, the excitation flux was designed to support the PM flux,

which was the main component. In the upcoming Chapter, the PMs
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will enhance the excitation flux, which will become the primary com-

ponent and will be compared with a similar configuration lacking

PMs. A performance comparison will be discussed.



5
E E S M A N D H E P M M O T O R : P E R F O R M A N C E

C O M PA R I S O N

In this Chapter a performance comparison between EESM and HEPM

motor is carried out. The main focus here is on the real advantages

and disadvantages that the addition of a small amount of PM can

have, rather than the use of excitation current alone. EESM is char-

acterized by a classical salient pole rotor geometry, while the HEPM

motor is a improved version of the EESM including two PMs buried

in each salient pole. The magnets helps the rotor flux, for this rea-

son this configuration is called Permanent Magnet assisted Excitation

(PMaExc). Fig. 5.1 shows both machine geometries. The overall rotor

flux can be either increased or decreased supplying an proper excita-

tion current. The EESM magnetization flux is produced only by the

excitation current, while PMaExc motor benefits from both excitation

current and PM contribution.

This initial part shows requirements and motor geometric parame-

ters. The DC bus voltage is assumed equal to 350V and the inverter

Volt-Ampere rating is S = 138 kV A. Moreover, the rated speed nN

should be in the range between 4000 r/min and 5000 r/min.

The PMaExc geometry has been optimized through the differential

evolution algorithm illustrated in [4]. Optimization objectives were

to maximize the mean torque and minimize the torque ripple. Main

parameters were pole shaping and PM position and tilt.

The EESM geometry is assumed exactly identical to the PMaExc

one, simply replacing PMs with iron core. Final geometries and pa-

rameters of Fig. 5.1a and Fig. 5.1b are described by data of Tab.10 and

Tab.11. The choice of both PMaExc and EESM rotor current density

Jexc = 4.5A/mm2 is limited by thermal considerations. In fact, the

goal is to avoid excessive rotor core overheating.

(a) PMaExc motor. (b) EESM motor.

Figure 5.1: Geometries design.

45
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Table 9: Motor performance requirements.

Parameter Symbol Value Unit

DC bus voltage inverter Vdc 350 V

Rated torque TN 230 N ·m
Speed base nN 4100 r/min

Phase stator current IN 456 A

Continuous excitation current Ie 90 A

lm

αPM
tm

Figure 5.2: Geometry design.

Differently, the stator current density Jlim = 12A/mm2 is much higher

than Jexc. Indeed, a water cooling system is assumed for both motors.

The geometry of the stator of both EESM and PMaExc motor ana-

lyzed above is reported in Tab.10.

The rotor geometry is reported in Tab.11 according to the geometry

details in Fig. 5.2. Pole shaping, PM dimensions and position of the

PMaExc motor are the result of an optimization achieved through

a differential evolution algorithm. Optimization objectives were to

maximize the average torque and to minimize the torque ripple.
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Figure 5.3: Flux linkages linked by EESM (red solid lines), PMaExc (blue
dashed lines) machines and the operating region analysed (yel-
low fill area).
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Figure 5.4: No-load flux-density of PMaExc (red solid line) and EESM (blue
dashed line) motor.

5.1 no load analysis

The electromagnetic study of both motors is carried out through fi-

nite element analysis. 2D magneto static simulations are carried out.

The no-load characterization consists in the motor analysis when sta-

tor windings are open-circuited. In particular, the main goal is to

compute flux linkages and air gap flux density due to the rotor con-

sidering both PM and excitation contribution. The second goal is the

evaluation of the EMF. No-load results are represented for a pole pair

of both PMaExc and EESM motor, thanks to their periodicity.

Fig. 5.3 shows the computed no-load flux linkages of PMaExc and

EESM motor with respect to the ampere turns NeIe. The flux link-

ages have been analysed considering a current density up to Jexc =

9A/mm2 (NeIe = 1440A), in order to validate the potential advan-

tages and drawback of the configurations studied. However, both mo-

tors performance have been evaluated employing a current density of

Jexc = 4.5A/mm2 (NeIe = 720A) to avoid overheating. Consequently,

the operating region is limited to the shaded yellow area. The no-load

flux linkage is higher for PMaExc than EESM, along all the operat-

ing region. In particular, PMaExc motor flux linkage is 14% higher

than the EESM motor flux linkage when the excitation current NeIe
is equal to 720A. The additional contribute of the PM flux linkage is

shown at NeIe equal to 0A, and it represents the offset of 0.023V · s
between the two machines.

Starting from these considerations the air-gap flux density has been

computed supplying a rotor excitation current NeIe of 720A. In this

point benefits and drawbacks of the additional PMs can be estimated,

in particular their effect on the fundamental and harmonic compo-

nents. Fig. 5.4 compares the PMaExc (red solid line) and EESM (blue

dashed line) air gap flux density. As reported in Fig. 5.4a, waveforms

are different: PMaExc flux density has a higher peak value and, at
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first sight, it seems to have a less sinusoidal shape but a higher funda-

mental harmonic amplitude. Fig. 5.4b displays the harmonic content

achieved by means of Fourier series analysis of both waveforms, up

to twenty seventh-order harmonic. PMaExc motor exhibits a higher

third and seventh harmonic components, but a lower fifth harmonic

magnitude. Adding PMs the flux density fundamental harmonic in-

creases of approximately 13%.

Therefore, the PMaExc motor torque is expected to be higher than

the EESM torque.

Table 10: Stator geometry

Parameter Symbol Value Unit

Pole number 2p 8 -

Outer diameter De 210 mm

Inner diameter Ds 130 mm

Stack length Lstk 170 mm

Stator slots Qs 48 -

Slot height hs 19 mm

Back-iron height hbi 15 mm

Tooth width wt 6 mm

Open Slot width wso 2 mm

Open slot height hso 1 mm

Wedge height hwed 2 mm

Stator slot area Ss,slot 89 mm2

Stator conductors in slot ns,c 4 -

Parallel stator paths ns,pp 2 -

Air gap g 0.7 mm

Copper conductivity σCu,120° 37.5 MS/m

Iron specific weight γfe 7800 kg/m3

Flux density waveform influences also the EMF forces. Fig. 5.5

shows the line to line voltages. PMaExc shows a higher voltage mag-

nitude compared to EESM machine and a slightly higher oscillation

along the waveform.

The no-load analysis underlines that, adding PMs, EMF and flux

density amplitudes slightly increase, but their waveform does not

change significantly. Both these rotor excitation motors have the pos-

sibility to regulate the line to line voltage, by increasing or decreasing

the excitation current. These machines can also achieve a very low

short circuit current because the rotor flux can be reduced to zero.
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Table 11: Rotor geometry

Parameter Symbol Value Unit

Shaft diameter Rsh 19 mm

PM thickness tm 3.5 mm

PM length lm 11 mm

PM tilt angle αPM 16 deg

Excitation slot area Sr,slot 103 mm2

Rotor and stator fill factor kfill 0.6 -
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Figure 5.5: Back electro-magnetic force induced by EESM (dashed lines)
and PMaExc (solid lines) machines.

Nevertheless, EESM voltage regulation is more flexible thanks to the

absence of PMs.

5.2 load analysis

This part deals with the load analysis with a current supplied in

the (id, iq) plane. Both electric motors have to satisfy the require-

ments reported in Tab.12. The study has been carried out adopting

the maximum excitation current Jexc = 4.5A/mm2 to achieve the

highest torque. In addition, the stator current is controlled adopting

the MTPA strategy.

Both EESM and PMaExc motor torque waveform is computed, to

get mean value and ripple. The map along (id, iq) plane has been

deeply described for both machines to compare torque versus speed

curves, MTPA, FW, MTPV trajectories, voltage limit ellipses and effi-

ciency maps on the torque and current plane.
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Figure 5.6: MTPA and MTPV trajectories in the (id, iq) plane.

(a) PMaExc motor. (b) EESM motor.

Figure 5.7: Torque (black solid line), voltage (light blue solid line) and cur-
rent contour (gray dashed line) plot in (id, iq) plane for PMaExc
and EESM motors.

5.2.1 Limit curves mapping

In this subsection the motor performance along the (id, iq) plane is

analysed. In particular, current, voltage and torque limit curves are

computed at various speeds, evaluating the highest possible torque

for each speed working point. Fig. 5.6a and Fig. 5.6b show the work-

ing points as the motor speed increases. Current limit curves (grey

dashed lines) are circumferences with radius equal to the current am-

plitude and with centre in (id, iq) plane origin. Torque contour lines

(black lines) correspond to hyperbolas distorted by the saturation.

First, the MTPA trajectory (blue line) can be followed, up to the

rated speed. Then, to increase the operating speed, both motors op-

erate in FW. In particular the stator current amplitude is maintained

constant, while its electrical phase angle is increased. At a certain

speed the MTPV operation becomes more convenient. Thus, the op-

erating trajectory shifts within the current circle.

The PMaExc motor trajectory in the (id, iq) plane is reported in

Fig. 5.6a, while the EESM trajectory is shown in Fig. 5.6b. PMaExc

motor develops MTPA trajectory for positive id values and reaches a

torque of T = 240N ·m at the rated point (with the maximum current

of IN = 456A). EESM motor exhibits a similar behavior, but its MTPA

torque is much lower than the PMaExc torque. The EESM maximum
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Figure 5.8: Torque ripple versus mechanical angle.

torque is reached at a higher positive value of id and it is approxi-

mately T = 165N ·m (about 30% lower).

As shown in Fig. 5.7, at motor speeds above the rated speed, volt-

age ellipses (blue lines) tend to collapse inside of the current limit

circumference (grey dashed line). Most suitable working points are

located where constant torque curve (black solid lines) is tangent to

voltage curves. Thus, both motors move along MTPV trajectory for

higher speeds. This is why in Fig. 5.6a and Fig. 5.6b the FW red line

drifts within the current circumference at a certain speed.

It is worth noting that in Fig. 5.7 torque curves (black lines) are

distorted hyperbolas, as well as the voltage ellipses (blue lines). This

distortion is related to the interaction between rotor and stator flux.

In fact, the rotor flux is not strictly bound to a fixed axis, but slightly

oscillates as the position of stator current vector changes.

5.2.2 Torque behavior and ripple

Fig. 5.8 shows the torque behaviour of PMaExc and EESM computed

in MTPA condition, with stator current Îs = 455 A. PMaExc motor

exhibits a higher torque than EESM, reaching an average torque of

210 N ·m and 270 N ·m with rated load (RL) current and overload

(OL) current (Jexc = 4.5− 9A/mm2) in the excitation circuit. EESM

exhibits an average torque of 155 N ·m and 245 N ·m corresponding

to the same excitation currents. The introduction of the PM in the pole

shoes has a double effect. At first, it reduces the stator q-axis current

reaction, that is, the q-axis flux produced by the stator current, which

is almost completely on the q-axis as observed in Fig. 5.6. Then, the

PMs provide an additional rotor flux that is of great benefit, especially

in overload operating conditions.

Fig. 5.8 shows that the torque ripple of the PMaExc motor is lower

than in EESM. Torque ripple is 11% for the PMaExc motor, 28% for the

EESM. This is due to the lower local saturation of the pole shoe edges.

The smaller flux variation yields a reduction in torque oscillations.

Anyway, it is worth remembering that the PM location and PM tilt
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angle have been selected considering also to reduce motor torque

ripple.

5.2.3 Mechanical characteristics

Fig. 5.9 shows the maximum torque (and power) versus speed char-

acteristics for PMaExc (solid lines) and EESM (dashed lines). Both

motor configurations exhibit significant capabilities in a wide speed

range, with the ability to reach up to 20 kr/min, which is five times

the base speed. The PMaExc motor demonstrates superior torque and

power throughout the entire speed range. The rotor current remains

fixed at NeIe = 720 A (RL) and NeIe = 1440 A (OL) for both the

PMaExc and EESMs, and this value is maintained constant. The mo-

tor mechanical characteristics are achieved by following specific tra-

jectories in the (id, iq) plane, as explained in the previous subsection

(and in [34] for the EESM). The maximum torque can be delivered

when the motor speed is lower or equal to the base speed. Then, the

highest output torque decreases as the speed increases, as typically

happens along the FW trajectory.
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(b) Power versus speed.

Figure 5.9: Torque and power versus speed delivered by PMaExc motor with
rated and overload excitation.

Consequently to the torque versus speed behaviour described, the

maximum power versus speed characteristic is illustrated hereafter.
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Based on a rotor current of NeIe = 720 A, the power of the PMaExc

motor increases linearly with speed until reaching a maximum point.

After the peak, the power slowly decreases during FW operation (par-

ticularly when it achieves the MTPV operation). This power decrease

is due to the lower amplitude of the stator current vector during

MTPV operation, resulting in reduced torque. On the other hand, the

power of the EESM remains almost constant after reaching its peak,

although it is consistently lower than the power of the PMaExc motor.

This constant power characteristic is achieved without any significant

reduction in rotor current, including the MTPV operation. This ad-

vantage is due to the fact that the excitation flux of the EESM does

not follow any specific preferential paths. In particular, the rotor flux

prefers the path of lowest reluctance, resulting in higher EESM flux

linkages and an increase in the average delivered torque.

According to NeIe = 1440 A, the PMaExc motor power remains

almost constant in the whole speed range as the EESM. Again, the

curve is obtained without rotor current reduction. During the FW

operations the stator current vector remains almost along the current

limit circle, as shown in Fig. 5.6a.

For low torque request and motor speed higher than the rated, a

possible control strategy is to maximize the torque as illustrated in

[67]. Based on these considerations, efficiency maps for both motors

have been calculated and will be discussed in the following subsec-

tion.

Figure 5.10: EESM rated torque versus speed efficiency maps.

Figure 5.11: PMaExc rated torque versus speed efficiency maps.
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Figure 5.12: Torque versus speed efficiency maps of PMaExc according to
rated excitation current and transient excitation over-current.

5.2.4 Efficiency maps

The efficiency map is contour plot representing the machine efficiency

defined in the torque-speed plane, covering all possible operating

points. Efficiency maps of the EESM is reported in Fig. 5.11 while

PMaExc motor are reported in Fig. 5.11 and Fig. 5.12 according to

excitation current NeIe = 720 A and NeIe = 1440 A. It is worth notic-

ing that the efficiency is higher than η = 90% in most of the operating

area. A comparison between EESM and PMaExc motor is given and it

is shown that the PMaExc motor exhibits higher efficiency in a wider

torque–speed range than the EESM [34].

5.3 discussion

This Chapter presents the study of the electromagnetic performance

of two synchronous motors characterized by salient poles. One ma-

chine model is a typical salient-pole motor, while the other includes

excitation winding and PMs to produce the overall rotor flux. It is

achieved by modifying the traditional structure of a Wound Rotor

motor, inserting PMs in the lateral parts of the pole shoes.

While in the past the analysis has been carried out with only the

rated excitation current, comparing the performance to the traditional

EESM, the analysis considering an excitation overcurrent as well. The

purpose is to verify if the performance is modified according to higher

field.

The analysis highlights and validates advantages of the PMaExc

motor configuration. The PMaExc motor represents an improved con-

figuration of the traditional EESM, obtained adding PMs to boost the

rotor flux generated by excitation windings. Such a solution allows

high torque density to be achieved in a wide speed range. Adding a

few amount of PMs, the performance improvement is evident: torque,

power and efficiency are higher in PMaExc motor a rather than the

EESM.
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This has been also verified during overload operations. The PMs

limit the current reaction and keep a high rotor flux even in pres-

ence of high iron saturation. In comparison to the EESM, the PMaExc

motor torque results to be about 50% and 10% higher with rated ex-

citation current and overcurrent, respectively.

Power is kept constant in the whole operating speed range with

the high excitation current. It slightly decreases with the speed with

rated excitation current.

The next step is the thermal and mechanical analysis in order to

highlight the corresponding limits.
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In this Chapter thermal and mechanical limits are treated consider-

ing the presence of both PMs and excitation winding. Electric motor

thermal and mechanical limits are mandatory for both EESM and

HEPM motors. Traditionally are quickly computed through Lumped

Parameters Thermal Networks (LPTNs). LPTNs are thermal circuits

composed by several nodes (with an imposed or unknown tempera-

ture) connected together by thermal resistors [66].

Figure 6.1: Partial HEPM motor.

In LPTNs network conductive resistances between different materi-

als are easy to define because they depend on geometry and material

properties. On the contrary, convective resistances are difficult to com-

pute because they require the calculation of Heat Transfer Coefficients

(HTCs). HTCs depend on the fluid motion field close to solid sur-

faces wetted by the fluid. In particular, the complexity of salient pole

rotors geometry generates highly turbulent flows and possible stag-

nation points that can affect HTCs values. These parameters change

with the rotor speed and they can be obtained by numerical simu-

lations accounting for fluid-dynamic and thermal aspects. However,

these tests are extremely time consuming.

Here an evaluation of HTCs values on the surface of the hybrid

PM-salient pole machine. They are computed by 2-D thermal fluid-

dynamic simulations at different rotational speeds. In literature there

are some experimental and numerical studies on heat exchange for

salient poles machines [20, 91]. This study focuses on accurate cor-

relations and approaches for determining HTCs of the pole surface,

especially at high rotational speed.

The fluid dynamic - thermal study gives precise and reliable results.

Lumped parameters of the thermal network can be tuned on the basis

of such results.

57
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Table 12: Motor performance requirements.

Parameter Symbol Value Unit

DC bus voltage inverter VDC 350 V

Rated torque TN 108 N ·m
Speed base nN 5000 r/min

Minimum power delivered Pout 50 kW

Phase stator current IN 190 A

Continuous excitation current Ie 90 A

The first part highlights most relevant simulation results and losses

computation. Section 6.1.3 includes the thermal-fluid analysis numer-

ical approach and simulation settings.

6.1 hepm motor

Traditional PM synchronous motors for automotive applications re-

quire high torque density and high speed range, thus, a high PM

flux. However, a high PM flux reduces the motor maximum speed

achievable.

The HEPM machine overcomes this limit adding excitation wind-

ings in the rotor core. PMs produce a constant flux, while excitation

coils produce a variable flux. The total rotor flux can be either in-

creased or decreased supplying an adequate excitation current.

Performance is improved in several speed regions: the constant torque

region, up to a rated speed, and the constant power region, between

rated and maximum speed. In the first region a higher torque is

achieved increasing the rotor flux. In the second region a flux weak-

ening control strategy yields higher speed and constant power.

This section presents a HEPM motor electromagnetic analysis em-

ploying the control strategy described in [18, 67]. In order to satisfy

the torque, power and speed constrains of Tab.12, the geometry de-

sign is optimized as in Fig. 6.1.

The electromagnetic study of the HEPM motor designed is con-

ducted through finite element analysis. 2D time domain magneto-

static simulations are carried out.

Fig. 6.2 shows both power and torque requirement versus speed val-

ues along the overall region. The maximum speed achieved is more

than five times the base speed. For each FW working point losses are

computed as described hereafter.



6.1 hepm motor 59

0 10 20
0

50

100

n [krpm]

Torque (N·m) Power (kW)

Figure 6.2: Torque and power versus speed.

6.1.1 Joule losses

The HEPM machine is characterized by both stator and rotor Joule

losses, due to the presence of excitation windings. Considering geo-

metric data and motor parameters summarized in Tab.10 and Tab.11,

stator Joule losses are computed as:

Pjs = J
2
lim · Vcu,s ·

1

σCu,120°
(6.1)

The current density Jlim is calculated as:

Jlim =
Islot√
2
· 1

Sslot · kfill
(6.2)

The windings fill factor kfill is chosen equal to 0.6 assuming hairpin

stator and rotor winding configurations. Considering the maximum

current for each FW point Islot = ns,c ·
√
I2d + I2q . The volume of cop-

per material in the stator is evaluated considering an approximated

end winding length Lew ≈ 2.5 ·Ds/p:

Vcu,s = kfill · Sslot ·Qs · (Lstk + Lew) (6.3)

Similarly, rotor Joule losses are computed by (6.1), considering exci-

tation windings current density Jexc instead of Jlim and rotor copper

volume Vcu,r instead of Vcu,s. The current density depends on the ex-

citation current supplied in the specific FW operating point Ie. The

volume of rotor copper material is estimated as:

Vcu,r = kfill · Sslot,exc ·Qexc · (Lstk + Lew,exc) (6.4)

6.1.2 Iron losses

Iron losses are computed from Steinmetz formulation, considering

both hysteresis and eddy currents effects. The iron losses in the back-

iron are computed considering an increase coefficient kmagg,bi = 1.5,

as:

Pfe,bi = kmagg,bi · ps,bi ·Gbi (6.5)
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Specific back-iron losses are computed considering the maximum flux

density value in the back iron core and the specific FW frequency

compared to the reference flux density B∗
fe = 1.5 T and frequency

f∗ = 50 Hz, respectively. For such reference values hysteresis accounts

for 70 % of iron losses (hysteresis coefficient kh = 0.7), while eddy

currents for 30 % of iron losses (eddy current coefficient kec = 0.3).

Thus, specific back-iron losses are calculated as:

ps,bi = ps,fe ·
( B̂bi

B∗
fe

)2
·
[
kh ·

( f
f∗

)
+ kec ·

( f
f∗

)2]
(6.6)

The back-iron weight is:

Gbi = γfe · π
(
De − 2 · hbi

)
hbi · Lstk (6.7)

Similarly, iron losses in teeth are computed considering an increase

coefficient kmagg,t = 2, as:

Pfe,bi = kmagg,t · ps,t ·Gt (6.8)

Specific back-iron losses are computed by (6.7) considering the max-

imum flux density value in the tooth B̂t instead of B̂bi. Teeth weight

is:

Gt = γfe ·Qs · hs ·wt · Lstk (6.9)

Fig. 6.3 shows losses versus speed waveform in the FW region. Sta-

tor Joule losses are constant, while rotor Joule losses decrease in the

FW region because of the excitation current reduction. Iron losses in-

crease quadratically with the frequency, becoming dominant during

FW operations.
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Figure 6.3: Stator and rotor losses.

6.1.3 Thermal-fluid analysis

Generally, knowing the thermal resistance Rth between two nodes and

the thermal flux q that flows through one to the other, the tempera-

ture difference could be computed as follows:

∆T = Rth · q (6.10)
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Thermal resistance evaluation depends on the nature of the heat trans-

fer process between two nodes. It can occur by conduction, convec-

tion or radiation [46]. Considering the convective heat transfer, the

thermal resistance can be computed as follows:

Rth,conv =
1

h ·A (6.11)

where h is the HTC relative to the surface of area A. This coefficient

depends on the type of fluid flow occurring close the surface and on

the fluid properties. The complex geometry of salient pole surfaces

exhibits speed-dependent HTCs values. To gain more information

about these coefficients for the HEPM motor under study, the 2-D

thermal-fluid-dynamic analysis of the rotor is carried out. The 2D

rotor assumption was made to focus on the convective heat transfer

phenomena occurring on the rotor core surfaces, where the thermal

effects of rotor end-windings are negligible. No axial air flow was

considered to study the worst-case cooling scenario. No further as-

sumptions were made on the external cooling system, since detailed

stator geometry was not considered. A constant temperature of 100 °C

has been set on the inner stator surface as boundary condition.

6.1.4 Geometry, mesh and material properties

Only one pole of the rotor is analysed through 2-D Computational

Fluid Dynamic (CFD) simulations considering the proper boundary

condition. The size of a generic element of the mesh is chosen equal

to 0.2mm. In the salient pole and the shaft the mesh element size

is equal to 1mm, while in the air domain it is equal to 0.1mm. To

adequately model the boundary layers next to rotor and stator walls

a mesh inflation is considered (the first layer thickness is 0.002mm,

with a growth rate of 1.2 throughout 20 layers). The mesh realized

has roughly 50000 elements and a detail is presented in Fig. 6.4.

Figure 6.4: Mesh Detail.

Such a mesh is suitable for CFD computation also for high linear

velocities reached. In fact, for maximum speed 22500 rpm, y+ value

results to be equal to 0.35 (which also corresponds to the highest

value obtained among all the simulations). Air is modeled as a fluid
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having temperature-dependent physical properties. Air parameters

considered are: density ρair, thermal conductivity λair and dynamic

viscosity µair at atmospheric pressure (pATM = 101 325 Pa). The tem-

perature varies in the range from 100 °C to 200 °C and the specific

heat cp is equal to 1020 kJ
kgK . Equations regulating the dependence on

temperature are obtained through interpolation of Engineering Toolbox

[94] data. Thus, interpolation functions are:

ρair =
353

T
(6.12)

µair = −2.619 · 10−11T2 + 6.206 · 10−8T + 2.230 · 10−6 (6.13)

λair = −2.625 · 10−8T2 + 8.847 · 10−5T + 2.266 · 10−3 (6.14)

Since CFD temperatures are computed in Kelvin degree, also the ob-

tained equations are valid considering absolute temperatures. Fig. 6.5a

and Fig. 6.5b show Engineering Toolbox data and their interpolation.

(a) Air thermal conductivity versus temperature.

(b) Air dynamic viscosity versus temperature.

Figure 6.5: Air properties versus temperature.

Tab.13 summarizes physical properties of materials involved in the

simulation. Winding properties are obtained as weighted values of

copper and resin properties (considering a 70% Copper and 30% Resin

re-partition). Only the thermal conductivity is set equal to the one



6.1 hepm motor 63

of Resin
(
0.3 W

m°C

)
. In particular, low value of thermal conductivity

used for the equivalent slot allows a higher windings temperature

compared to the one reached in the actual motor. This way thermal

machine computation is in a safety condition with respect to the pro-

totype. Moreover, thermal conductivity of insulated wires immersed

into resin is hard to computed. In fact, it depends on the winding

configuration and materials employed. H-thermal class has been cho-

sen as upper thermal boundary for the windings insulation, i.e. a

maximum absolute temperature of T = 180 °C.

6.1.5 Thermal problem modelling

Concerning the numerical problem, periodic boundary conditions are

set at the two sides of the domain. In addition, a fixed 100 °C temper-

ature is set on the stator wall as a boundary condition. Considering

the stator wall, a zero fluid velocity is set with respect to the absolute

motion frame.

For the electrical machine under study, Joule losses are modelled

as an energy source terms. The heat generated by winding per unit

volume is computed as:

p =
Pjr · kfill

Vcu,r
= 3.23 · 105 W

m3
(6.15)

considering the maximum value of rotor Joule losses Pjr, even if they

slightly decrease as the rotor speed increases. Nevertheless, the max-

imum value of rotor Joule losses is considered to compare heat ex-

change at different rotor speeds [36, 67]. All the radiation heat trans-

fer phenomena are neglected.

The k-ǫ Re-Normalization Group (RNG) turbulence model is ap-

plied. The enhanced wall treatment allows to fully reproduce the fluid

flow in the proximity of a wall. To reproduce the effect of rotor rota-

tion, a frame motion source term is added to the air domain, while

all the other rotor parts are considered as stationary, as proposed in

[53]. That rotating speed has to be set as the of rotor speed value.

Table 13: Material properties.

Property Iron Steel Windings Magnet

ρ
(

kg
m3

)
7600 7850 5820 7700

cp

(
J

kgK

)
460 400 830 380

λ
(

W
m°C

)
30 52 0.3 10

Fig. 6.6a and Fig. 6.6b show the temperature contour figures ob-

tained from the thermal-fluid-dynamic simulations of the HEPM ro-

tor at two different rotation rates. In both cases hotspots are located
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close to winding surfaces, directly in contact with air. The heat con-

centration close to windings is related to the low efficiency of the

heat transfer phenomena. In fact, the air close to windings is almost

stationary.

(a) Rotor speed 5000 r/min.

(b) Rotor speed 22500 r/min.

Figure 6.6: Temperature contour figures at different rotor speeds.

Comparing the two pictures, a general decrease of temperature can

also be observed: this phenomenon is due to the difference in rota-

tional speed. In fact, when the speed is higher (22500 r/min versus

5000 r/min) the turbulent air motion is enhanced and the relative

velocity between air and rotor surfaces increases, improving the heat

transfer.
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Table 14: HTCs result at different rotational speed

n (r/min) hHP

(
W

m2K

)
hRW

(
W

m2K

)
hLW

(
W

m2K

)
hSW

(
W

m2K

)

4500 155.81 88.20 37.32 136.73

9000 234.45 101.90 47.96 216.25

13500 307.47 117.43 53.95 285.09

18000 376.48 127.14 62.70 348.28

22500 442.11 125.81 73.79 407.22

Knowing the heat power emitted/absorbed q by a surface and the

temperature difference between this surface and the adjacent air, the

heat transfer coefficient is computed as:

h =
q

A · |Tsurface − Tair,adj|
(6.16)

Four surfaces are considered as shown in Fig. 6.7a. Fig. 6.7a exhibits

the head pole (HP) represented by the red curve and the stator wall

(SW) by magenta line. The winding surface on the right (RW) side of

the salient pole is figureted in green and the one on the left (LW) side

with dark blue line.

As shown in Fig. 6.7b the air domain was divided into two sub vol-

umes. The air-gap region is highlighted with light blue colour, where

the air flow has high velocity, while the blue slot region is affected

by slow air speed. This division has been carried out because the air

proprieties, in particular the air temperature, are different from the

air-gap to the air-slot. Thus, different mean temperature values have

been used as reference for the two areas. Such temperatures have been

used inside (6.16) to compute the HTCs of rotor head pole and stator

walls. In particular, air-slot temperature is used for the computation

of windings HTCs, while air-gap temperature is used for determin-

ing stator and head pole surfaces HTCs. Tab.14 summarizes the HTCs

computed for such surfaces and Fig. 6.8 shows HTCs computed from

five simulations at different rotor speeds.

It can be noticed that HTC values of left and right winding surfaces

do not assume the same value. In particular, the right side winding

exhibits higher heat transfer than the left side winding, for every ro-

tational speed case considered. This is due to the anti-clockwise rotor

rotation, which improves the right winding heat exchange. In fact, as

shown in Fig. 6.9a and Fig. 6.9b, the air is pushed towards the right

winding and it is pushed away from the left winding of the adjacent

pole. However, the air velocity is higher toward the right winding

top part, allowing higher heat exchange. Nevertheless, the convective

heat exchange takes place mainly along the air gap, where speed is

higher.
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SW

HP

LW RW

(a) HTCs surfaces computa-

tion.

(b) Air sub-regions division

calculation.

Figure 6.7: HTC versus rotor speed.

Figure 6.8: HTC versus rotor speed.

Fig. 6.10a and Fig. 6.10b show the heat flux versus per unit radial

position r/R (with R maximum winding radius). For r/R > 0.8 the

heat transfer due to convection is higher for both sides windings. In

fact, the top is the only part of the winding surface where relative

motion between air and walls allows heat removal. In the bottom

part of the winding the air velocity is almost zero and does not allow

heat exchange as shown in Fig. 6.9a and Fig. 6.9b.

As highlighted by the blue circle, streamlines near the left head

pole wall sticks better to the wall at 22500 r/min than at 5000 r/min.

The high rotor speed (high tangential velocity) helps in maintaining

the air flux attached to the wall of leading winding. This causes an im-

provement in the heat transfer phenomena and consequently brings

to the continuous raise of the HTC value as the rotor speed increases.

On the contrary, the top part of the right head pole is affected by a

sudden heat flux drop when speed reaches 22500 r/min. In fact, as

highlighted by the red circle, the air flux detaches from the surface

and reduces the local heat flux and, consequently, the HTC value.
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(a) Rotor speed 5000 r/min.

(b) Rotor speed 22500 r/min.

Figure 6.9: Relative air velocity map at different rotor speeds.

HTC values computed can be used in the thermal network [66].

The network becomes more detailed considering the dependence of

the speed in HTC values without increasing the computational cost.

In particular, thermal network continues to be easy and fast to com-

pute also taking into account the fluid-dynamics air flow dependence

on rotor speed. In this way the geometry can be represented with a

simple thermal-fluid network also when if it is affected by air turbu-

lent flow.

6.1.6 Mechanical test

The mechanical study shows that the fluid rotor geometry has a very

low stress in the pole body but with high stress around the PM hole.

Structural integrity is kept also considering the rotor winding contact



68 fluid dynamic - thermal and mechanical analysis

(a) Rotor speed 5000 r/min.

(b) Rotor speed 22500 r/min.

Figure 6.10: Heat flux versus per unit radial distance at different rotor
speeds.

with the pole body and pole shoe. The maximum Von Mises stress

are closer to 200MPa.

6.1.7 EESM analysis

The EESM has lower mechanical issues than HEPM motor. This is

due to the absence of the PM inside the rotor geometry. Just a small

scale, low speed, example has been reported for both traditional and

fluid rotor structures. The fluid structure will be explained in Chapter

8. The mechanical and fluid dynamic analysis has been carried out in

order to understand limits and advantage of both rotor configurations

analyzed.

The mechanical study shows that the fluid rotor geometry has a

very low stress in the pole shaping due to the fluid geometry. The

traditional salient pole has stress 4-5 times higher than the fluid rotor.

The magnitude values of the simulation are low due to the fact that

the geometry simulated has prototype laboratory size and can not

reach the speed higher than 4500 r/min.

Finally, the fluid dynamic simulation has been computed under

the turbulent model k-ǫ RNG. Both models have a rotational speed
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Figure 6.11: PMaExc Von Mises mechanical stress.

Figure 6.12: Airgap fluid dynamic comparison.

of 4500 rpm. The variation of the geometry does not influence the air

flow between two adjacent poles. Under the fluid dynamic point of

view, both geometries are equivalent, yielding the same heat transfer

coefficients with no difference under the thermal point of view.

Figure 6.13: EESM traditional and fluid mechanical stress comparison.

6.2 discussion

This part focuses on the thermal and fluid-dynamic analysis of the

turbulent convective heat transfer between air and rotor surfaces of
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a HEPM motor at different rotational regimes. The numerical simula-

tions were performed using the k-ǫ RNG turbulence model consider-

ing only one pole of the real rotor 2-D geometry. Periodic boundary

conditions were applied at the two sides of the domain and air prop-

erties were set as functions of temperature. Through CFD analysis

the air turbulent flow has been studied and HTCs computed at differ-

ent rotational speed. Such values can be employed in an equivalent

thermal network. The mechanical issues must be treated but are un-

der safety condition. From the results and discussions, the following

conclusions can be drawn. First of all, the temperature hotspots af-

fect the surface of both windings and they decrease as the rotational

velocity increases. This means that HTCs at the windings walls gen-

erally increase as the rotational velocity increases because of the raise

in turbulence and relative velocities between windings walls and air.

At the same time, the HTCs of the two winding walls are not equal

to each other, highlighting the non-symmetry of the problem. In par-

ticular, the trailing windings present higher values for the convective

HTCs than those of the leading windings. The majority of the heat

transfer through convection mechanism occurs in the upper part of

both windings, close to the head of the pole. Finally, a slight decrease

of the HTC occurs at the trailing windings for high velocity values.

HEPM motors require both careful mechanical and thermal analysis

as they can be dangerous for PMs buried in the rotor. EESM has less

mechanical problem than HEPM motor and also the thermal problem

can be different.

This is the end of the analysis part of the process and the start of

the design part.



Part II

E L E C T R I C A L LY E X C I T E D A N D H Y B R I D
E X C I T E D P E R M A N E N T M A G N E T: D E S I G N

This part focus on the analytical sizing techniques for HEPM

motor and EESM, FE and test bench validation. The initial

part involves calculating parameters based on the operat-

ing point. A novel sizing approach is presented for the

MTPA and FW working conditions. Various machine pa-

rameters are determined based on the specific operational

region. Subsequently, an alternative sizing method is intro-

duced, providing an approximate initial configuration for

the optimal EESM and HEPM motor, reducing the spatial

harmonic component. At the end, prototype test bench

validation are carried out to validate the design and FE

analysis.





7
H E P M D E S I G N : M T PA A N D F W R E Q U I R E M E N T S

This Chapter presents an analytical sizing procedure that take into

account of MTPA and FW region. The machines are sized in a way

to fulfill current and voltage limits imposed by thermal and dielec-

tric electric fields, while considering whether the machine must be

optimized to operate in MTPA or if it requires an extended FW re-

gion. Starting from these equations, machine parameters can be de-

termined, allowing for the design of either an EESM or an HEPM

motor to obtain these values and optimize the system.

7.1 design of electric motors for given mtpa require-

ments

In PMSMs the optimal operating condition in the constant torque

region is obtained following the MTPA trajectory. Its focus is to mini-

mize the copper losses in the stator windings while providing the re-

quired torque. In HEPM motors, the excitation circuit has to be taken

into account in order to provide a complete analysis [29]. Hence, the

MTPA trajectory is defined as the set of optimal operating points

Popt = (id,opt, iq,opt, ie,opt) that minimize the overall copper losses of

both stator and rotor windings. In particular, referring to the rotating

reference frame, the copper losses can be computed as:

Pj(Id, Iq, Ie) =
3

2
Rs(I

2
d + I2q) + Re I

2
e (7.1)

where Re is the resistance of the excitation winding and Rs of the

stator winding.

In the MTPA operating condition, the motor satisfies equation (4.1),

i.e. it exhibits the desired output torque T∗. For this reason, the oper-

ating point Popt is the solution of the following constrained optimiza-

tion problem:

min
Id,Iq,Ie

Pj(Id, Iq, Ie) subject to g(Id, Iq, Ie) = T − T
∗ = 0 (7.2)

The method of Lagrange multipliers can be used to compute its

solutions since the optimization problem has only one equality con-

straint.

Equation (4.1) is rewritten as:

T =

(
3

2
pΛPM

)

︸ ︷︷ ︸
A

Iq +

(
3

2
pMe

)

︸ ︷︷ ︸
B

Ie Iq +

[
3

2
p
(
Ld − Lq

)]

︸ ︷︷ ︸
C

Id Iq (7.3)

73
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Then the Lagrangian function can be defined as:

L(Id, Iq, Ie, λ) = Pj(Id, Iq, Ie) + λ · g(Id, Iq, Ie) =

=
3

2
Rs(I

2
d + I2q) + Re I

2
e + λ

[
(A+BIe +CId)Iq − T

∗
]

(7.4)

To find the stationary points of L, i.e. the maximum and minimum of

Pj(Id, Iq, Ie), its partial derivative should be equal to zero:






∂L

∂Id
= 0 ⇒ 3RsId + λCIq = 0

∂L

∂Iq
= 0 ⇒ 3RsIq + λ(A+BIe +CId) = 0

∂L

∂Ie
= 0 ⇒ 2ReIe + λBIq = 0

∂L

∂λ
= 0 ⇒ (A+BIe +CId)Iq − T

∗ = 0

(7.5)

that yield the following variable dependencies:






λ = −
2 Ie Re

B Iq

Id =
2C Ie

3B rR

I2q =
2(A+B Ie +C Id)

3rRCIe

Iq =
t

A+B Ie +C Id
.

(7.6)

Solving the system lead to the following equation:

Ie

[
A+

(
B+

2

3

1

rR

C2

B

)
Ie

]3
−
3

2

rR

1
B(T∗)2 = 0

Ie(a+ bIe)
3 − c = 0

(7.7)

that can be rewritten in polynomial form in order to highlight its

coefficient:

(
b3
)
I4e +

(
3ab2

)
I3e +

(
3a2b

)
I2e +

(
a3
)
Ie + (−c) = 0 (7.8)

The rotor current Ie value can be computed just numerically.

If the PM flux component ΛPM is equal to zero, there are no magnets,

a closed formulation can be calculated.

By the way, EESM has Ie that minimize the joule losses equal to:

Ie = 4

√√√√
(
B rR t

2

(B+D)
3

)
(7.9)
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where D =
2C2

3B rR
and rR = Rs/Re. Consequently the Id and Iq direct

and quadrature stator currents are:

Id =

2C

(
3B rR t

2

2 (B+D)
3

)1/4

3B rR

Iq =
21/4 33/4 B rR t

(3 rR B2 + 2C2)

(
B rR t

2

(B+D)
3

)1/4

(7.10)

Starting from these considerations, analytical motor design is com-

puted.

During the motor design, many constraints must be satisfied. Typi-

cally the bus voltage Vdc, the inverter current IN, the DC/DC con-

verter current Ie,N, the operating speed ωN, the torque required TN

are imposed. Moreover, designer have to choose the pole pairs p, the

saliency ratio ξ, the direct inductance Ld, the mutual inductance be-

tween rotor and stator Me and the stator and rotor resistance Rs and

Re. The proposed design procedure yields the configuration that at

the nominal point has the lowest joule losses according to the con-

straints imposed by the application.

7.1.1 Design Procedure

At the beginning of the design process the limits are imposed as:

• the nominal motor voltage VN = Vdc/
√

(3),

• the nominal stator and rotor motor currents IN and Ie,N,

• the torque required TN,

• the operating electrical speed ωe
m = pωN.

Another designer choice is the pole pair p and the saliency ratio

ξ. Adopting this assumptions, there is just one combination of the

parameter Me, Ld, and rR that can satisfy the minimum joule losses

at the rated point.

Machine EESM parameters are computed solving the system:






I2N = I2d + I2q

I2e,N = I2e

V2
N = ωe2

m

[
(MeIe + LdId)

2
+
(
ξLdIq

)2]2
(7.11)

the currents Ie, Id and Iq are computed in (7.9) and (7.10) for EESM

while just numerically for HEPM motor. Ie, Id and Iq contain the
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Figure 7.1: Mutual, direct inductance and resistance ratio for different Ie,N

and ξ = 0.5.

Figure 7.2: Mutual, direct inductance and resistance ratio for different ξ and
Ie,N = 15A.

parameters unknown Me, Ld, and rR. For both machines, the system

(7.11) is highly nonlinear and must be solved numerically.

The equation system complexity increases for the HEPM motor being

Ie possible to computed just numerically.

A EESM design example is carried out adopting the following pa-

rameter: VN = 173V , IN = 9 - 16A and Ie,N = 9 - 16A, TN = 40N ·m,

p = 3, ξ = 0.5 - 1.4 and ωe
m = 2π p 4500/60.

The system (7.11) is solved for different combination of saliency

ratio ξ, stator and rotor currents limits IN and Ie,N. Mutual inductance

Me, direct inductance Ld and resistance ratio rR are reported.

Fig. 7.1 shows the variation of the mutual inductance Me, direct in-

ductance Ld and resistance ratio rR imposing a constant saliency ratio

ξ = 0.5 but varying the nominal excitation current from Ie,N = 9, 12, 15 A.

These values are reported for different values of stator current IN.

In Fig. 7.1b the resistance ratio rR is reported. It shown that the

ratio has a minimum for a each rotor current Ie for a prescribed stator

current IN and this ratio decrease while the Ie,N increase.

Another test has been done in Fig. 7.2 assuming a constant rotor

current Ie,N = 15A and changing the saliency ration ξ = 0.5, 0.8, 1.1, 1.4.

It possible to appreciate in Fig. 7.2a Ld are lower increasing the ξ

while the mutual has a higher value for ξ values close to 1.

Fig. 7.2b shows the ratio rR that has lower value for ξ values close

to 1.

Lastly, Fig. 7.3 shows how the stator current component changes

according to a variation of Ie,N and ξ. In Fig. 7.3a it is possible to see
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Figure 7.3: Stator current angle variation with parameter variation.

Figure 7.4: Minimum Losses validation for different saliency ratio ξ = 0.5
and ξ = 0.7 at the torque TN = 40 N ·m the voltage VN = 173V

and the electrical speed ωe
m = 2π p 4500/60.

that the ratio Iq/Id is constant for different Ie,N while Fig. 7.3b reports

the variation of the angle according to the variation of ξ.

To validate the design process, the losses computation is carried

out after having selected two motor design. In this case the process

is different. The machine parameter are selected as: the pole pairs

p, the mutual inductance Me, direct inductance Ld, resistance ratio

rR and the saliency ratio ξ solving (7.11). Then a losses computation

considering different values of Ie,N an IN is done, in order to continue

to satisfy the torque TN = 40 N ·m, the voltage VN = 173V and the

electrical speed ωe
m = 2π p 4500/60.

At the end, it is necessary verify which values couple yields the min-

imum value. This check is reported in Fig. 7.4, where Fig. 7.4a has

been done considering a saliency ration ξ = 0.5 while Fig. 7.4b ξ =

0.7. Both drawings exhibit a magenta dot that represents the losses

computed assumed from the initial design process. Other points ex-

plore different combinations of stator and rotor currents to continue

to delivered the same torque and rotate at the same speed.

The light blue lines of Fig. 7.4 show that the minimum losses are

exactly reached for currents combination that has been used as con-

straints to design the machine. Indeed other combinations using low
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values of Ie,N and higher of IN or vice-versa yields higher joule losses.

These results show that it is possible to obtain a machine that mini-

mize losses starting from voltage and current constraints.
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7.2 design of electric motors for given fw requirements

This part involves calculating parameters based on the FW operation.

Various machine parameters are determined based on the specific

operational region. Subsequently, an similar EESM sizing method is

reported, providing an approximate initial configuration for the opti-

mal HEPM motors.

Analog procedure to EESM can be used starting from the FW re-

quirements. Synchronous motor type and inverter Volt-Ampere rat-

ings can be selected to meet a desired torque versus speed charac-

teristic. Alternatively, the motor drive design can be optimized for a

given nominal and FW requirement as proposed in [38]. This allows

both the energy losses and the constraints on the power converter to

be reduced. A proper combination of machine parameters of rotor

PM and excitation flux linkage can be derived, in particular d-q axis

inductances. The inverter current rating can be obtained, as well.

For the sake of generality, it is convenient to normalize all motor

data with respect to the base quantities defined in the following. Nor-

malized data are denoted by means of small letters. This permits to

easily extend the considerations to motors of any power. Moreover,

interesting comparisons can be carried out among different motor

types, requiring fixed FW performances.

Torque, speed, and voltage under full load at the maximum speed

of the constant torque region have been defined as base torque Tb,

base angular frequency ωN and base voltage VN, respectively. The

base values of the motor parameters and current are retrieved by us-

ing the power balance:

Tb
ωN

p
=
3

2
VNIb. (7.12)

Then, the base current, inductance and flux linkage are computed as:

Ib =
2TbωN

3pVN
, Lb =

3pV2
N

2Tbω
2
N

, Λb = LbIb =
VN

ωN
.

(7.13)

All the normalised motor data are resumed in Table 15.
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Table 15: Normalised quantities.

P.U. quantities

Torque t = T/Tb

Electrical speed ω = ωe
m/ωN

Phase current i = I/Ib

Rotor flux linkage λR = (ΛPM +Λe)/Λb

Phase voltage v = V/VN

Synchronous inductance l = L/Lb

The flux linkage, the d-q axis inductances and the inverter Volt-

Ampere ratings are selected such that the drive exhibits the desired

nominal torque Tb at the desired base speed ωN. Moreover, the max-

imum p.u. speed and p.u. torque achievable in FW operating condi-

tion are defined, namely ωFW and tFW. They represent the maximum

FW speed and torque for which the motor is designed, respectively.

The motor has to guarantee all requirements in its operating condi-

tions.

The design procedure works as follows:

1. Set the desired values of maximum FW speed ωFW and torque

tFW;

2. A suitable couple of rotor flux linkage λR and saliency ratio ξ

must be selected;

3. In order to fulfill the specification at nominal point of base

torque tN = 1, voltage vN = 1, and speed ωN = 1, only one

value of direct inductance ld and current iN can assure the de-

sired performance once λR and ξ are set;

4. Finally, the defined p.u. parameters can be reported to the ab-

solute magnitude value and then the machine can be designed.

These values must be realized with a proper motor design by

taking into account practical limitation.

An example is reported in Fig. 7.5, considering a desired FW speed

ωFW = 4 p.u. The requirement on FW torque tFW at speed ωFW = 4

p.u. is 0.28 p.u. If ξ = 2 is defined, λR has to be chosen equal to 0.65,

accordingly to the green line in Fig. 7.5. Once values of λR and ξ are

selected, the values of ld and iN can be grabbed by exploiting Fig. 7.6

and 7.7. With the selected values, ld = 0.4 p.u. and iN = 1.3 p.u. It

is worth noting that Fig. 7.5 shows that the FW torque tFW does not

exist at a desired speed for all couple of the rotor flux linkage λR and

saliency ratio ξ. Moreover, there is only one peak for each saliency

ratio ξ.
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Figure 7.5: FW torque as a function of the saliency ratio ξ with a FW speed
of 4 p.u. [72].

Figure 7.6: Normalized inductance as a function of the saliency ratio ξ [72].

Figure 7.7: Normalized current as a function of the saliency ratio ξ [72].

7.2.1 PM Motors

In PM motors, the rotor flux linkage λR is equal to permanent magnet

flux linkage λPM and it can change in the range between 0 and 1. Com-

paring Fig. 7.5–7.7, the maximum torque occurs with λPM = ldiN, or

when the voltage limit ellipse center is exactly placed on the current
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limit circle. The corresponding maximum power is approximately

equal to
√
2 p.u., i.e., the theoretical value when ωFW = ∞. A wide

FW speed range can also be obtained with a lower ξ, provided that

high inductances or additional external inductances are used. More-

over, comparing the FW torque in Fig. 7.5 with the current values in

Fig. 7.7, it is always preferable to design synchronous motors with

λR > ld iN to minimize the losses. As far as joule losses are concerned,

PM motors should be preferred rather than REL motors. Other exam-

ples of IPM design are reported in [14].

In case of SPM motors, the problem can be solved analytically,

namely, ld and iN can be computed in closed form. This kind of mo-

tors have been studied in [15, 51, 57, 80]. An SPM motor is character-

ized by a unitary saliency ratio ξ. In addition, it is worth reminding

that the MTPA locus corresponds to a current angle αe
i = 90 degrees.

By fixing tN = 1 p.u., vN = 1 p.u., ωN = 1 p.u., and αe
i = 90 degrees,

the motor inductance and the drive current result as [72]:

ld = lqq = λPM

√
1− λ2PM, iN =

1

λPM
. (7.14)

Then, the maximum FW speed can be evaluated as:

ωmax =
1

λPM −

√
1− λ2PM

. (7.15)

All speeds ωFW can be reached, even if high values of current or

inductances may be required for the highest speed. Since high induc-

tances are not obtained with an SPM motor configuration, a wide FW

speed range requires the use of external inductances.

7.2.2 Pure Reluctance Motor

In REL motors, the rotor flux linkage λR is zero. Thus, the MTPA angle

is αe
i = 135 degrees (with the adopted convention lq > ld). The nor-

malized values of the dq-axis inductances and drive current can be

expressed analytically as a function of the motor saliency ratio ξ as

follow:

ld =
ξ− 1

ξ2 + 1
iN =

√
2(ξ2 + 1)

ξ− 1
(7.16)

which is always greater than
√
2.

As regards the FW performance, the torque is always greater than

zero at any speedωFW[1, 70, 98]. However, both the maximum torque

and power decrease withωFW, while for an IPM motor the maximum

power can be kept constant, close to
√
2.
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7.2.3 Motor with Rotor Excitation Windings

Power generation and traction systems use motors with excitation

windings. In these machines, the rotor flux linkage ΛR is given by the

sum of PM λPM and excitation λe flux linkages. The control of excita-

tion current gives an additional degree of freedom that can improve

the motor performance at high speeds. The formulation proposed

in [67]:

λ∗R =
ξ(ωFW ld iN)

2 + v2N

ωFW

√
(ωFW ξ ld iN )2 + v2N

(7.17)

computes the rotor flux linkage λ∗R that maximizes the delivered mo-

tor torque at each motor speed. The control strategy is valid if λ∗R < λR.

In order to keep the power constant, its value increases as the motor

speed decreases. However, to guarantee the nominal motor behavior,

the actual rotor flux linkage λR must be limited to its base point value.

Fig. 7.8 shows an example of the rotor flux linkage trend as a function

of motor speed with a rotor flux linkage at base point of λR = 0.85 p.u.

The rotor flux linkage is constant and equal to its base value for mo-

tor speed smaller than ωth. For higher speed, the excitation flux link-

age λe decreases to assure a total rotor flux linkage equal to λ∗R. The

speed ωth is the threshold speed at which excitation must decreases.

It is worth noting that ωth is greater than unity indeed stator currents

are already flux weakening the machine when the excitation flux link-

age λe start decreasing. During that FW operations, the rotor flux λR

and the corresponding stator current are regulated so as to achieve a

torque as high as possible according to that speed ωFW. For different

values of λR, ξ, ld, iN and vN, it is possible to verify that the reduction

of rotor flux is convenient only if λR > ldid as described in [18, 67].

Figure 7.8: Rotor flux linkages as a function of various electrical speed.

Similarly to Fig. 7.5, Fig. 7.9 shows the FW torque at ωFW = 4 p.u.

for different values of λR in a HEPM motor, considering the strategy

of rotor flux linkage reduction as in (7.17). The maximum delivered

torque by the machine at speed ωFW = 4 p.u. is represented as a
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function of the rotor flux linkage at base point that changes from 0

to 1 p.u. Motor with an excited rotor allows for operating at high

speed, e.g., ωFW = 4 p.u., even if the base rotor flux linkage is high as

in the aforementioned example. This is a important difference with

respect to classical motor configuration where a trade-off between

rotor flux linkage magnitude and maximum achievable speed must

be found (see Fig. 7.5). This difference allows for reducing the base

motor current and, in turn, the motor losses.

Figure 7.9: FW torque as a function of excitation control for a FW speed of
4 p.u. [67].

The motor design procedure is the same already described in Sec-

tion 7.2. The ratio between λe and λPM must be defined and it can be

chosen according to the machine application. The described strategy

can be applied in HEPM and EESM configurations. It was compared

to conventional IPM motors in terms of torque, speed capabilities and

efficiency in [33, 36, 52, 84].

7.3 discussion

This chapter presents an analytical sizing procedure tailored to achieve

MTPA and FW ranges in motor design. The aim is to size machines

in such a way that the current and voltage constraints imposed by

the thermal and dielectric electric fields are met. The sizing process

depends on the decision whether the machine should be optimised

for MTPA operation or whether an extended FW range is required.

The equations presented in this chapter can be used to determine

essential machine parameters. These parameters allow the design of

both an EESM or an HEPM motor. By optimising the motor configu-

ration and design to these values, the overall system performance can

be improved.

This analytical approach provides a systematic way to tailor mo-

tor designs for specific operating characteristics, striking a balance

between efficiency, torque and the flexibility to operate over a wide
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range of conditions, ultimately contributing to improved motor per-

formance and system efficiency.

The effective sizing of both the EESM motor and the HEPM motor

will now be presented.
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N E T W O R K

This Chapter reports the analytical design. A detailed explanation of

the magnetic network used and the rotor configuration is given. The

aim is to provide a step-by-step procedure to obtain a rough size of

the ESM machine. EESM rotor design is crucial for achieving high

performance and efficiency [42]. A proper approach to achieve opti-

mal pole shaping in EESMs is necessary. Traditional methods for pole

shaping in EESMs focus on electromagnetic considerations, aiming

to maximize the flux density while minimizing the harmonic content.

To do that, analytical magnetic network for EESM design will be pre-

sented Fig. 8.1, along with the corresponding reluctance values that

vary according to the pole shape is used. The pole shapes follow si-

nusoidal component shapes, considering a 1st, 3rd, 5th, and 7th order

harmonics.

The validation of the analytical model is reported to validate the

procedure. A parametric computation will be carried out to obtain

a Pareto front for the selection of better solutions. The design well-

ness will be evaluated considering the low order harmonic and the

maximum values of no-load flux density. The results presented for a

described geometry considering shaping with two variable changes

(1st and 3rd harmonic shaping) and with four variables (1st, 3rd, 5th,

and 7th harmonic shaping).

Rsp1
RspN

RgN

Rsp2

Rg2

Rsp3

Rg3

Rsp4

Rg4

RspN−1

RgN−1
Rg1

Rbody

−+ NeIe

Figure 8.1: EESM model configuration and magnetic circuit.

The aim of the shaping is to minimize losses, cogging and ripple

effects. It is important to ensure that both the stator and rotor mag-

netic potentials are as sinusoidal as possible. To achieve this, the rotor

pole shaping has been designed to minimize the harmonic distortion

(HD), with a particular emphasis on the 3rd, 5th, and 7th harmonics.

One example of EESM is reported in Fig. 8.2a and Fig. 8.2b. In

Fig. 8.2a the dashed light blue line shows the pole shaping calcu-

87
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(a) EESM rotor reluctance di-

vision.

(b) EESM rotor reluctance di-

vision.

Figure 8.2: EESM sketch.

lated adopting combination of different harmonic while the dashed

black line the original shape without any addition on harmonics. In a

mathematical approach this shape can be described by a function f(x)

defined as:

f(x) =
∑

i=1,3,5,7

Ai cos(pνi(θ+φi)) (8.1)

This function is used to models the pole shaping in order to mini-

mizes the harmonic content while increasing the fundamental compo-

nent. Specifically, changing the parameters amplitude Ai and phase

shift φi, with i = 1, 3, 5, 7, different geometries are carried out with

the aim of optimizing the rotor design. The magneto motive force on

the stator/rotor exhibits odd harmonics content, for this reason sym-

metric adds waves have been used to shaping the pole. Moreover due

to this hypotheses just two phase shift are admitted: 0 and π. In this

way, the phase shift can be considered adopting coefficient lower than

zero compacting (8.1) into:

f(x) =
∑

i=1,3,5,7

Ai cos(pνiθ) (8.2)

where the coefficients Ai can be negative. A graphical representation

is reported in Fig. 8.3, Fig. 8.3a shows and example of harmonic sum-

mation with positive coefficients, while Fig. 8.3b with negative coeffi-

cients. In blue is plotted the 1st harmonic, in red the 3rd, in yellow the

5th, in violet the 7th and in black the sum of the various components.

It is worth noting that Fig. 8.3 exhibits very different global shapes

switching the coefficients from positive to negative.

In order to properly study influence of this function on the airgap

rotor shape, both analytical and FE analysis are be carried out. The FE

analysis is time-computationally expensive, so the analytical method

is preferable used for the parametric computation study. Of course

the analytical model requires a magnetic network that takes into ac-

count the variation of the rotor shape and that have an accuracy close

to the FE analysis.
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(a) Pole shape with positive coeffi-
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(b) Pole shape with negative coeffi-

cients.

Figure 8.3: Harmonic shape addiction.

Figure 8.4: EESM reluctance surface calculation.

The complete magnetic network is shown in Fig. 8.1, and it is sup-

plied by NeIe ampere turns that provide an iron path composed of

the pole salient body Rbody and the polar shoe subdivision Rspk
, as

well as an air path composed of an airgap subdivision Rgk
. The cor-

responding reluctance have been reported also in Fig. 8.2a. Fig. 8.2a

shows the magnetic reluctance on the rotor, which is composed by

k = N steps corresponding to the polar shoe and airgap subdivision.

The polar shoe and airgap divisions have different lengths and sur-

faces depending on the geometric position θ. To perform analytical

calculations, each reluctance must be represented by an equivalent

0 10 20 30 40 50 60 70 80 90
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0

0.5

1

θ (deg)

B
(T

)

FE

Magnetic Network

Figure 8.5: Pole shape with positive coefficients.
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Figure 8.6: Traditional vs fluid pole shaping salient pole.

block volume that takes into account of the particulate shape of the

subdivision. Fig. 8.4 illustrates how an irregular airgap or pole shoe

surface is transformed into a rectangular surface with an equivalent

area and vertical rectangular edge t(k) equal to the distance between

the midpoint of the inner stator radius and the outer external radius.

The equivalent thickness, t(k), is given by:

t(k) =‖ p(x,y)5 − p(x,y)6 ‖

where p(x,y)5(k) and p(x,y)6(k) are the middle point of the segment

(p(x,y)1(k)+p(x,y)2(k))/2 and (p(x,y)3(k)+p(x,y)4(k))/2. The equiv-

alent surface area, A(k), is given by:

A(k) = A1(k) +A2(k)

where the area is divided in two triangle area:

A1(k) =
√
p1(p1 − a)(p1 − b)(p1 − f)

A2(k) =
√
p2(p2 − c)(p2 − d)(p2 − f)

where a,b, c,d are the edges of the quadrilateral and f is one of the

two diagonals. The semi-perimeters of the two triangles that compose

the quadrilateral, pn1 and pn2, can be calculated as follows:

p1 =
a+ b+ f

2

p2 =
c+ d+ f

2

Once computed the area A(k) and the equivalent height t(k) can be

computed the width of the equivalent rectangle w(k) = A(k)/t(k)

and then is possible compute the equivalent reluctance. In details the

reluctance component can be computes as :

• Rbody =
hbody

µrµ0Sbody
Sbody = wbodyLstk, for the body;

• Rsp(k) =
tsp(k)

µfeµ0Ssp
(k) Ssp(k) = wsp(k)Lstk for the pole shoe sub-

division;
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• Rg(k) =
tg(k)

µ0Sg
(k) Sg(k) = wg(k)Lstk for the airgap subdivision.

With these reluctance is possible to solve the magnetic network im-

posed magnetic voltage source of NeIe ampere turns. The analytical

network return the fluxes φ(k) that can be showed to the flux den-

sity B(k). According to the aim to reduce the harmonic content and

increase the flux density the analytical procedure has been validated

by FE analysis. Fig. 8.5 shows a comparison between the results ob-

tained from the analytical magnetic network and those obtained from

the FE flux density analysis. It is important to note that the FE analy-

sis considers a non-linear material and also includes the presence of

slots, which can significantly impact the accuracy of the results. How-

ever, despite these differences, the accuracy between the two models

is shown to be very high. This outcome provides strong evidence to

validate the analytical circuit that can be used for a deeper analysis of

the effect of pole shaping on the flux density. In other words, the high

accuracy obtained from the comparison of the analytical model with

the FE analysis reinforces the idea that the analytical method can be

a reliable and efficient tool for analyzing the effects of pole shaping

on the performance of EESMs.

8.1 traditional eesm analysis

A traditional geometry has been considered as shown in Fig. 8.6 and

a parametric study has been done by changing the pole shape while

considering only two variables, A1 and A3. This study has been car-

ried out to underline harmonic flux density components in a graph-

ical plot that can be possible to plot with two variables but not in

four.

8.1.1 Two variables Parametric analysis

Here and example of EESM has been analyzed and some additional

data are reported in Tab.16. The rotor airgap shapes follow the func-

tion:

f(x) = A1 cos(pθ) +A3 cos(3pθ) (8.3)

In order to have a good approximation of the airgap rotor curve, an

discretization of the airgap and pole shoes of k = N = 100 has been

chosen. The parametric study has been carried out considering a de-

sign of experiment that consider all the possible degree of freedom

of the function f(x) and the geometry constraint. That way the study

was conducted by considering a variation of A1 and A3 ranging from

−[Dr −Dsh] to [Dr −Dsh]. Fig. 8.7, 8.8, and 8.9 show a zoomed-in

view where A1 is included between −25mm and 25mm, while A3 is

between −5mm and 5mm.
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(a) Fundamental harmonic component amplitude.

(b) 3rd harmonic component amplitude.

Figure 8.7: 1st and 3rd flux density harmonic component.

Fig. 8.7 and 8.8 show the 1st, 3rd, 5th, and 7th harmonic components

of the flux density for the variation of the parameters A1 and A3.

High values of the flux density are plotted in red while low values

in yellow. In each point the 3rd, 5th and 7th harmonics are reported

respect to the fundamental amplitude in percentage.

Fig. 8.7a exhibits the contour plot of the 1st flux density harmonic

content. The goal from this plot is to choice the couple of A1 and A3

that maximize the 1st harmonic component. It shows that the max-

imum values of the flux density are achieved when A1 is between

0mm and 10mm, and A3 is between −3mm and 3mm. The maxi-

mum value reached considering all the possible shaping is B1 = 0.88 T .

The minimum is obtained for negative values of A1 and A3, this hap-

pened because with these values the airgap at the middle of the pole

increases, make falling down the 1st harmonic component.
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(a) 5th harmonic component amplitude in percentage.

(b) 7th harmonic component amplitude in percentage.

Figure 8.8: 5th and 7th flux density harmonic component.

Fig. 8.7b shows the 3rd harmonic, which has very low values for the

values of A1 and A3 mentioned above. The lowest values of this har-

monic happened when A1 and A3 have different sign. Far away from

this condition its value are quite important. The 5th and 7th harmonics

are shown in Fig. 8.8a and Fig. 8.8b, respectively.

Their values have a low impact in the region where A1 is between

0mm and 10mm, and A3 is between −3mm and 3mm. The mini-

mum values for the 5th and 7th harmonic are obtained both close to

A1 = 10mm and A3 = −1mm. 3rd, 5th, and 7th give an harmonic con-

tent equal to the sum of the least squares, this amplitude has been

shown in Fig. 8.9a. It shows that there is a minimum region close to

the A1 = 5mm and A3 = −1mm, that is very close to the region where

the fundamental harmonic is on the highest value.
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(a) Harmonic component considering 3rd harmonic contribute.

(b) Harmonic component without considering 3rd harmonic.

Figure 8.9: HD with and without 3rd harmonic contribution.

If the contribution of the 3rd harmonic component is neglected, con-

sidering, for example, star connection stator winding, other consider-

ation are treated. Under this hypothesis the sum of the 5th and 7th

contributions is reported in Fig. 8.9b. Here, the minimum different

from Fig. 8.9a. In particular the values of A1 have higher amplitude

and A3 lower amplitude if when what to minimize that harmonics.

To have a complete idea of which configuration has the lowest har-

monic content with the highest fundamental flux density a Pareto

front has been carried out. These front has been obtained considering

both cases, with 3rd harmonic and without 3rd harmonic component.

The results are reported in Fig. 8.10. Is it possible to note that ac-

cording to the level of the HD that is possible to have higher flux den-

sity can be archived. For example, if the constraint are a low harmonic

content with star connection different choice can be take compared to
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the triangle connection. Anyway some configurations exhibit a higher

values of flux density.
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(a) Pareto front considering 3rd,5th and 7th harmonic content.
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(b) Pareto front considering 5th and 7th harmonic content.

Figure 8.10: Two variables Pareto front.

8.1.2 Four variables Parametric analysis

In the previous section has been used the variation of the parameters

A1 and A3, while in this section are making variate the parameters

A1, A3, A5 and A7.

The airgap shape follows the function:

f(x) = A1 cos(pθ) +A3 cos(3pθ) +A5 cos(5pθ) +A7 cos(7pθ)

This shaping function take into account of also of the 5th and 7th

harmonics. This aspect modify the shape of the salient pole that help



96 eesm sizing : sizing by means of magnetic network

(a) Pareto front considering 3rd, 5th and 7th harmonic content.

(b) Pareto front considering 5th and 7th harmonic content.

Figure 8.11: Four variables Pareto front.

the reduction of the corresponding harmonics. With the variation of

all these parameters just the Pareto front can be shown in Fig. 8.11.

As aspect, the values of the HD are lower adopting four parameter

variation compared to the two variable. This effect is due to the fact

that increasing the degree of freedom of the pole shaping also the

effect of the harmonic content is different.
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Table 16: Data motor

Data motor

Iron Type M530 50A - -

Iron Relative permeabil-

ity

µr 4000-7000 -

Pole pair p 4 -

Outer diameter De 210 mm

Inner diameter Dr 150 mm

Shaft diameter Dsh 60 mm

Axial length Lstk 50 mm

Air gap g 0.7 mm

Pole excitation angle θexc 15 deg

Ampere turns NeIe 1000 A
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8.2 fluid eesm sizing and analysis

Up to now, traditional rotor pole sizing approach is carried out. Here,

a novel approach to achieve optimal pole shaping in EESMs is pre-

sented. Traditional methods for pole shaping in EESMs focus on elec-

tromagnetic considerations, aiming to maximize the flux density while

minimizing the harmonic content. Differently, this study proposes a

new excitation pole design that includes fluid dynamic equations to

shape the rotor pole body and pole shoe and combining them into the

traditional electromagnetic design procedure. Fluid rotor is showed

in Fig. 8.6.

The integration of fluid dynamics into the pole shaping process

is motivated by the potential benefits it offers. By utilizing fluid dy-

namic equations the objective is to minimize the rotor saturation and

reduce mechanical issues.

The implementation of the electromagnetic design equations are

used in a network to satisfy flux density limits at the rotor yoke,

salient pole body, air gap, and rotor current density requirements.

Then the fluid dynamics laws that have been used during the pole

body and pole shoe - air gap connection design process.

Finally, a traditional rotor and a fluid rotor geometry are compared,

focusing on the electromagnetic behavior. Fluid dynamics and me-

chanical performance are reported in Chapter 6. Results obtained

from finite element simulations show the advantages of the proposed

innovative solution. The novel fluid dynamic-based pole shaping ge-

ometry exhibits improved performance and higher efficiency com-

pared to an equivalent traditional pole shaping motor geometry.

8.2.1 Fluid Model

The rotor design incorporates fluid-dynamic assumptions that can

be extended to electromagnetic theory. The analogy between fluid

flow and magnetic flow has been previously employed to size the

rotor of synchronous reluctance motors [9, 37]. For these reason, the

rotor geometry is sized using a combination of fluid dynamics and

electromagnetic equations.

The pole shaping technique is described in the following. The siz-

ing procedure of the air gap - pole shoe follows the magnetic network

approach reported in [31], with the fact that the rotor body changes

according to the fluid dynamic laws. The rotor pole body is com-

puted based on the fluid-dynamic theory of the Rankine Half-Body

[104]. The lateral connection of the pole shoe is not achieved through

a straight line but following a fluid iso-potential curve. This design

choice aims at smoothing the surface of the lateral pole shoe, reduc-

ing the number of corner points. This connection follows the fluid

current stream law of an incompressible fluid stream that flow be-
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(b) Fluid rotor pole subdivision.

Figure 8.12: Fluid rotor model and geometry discretization.

tween two walls with a variable alpha angle. This design choice aims

to smooth the surface of the lateral pole shoe, reducing the number

of corner points.

The objective is to obtain a geometry that exhibits lower rotor sat-

uration, reduced mechanical stress, and enhanced rotor speed ex-

change. By combining fluid dynamics and electromagnetic consider-

ations in the rotor design, the proposed approach aims at optimizing

various aspects of motor performance. The resulting geometry ex-

hibits improved rotor flux-density distribution, reduced mechanical

stress, and enhanced rotor speed range, leading to enhanced overall

motor efficiency and reliability.

8.2.2 Main pole rotor

The main design of the air gap and the pole shoes are carried out

in order to increase the electromagnetic performance, that means to

maximize the first harmonic flux density and to reduce the current

spatial harmonic components. The model used to size rotor geometry

is an improvement of the one reported in [31]. Fig. 8.12a shows the

circuit model (on the left) and the novel fluid pole model (on the

right).

The design requires some starting parameters as air gap peak flux

density B̂g, current density Jexc, yoke flux density Bgg, pole body flux
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B̂g, Jexc, Bgg, Bbody, Dr, and Rsh

φg (8.4)

hgg and wbody (8.5)

αmin (8.6)

αmin < α < αmax

hexc, wexc (8.7)

Traditional/Fluid - Magnetic Network

φm = φg

α, hexc, wexc

No

Yes

Figure 8.13: Electromagnetic flowchart design process.

density Bbody. The procedure returns the required rotor opening an-

gle α, the excitation height hexc and the excitation width wexc.

First of all, the flux per pole is computed after the selection of the

rotor diameter Dr, the stack length Lstk and the pole pair p as:

φg =
B̂gDrLstk

p
(8.4)

then the rotor yoke hgg and the pole body width wbody are calculated:

hgg =
φg

2BggLstkkpack

wbody =
φg

BbodyLstkkpack

(8.5)

Once computed the wbody, the rotor pole angle minimum αmin is ob-

tained with:

αmin = 2 arcsin

(
wbody

Dr

)
. (8.6)

At this point, an iterative loop changes the pole angle α between

αmin and αmax = π/p. According to the airgap pole shaping function

[31] a corresponding pole shoe height hsp(A1,A3,A5,A7) is calculated.
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Consequently the rotor excitation height hexc and width wexc are be

computed as:

hexc =Dr/2− hgg − Rsh − hsp(A1,A3,A5,A7)

wexc =(xα −wbody)/2
(8.7)

where xα is the amplitude distance between the two airgap external

points and Rsh is the shaft radius. The rotor geometry parameters

computed are reported in Fig. 8.6.

The equivalent circuit can be solved computing the corresponding

magnetic reluctance. The iterative loop continues until the flux com-

puted from the magnetic network φm is equal to the flux per pole

imposed φg. The model used for the fluid geometry is shown in

Fig. 8.12a. This model is an extension of [31], where the pole body

reluctance is distributed and take into account of the fluid curvature

of the pole body that will be explained. A fluid rotor sketch geometry

is reported in Fig. 8.12b. The red surfaces affected Rstk
, the blue area

the Rspk
and the magenta the Rgk

. All parts are discretized according

to the k number subdivision imposed. The flowchart used for rotor

design is reported in Fig. 8.13.

8.2.3 Body and air gap - pole shoe connection

The main novelties of the fluid rotor compared to the traditional

salient pole motor are:

• pole body shaping;

• connection between the air gap and the pole shoe.

Both shaping techniques have been developed starting from fluid dy-

namic equations as follows.

The rotor body configuration has been designed through the fluid

dynamic equation of the Rankine Half Body (RHB). RHB current

stream is the compositions of a sink and a uniform flow and can

be described by:

γ = Ur sin(θ) +mθ (8.8)

where γ is the current stream, U the fluid speed, r the distance from

the sink point (0,0), θ the point angle and m the volumetric flow

rate. Moreover the distance between the stagnation point and the sink

point is labeled with a. Fluid dynamic current function (8.8) is plotted

in Fig. 8.14 in p.u. values. The contour plot shows the current stream

plot at different speeds. The magenta dot represented the sink, while

the red dot the stagnation point. The idea is to size the rotor body

following the dashed curve that has the current stream γ = mπ.

This sizing is included in the electromagnetic design procedure and

it is done after computing hexc and wexc. The current stream line is
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Figure 8.14: Rankine Half Body flow rate.

(a) Body pole shaping computation. (b) Pole shoe connection.

Figure 8.15: Body pole shaping and Pole shoe connection computation.

calculated in order to satisfy hexc andwexc as shown in Fig. 8.15a. This

computation is done fixing the speed U and varying the sink position

a∗ in order satisfy the limits. Fig. 8.15a shows the link between the

unknown angle θ∗ and the limits that can be expressed as:

θ∗ = arctan

(
wexc

hexc − a∗

)
(8.9)

that yields the radius r∗:

r∗ =
hexc − a

∗

cos(θ)
, (8.10)

and the corresponding volumetric flow rate m∗

m∗ =
Ur∗ sin(θ)

π− θ
(8.11)

After few iterations, it is possible to compute a∗ that, fixed the fluid

speed U, satisfy the constraints hexc and wexc.

The curve is used like rotor pole body and from that computed

the corresponding magnetic reluctance Rstk
, the rotor excitation slot

Sslot,exc, and the ampere turn NeIe = Jexc/Sslot,exc.

After the pole body computation, the connection between the air

gap and the pole shoes is computed and drawn. Fig. 8.15b shows

the two approach used to draw that connection. In magenta line is

drawn the airgap, in blue the traditional salient pole, in red the fluid
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Figure 8.16: Harmonic shape addiction.

proposed connection and in yellow the beginning of the fluid body.

The proposed strategy to connect the airgap and the pole follow the

fluid current stream law of an incompressible fluid stream that flow

between two walls with a variable alpha angle.

The law equation is:

ψ = Arπ/α sin

(
πθ

α

)
(8.12)

where ψ is the current flow, A is an arbitrary constant, r is the radius

distance from (0,0), α is the angle between the two walls and θ is the

evaluation angle. In the excitation pole shoes the most lateral point

on the air gap and on the higher part of the pole body are stretched,

as shown in Fig. 8.15b, in order to have two walls and build a iso-

potential curve between them.

Fig. 8.16a shows different iso-potential curves with different cur-

rent flow ψ. The higher the ψ value, the higher the distance of the

curve from the walls. Under this hypothesis the curves with lower

ψ looks promising being closer to the walls. However they exceed

the pole rotor angle that was imposed to obtain the flux per pole

required. Moreover, a single specific curve must be selected, and the

criteria used is the one reported in Fig. 8.16b. This figure shows the se-

lection of the curve based on the portion of the area under that curve

compared to the overall triangle area. In the example has been chosen

70% of the triangle area. Values higher that 50% of the triangle area

yield curves with a distance to the walls that is less than 50 times the

length of the segments walls. Anyway, the pole rotor angle increases.

For this reason a convergent loop must be done slightly varying the

starting angle to obtain the rotor pole angle that satisfy the flux per

pole.
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(a) Fundamental harmonic component amplitude.

(b) 3rd harmonic component amplitude.

Figure 8.17: A1 and A3 flux density harmonic component.

8.2.4 Performance result

The design flowchart has been used to size both traditional and fluid

rotor pole, then the one of the optimal geometries has been chosen

and compared with the same but adopting the fluid rotor config-

uration. The input variables used are: B̂g = 0.8 T , Jexc = 5A/mm2,

Bgg = 1.2 T , Bbody = 1.5 T , Dr = 60.9mm, and Rsh = 18mm. The study

has been considering different values for A1 and A3 as harmonic air-

gap shaping function. The results are reported in Fig. 8.17. The main

and fifth-seventh harmonic amplitude component contour plot are re-

ported for various combination of A1 and A3 values adopting in the

airgap shaping function. The variable input limit the plane A1 - A3

making a feasible and an unfeasible area. Starting from this paramet-

ric study it is possible to find some geometry that can deliver higher
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Figure 8.18: Rated torque comparison.

Figure 8.19: Flux density comparison.

main harmonic with a lower ripple. The parameters chosen in our

case are A1 = 6mm and A3 = −0.4mm. The main geometry parame-

ters are reported in Tab.17.

Traditional and fluid rotor geometry have been drawn and com-

pared at load performance, during the Maximum Torque Per Am-

pere working condition. Electronic and thermal limitations determine

the current limits for the stator and rotor. The MTPA current angle

αe
i = 68deg for both geometries but there is a slight difference in the

average torque and ripple as shown in Fig. 8.18. The traditional ge-

ometry has a lower average torque that is Ttrad = 15.4N ·m, while

Tfluid = 15.2N ·m. They exhibit the same torque ripple equal to 5%.

Another advantage of the rotor fluid is the lower rotor saturation as

shown in Fig. 8.19. The rotor saturation pole shoe level changes from

B = 1.8 T to B = 1 T . The main geometry parameters are reported in

Tab.17. Finally, some practical considerations are that traditional ro-

tor structure helps in maintaining the rotor conductors against the

centrifugal force, while the fluid shape does not presenting such fea-

ture, favoring the conductor’s movement. Moreover the rotor wind-

ing when a fluid rotor is used instead of a conventional structure

impact on the rotor current density. Indeed the area available for the

rotor conductors is reduced when the fluid design is considered.
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Table 17: Data motor

Stator winding

Slot conductors nc 46 -

Machine parallel npp 1 -

Rated rms current Ilim 7 A

Voltages DC Bus Vdc 300 V

Pole pair p 3 -

Rotor excitation winding

Ampere turns NeIe 370 A

Stator geometry

Air gap g 0.8 mm

Outer diameter De 184 mm

Inner diameter Ds 126 mm

Axial length Lstk 40 mm

Slot gap height hso 0.7 mm

Wedge height hwed 0.66 mm

Slot height hs 13.8 mm

Gap slot wso 2.5 mm

Slot area Sslot 66.8 mm2

Slots number Qs 36 -

Rotor geometry

Inner diameter Dr 95.2 mm

Shaft diameter Dsh 36 mm

Excitation angle ϑexc 14.4 deg

8.3 discussion

Traditional and innovative analytical design approach for Electrically

Excited Synchronous Motors are presented, in particular focusing on

the rotor pole shaping. Traditional methods for pole shaping focus

just on the electrical aspects of the motor, while this study suggests

a different approach. It combines fluid dynamics equations with the

electromagnetic laws to design the rotor. By using fluid dynamics

theory, the goal is to reduce saturation and increase mechanical re-

sistance. Unlikely some drawback affected fluid geometry, as lower

space for the rotor winding, less Electromagnetic design equations

are used to meet certain requirements, and then fluid dynamics laws
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are used to shape the poles and the space between them. Finally, a

comparison between the traditional pole design with the new fluid

design is carried out through finite element simulation. The results

show that the new design improves the motor’s mechanical perfor-

mance without affecting efficiency compared to the traditional de-

sign. This approach can be extended to HEPM motor. In the next

Chapter HEPM motor effective design and optimization details will

be described.
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This Chapter reports another possible analytical design that can be

used for HEPM motor. As EESM, HEPM motor can be firstly de-

signed and analyzed adopting a magnetic network. Fig. 9.1a and

Fig. 9.1b show the main components of a fast magnetic network. The

excitation coil and the equivalent magnetic lumped parameters are

shown in Fig. 9.1a. The excitation coil can be represented by a contin-

uous magnetic voltage source with an amplitude equal toNeIe, which

are the ampere-turns of the excitation coil. The reluctance of air-gap

Rair is in series with the excitation coil.

Fig. 9.1b represents the PM. The equivalent circuit is a continuous

flux source with an amplitude φPM in parallel to the PM reluctance

RPM, where the quantity RPM is obtained from:

RPM =
tm

µrµ0SPM

The parameter tm is the PM thickness, µr is the relative differential

permeability, µ0 is the vacuum permeability, SPM the cross-area sec-

tion of the PM.

The reluctance of air gap Rair is:

Rair =
g

µ0Sair

where g is the thickness of air gap and Sair is the air gap surface.

The PM flux ΛPM is equal to:

φPM = BremhmLstk

where Brem is the residual flux density and is obtained from:

Brem = µrµ0Hc

and Hc is the coercive magnetic field. The iron reluctances Rfe can be

neglected because they are not significant with respect to the other

quantities.

(a) (b)

Figure 9.1: Elements of magnetic network. (a) Excitation winding and mag-
netic network. (b) PM and magnetic network.

109
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Starting from these considerations a minimal and fast magnetic net-

work has been built for both EESM and HEPM motors.

Under that theory and assumption, the flux Λhe can also be ex-

pressed as:

Λhe =
kwN

2

(
NeIe

Req
+φPM

)
(9.1)

where the reluctance of the pole Req is the magnetic reluctance cor-

responding to the rotor excitation winding only, kw is the winding

factor, N is the number of phase stator turns, NeIe are the ampere-

turns of the excitation coil. These values are different in series and

parallel architecture. In HEPM motors series configurations have an

Req higher than the air gap reluctance Rair. On the contrary, HEPM

motors parallel configurations and EESM have an Req close to Rair.

(a) Simplified motor.

φrem RPM Rfe,exc

Rfe,gRPM,g

Rfe,int

−+ NeIe

(b) HEPM magnetic circuit

Figure 9.2: HEPM model configuration and magnetic circuit.

9.1 fast analytical design

As mentioned above, a similar approach to EESM has been carried

out also for the HEPM motor, adopting a different magnetic network

that include the permanent magnets. According to [8, 30], parallel

configuration has better performance, for this reason parallel config-

urations have been selected and studied. Just one configuration has

been studied analytically, but the same magnetic con be extended to

all the network that yields PMs and rotor excitation winding.

The reported prototype analytical sizing started from the require-

ments that are concerned, the torque required is around Tem = 5N ·m
and the constant power speed range is fixed to be equal to 3.

The preliminary stator geometry has been determined based on

the following considerations. The electric loading is chosen between

K̂el = 20 to 40 kA/m and the airgap flux density is fixed at B̂g = 0.7 T .
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Figure 9.3: HEPM rotor parameter sketch.

In order to avoid complex cooling system a motor with a higher di-

ameter compared to the axial length is preferred. As a consequence

the ratio between the axial length Lstk and the inner stator diameter

Ds is chosen around Lstk/Ds = 0.3 - 0.5. According to these data, a

preliminary stator size is derived from the equations:






Tem = 4
π B̂0K̂elD

2
s Lstk

Lstk/Ds = 0.4
(9.2)

where the variables are Lstk and Ds.

A possible design is given by commercial solution available on the

market with:

Lstk = 40 mm and Ds = 96 mm

As far as the rotor is concerned, the sizing procedure requires a

magnetic flux study as described hereafter. Different HEPM motors

could be investigated, according to the rotor flux path [7, 29]. Here-

after, the parallel-type HEPM motor is analyzed. A sketch of such

a configuration is reported in Fig. 9.2a. The rotor exhibits two iron

paths in parallel to PM flux path represented with dotted red lines.

The PM flux flows directly through the air gap without crossing any

iron path as shown by dotted green lines. Starting from these mag-

netic considerations, an equivalent magnetic circuit can be arranged

and implemented to describe the HEPM configuration as reported in

Fig. 9.2b.

The magnetic network includes:

• a PM that is represented by the residual PM flux generator φrem

and the corresponding PM reluctance RPM connected in paral-

lel;

• an excitation winding that is represented by a magneto-motive

force generator of NeIe ampere-turns and the iron reluctance

Rfe,exc and Rfe,int connected in series.
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The other reluctances RPM,g and Rfe,g are the corresponding magnetic

reluctance of the air gap in front of PM and Excitation Winding paths.

The rotor parameter graphical representation is reported in Fig. 9.3

and how to determine them is described in the Tab.18.

Let φg be the total flux per pole, φexc the flux developed by the ex-

citation windings, and φPM the flux developed by the PM. Of course,

the total flux per pole is given by

φg = φexc +φPM (9.3)

and it is computed from the stator pole surface and from the value of

the air gap flux density, that is fixed to B̂g = 0.7 T .

According to [67], for achieving a speed range equal to 3, the ratio γ

between φexc/φPM is chosen close to 0.45, that is

φexc = γ φPM ≈ 0.45 φPM (9.4)

which is useful to determine the Amperturns of the excitation wind-

ing, NeIe. For such a winding a current density Jexc = 6 A/mm2 is

chosen.

According to the magnetic circuit of Fig. 9.2b, it is possible to de-

termine an initial estimate of rotor winding and PM size, carried out

by imposing the following equality:

φexc =
NeIe

Req
= γ

φPM =
γ

γ+ 1
φg

(9.5)

where Req is equivalent magnetic reluctance.

The fluxes φPM and φexc depend on the span angles ϑPM and ϑexc,

as shown in Fig. 9.3a. Therefore, solving (9.5) the span angle of the

excitation ϑexc and the span angle of the PM ϑPM are obtained.

The equations reported in Tab.18 linking the motor geometry to

the magnetic quantities have to be used. Once such angles are de-

termined, the other rotor parameters are achieved, thus completing

the preliminary rotor geometry, which is therefore ready for the FE

analysis and a geometry optimization.
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Table 18: HEPM motor magnetic network parameters.

SPM =
DrLstk

2
ϑPM Sexc =

DrLstk

2
ϑexc

Sp =
DrLstk

2p
Sfe = Sp − Sexc − SPM

Sfe,int =

(
Dr

2
− texc

)
Lstk

(
π

p
+ ϑexc

)
φg = B̂gSp

Sslot,exc = texc
Dr − texc

4
ϑexc RPM,g =

g

µ0SPM

RPM =
tm

µPMµ0SPM
Rfe,exc =

tm

µfeµ0Sfe

Rfe,int =
texc − tm

µfeµ0Sfe,int
Rfe,g =

g

µ0Sfe

Req =
[Rfe,int + (Rfe,g +Rfe,exc)](RPM,g +RPM)

[Rfe,int + (Rfe,g +Rfe,exc)] + (RPM,g +RPM)
NeIe = JexcSslot,exckfill

φPM = φrem
RPM

RPM +RPM,g
φrem = BremSPM
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The preliminary sizing yields the main dimensions but a geometrical

refining is carried out, with the aim of improving the magnetic paths.

In this Chapter , particular care is taken in selection of the flux bar-

rier geometry so as to get the proper PM flux without limiting the

excitation flux. On the other hand, the rotor slot is shaped to achieve

a higher cross-area section keeping a proper width of the path for

the excitation flux. This procedure originates the slot shape drawn

in Fig. 10.1a. At last, an optimization carried out through a differen-

tial evolution (DE) algorithm was carried out whose objectives were

the maximization of the average torque and the minimization of the

torque ripple. The final stator and rotor geometry details are shown

in Fig. 10.1 and the main data are reported in Tab.16.

The FE analysis has been developed by means of FEMM. Only one

fourth of the the machine was modeled, as shown in Fig. 10.1b, intro-

ducing the anti-periodicity boundary conditions. The machine peri-

odicity can be calculated as the maximum common divisor between

total number of the motor slots Qs and the pole pairs p, resulting

equal to 4, thus one fourth of the machine is analyzed, as shown in

Fig. 10.1b. The anti-periodic boundary conditions are imposed on the

lines that divides one pole from the other. This greatly reduces the FE

analysis computational time.

Dirichlet boundary condition is imposed on the outer circumference

of the motor and on the inner circumference of the rotor. The value of

the vector magnetic potential is set equal to zero Az = 0. This means

that the flux lines remain within these two circumferences.

(a) Complete rotor. (b) Partial stator and rotor.

Figure 10.1: Optimized geometry realized.
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10.1 no-load test

The no-load test deals with the motor analysis where the stator wind-

ing is considered to be open-circuited. In particular, the main goal is

the alignment of the d−axis of the rotor and the axis of the stator of

the a−phase winding. The second goal is the evaluation of the flux

linked by the stator due to the rotor.

10.1.1 No-Load Flux Evaluation

The flux linkage can be computed by integrating the magnetic vector

potential over the stator slots. For a generic jth phase (j = a,b, c), it

is:

Λj =

Qsim∑

i=1

Qs

Qsim

nckj(i)

ns,ppSslot

∫

Sslot

AzSslot, (10.1)

where Az is the vector magnetic potential, Qsim is the number of sim-

ulated slots, Sslot is the cross-area section of the slot, nc is the number

of conductors in the slot and ns,pp the number of the parallel paths.

Then, kj(i) is a coefficient reporting how much the ith slot is filled

by conductors of the jth phase. Its value is 0, ±1, or ±0.5 [16]. It is

1 if the slot contains only conductors of that phase. It is 0 if the slot

contains no conductors of that phase. It is 0.5 in case of double layer

winding, and the slot contains only one coil side of that phase. The

sign ± define the conventional direction of the conductors. Once ob-

tained the flux linkages Λa, Λb and Λc, the flux linkages Λd and Λq

can be computed by means of the Clark-Park transformation.

Λ̄ = Λd + jΛq =
2

3

[
Λa +Λbe

−j2/3π +Λce
−j4/3π

]
. (10.2)

10.1.2 Impact of the excitation winding

The no-load flux linkage Λ0 is given by two components, ΛPM (con-

stant) and Λe (variable) which are the PM and excitation winding

flux linkage contributions, respectively. Later on, Λhe will be used to

indicate the rotor flux linkage of the Hybrid Excitation motor.

Λ0 = Λhe = ΛPM +Λe. (10.3)

Once the rotor is aligned, the rotor flux linkage of the machine can be

computed by a set of magnetostatic FE analysis varying the excitation

current Ie. Of course, if Ie = 0, the only contribution of the magnets

ΛPM is obtained.

Fig. 10.2 illustrates the behavior of the total rotor flux linkage Λhe

(solid red line) varying the excitation current Ie. The blue marker
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Figure 10.2: No-load flux linkages varying the excitation current HEPM mo-
tor.

refers to the PM flux linkage contribution, this value is obtained for

Ie= 0 A. In this particular case study ΛPM = 0.524V · s. The contri-

bution of the excitation winding varies from Λhe = 0.360V · s with

NeIe = −216A to Λhe = 0.737V · s with NeIe = 216A.

It is worth noticing that the flux linkage trend is almost linear along

all the range. It is also possible to observe that the ratio between the

flux linkage due to the excitation current Λhe and that due to the PMs

ΛPM is about 0.41, that is slightly lower than expected.

10.1.3 Cogging Torque

Cogging torque is an effect caused by the interaction between the

magnet flux due to the PMs buried into the rotor and the stator teeth,

independently whether the machine is supplied or not. This attrac-

tion force between permanent magnets and teeth depends on their

location and on the number of pole pairs and teeth.

As well known, the cogging torque can be minimized skewing the

stator or the rotor, shaping conveniently the PMs or optimizing the

number of the magnetic poles and teeth. Cogging torque can be com-

puted by means of Maxwell weight stress tensor thanks to a set of FE

analysis. The rotor is rotated from the initial position up to a mechan-

ical angle of 30◦.

Fig. 10.3a shows the cogging torque of the motor under analysis. It

can be noticed that its waveform is periodic and the period is equal

to 10◦ mechanical degrees as expected (Qs = 36). In Fig. 10.3b the

cogging torque has been plotted according to the same motor with a

stator skewed of 360◦/Qs. The torque peak is reduced from a values

of 0.3N ·m to 0.06N ·m.

According to the high effect of the skewing, it is almost mandatory

to adopt a skewed rotor. However, a remark is necessary. The skew-

ing yields no issue for the excitation winding, however, attention has

to be paid to the PMs which have to be inset in the rotor barriers. The

adopted solution is illustrated in Fig. 10.4: the PMs have parallel lat-

eral surface, they have a width lower than the barrier width, so that
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Figure 10.3: Cogging torque without and with skewing.

Figure 10.4: PM buried in the skewed flux barrier.

they can be addressed even if the barrier is skewed. Two avoid an

excessive PM width reduction, the rotor is formed in two parts.

10.2 test under rated load

The test under load is used to determine the rated capability and

the parameters of the machine, in particular: the electromechanical

torque of the motor Tem, the inductance Ld and Lq, the saliency ratio

ξ = Lq/Ld, the rated flux linkage ΛN, the rated speed ωe
m,N according

to the nominal voltage VN. Moreover the flux-weakening is explored

implementing a control system that maximized the power delivered

in this region.

10.2.1 MTPA trajectory

Eqn (10.4) represents the q−axis current as a function of d−axis cur-

rent and motor parameters which guarantees the motor to work on

the MTPA trajectory.

Iq = ±
√
I2d +

Λhe

Ld − Lq
Id (10.4)

This equation is useful to compute Id and Iq on MTPA condition,

however the parameters are not known and change with the current.
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Figure 10.5: Operating region and MTPA trajectory for different excitation
current and evaluation of the torque in MTPA.

The rotor flux Λhe was only computed previously under no-load test.

To find this particular working point, an iterative procedure is used.

The peak value of the stator current IN is corresponding to the

current limit Ilim (IN =
√
2Ilim). The motor torque is computed for dif-

ferent values of the current vector angle αe
i . The stator current limit is

the maximum admissible current value, fixed by the motor designer

according to the available cross-area section of the stator slots and the

capability of the cooling system. Once obtained the torque Tem

(
αe

i

)

as a function of αe
i and nominal current the MTPA working point cor-

responds to the working point which exhibits the maximum torque.

The corresponding value of Id and Iq on the MTPA trajectory are

computed as:

Id = IN cos (αe
i )

Iq = IN sin (αe
i ) .

(10.5)

Fig. 10.5 illustrates the trend of the torque versus the current phase

angle αe
i referred to HEPM motor for different values of excitation

current Ie = 3 A, Ie = 0 A and Ie = -3 A. It can be noticed that αe
i al-

lowing the motor to work on MTPA condition at different Ie changes

and is equal to 119◦ electrical degrees when Ie = -3 A, 127◦ electrical

degrees Ie = 0 A and 132◦ electrical degrees Ie = 3 A. The maximum

torque changes almost linearly with the excitation current Ie, with

Ie = −3A the mean torque reached is equal to Tem = 4N ·m, with

Ie = 0A Tem = 4.8N ·m and with Ie = 3A Tem = 5.3N ·m.

10.2.2 Parameter Estimation

The parameters of the motor correspond to the respective value com-

puted analysing the motor on MTPA condition (rated working point).

The values of Id and Iq which guarantee the motor to work on MTPA

trajectory calculated previously are converted into Ia, Ib and Ic by
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means of the inverse Clark-Park transformation. Once the three phase

current Ia, Ib and Ic are calculated, the total current in each slot is:

Islot(i) =
nc

ns,pp
[ka(i)Ia + kb(i)Ib + kc(i)Ic] (10.6)

where ka,kb and kc are the corresponding fill coefficients of each phase.

Λd and Λq are computed using (10.2). To estimate the electromechani-

cal torque, the inductance Ld and Lq, the saliency ratio ξ and the total

rated flux are:

Tem =
3

2
p
(
ΛdIq −ΛqId

)
(10.7)

Ld =
Λd −Λhe

Id
Lq =

Λq

Iq
ξ =

Lq

Ld
(10.8)

ΛN =
√
Λ2

d +Λ2
q (10.9)

Once fixed the required rated speed it is possible to estimate the

RMS line-to-line voltage VN necessary to the motor to reach that spe-

cific speed:

VN =
√
3/2ωe

mΛN (10.10)

where ωe
m is the electrical speed given by ωe

m = pωm

(
rad s−1

)
. The

coefficient
√
3/2 is used to convert the amplitude of the space vector

of the phase voltage
(
VN =

√
2/3VN

)
.

Tab. 19 reports the nominal parameters of the HEPM motor .

10.3 measurement validation

Hereafter the comparison between FE simulations and measures on

the prototype have been reported. The prototype is shown in Fig. 10.6.

The prototype rotor has been skewed as described above. The motor

has been addressed on a test bench and mechanically coupled to a

brake. The rotor excitation winding has been fed by slip ring and

brushes, which allow the current direction to be reversed. The current

control has been implemented adopting the dSPACE MicroLabBox

1202.

Some representative measures can validate the goodness of the pro-

cedure described above. The first one is the flux linkages comparison,

the second is the mean torque in the plane Id-Iq for different excita-

tion current and finally the torque/power versus speed characteristic

at nominal point.

Fig. 10.7 shows direct and quadrature flux linkages for different

value of excitation current. The direct flux linkage Λd is strongly in-

fluenced from the excitation current Ie, being the excitation rotor flux
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Figure 10.6: HEPM motor prototype.

oriented along the d-axis. Anyway also the q-axis flux linkage feel

some variation changing the excitation current but with reduced am-

plitude. In Fig. 10.7 the solid lines represented the simulated values

and the dashed the measured data. This figure shows the flux linkage

Λd versus the current Id when the quadrature current Iq is equal to

zero, and the flux linkage Λq versus the current Iq when the direct

current Id is equal to zero. The match between the measured and sim-

ulated data is satisfactory in the overall operating range for both the

flux linkages.

In Fig. 10.8 the torque comparison with different values of excita-

tion current is carried out. The torque is reported equal to 6N ·m and

2N ·m for different excitation currents and a different combination of

stator current Id and Iq. There is a satisfactory match between simu-

lated and measures. The average difference between the FE prediction

and experimental results is about 5%.

It is interesting noticing the moving of the torque hyperbolas with

the excitation current. The non linear FE model shows a good accu-

racy with the measurement also for different excitation currents.

Fig. 10.9 shows the torque and power versus speed curves devel-

oped by means of FE and measures on the test bench. The test has

been carried out until 1600 r/min, about 3 times the rated speed. The

correspondence between the torque and power delivered versus the

rotational speed is good. As aspect the maximum torque at steady

state is close to 5.3 N ·m and the maximum power is around 330

W. It is kept fixed along all the FW region. The correspondence be-

tween the FE results and the test bench measurements is satisfactory

also during a variation of the excitation current together with the ro-

tation of the angle of the stator current vector. Fig. 10.10 shows the

corresponding efficiency. This is the total efficiency of the drive: it is

computed considering the inverter input power and the output power

at the motor shaft. It is a reasonable efficiency, considering the small

scale motor under test which is available in laboratory.

Finally, the effectivity of the excitation current in the event of a

three-phase circuit is verified. The stator winding is short-circuited
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and the rotor is dragged at a speed as to achieve the short-circuit cur-

rent equal to the nominal current (to avoid overheating during the

test). Both stator current and braking torque are measured Then the

excitation current is reduced to zero and then completely reversed.

Fig. 10.11 shows the measured stator current and braking torque

during the test corresponding to different excitation currents. As ex-

pected, both short-circuit current and braking torque reduce when

the excitation current is supplied to decrease the rotor flux.
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Figure 10.11: Measured stator current and braking torque during short cir-
cuit corresponding to different rotor excitation currents.
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10.4 discussion

At first a preliminar analytical approach is proposed to determine the

main motor size. Then, a finite element analysis is carried out to refine

the motor geometry accounting the effect of the non-linearity, mainly

due to iron saturation, so that to improve its torque versus speed ca-

pability. Preliminary considerations are introduced about the geome-

try, and the magnetic circuit is shown. Both pre- and post-processing

procedures are described, including how setting the phase currents

and boundary conditions, how quickly computing the flux linkages

and obtaining the rotor alignment. The two main analysis procedures

have been illustrated, the no-load test and the test under load. Finally,

some experimental measurements are presented to validate the pre-

dictions.

By means of the no-load analysis, it is possible to compute the

constant component of the flux linkage ΛPM due to the permanent

magnets the variable component Λe due to excitation winding. The

ratio between Λe and ΛPM is strongly linked to the constant power

speed range that is a requirement of the application. The analysis un-

der load is used to compute the nominal parameters of the motor,

to determine the nominal working condition of the motor (the maxi-

mum torque per Amps strategy is applied) and then voltage, current,

torque and power behaviour versus rotor speed.

The finite element analysis highlights that the analytical computa-

tion of the excitation current behaviour has to be refined, to improve

the motor capability. In particular, a higher weakening of the rotor

flux is required at higher speeds. To validate the model a compar-

ison has been done adopting a HEPM motor prototype. Simulated

and measured flux and torques have been compared for various ex-

citation currents. Moreover torque versus speed and power versus

speed curves up to 1600 rpm (3 times the rated speed) have been

measured to validate the excitation control strategy. The good match

between simulations and measures has been obtained. An almost con-

stant power during flux weakening operations has been obtained.

The proposed procedure proves to be a proper guide in designing

the Hybrid Excited Permanent Magnet Synchronous motors.
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Table 19: Nominal parameters HEPM motor

PMs flux linkage ΛPM 0.524 V · s
Excitation winding flux linkage Λe 0.213 V · s
Total rotor flux linkage Λhe 0.737 V · s
Direct synchronous inductance Ld 141 mH

Quadrature synchronous induc-

tance

Lq 540 mH

Saliency ratio ξ 3.83 -

Nominal torque TN 5.3 N ·m
Nominal speed nn 540 r/min





Part III

H Y B R I D E X C I T E D P E R M A N E N T M A G N E T:
C O N T R O L

This part describes the HEPM motors with a focus on elec-

tric control. Initially, PM control strategies used in liter-

ature are reported, then the HEPM motor model is dis-

cussed, considering the nonlinearity that affected the ma-

chine. Subsequently, low-speed techniques such as the MTPA

technique and sensorless control and high-speed algorithms

used during the FW are described. Lastly, an extension

of the implicit Model Predictive Control (MPC) current

control, considering voltage and current constraints for

HEPM is reported.





11
S Y N C H R O N O U S M O T O R B A C K G R O U N D

This Chapter presents the most common synchronous motors model,

the operational working regions, control strategies and related rele-

vant literature.

At first, the focus is on explaining and discussing the essential equa-

tions used to determine the size and behavior of synchronous motors

across various operating conditions. Following this, an outline of clas-

sical control approaches that are suitable for achieving optimal per-

formance in these scenarios is provided.

Finally, the theoretical study for conducting a more detailed analy-

sis of EESM and HEPM motors is explained.

11.1 pmsm : model and control scheme

Steady-state voltage equations of a synchronous motor in the dq ro-

tating reference frame are:

Vd = RsId −ωe
mLqIq Vq = RsIq +ω

e
m (ΛPM + LdId) , (11.1)

where Vd, Vq are the stator voltages, Id, Iq are the stator currents,

Ld, Lq are the motor apparent inductances, Rs is the stator resistance,

ΛPM is the PM flux linkage and ωe
m = pωm are the electromechani-

cal speed, pole pairs and mechanical speed, respectively. To describe

all synchronous motors by (11.1), the d-axis of the rotating reference

frame is aligned to PM flux linkage. To simplify the notation and the

dissertation, magnetic saturation, iron losses and PM demagnetisa-

tion effects are neglected. However, the aforementioned effects can

be included as in [39, 108]. Finally, the steady-state torque of a syn-

chronous motor can be computed as follows:

T =
3

2
p
[
ΛPMIq +

(
Ld − Lq

)
IdIq

]
, (11.2)

where two terms can be recognized, namely, the PM and the reluc-

tance torque components.

Operating motor conditions are studied by drawing Equations (11.1)

and (11.2) in the dq current plane as in Fig. 11.1a, 11.1b [69, 89]. Be-

fore analyzing the motor operating regions, some relevant curves are

introduced in the dq plane, in particular the current limit locus, the

voltage limit loci and the constant torque loci. The motor current limit

describes a circle centered in the origin in the dq plane, given by:

I2N = I2d + I2q , (11.3)

129
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where Ib is the nominal current of the motor. The current limit is

represented by a red blue line in Fig. 11.1a, 11.1b.
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Figure 11.1: Circle diagrams and torque versus speed characteristic when
electric motors have ΛPM > LdIb or ΛPM < LdIb. (a) Circle
diagram with ΛPM < LdIb. (b) Circle diagram with ΛPM > LdIb.
(c) Torque vs. speed ΛPM < LdIb. (d) Torque vs. speed with
ΛPM > LdIb.

The voltage limit is retrieved from (11.1), by imposing a maximum

voltage magnitude equal to the nominal value VN. The resulting equa-

tion describes elliptical trajectories in the dq current plane, which de-

pend on the actual motor speed as:

V2
N = ωe2

m

[
(ΛPM + LdId)

2
+ (LqIq)

2
]

. (11.4)

The curve ellipticity is equal to the motor saliency ratio ξ = Lq/Ld.

Moreover, the ellipses are centered in (−ΛPM/Ld, 0), where the ra-

tio ΛPM/Ld is equal to the magnitude of the steady-state three-phase

short-circuit current. Furthermore, the ellipse major semi-axis length

is equal to VN/(ω
e
mLd), thus it is inversely proportional to the operat-

ing speed.

As limit cases, the voltage limit curves of SPM machines are circular,

having an unitary saliency ratio.

Voltage ellipses of REL motors are centered in the origin, having a

zero steady-state short-circuit current. Voltage limit curves are de-

picted by red solid line in Fig. 11.1a, 11.1b. It is remarked that (11.4)

holds at high speeds and for medium-high power machines. In fact,

the resistive voltage drop is not negligible for low power motors and

it has to be accounted in the machine description, as in [44].
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The constant torque loci shape is obtained by inspecting (11.2). In

particular, constant torque curves are described by hyperbola, whose

asymptotes are the d axis and the vertical straight line defined by

the equation Id = −ΛPM/(Ld − Lq). Since the d axis is assumed to be

aligned with the PM flux, the vertical asymptote lies in the positive

Id semiplane, indeed Ld < Lq.

Constant torque loci are the black solid line hyperbolas in Fig. 11.1a,

11.1b.

As particular case, SPM motors are characterized by horizontal straight

lines constant loci as in Fig. 11.2a, having an unitary saliency ra-

tio, whereas REL machines are characterized by hyperbolic constant

torque curves centered in the origin, mounting no PMs (Fig. 11.2b.)
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Figure 11.2: Circle diagrams of the SPM and REL motors. (a) SPM circle
diagram. (b) REL circle diagram (Lq > Ld).

11.1.1 Constant Maximum Available Torque Region

At the standstill condition, the only constraint that limits the motor

torque capabilities is the current limit circle (11.3). The voltage ellipse

constraint described by (11.4) expands, covering the entire dq current

plane. Indeed, the ellipse size is inversely proportional to the speed.

In this condition, the motor is controlled along the MTPA strategy. In

particular, given a desired torque T , the dq currents magnitude I and

phase αe
i are computed such that the desired torque is guaranteed

and the Joule losses in the machine are minimized. For any current

amplitude, the current angle αe
i should be chosen equal to:

cosαe
i =

−ΛPM +

√
Λ2

PM + 8
(
Ld − Lq

)2
I2

4(Ld − Lq)I
. (11.5)

Considering Fig. 11.1a, 11.1b, the MTPA trajectory is obtained as the

tangent points between current circles and torque hyperbola. The

maximum available torque is retrieved from (11.5) by substituting

the nominal current magnitude Ib, and it represents the nominal mo-

tor torque.
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The nominal torque remains the maximum available one until the

voltage constraint ellipse, which shrinks for increasing speeds, crosses

the MTPA current locus at the nominal current circle. This condition

occurs in the points denoted as B in Fig. 11.1a, 11.1b. Above such

a speed, known as nominal speed and denoted as ωN, the motor is

not longer able to deliver its nominal torque, since the voltage ellipse

constraint forces the working point to lie on a lower torque hyperbola,

given the nominal current [2].

11.1.2 Flux-Weakening: Constant Maximum Available Volt-Ampere Re-

gion

FW operation begins above the nominal speed [85]. Since the MTPA

strategy can not be implemented, the nominal torque can not be ob-

tained. The maximum available torque for a given speed and a rated

current is retrieved by the intersection of the current limit circle with

the voltage limit ellipse. This intersection starts moving the working

points from the base ones B (Fig. 11.1a, 11.1b) along the limit circle

towards the point (Ib, 0), keeping a constant Volt-Ampere rating.

Two main possibilities can occur while moving along the current

limit circle, depending on the position of the voltage ellipse center

with respect to the nominal motor current. If the ratio ΛPM/Ld is

greater than the nominal current IN, the ellipse center lies outside the

current limit circle. In this condition, the movement of the motor cur-

rent along the current limit circle can proceed till the point (−Ib, 0),

where the motor exhibits zero torque. From a geometrical point of

view, it implies that the ellipse voltage limit is tangent to the current

limit circle. This condition is depicted in Fig. 11.1b and it corresponds

to the smallest voltage ellipse. Moreover, in this condition the voltage

limit corresponds to a higher achievable speed:

ωmax =
VN

ΛPM − LdIN
. (11.6)

The motor is not able to operate above such speed, since there are no

longer intersections between the current limit and voltage limit locus.

In other words, the electric drive has a maximum operating speed.

This behavior is often retrieved in SPM machines, characterized by

small synchronous inductances and, consequently, high ΛPM/Ld ra-

tios, as shown in Fig. 11.2a.

On the contrary, a different behavior characterizes machines with

the ellipse voltage limit center placed inside the current limit circle.

The behavior is shown in Fig. 11.1a. In this case, the movement of the

current point along the limit circle reaches the point P in the same fig-

ure, where the torque hyperbola is tangent to the voltage limit ellipse.

In this operating point P, the drive exhibits its maximum torque-to-

voltage ratio and the corresponding electrical speed ωp represents

the maximum speed of the FW constant Volt-Ampere region. Above
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such speed the control strategy needs to be changed to guarantee a

feasible working condition.

11.1.3 Flux-Weakening: Decreasing Volt-Ampere Region

The third operating region exists only for those machines whose el-

lipse center lies within the current circle, as in Fig. 11.1a. This is also

the case of REL motor [13, 89] whose circle diagram is reported in

Fig. 11.2b. SPM machines achieve rarely such operating mode, if not

supported by external inductances. Above the speed ωp, torque per-

formances are limited by the voltage limit ellipse. In particular, it is

not possible to proceed moving the current along the current limit cir-

cle. The maximum drive current must decreased in order to respect

the voltage limit ellipse, describing the Maximum Torque per Voltage

(MTPV) trajectory as reported in Fig. 11.1c. Since the ellipse axis is

inversely proportional to the speed, the drive can theoretically reach

an infinite maximum speed, i.e., till the ellipse collapses in a single

point. Of course, mechanical effects limit the maximum achievable

speed operation.

11.2 flux weakening control strategies

MTPA strategy is commonly implemented for PMSM control up to

the nominal speed. This strategy allows for a constant maximum

available torque up to the nominal speed, thus maximizing the avail-

able power. In addition, an efficient operation of the drive is assured

by minimizing the joule losses. Achieving high torque in a wide speed

range is an essential feature. However, most of PMSMs are charac-

terized by a limited speed range since the EMF of such machines

increases linearly with the speed. Thus, the voltage limit of the con-

verter is quickly reached [88].

The feasible speed working region of e-motors can be extended by

means of several solutions. First, it is possible by acting on the design

of the overall mechanical system. Considering EV applications, the

introduction of multiple gear-ratios can address the issue. However,

this solution involves significant costs, increasing weights, and it may

reduce the reliability of the system. As an alternative, the motor con-

trol strategy can be modified, leaving the MTPA operation above the

nominal speed. In this condition, the FW mode represents the most

widespread solution [48, 49]. Such strategy allows for a constant de-

liverable maximum power and it is achieved by decreasing the motor

stator current component aligned with the PM flux or by acting on

the rotor windings excitation. This solution has a limited impact on

the overall system where the electric motor is mounted. Depending

on the PM flux linkage and on the direct axis inductance, PMSM can

have a finite or infinite theoretical maximum operating speed. In the
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latter case, a constant available maximum power can not be guaran-

teed in the whole speed range. Above a defined speed, a new strategy

must be implemented for the motor control, namely, the MTPV [87,

105]. It allows all the current and voltage constraints of the system to

be met, at the cost of a reduction in the delivered power.

An effective FW operation of PMSM drives requires particular care

both during the electric machine design and the control scheme de-

sign one. Machine designers are required to enhance the FW capa-

bility of electric motors by changing the motor structures [106] or by

using excitation rotor windings. For example, annular iron mounted

on the surface of the PM and flux barriers can be used to reduce the

direct flux demagnetization and to increase the machine operation

speed range, as in [106].

A proper control strategy is needed to extract the maximum out-

put torque given the converter voltage constraint [78], once a PMSM

with satisfactory FW capabilities is designed. Several challenges need

to be overcome in the selection of the most effective motor control

architecture [41, 75, 95]. Different FW techniques are available in the

literature depending on the PMSM controller type. Synchronous PID

current controllers, DTCs, MPCs and flux-based controls are consid-

ered in this review. Robustness against motor parameters uncertain-

ties, computational burden, anti-windup handling, and maximum de-

ployment of the motor feeding converter are some of the aspects that

the control designer needs to take into account. The most widespread

architectures in the literature are presented, including feed-forward,

feedback and mixed FW control structures. For sake of completeness,

some cutting-edge solutions which couples, for instance sensorless

and FW operations, are included in this review, as well.

FW operation of synchronous motors has been investigated for

all the most widespread control architectures, including current con-

trollers, flux-based controllers and model predictive control schemes.

All these three structures are considered in this review. More atten-

tion is paid on FW operation with synchronous PI current regulators,

since it is by far the most common solution. FW control strategies

are clustered according to the presence or absence of a feedback of

the motor voltage. Actually, the feedback is obtained by using the

inverter reference voltage, since the actual motor voltage is not avail-

able in industrial drives. According to the voltage feedback criterion,

three main categories of FW strategies are identified:

• feed-forward architectures, which do not implement any volt-

age feedback;

• feedback schemes, where only a voltage feedback provides the

FW operation;

• hybrid methods, which couple both a voltage feedback and

feed-forward action.
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All these topologies have been deeply investigated in the literature

and each of them has its own benefits. In the following, each category

is reviewed, considering first drives which implement synchronous

current PIs.

11.2.1 Feed-Forward Schemes

Feed-forward schemes are known also as model-based methods. In

fact, this technique consists of computing the FW d-axis current refer-

ence by exploiting an accurate analytical model of the motor, e.g.,

the voltage balance equation as in [69]. A block scheme represen-

tation of feed-forward structures is reported in Fig. 11.3, including

some aspects that may be taken into consideration when the feed-

forward term is computed. The required inputs by the algorithm are

the torque reference, which comes from a speed regulator, the motor

speed and all the electric motor parameters, i.e., the stator windings

resistance and, possibly, the current to flux linkages relationship [13].

All the asterisks in Fig. 11.3 denote reference variables. The same no-

tation is used hereinafter.
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Figure 11.3: Scheme of a standard feed-forward FW control architecture and
an overview of the most common features available in the liter-
ature for the feed-forward term calculation.

The most relevant advantage of this approach is a superior behavior

during fast transients. Indeed, the dynamic performances of feedback

type schemes are slow down by the closed-loop dynamic of the volt-

age loop. Moreover, as further merits, feed-forward methods are not

affected by significant stability problems [47] and no tuning parame-

ters are necessary.

However, a pure open-loop computation of the FW current refer-

ence can be badly affected by any parameter mismatch. Since FW
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operation is often required in demanding applications, such as the au-

tomotive, the parameter sensitivity issue needs to be addressed. Most

of the works on feed-forward schemes of the last two decades aim to

overcome this problem. In particular, the temperature effect on the

stator resistance and the nonlinear magnetic characteristic have been

deeply analyzed.

In [10], the iron saturation effect is addressed by an online estima-

tion of the electric motor inductive parameters. The paper focuses on

an IPM machine, but the method can be easily implemented for other

highly saturated motor topologies, e.g., pure REL machines or PM as-

sisted REL motors. However, the work neglects the effect of the stator

resistance.

The latter is studied in [97], where the stator resistance is included

in the computation of the current set points during the FW opera-

tion. Moreover, the computational burden of the scheme is reduced

by approximating the elliptical voltage constraint in a piece-wise lin-

ear manner. The latter method appears indeed as the benchmark for

feed-forward solutions. Look-up-tables may be too small because of

hardware limitations. In this case, advanced computational tools are

available to expand small tables to larger ones, such as the second-

order bilinear interpolation method [102]. More and more detailed

model [28] may be implemented in order to improve the current ref-

erence generation. For example, the inverter nonlinear voltage drop

are included in [105], too. However, the computation burden increases

with the complexity of the model. Thus, the main advantages of the

feed-forward architecture is its simplicity. When the model becomes

too cumbersome, it is convenient to prefer feedback-based solutions.

Despite all the improvements, it is worth reminding also that the

available DC-bus of the inverter is rarely entirely exploited by feed-

forward algorithms, since a small derating needs to be introduced to

deal with the parameter sensitivity issue.

11.2.2 Feedback Schemes

Feedback schemes [45, 99] implement a feedback on the inverter refer-

ence voltages to reach the FW operation. This topology is also known

as robust, to further highlight the key benefit with respect to feed-

forward architectures. The plant model is not explicitly exploited by

feedback algorithms. However, the electric model is required for tun-

ing the voltage loop regulator. In addition, an accurate model knowl-

edge results mandatory to linearise the loop, as will be clear in the

following. The two merits of the feedback solutions are the enhanced

parametric robustness and a higher exploitation of the available in-

verter DC-bus voltage. However, the voltage control loop introduces

a delay in the FW response. Thus, dynamic performances are slightly

penalized. Moreover, the additional control loop poses many chal-
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lenges, e.g., tuning, linearisation and selection of a reasonable band-

width.

Feedback topologies are subdivided in two subcategories, depend-

ing on how the loop acts on the current references coming from the

speed loop. In particular, it is possible to distinguish between solu-

tions acting on the angle of the MTPA current references [81, 111]

and solutions acting on the d-current reference [68, 74]. The control

schemes are reported in Fig. 11.4 whereas their operating principle is

depicted in Fig. 11.5. The two different approaches affect both control

effectiveness and regulator tuning. It is worth noting that the voltage

loop linearization deeply differs between the two schemes.
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loop with id control.
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(a) (b)

Figure 11.5: Principle of angle and current correction in feedback FW
schemes. (a) Angle current vector diagram control scheme. (b)
Direct current vector diagram control scheme.

An interesting configuration was proposed in [63] where the volt-

age error generates two auxiliary control variables. The former acts

on the MTPA current reference angle, increasing the FW current com-

ponent. The latter is used when the current amplitude needs to be

limited if the MTPV operation is reached. The voltage loop is often

designed in a model-based fashion to accomplish the desired specifi-

cations in terms of bandwidth and phase margin. Alternatively, the

tuning can be performed using a modified relay feedback tuning,

as proposed in [92]. This method represents a promising solution

for general purpose applications, where motor parameters are par-

tially or completely unknown and an online auto-tuning procedure

is needed.

Unfortunately, the dynamic of the current angle is strongly non-

linear. Moreover, a linearization of the angle loop would require the

computation of a non trivial linearizing gain. From this point of view,

the d-axis current strategy appears more convenient [23]. The loop

linearization requires an accurate knowledge of the electric motor

model and system parameters and the operating speed as auxiliary

input of the voltage loop.

Feedback based strategies are adopted for HEPM motors [24], as

well. However, the voltage loop is used to regulate the rotor excita-

tion current, instead of the d-axis stator windings current. This is still

an open research topic since new motor topologies combining PM

and current winding to generate the rotor flux linkage have been pro-

posed. Different hybridization ratio leads to an additional degree of

freedom in the control that it can be exploited. Moreover, in HEPM

motors, the excitation current affects the motor voltage equation than

the linearization approach [23] is no longer valid and a different dis-

sertation must be studied.

Particular attention needs to be paid to avoid the wind-up phe-

nomenon in the voltage loop. Thus, a back-calculation anti-windup

strategy is proposed in [107]. As a further relevant contribution, the
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same paper proposes an adaptive velocity particle swarm optimiza-

tion algorithm to optimize the control parameters of the anti-windup

proportional and integral controller. Once the desired architecture is

selected, a proper bandwidth of the voltage loop needs to be chosen.

In case of d-axis current compensation schemes, shown in Fig. 11.4b,

three different approaches are proposed in [47]. In a nutshell, the

bandwidth can be selected based on specifications of torque distur-

bance transients, fast acceleration transients or quick variation of the

grid voltage.

11.2.3 Hybrid FW Schemes

Finally, mixed or hybrid FW schemes are shortly reviewed. Hybrid

architectures include both a voltage control loop and a feed-forward

term. As feed-forward schemes, the feed-forward contribute is com-

puted by means of the motor model. As feedback structures, the ref-

erence d-axis current or current angle is then modified accordingly to

the output of the voltage loop.

This allows us to reinforce the feed-forward action. Not surpris-

ingly, mixed schemes aim to guarantee the benefits of both afore-

mentioned structures, namely, fast dynamic and robustness against

parameter variations. Examples of hybrid FW schemes can be found

in [54, 96, 113].

11.2.4 Model Predictive Control

An emerging and promising control structure in electric motor drives

is represented by the model predictive control. Few preliminary works

are found in the literature concerning the FW operation, e.g., [71], re-

sulting an appealing topic for academic research. Model predictive

control is mostly used to replace the d- and q-axis current regulators,

rather than acting on the generation of the FW current references as

in [58]. The d-axis FW current reference is generated by a standard

feed–forward algorithm, whereas the model predictive control takes

care of the current reference tracking, as shown in Figure 11.6. A

model predictive control is designed for the voltage control loop of a

feedback strategy in [27]. The authors believe that the complexity and

non linearity of the problems have not entirely been addressed yet.
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Figure 11.6: FW scheme of a MPC drive.

11.2.5 Sensorless Control

Nowadays, a crucial requirements for industrial drives is the sensor-

less operation capability. In other words, the motor needs to be con-

trolled without the position sensor to increase the reliability of the

system and to reduce the product costs. Interesting and challenging

issues occur when a drive operates in the FW region without position

sensor. For example, the delay introduced by position estimation al-

gorithms could influence FW loops. Indeed, a Luenberger observer

is proposed in [55] to replace the low-pass filter in the rotor posi-

tion estimation. Thanks to the proposed observer, the motor speed

estimation delay was reduced. The delay can be further reduced by
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means of even more sophisticated position estimators, such as the ex-

tended Kalman filter [22]. However, attention must be taken to keep

the computation burden at bay when coupling a voltage loop, a posi-

tion observer and, possibly, current-flux linkage look-up tables.

Instability problems of sensorless FW operation are analyzed re-

cently in [109], considering both feedback and feed-forward strate-

gies. In particular, it has been analytically proven that the limited

bandwidth of the position estimation can induce speed oscillations,

which increase when approaching the FW operation. The system may

even become unstable. This is mainly due to the position estimation

error and it is worsened in fast transients. Thus, from this point of

view, low-inertia drives result to be particularly challenging.

Some of these control startegies will be tested and validated on

HEPM motor. The next step will focus on the validation of the HEPM

model.
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H E P M M O D E L

In this Chapter the HEPM model is described. Rotor coordinates are

adopted for the analysis of HEPM motors, namely the dq reference

frame, synchronous to the rotor position and aligned along the per-

manent magnet axis. The quantities are all marked with small sym-

bols to indicate the time variant. The effects of spatial flux-linkage

harmonics and temperature are omitted. Under such hypotheses, the

dynamic voltage balance model of the HEPM motor results:

dλd(id, iq, ie)

dt
= vd − Rsid −ωe

mλq(id, iq, ie)

dλq(id, iq, ie)

dt
= vq − Rsiq +ω

e
mλd(id, iq, ie)

dλe(id, iq, ie)

dt
= ve − Reie

(12.1)

where vd, vq and id, iq are the dq stator voltage and current compo-

nents, ve and ie are the rotor excitation voltage and current, respec-

tively. Rs and Re represent the stator and rotor windings resistances,

while ωe
m is the angular electric frequency. Finally, λd(·), λq(·) and

λe(·) are the stator and rotor flux linkages, which all depends on the

operating current set-point. The explicit dependence of flux linkages

from stator currents and vice-versa will be reported only when neces-

sary to highlight the nonlinear magnetic relationship. The (12.1) can

be condensed in the following compact matrix expression:

dλ(i)

dt
= v − Ri(λ) −ωe

mJλ(i), (12.2)

being v = [vd, vq, ve]
T, λ = [λd, λq, λe]

T, i = [id, iq, ie]
T,

R =



Rs 0 0

0 Rs 0

0 0 Re


 , and J =



0 1 0

−1 0 0

0 0 0


 .

It is worth highlighting the explicit dependency of flux linkages λ(i)

and currents i(λ).

Fig. 12.1 shows the current-to-flux linkage characteristics of a HEPM

motor, obtained by FE and available as look-up tables (LUTs). It is

worth remarking that the figure shows the flux-linkage surfaces for

the minimum and maximum excitation current values, namely, ie =

−3A and ie = 3A respectively. A current set-point i = [id, iq, ie]
T

is mapped in the d-axis flux linkage set point Λd(id, iq, ie) lying

in the volume between the two surfaces depicted in Fig. 12.1, with

143
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(b) q-axis flux linkage.
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(c) e-axis flux linkage.

Figure 12.1: HEPM motor current-to-flux linkage characteristics for the min-
imum and maximum rotor excitation current ie.

√
i2d + i2q 6 IN and ‖ie‖ 6 Ie,N where IN and Ie,N are the stator and

rotor rated current values, respectively. A closer look to the curves re-

veals that the cross magnetic coupling is not negligible both between

the d and q-axis, and between the e and q-axis. The λd and λe surfaces

are function of the q-axis current. Moreover, concerning the λe map,

the effect of ie is strongly nonlinear. Indeed, ie does not simply in-

crease λe, but it significantly changes the shape of the flux surfaces,

too. As a further remark, considering the low reluctance axis (q-axis),

the iron saturation effect on the λq characteristic is relevant, leading

to non planar surfaces.

12.1 hepm motor inverse model

Reproducing the HEPM motor electrical behavior means solving the

ordinary differential equation (ODE) (12.2) in a simulation environ-

ment. Since currents and flux-linkages appear on both sides of the

equations, the equation solution is not trivial. For this reason, flux-

based and current-based models have been proposed. Regardless of

the adopted approach, the input information is always the current-to-

flux characteristics λ(i) since it can be easily obtained by means of FE

simulations or experimental measurements. However, it is worth re-
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Figure 12.2: Flux-linkage model of a HEPM motor.
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Figure 12.3: HEPM motor flux linkage-to-current characteristics for the min-
imum and maximum rotor excitation current ie.

membering that is not trivial to directly measure the excitation rotor

flux λe.

12.1.1 Flux-based description

A flux-linkage based model for HEPM motor can be implemented in

a simulation environment by solving equation (12.1), as reported in

Fig. 12.2. The ODE model (12.2) is solved adopting the flux-linkages

as unknown, while the static nonlinear 3D map i(λ) permits to re-

trieve the motor currents. Even if one nonlinear map is required only,

the i(λ) map turns out to be hard to compute given the available

currento-to-flux linkage λ(i) characteristics.

Direct LUTs (Fig. 12.1) provide the flux-linkage set-points for a 3D

id, iq, ie input current grid with ‖id‖ 6 IN, ‖iq‖ 6 IN and ‖ie‖ 6 Ie,N.

Hence, the input current domain has a cubic shape. It is mapped

into a flux-linkage output solid domain shown in Fig. 12.3a in Λd −

Λq −Λe coordinates. The output domain results very thin and tilted.

The inverse i(λ) static map should have the domain of Fig. 12.3a as

support. Defining a regular mesh grid on such a nonlinear support is

not trivial. In order to compute i(λ) as LUTs, a mesh grid need to be

defined anyway.

Two approaches are adoptable for defining a suitable mesh grid.

On one side, one could find the biggest cuboid inscribed in the solid
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Figure 12.4: Current model of a HEPM motor.

of Fig. 12.3a. Then, the inverse characteristics i(λ) could be recon-

structed within such a cuboid. This approach assures that the result-

ing currents i(λ) belong to the domain for which the direct current-

to-flux-linkage map λ(i) is available. However, it has a relevant draw-

back, as a small cuboid would be found, being the solid of Fig. 12.3a

particularly thin and stretched. A current map with a reduced do-

main is achievable, covering only partially the HEPM motor current

operating region. Moreover, plenty of information carried by the di-

rect maps (Fig. 12.1) is discarded. On the other side, one could choose

instead the smallest cuboid containing the solid of Fig. 12.1, aiming

to exploit all the available flux-linkage set-points. As a drawback, not

all points belonging to the defined domain lie in the original function

i(λ) domain, so it is not possible to obtain the corresponding value

by interpolation. The lack of information about the HEPM motor be-

havior in those regions, lead the extrapolations as unique strategy

to get the remaining values, without any guarantee on the model

reliability. This issue is visualized by means of Fig. 12.3b, reporting

the inverse id(λd, λq, λe) characteristic. Current values span a much

larger domain with respect to the one for which the direct current-to-

flux map is available (Fig. 12.1). In particular, Fig. 12.1 is obtained for

id ∈ [−3A, 3A], while the interpolated inverse characteristic outputs

id ∈ [−20A, 20A]. Larger direct maps could mitigate the issue. How-

ever, larger maps may be obtained via FE only, since experimental

measurements are precluded, as high current load are dangerous for

the motor.

12.1.2 Current-based description

The current-based representation of HEPM motors is obtained by ap-

plying the chain rule to (12.1) and by substituting the flux linkages

with a function of the motor currents:

dλ(i)

di

di

dt
= L(i)

di

dt
= v − Ri−ωe

mJλ(i), (12.3)
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Figure 12.5: Current model of a HEPM motor. Fig 12.5a-12.5c show the in-
cremental auto inductances, whereas Fig 12.5d-12.5f show the
incremental cross inductances. All the inductances are provided
for the minimum and maximum ie values.

where L(i) is the incremental inductance matrix, i.e. the Jacobian ma-

trix containing the gradient of the flux-linkage curves with respect to

the motor currents:

L(i) =




ldd =
∂λd

∂id
ldq =

∂λd

∂iq
lde =

∂λd

∂ie

lqd =
∂λq

∂id
lqq =

∂λq

∂iq
lqe =

∂λq

∂ie

led =
∂λe

∂id
leq =

∂λe

∂iq
lee =

∂λe

∂ie




(12.4)

Being the current-to-flux linkage characteristics nonlinear, all the ma-

trix components depend on the current operating set-point. Such de-

pendence is omitted in the equations to ease the notation. Fig. 12.4

reports the resulting dynamic model. In particular, the ODE model

(12.3) is solved with respect to the motor currents. Two nonlinear

static maps are needed in the solution, i.e. L(i) and λ(i).

The major advantage of the current approach consists in the fact

that inverse λ(i) maps are not required, avoiding all the issues dis-

cussed in the previous section. The inversion of a nonlinear 3D func-

tion is replaced by the inversion of the incremental matrix L(i) (see

Fig. 12.4), which is more affordable, provided that a good and smooth

approximation of the incremental inductances is available. The law of



148 hepm model

Figure 12.6: Test bench layout.

conservation of energy eases the computation of L(i) matrix, exploit-

ing its reciprocity. In fact, it turns out that ldq = lqd, lde = 2
3 led and

lqe = 2
3 leq.

Fig. 12.5 shows all the incremental inductances of the considered

HEPM motor. It is remarkable that both ldq (Fig. 12.5e) and leq (Fig. 12.5f)

share the same order of magnitude with led (Fig. 12.5d). However,

state-of-the-art current-based models [65] neglect the effects of the

latter two inductances, whereas only the former one is always in-

cluded in the modeling. In other words, only the excitation winding

and direct axis coupling is taken into account and ldq = leq = 0 is

assumed. Differently from the state-of-the-art, the proposed current-

based model accounts for all the incremental inductances.

12.2 model validation

The analysis of Sec. 12.1 revealed that the current-based model is

preferable for describing the electric behavior of HEPM machines.

The encoding of i(Λ) remains an open issue for the flux-linkage based

representation. Thus, the current-based model of Sec. 12.1.2 is consid-

ered in the validation. In particular, two ad-hoc experiments were de-

signed to highlight the presence of magnetic cross-coupling in HEPM

motors, usually neglected in the conventional models. The motor un-

der test was controlled in current mode during both tests, while a

load motor keeps the system at standstill. Fig. 12.6 shows the test-bed

layout. The HEPM motor stator winding was fed by a three-phase

two-level converter, while an H-bridge regulates the rotor winding

current. Tab.20 reports some relevant HEPM motor parameters.

12.2.1 Effect of the cross magnetic coupling

The first experiment was aimed at verifying the non-negligible cross

coupling between all system axes, namely, direct, quadrature and ex-

citation one. It is composed by two tests in which the reference system

used for injection changes. First, a sinusoidal voltage is injected on
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Figure 12.7: Measured current response of the HEPM motor to a sinusoidal
voltage excitation on the d-axis. Dashed waveforms represent
the expected responses, obtained by applying the same sinu-
soidal voltage to the current model of Sec. 12.1.2, whereas con-
tinuous line were measured on the test bench.

the d-axis of the motor, having a 1 kHz frequency and an amplitude

of 100V . According to state-of-the-art models, the injection would

induce sinusoidal oscillations only on the d-axis and rotor currents.

These oscillations are shown in Fig. 12.7a and 12.7c, representing in-

deed the two most evident effects of the voltage injection. However,

Fig. 12.7b reveals that the q-axis current oscillates, as well. Thus, the

hypothesis ldq = 0 needs to be waived to accurately describe the

machine behavior. Fig. 12.7 reports the estimated motor currents, ob-

tained by applying the same voltage of the experiment to a simulation

model as the one shown in Fig. 12.4, including the ldq and leq charac-

teristics obtained by FE. The proposed simulation model accurately

predicts the amplitudes of all the current oscillations. In particular,

the magnetic cross-coupling is properly estimated. Small discrepan-

cies are justified by the measurement noise and by differences be-

tween the actual HEPM motor behavior and the curves computed by

means of FE.

The second test consists of a quadrature axis voltage injection. A

lower injection frequency was adopted, i.e. 500 Hz, to increase the in-

duced currents, since the q-axis incremental inductance is higher than

the d-axis one (see Fig. 12.5a and 12.5b). According to the state-of-the-



150 hepm model

0 2 4 6 8 10

−1.04
−1.02

−1
−0.98
−0.96

C
u

rr
en

t
(A

)

Measured Simulated

(a) d-axis current.

0 2 4 6 8 10
−0.1

−0.05
0

0.05

0.1

C
u

rr
en

t
(A

)

(b) q-axis current.

0 2 4 6 8 10

0.95

1

1.05

Time (ms)

C
u

rr
en

t
(A

)

(c) e-axis current.

Figure 12.8: Measured current response of the HEPM motor to a sinusoidal
voltage excitation on the q-axis. Dashed waveforms represent
the expected responses, obtained by applying the same sinu-
soidal voltage to the current model of Sec. 12.1.2, whereas con-
tinuous line were measured on the test bench.

art models, the expected effect is only a sinusoidal oscillating of q-axis

current. Similarly to the previous case, this effect is indeed the domi-

nant one. However, due to the magnetic cross-coupling, the effects of

the voltage injection are evident both on the d-axis (Fig. 12.8a) and on

the excitation winding (Fig. 12.8c). Thus, both ldq and leq need to be

modeled to simulate the observed behavior.

12.2.2 Low speed sensorless application

Sinusoidal high-frequency voltage signals are widely used in low-

speed sensorless applications [76, 103] to estimate the electric mo-

tor angular position, allowing the position sensor removal. However,

when synchronous motors operate in sensorless mode, the estimated

rotor position differs from the actual one due to magnetic cross satu-

ration. The induced open-loop estimation error ϑ̃me is critical and it

could lead performance degradation as well as stability issues. The

models developed in this paper allow the analyze these effects.

With HEPM motor topology, a high-frequency voltage signal can

be injected either on the stator winding [103] or on the rotor winding.



12.3 discussion 151

−2 −1 0
0

1

2

Id (A)

I q
(A

)

0

5

10

15

E
st

.
er

ro
r

(d
eg

)

(a) Position estimation error, Ie = 0A.
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Figure 12.9: Open-loop position estimation error with high-frequency stator
injection-based position estimators.

In the former case, the position estimation error ϑ̃me can be computed

as [11]:

ϑ̃e
m =

1

2
arctan

2ldqlee − 3ldelqe(
3/2(l2de − l

2
qe) − (ldd − lqq)lee

) . (12.5)

Fig. 12.9 reports the computed error starting from the current-to-flux-

linkage characteristics for two different excitation current values. In

the latter case, the error becomes [32]:

ϑ̃e
m = arctan

lddlqe − ldeldq

ldelqq − ldqlqe
. (12.6)

Fig. 12.10 shows the error in the same operating condition as Fig. 12.9,

assuming a rotor voltage signal injection. It is worth highlighting that

both the d-q and e-q cross-couplings are relevant for the error expres-

sions (12.5) and (12.6). Thanks to the proposed current-based model,

practitioners can evaluate the sensorless capability of the HEPM ma-

chine starting from the incremental inductance values (Fig. 12.5). In

particular, comparing Fig. 12.9 and Fig. 12.10, designers realize that

a stator excitation is more suitable for the considered machine, since

lower position estimation errors are achieved in most of the dq current

plane for both the analyzed excitation current rates.

12.3 discussion

Current and flux-based dynamic model are investigated in this chap-

ter for the analysis and simulation of hybrid excited permanent mag-

net motors. The current-to-flux linkage characteristics inversion is-

sues are discussed, which are related to the inversion of a three-

dimensional nonlinear map. A current-based model is found to be

more suitable for the considered motor topology, since it allows the

avoidance of the inversion issue.

Magnetic cross-couplings are not negligible for hybrid excited per-

manent magnet machines, compared to conventional model in the
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(b) Position estimation error, Ie = 3A.

Figure 12.10: Open-loop position estimation error with high-frequency rotor
injection-based position estimators.

Parameter Value

PM flux-linkage 0.524V · s
Excitation winding flux-linkage 0.213V · s
Total rotor flux-linkage 0.737V · s
d-axis inductance (unsaturated) 141mH

q-axis inductance (unsaturated) 540mH

Saliency ratio 3.83 -

Nominal torque 5.3N·m
Nominal speed 540 r/min

Nominal stator current 2A

Nominal rotor current 3A

Table 20: HEPM motor parameters.

literature. Experiments on a prototype machine validate the presence

of these couplings. Moreover, a good agreement is found between

the proposed current-based model and measured quantities. Finally,

a low-speed sensorless control is considered as case-study for the

application of the proposed model. In particular, thanks to the accu-

rate motor description, the sensorless capabilities of hybrid excited

permanent magnet motors can be evaluated in advance, helping the

designers selecting of the more suitable sensorless technology.
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HEPM motors are characterized by stator current-to-flux linkages

characteristics which strongly rely on the excitation currents. For a

given excitation current, stator current-to-flux linkage map is non-

linear and affected by a remarkable magnetic coupling, thus high

cross-differential inductances. The relevant magnetic saturation and

the excitation current dependency on the stator flux linkages make

the sensorless operation particularly challenging.

In literature, compensation methods have been proposed to ad-

dress the position error due to the cross-differential inductances and

to extend the stable operating region of the position estimator [62].

However, HEPM machines have an additional degree of freedom, i.e.

the excitation winding current, that can be exploited for improving

the self-sensing capabilities. To improve the dynamic motor perfor-

mance, the excitation current reference is commonly set at its rated

values, regardless the torque request. Then, to minimize the stator

windings Joule losses, the HEPM torque is delivered by using the

MTPA control policy [7].

This Chapter proposes: as first, the Maximum Torque Per Ampere

control policy minimizing both stator and rotor Joule losses for each

torque load requirement, then, secondly, an innovative control pol-

icy for HEPM machines has been developed. Such strategy aims first

to maximize the self-sensing capabilities of the motor, i.e. to mini-

mize the sensorless position error due to the cross-differential induc-

tance, then to minimize the overall Joule losses. This control strategy

is colled optimal sensorless policy (OSP). Both MTPA and OSP are

built by using a two-step procedure. Given a reference torque, MTPA

policy find the minimum stator and rotor current that gives the lower

losses,for several excitation currents. While OSP method optimizes

the stator currents reference in terms of position estimation error, for

several excitation currents. In the second step, a further optimization

is performed among the outcomes set-points of the first step, focus-

ing on the maximization of the drive efficiency in terms of stator and

rotor windings Joule losses.

13.1 mtpa policy

The MTPA trajectory, considering the stator and rotor losses mini-

mization, is particulary interesting for HEPM motors.

Starting from analytical motor equations, a numerical solution that

minimized the HEPM motor losses can be computed, as reported in

153



154 mtpa control algorithms

(7.8). The analytical equations provide a significant solution, but they

do not consider the intricate no-linearity intrinsic to the system. No-

linearity affected the real prototypes, and are included through FE

analysis or test bench measurement inside the model, as illustrated

in Fig. 12.1. This model reports the steady state relationship between

stator current and magnetic flux for each rotor current.

Recognizing this, the no-linear behavior of the system must be

considered. To this end, new trajectories considering the measured

maps are computed, considering both magnetic saturation and cross-

coupling effects.

13.1.1 Benchmark Control Policy

The delivered torque by an HEPM motor is computed as:

T =
3

2
pΛT

dqJTIdq. (13.1)

where Λdq = [Λd,Λq], Idq = [Id, Iq] and the superscript ·T denotes the

vector transposition. As for other synchronous motor topologies, the

MTPA policy can be adopted for HEPM machines [101]. The maxi-

mum torque is achieved by setting the excitation current to its rated

value. Then, the stator current reference is selected in order to mini-

mize the stator Joule losses. For a given torque request T∗, the stator

currents reference I∗
dq is found by solving:

min
I∗

dq

‖I∗
dq‖, s.t. T = T∗, (13.2)

where the operator ‖ · ‖ denotes the euclidean norm,. The problem

can be solved by exploiting the nonlinear magnetic maps shown in

Fig. 13.3 and Fig. 13.4 [40]. Then, the resulting current trajectory can

be implemented in the electric drive by means of a look-up table. It

is worth noticing that the MTPA control policy does not guarantee

the maximum efficiency in the torque delivery, since the excitation

winding losses are neglected in the optimization problem (13.2). The

proposed simplification reduces the tuning effort for the excitation

current, as it is kept constant.

An example of the MTPA control policy is presented in Fig. 13.1.

This figure displays the relationship between the rotor current (Ie)

and the stator currents (Id and Iq) necessary to achieve a prescribed

torque (T ). Notably, the rotor current starts with low values and pro-

gressively increases as the torque requirement rises. These current

combinations are optimized to minimize losses for a given torque

selection.

The computation process behind each data point combination is

showed in Fig. 13.2. Specifically, an instance with T = 5N ·m is de-

picted, showcasing five different rotor current values. The calculation
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Figure 13.1: Ie, Id Iq optimal combination to achieve a selected torque T in
(id, iq) current plane.
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Figure 13.2: Overall joule losses computation for different Ie, considering a
torque T = 5N ·m.

of Joule losses for all data points capable of producing a torque of T =

5N ·m is carried out for five rotor current values: Ie = [-3, -1.5, 0, 1.5,

3] A. Each set of excitation currents defines a unique curve line, with

the point of minimum losses indicated by an open circle. The filled

green circle corresponds to the configuration that yields the lowest

Joule losses considering all the planes. By extending this procedure

across multiple rotor current planes and various torque references,

the resulting plot is shown in Fig. 13.1. This process is widely doc-

umented in the literature [7]. However, it’s based on the knowledge

of the rotor’s position. This is why an innovative MTPA-Sensorless

policy, OSP, has been introduced to address this limitation.

13.2 sensorless tracking capability

Magnetic maps show the stator current-to-flux linkage curve, consid-

ering both magnetic saturation and cross-coupling effects. Fig. 13.3

shows the measured d-axis flux Λd curves as function of Id. The

curves are reported for two excitation current values, i.e., its mini-

mum and its maximum ones, and for two q-axis currents, namely,

zero and nominal rates. Fig. 13.4 reports the measured Λq curves as
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Figure 13.4: q-axis flux linkage characteristics for different excitation current
and d-axis current values.

function of Iq and for two values of excitation currents and d-currents

as in Fig. 13.3. The minimum and maximum values of excitation cur-

rent are reported, and zero and nominal Id current are depicted.

In both figures, the relevant flux linkages dependency on both sta-

tor currents and excitation current is evident. The equivalent PM flux

linkage, namely the contribution of permanent magnet and excitation

winding, can be grasped in Fig. 13.3. Moreover, the d-axis is affected

by a strong magnetic cross-saturation, i.e. Λd varies with Iq for a

given Id. Graphically, solid and dashed Λd curves of the same color

in Fig. 13.3 are significantly different. In addition, the cross-saturation

is influenced by the excitation current, too. The two solid Λd curves

of Fig. 13.3 differ. The noteworthy dependency of the magnetic cross-

saturation from the excitation current is exploited to improve the sen-

sorless capability of HEPM machines. Concerning the q-axis flux, the

iron saturation effect is certainly the most evident, since the curves in

Fig. 13.4 are nonlinear.

The nonlinear magnetic model of HEPM machine implies that the

voltage balance equations (12.1) are nonlinear, as well. The linearized

version of such equations are obtained by using the chain rule and, in
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Figure 13.5: Motor dq reference frame vs estimated d̂q reference frame.

particular, the rate of change of the flux linkages can be approximated

as:

dΛ

dt
=




∂λd

∂id

∂λd

∂iq
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∂ie
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
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
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iq

ie




(13.3)

where ldd and lqq are the self-differential inductances, lde is the mu-

tual inductance between the excitation winding and the stator d-axis,

le is the excitation winding self-inductance, while ldq is the cross-

differential inductance. It is worth reminding that all the differential

inductances depend on the operating point of the HEPM motor, i.e.,

on Idq and Ie. The cross-coupling between excitation winding and the

stator q-axis is neglected in the analysis.

13.2.1 Injection-based Sensorless Scheme

In low speed region, the rotor position can be retrieved by exploit-

ing rotor anisotropy and high frequency (HF) signal injection. Two

different injection schemes can be adopted, namely, the rotating [12]

or the pulsating one [77]. In this paper, the latter one is exploited as

it exhibits superior performance. It is worth remembering that both

injection schemes suffer of cross-differential inductance error equally.

To retrieve the rotor position, a HF sinusoidal voltage signal is in-

jected along the estimated d̂-axis:

ûh,d = Uh cos(ωht) (13.4)

where Uh and ωh are the amplitude and the pulsation of the in-

jected voltage signal, respectively. Superscript ·̂ denotes variables in
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the estimated rotor reference frame, depicted in Fig. 13.5. Denoting

ϑ̃e
m = ϑ̂e

m − ϑe
m the position estimation error, the induced HF q-axis

current due to the voltage injection (13.4) is:

îh,q =Ih

(
(2lel∆ −

3

2
l2de) sin(2ϑ̃e

m)

− 2leldq cos(2ϑ̃e
m)
)

sin(ωht)

(13.5)

where lΣ = (ldd + lqq)/2 is the mean self-differential inductance, l∆ =

(lqq − ldd)/2 is the semi-difference of self-differential inductances, and

Ih = Uh/
(
ωh(3lqql

2
de + 2lel

2
dq − 2lddlelqq)

)
.

The rotor position can be obtained by zeroing the HF current along

the estimated q̂-axis, namely, îh,q. It is carried out by exploiting the

heterodyne principle and a phase locked loop (PLL) scheme. The HF

pulsating current îh,q is multiplied by sin(ωht), and the obtained sig-

nal is fed into a regulator which nullifies it. Once the regulator input

is driven to zero, the rotor position is estimated.

If cross-differential inductance is neglected, the expression of îh,q

in (13.5) becomes:

îh,q = I ′h

(
2lel∆ −

3

2
l2de

)
sin(2ϑ̃e

m) sin(ωht), (13.6)

where I ′h = Uh/
(
ωhlqq(3l

2
de − 2lddle)

)
. Thus, zeroing îh,q implies that

the rotor position is accurately estimated.

The aforementioned hypothesis holds for a reduced group of syn-

chronous motors, i.e., those motors characterized by a negligible mag-

netic saturation. Motors that shows an accentuate anisotropy, thus

suitable for low speed sensorless operation, usually suffer of self and

cross magnetic saturation. HEPM machines exhibit a remarkable sat-

uration as can be inferred by flux linkages curves depicted in Fig. 13.3

and Fig. 13.4. When cross-inductance ldq is considered in (13.6), the

estimator converges to a wrong position. The steady-state angular

error between estimated d̂q and motor dq reference frame results:

ϑ̃e
m = −

1

2
arctan




2leldq

2lel∆ −
3

2
l2de


 . (13.7)

Such estimation error appears since the zero of the demodulated HF

current îh,q in (13.5) occurs for an estimated position different from

the actual one of (13.7). If the excitation winding is opened, i.e. lde

is null, the error expressions collapses into the one of an interior-

permanent magnet machine [50].

The estimation error in (13.7) is shown by the estimator in open-

loop mode, namely, when control loops are closed with the measured

position. If the estimated quantities are used by current and speed

loops, the estimation error differs from ϑ̃e
m and instability issues could
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arise in sensorless operation. It is worth noting that ϑ̃e
m depends on

the operating current point as inductances vary.

The position error is influenced by the control policy adopted for

the generation of currents set-point, given a torque request. HEPM

motors suffer of a relevant magnetic saturation, but the availability of

an additional degree of freedom in the control, namely the excitation

current, it can be exploited to improve sensorless operation. Indeed,

the currents set-point is defined by both Idq and Ie for a HEPM motor.

If the reference current operating point shows a null estimation error

ϑ̃e
m in open-loop mode, even in closed-loop mode the actual operating

point will follow the reference one with ϑ̃e
m = 0.

13.3 maximization of hepm sensorless capabilities

A novel control policy is derived for HEPM motors in this section,

aiming to maximize the sensorless capabilities of the motor, without

lost the minimum losses policy. The idea consists into exploiting the

additional degree of freedom that HEPM offers, namely the excitation

current Ie, to improve the HEPM sensorless operation. The method

finds the motor current set-points which minimize or eliminate the

estimation position error (13.7) due to cross-differential inductances,

while keeping a good efficiency in the torque delivery.

The proposed control policy can be achieved by a two-step pro-

cedure. The optimization inputs are the torque reference T∗ and a

set of ne dq flux curves (as Fig. 13.3 and Fig. 13.4), for ne excitation

current rates. An accurate identification of the stator current-to-flux

characteristics is mandatory by the proposed algorithm. Flux curves

can be obtained either by means of finite element simulations or by

an experimental characterization. The number ne of measured mag-

netic maps is defined as a trade-off between two opposing objectives,

namely, the accuracy of the final trajectory and the required time to

obtained them.

13.3.1 First Step

The first step of the procedure consists into finding the T∗ iso-torque

level in the dq current plane. Since such curve depend on the excita-

tion current, ne iso-torque loci exist. Then, the minimum sensorless

position error (13.7) is found along each iso-torque curve by solving

ne constrained optimization problems as:

min
I∗

dq

ϑ̃e,2
m , s.t. T = T∗, ‖I∗

dq‖ 6 IN (13.8)

where IN is the nominal stator current. It is worth noting that (13.8)

can have several solutions. The MATLAB solver fmincon was used to

handle the optimizations. The aforementioned constrained minimiza-

tion may output three different kind of results:
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Figure 13.6: Solid lines depict isotorque loci with T∗ = 5N ·m, while the

dashed lines show the zero position error ϑ̃e
m loci. Three differ-

ent values of excitation current Ie are considered. The circles
depict the desired working point, which will be the input for
the second step of the procedure.

• a feasible I∗
dq reference is found, which allows a zero ϑ̃e

m, as

shown in Fig. 13.6. Solid curves depict T = 5N ·m iso-torque

loci for three excitation current levels while dashed lines shows

the corresponding ϑ̃e
m = 0 loci for the same excitation currents.

Circles represent the solutions of (13.8) for each excitation cur-

rents;

• a feasible I∗
dq reference is found, which minimizes ϑ̃e

m without

zeroing it, as occurs in Fig. 13.7 for I∗e = 3A where the nominal

torque is achieved only in the top-left corner. For high torque

values, the intersection between the two iso-values curves is not

guaranteed. The current vector able to provide the requested

torque does not guarantee ϑ̃e
m = 0.

• no feasible I∗
dq references are found for the considered excita-

tion current values. In Fig. 13.7, the iso-torque curve at I∗e = 0A

and I∗e = −3A are not reported, since the motor is not able to

provide the nominal torque with a stator current smaller than

the nominal current IN. No solution of (13.8) exists.

All the feasible current set-points are denoted as [I∗
dq, I∗e ]

T
subopt, and

they are stored in an auxiliary vector u. Thus, all candidate current

set-points able to deliver the requested torque and to guarantee the

smallest position estimation error are found after this first optimiza-

tion step.

13.3.2 Second Step

The second step of the control policy optimization is devoted to the

maximization of the drive efficiency. For a given torque reference, the

current set-points that minimizes the Joule losses must be selected.
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Figure 13.8: Overall HEPM motor Joule losses for several excitation current
levels. In each test, the delivered torque is T = 5Nm.

Thus, a second optimization step is carried out among the feasible

set-points stored in u. The new cost function penalizes the overall

Joule losses of the HEPM motor as:

min
I∗

dq,I∗e

(3
2
Rs‖I∗

dq‖2 + ReI
∗2
e

)
,

[
I∗

dq

I∗e

]
∈ u. (13.9)

An example of such optimization is shown in Fig. 13.8, where the

total Joule losses are reported as a function of the excitation current

references I∗e in u for a torque reference of T = 5N ·m. It is worth

noticing that both stator and rotor Joule losses are minimized by the

proposed optimization problem, differently from what happens for

the MTPA problem stated in (13.2). The outcome of this second step

represents the final current set-point [I∗
dq, I∗e ]

T
opt used to deliver the

desired torque reference T∗. The proposed two-step method to find

the optimal current set-point given τ∗ is resumed in Algorithm 1.

The full HEPM motor control policy is built by applying Algo-

rithm 1 for different torque requests, spanning the entire operating
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Algorithm 1 Calculate optimal self-sensing currents set-point

Require: T∗ torque reference, stator current-to-flux linkages charac-

teristics for ne excitation current rates.

1: function Position error minimization (Sec. 13.3.1)

2: for I∗e = 1 : ne do

3: Find T = T∗ level-set

4: I∗
dq ← solve (13.8)

5: u← [I∗
dq, I∗e ]

T
subopt

6: end for

7: end function

8: return u

9: function Drive efficiency optimization (Sec. 13.3.2)

10: [I∗
dq, I∗e ]

T
opt = u(1)

11: Jmin ← solve (13.9) for u(1)

12: for [I∗
dq, I∗e ]

T ∈ u do

13: J← solve (13.9) for [I∗
dq, i∗e ]

T

14: if J < Jmin then

15: Jmin ← J

16: [I∗
dq, I∗e ]

T
opt ← [I∗

dq, I∗e ]
T

17: end if

18: end for

19: end function

20: return Optimal currents set-point [I∗
dq, I∗e ]

T
opt

region from zero to the nominal torque value. The resulting current

set-points are stored in a 3D look-up-table, suitable for an embedded

real-time implementation.

13.4 results

The main purpose of the proposed control policy is the minimiza-

tion of the position estimation error in sensorless operation. Fig. 14.1

shows the considered HEPM motor ready for the commissioning,

while Tab.21 resumes its parameters. In particular, both the stator

windings contacts and the sliding rotor winding contacts are shown.

Figure 13.9: HEPM motor prototype. Sliding contacts can be noted.
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Table 21: Overview of the HEPM motor parameters.

Parameter Symbol Value

Pole pairs p 2

Stator over rotor winding resistance Rs/Re 5

Saliency at nominal point lqq/ldd 3

Nominal stator current IN 3A

Nominal excitation current Ie 3A

Nominal speed ωN 500 rpm

DC bus voltage Vdc 300V

Nominal torque TN 10N ·m
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Figure 13.10: Position estimation error (13.7) versus torque under different
control policies.
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The error (13.7) is evaluated for four different control policies, in

particular the MTPA locus with maximum I∗e and with the minimum

I∗e , with the optimal I∗e that minimize the stator and rotor losses

(MTPAopt) and the proposed policy called OSP (optimal sensorless

policy). Results are shown in Fig. 13.10 for the four strategies. The

OSP allows for keeping the estimation position error ϑ̃e
m equal to zero

for a wide torque range. In the high torque range, the error increases

as no intersection between iso-torque and ϑ̃e
m = 0 level occurs. The de-

livered torque must be guaranteed at the cost of a non-zero estimation

error. For the nominal torque, the proposed strategy converges to the

maximum excitation current MTPA curve as it is the only condition

able to guarantee the requested torque. Three MTPA strategies result

critical for sensorless control, due to the significant cross-saturation

inductances of the considered HEPM machine. Finally, it is worth not-

ing that the MTPA curve at Ie = −3A exists only below T = 10N ·m.

Fig. 13.11 shows the current references generated by the OSP and

MTPAopt as a function of the requested torque. In particular, it is

evident the relevant role of the rotor excitation current. If common

MTPA strategies would be adopted, the reference I∗e would be con-

stant and equal to its nominal value regardless the torque. On the

opposite, the OSP and MTPAopt requires a variable excitation to track

a low position error in sensorless operation and minimize the overall

losses. It is worth noting that in the OPS policy the excitation current

saturates before it maximum value and then converge to the MTPAopt

value. This aspect is due to the impossibility of the OPS to track the

zero error, so the minimum error estimation is used until only a few

points remain and converge to the MTPAopt.

Since the rotor excitation current changes depending on the torque

operating point, stator current reference angle αe
i = atan(i∗q/i

∗
d) in

OSP is different with respect to both MTPA policies. Fig. 13.12 re-

ports such angles for the four considered control strategies. Major

differences are observed at low torque ratings. On the opposite, at

nominal torque the OSP collapses on the MTPA strategy MTPAopt,

since the nominal torque needs a rated excitation current to be deliv-

ered. It is worth remembering that even if the stator current angle may

result similar between the MTPA curve at Ie = −3A and MTPA curve

at Ie = 3A locus, they are actually significantly different because of

the different excitation currents. Indeed, a certain current set-point

needs to be graphically represented in the three-dimensional space

[I∗
dq, I∗e ]

T.

The drive efficiency probably plays the most important role in

industrial applications. Thus, a comparative analysis is performed

among the four policies in terms of total stator and rotor Joule losses.

Results are reported in Fig. 13.8. As expected, the MTPAopt guaran-

tees the lowest losses among the four strategies. This is mainly due

to the fact that both MTPA strategies are optimized only in terms of
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Figure 13.13: Total stator and rotor Joule losses versus torque under differ-
ent control policies.

stator Joule losses while OPS need to track the zero error position

estimation. The MTPA with Ie = −3A strategy is significantly less ef-

ficient than the other MTPA, since the excitation current produces an

opposite flux contribution with respect to the permanent magnet. The

greatest improvement achieved by the OSP and MTPAopt is obtained

at low torque rates, where the rotor excitation currents of both con-

siderably differs from the one of MTPA with Ie = 3A and Ie = −3A.

The efficiency considerations could change depending on the HEPM

stator and the rotor excitation windings, i.e. on the ratio Rs/Re. The

lower the ratio, the higher the rotor excitation winding weights on

the overall efficiency.

13.5 discussion

This part describes a novel control strategy for hybrid excited perma-

nent magnet motors focused on the minimization of the joule losses

and the maximization of their sensorless capabilities. The strategy

results from a two-step optimization, the first one devoted to the min-

imization of the position error under sensorless operation, the second

one to the drive efficiency maximization. The new control policy al-

lows for a zero position error in a wide torque operating region for
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low-speed HF-injection based sensorless schemes, without any addi-

tional compensation. The low estimation error is achieved by a proper

design of the stator and rotor current reference set-point. Moreover,

the overall efficiency of the drive is found to be higher than the

one achieved by a conventional maximum-torque-per-ampere strat-

egy. This feature derives from the second step of the optimization,

which takes into account both stator and rotor Joule losses. The pro-

posed approach was verified on an the HEPM motor prototype. In

the next Chapter high speed operation will be treated and analyzed.



14
F W C O N T R O L A L G O R I T H M

FW operation represents a crucial feature of electric motor drives in

several applications, including electric vehicle drives and spindles.

IPM synchronous motor are preferred by industries for such appli-

cations [79]. In fact, such motors exhibit excellent dynamic perfor-

mance, high torque density, and a maximum operating speed up to

three times the nominal one [19]. However, industries would be inter-

ested in achieving even higher maximum speeds, e.g. five times the

rated one, without compromising the other advantageous features of

IPM machines.

The maximum operating speed of IPM motors is mainly limited by

the PM flux linkage. In particular, the lower the PM flux linkage, the

higher the maximum achievable speed, assuming an equal supplying

voltage. Conversely, the torque density and the dynamic performance

decrease with the reduction of magnetic material in the rotor [43, 60].

As a result, it is hard to find a convenient trade-off among the desired

specifications using such a motor technology. Other synchronous mo-

tor topologies have been investigated in literature. In particular, WR

machines [84] represent a favorable solution for increasing the maxi-

mum speed. The rotor flux can be regulated [82] by means of the ex-

citation winding. Thus, the stator back-electro-motive force can be re-

duced, decreasing the voltage required to supply the stator winding.

However, the absence of PMs in the rotor reduces the motor torque

density. Moreover, the rotor excitation winding represents an addi-

tional source of losses, which affects the overall efficiency.

An interesting trade-off between torque performance and favorable

FW behavior is achieved by HEPM motors [8]. The distinguishing

feature of such machine topology is a double rotor flux excitation. In

particular, both PMs and an excitation winding are mounted on the

rotor [5]. The excitation winding adds a further degree of freedom

to the motor control algorithm, allowing a fine regulation of the ro-

tor flux, similarly to WR machines. The presence of PMs permits to

achieve a higher torque density and a higher efficiency with respect

to WR motors. When compared to IPM machines, the presence of an

excitation winding allows the reduction of the PMs sizes, which is

beneficial from the point of view of the manufacturing costs.

Proper control schemes need to be designed in order to exploit the

HEPM features. Flux regulation control policies for HEPM motors

were investigated in [18, 24, 52, 67], with the main aim of achieving

a wide constant-power speed range. Considering [24], FW operation

was achieved by means of a voltage magnitude and a voltage phase

167
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Figure 14.1: Rotor and stator of a HEPM motor prototype. Rotor winding is
missing to highlight the PMs layout, but sliding contacts can be
noted.

control loops which generate the excitation current and the d-current

references, respectively. The method is suitable for isotropic HEPM

motors, characterized by small stator inductances. However, only a

few works are found in literature about the design of the FW con-

trol scheme of HEPM motors. Thus, several aspects have not been

investigated yet.

This Chapter proposes a new FW control scheme, suitable for anisotropic

HEPM motors with high motor inductances. A hybrid FW architec-

ture is developed, including a feed-forward generation of the excita-

tion current reference and a voltage loop for the direct-axis current

reference. On one hand, the feed-forward excitation current reference

generation aims to maximize the output power. On the other hand,

the voltage loop for the direct axis current is inspired by conven-

tional IPM sensorless schemes [47]. The presence of a feed-back on

the voltage magnitude improved the robustness of the overall archi-

tecture, preventing the feeding converter from running out of voltage.

The design and the linearization of the voltage loop requires partic-

ular care, since the HEPM motor model has an additional degree of

freedom, with respect to IPM machines.

14.1 hepm motor model

The rotating dq reference frame is adopted to describe the HEPM mo-

tor model. In particular, such reference frame is synchronous with the

rotor PM flux, which rotates at the angular speed ωe
m = pωm, being

ωm the rotor speed and p the pole pairs. The direct d-axis is aligned
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with the PM flux. Considering such reference frame, the stator and

rotor windings voltage balance equations of a HEPM motor results:

vd = Rsid +
dλd

dt
−ωe

mλq

vq = Rsiq +
dλq

dt
+ωe

mλd

ve = Reie +
dλe,rot

dt

, (14.1)

where λd and λq, vd and vq, id and iq are the dq stator flux linkage,

voltage, and current components, respectively. Moreover, λe, ve, and

ie are the excitation flux linkage, voltage, and current, respectively.

Finally, Rs and Re represent the stator and rotor winding resistance,

respectively. In order to ease the presentation of the proposed flux-

weakening algorithm, linear current-to-flux linkage characteristics are

assumed:

λd = ΛPM + Ldid + λe = ΛPM + Ldid +Meie (14.2a)

λq = Lqiq, (14.2b)

λe,rot = Leie +
3

2
Meid (14.2c)

where Ld, Lq and Me are the direct, quadrature and excitation-to-

direct axis mutual inductances, respectively. ΛPM represents the no-

load flux linkage due to the PMs. Finally, the HEPM motor torque

equation results:

T =
3

2
p(λdiq − λqid)

=
3

2
p(ΛPM +Meie + (Ld − Lq)id)iq.

(14.3)

For sake of compactness, the contribution of the PMs and the excita-

tion winding to the flux linkage, namely ΛPM +Meie, will be denoted

as λhe. The considered HEPM machine prototype in this paper is re-

ported in Fig. 14.1. In particular, the PMs layout in the rotor is shown,

as well as the sliding contacts required to supply the rotor winding.

14.2 flux-weakening control of hepm motors

Differently from other synchronous machines, HEPM motors are char-

acterized by an additional degree, i.e. the excitation winding cur-

rent. Such current contributes to the d-axis flux linkage regulation

(see (14.2)). Consequently, the stator voltage (14.1) magnitude can be

properly modified at high speed to achieve a wider constant-power

operating region, with respect to other motor topologies.

The behavior of HEPM motors for increasing operating speeds is

discussed taking a classical IPM machine as benchmark (Fig. 14.2).

In particular, the considered IPM and a HEPM motors share equal
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Figure 14.2: Current, voltage limit region and maximum torque loci at differ-
ent motor speed. The MTPA loci and the voltage ellipses centres
are shown, as well.

nominal torque Tmax and nominal speed ωN. In addition, the electric

parameters Rs, Ld and Lq are the same for the two machines. The two

motors differ in the d-axis components of the flux linkage. In fact, no

excitation winding is installed in the rotor of IPM machines. Thus, the

IPM motor current-to-flux linkage model is defined by only the first

two equations of (14.2), i.e. (14.2a) and (14.2b). Moreover, equation

(14.2a) collapses into λd = ΛPM + Ldid.

Below the nominal speed, the excitation current of the HEPM mo-

tor is always regulated at its rated value. Indeed, the MTPA trajecto-

ries of the two machines are similar, i.e. the dark blue dashed curves

of Fig. 14.2. Above the nominal speed, the maximum deliverable

torque decreases both for HEPM and IPM motors, because the re-

quired voltage exceeds the maximum one available from the inverter.

The voltage constraint for the two motors at ωN describes the two

outer ellipses of Fig. 14.2a and Fig. 14.2b. Feasible current operating

points lie in the intersection area within the current limit circle of IN
radius, defined by the equation

i2d + i2q = I2N, (14.4)

and the voltage limit ellipse, defined by the equation

V2
N = R2s (i

2
d + i2q) +ω

e2

m

(
(Λhe + Ldid)

2 + (Lqiq)
2
)

. (14.5)

VN denoted the amplitude of the maximum voltage vector that can

be synthesized by the power converter feeding the HEPM machine.

In the IPM motor case, i.e. Fig. 14.2a, the intersection area shrinks

with increasing speeds, until it collapses in the point where the two

boundary curves are tangent and the maximum speed of the drive is

achieved. On the opposite, in the HEPM machine case, i.e. Fig. 14.2b,

a feasible operating area is preserved by shifting the center of the

voltage ellipse constraint. Indeed, the center lies on the d-axis, and

the expression of its d coordinate is −(ΛPM +Meie)/Ld. Thus, the cen-

ter can be moved on the right side by applying a decreasing excitation
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winding current. As a result, the maximum speed of the drive is theo-

retically increased up to infinity. Frictions and mechanical issues limit

the maximum achievable speed in real world applications.

14.2.1 Control scheme

The overall control scheme of the HEPM motor is reported in Fig. 14.3,

and it is characterized by a conventional cascaded structure. An outer

speed loop steers the HEPM motor speed ωm to the desired refer-

ence ω∗
m. The speed regulator Cω(s) consists of a conventional PI

controller, which zeros the speed reference tracking error ǫω and gen-

erates the torque reference T∗. The FW block in the scheme elaborates

the torque reference signal to derive the stator current references i∗d
and i∗q, and the excitation current reference i∗e . Three PI regulators,

namely Cd(s), Cq(s), and Ce(s), are designed for the internal current

loops. The first two regulators, i.e. Cd(s) and Cq(s), output the sta-

tor voltage references v∗d and v∗q for a three-phase two-levels inverters.

Ce(s) outputs the voltage command v∗e and a DC/DC converter sup-

plies the excitation winding.
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The FW block represents the core of the proposed FW methodology,

which consists of a feed-forward excitation current reference genera-

tion and a feed-back control of the stator voltage magnitude. Thus,

Fig. 14.4 is reported to provide a deeper insight.

The excitation current control is discussed in Section 14.2.3. Such

excitation winding current control aims to maximize the output power

of the machine at each operating speed by moving the center of the

voltage ellipse constrain (Fig. 14.2b) when needed. Stator currents

references are generated according to conventional FW scheme [47].

An MTPA strategy is employed as long as the inverter provides the

required voltage. It is worth noting that the stator voltage vector mag-

nitude threshold is set to 90% of the maximum available voltage to

ensure a proper margin in the current control. Once the voltage error

signal ǫu in Fig. 14.4 becomes negative, the control strategy enters in

the FW operating mode. The MTPA d-axis current reference i∗d,MTPA

is decreased by the output of the voltage controller Cu(s). Then, the

q-axis current reference is obtained to guarantee a safe magnitude of

the current vector.

The relationship between the d-current and the voltage vector mag-

nitude is strongly nonlinear. Thus, the following section is entirely

devoted to the characterization of such nonlinearity and its compen-

sation.

14.2.2 Voltage loop linearization

The design and tuning of the voltage loop results troublesome. A

promising approach to address such issue is described in [47]. In or-

der to compensate the variation in the nonlinear gain of the voltage

loop, such gain is analytically computed and the loop is linearized.

Consequently, a desired bandwidth for the voltage loop can be guar-

anteed.

Since for the considered HEPM motor the d-axis current has strong

effect on the total d-axis flux, the voltage loop is exploited to adjusts

the d-axis MTPA current reference during the FW, differently from

[24]. The voltage magnitude expression results:

‖v‖ =
√
v2d + v2q . (14.6)

Thus, from a small signal perspective, id produces nonlinear effects

on ‖v‖, in fact:

∂‖v‖
∂id

=
1

V

(
Vd

∂vd(iq)

∂iq
+ Vq

∂vq(id)

∂id

)

=
1

V

(
Vd

∂vd(iq)

∂iq

∂iq

∂id
+ Vq

∂vq(id)

∂id

)
,

(14.7)
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where lowercase letters stand for the total quantities, while uppercase

letters stand for large-signal dc quantities. ∂
∂(∗) represents the partial

derivative operator.

Following the idea of [47], the nonlinear effect ∂‖v‖
∂id

is compensated

by including the following linearizing gain

G =
1

∂‖v‖
∂id

(14.8)

in the voltage loop, as shown in Fig. 14.4. The computation of such

gain is slightly different with respect to the case of an IPM machine

because of the excitation winding. In particular, the expressions of

the three partial derivatives ∂vd
∂iq

,
∂vq

∂id
and

∂iq

∂id
are required.

Concerning the computation of the dq voltage partial derivatives,

the voltage balance equations (14.1) are simplified assuming negligi-

ble resistive voltage drops:

vd ≈ −ωe
mLqiq

vq ≈ ωe
m (ΛPM + Ld id +Me ie (id)) .

(14.9)

The assumption is well motivated by the fact that the motional terms

are prominent with increasing speed, i.e. in FW operation. Under

such an hypothesis, the voltage partial derivatives in (14.7) result:

∂vd

∂iq
= −ωe

mLq

∂vq

∂id
=Me

∂ie(id)

∂id
+ Ld

(14.10)

An additional partial derivative needs to be computed, namely
∂ie

∂id
.

From a small signal point of view, the effect of a variation of id on ie
is derived from the flux model equation (14.2c):

∂ie

∂id
= −

3

2

Me

Le
. (14.11)

Concerning the partial derivative
∂iq

∂id
, its expression is derived as-

suming a constant delivered torque, as in [47]. The q-current expres-

sion for a given torque is obtained from (14.3). Then, substituting

(14.8) in the iq expression, the following equivalence holds:

∂iq

∂id

∣∣∣∣∣
T

= −

2T

(
Ld − Lq −Me

∂ie

∂id

)

3p
(
ΛPM +Meie + (Ld − Lq)id

)2

= −

Iq

(
Ld − Lq −

3

2

M2
e

Le

)

ΛPM +MeIe + (Ld − Lq)Id

(14.12)
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The nonlinear behavior of the voltage loop can be finally described

by substituting equations (14.10) and (14.12) into (14.7):

∂‖v‖
∂id

=
ωe

m

V

(
Vd

LqIq

(
Ld − Lq −

3

2

M2
e

Le

)

ΛPM +Meie + (Ld − Lq)id
+

Vq

(
Ld −

3

2

M2
e

Le

))
(14.13)

Such expression is evaluated each control period to compute the lin-

earizing gain G in Fig. 14.4. The gain computation requires currents

ans speed measurement, as well as the values of the input voltages

applied in the previous control period.

14.2.3 Excitation current control in FW operation

The excitation current reference of HEPM motors is kept constant be-

low the nominal speed. Once overcome the base point, the value of

such current can be selected in order to maximize the output torque

and power, given the working speed. The excitation current expres-

sion that optimize such control objective is derived hereinafter.

When the HEPM machine works at the boundaries of the voltage

and current feasible regions, the dq stator currents fulfill the following

relationships:

id =

−Λhe ±
√
ξ2Λ2

he − (1− ξ2)(ξ2L2dI
2
N −

VN
2

ωe2
m

)

(1− ξ2)Ld

iq =

√
I2N − i2d,

(14.14)

where ξ represents the motor saliency ratio, namely the ratio Lq/Ld

and VN stands for the nominal voltage magnitude decurted by the

nominal resistive voltage drop, i.e. VN =
√
V2

N − R2s I
2
N. The positive

solution of id is considered hereinafter, since it allows to maximize the

torque for a given speed. It is worth highlighting that the two currents

depend only on the excitation flux Λhe. The just derived relationships

are substituted in the torque equation (14.3). Then, the HEPM motor

torque is maximized with respect to the excitation flux Λhe, obtaining:

Λhe =
VN

2
+ ξI2NL

2
dω

e2
m

ωe
m

√
VN

2
+ ξ2I2NL

2
dω

e2
m

(14.15)
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The excitation winding current reference can be finally retrieved re-

minding that Λhe =Meie +ΛPM:

i∗e =
1

Me


 VN

2
+ ξI2NL

2
dω

e2
m

ωe
m

√
VN

2
+ ξ2I2NL

2
dω

e2
m

−ΛPM


 . (14.16)

Such expression of i∗e maximizes the torque at each operating speed

under FW operation. The equation can be easily implemented in the

real-time controller by means of a 1D look-up-table.
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Figure 14.5: Motor dq currents, speed, torque and power of the HEPM motor
when a speed reference was step-wise changed from 0 to 4p.u.:
variable load torque case. Both constant torque and power re-
gion are shown.

14.3 results

Simulations had twofold aim. The former one was to validate the pro-

posed control strategy and the latter one was to highlight the superior

performance achievable by HEPM motors with respect to IPM ones.

The considered motors share the same rated parameters that are re-

ported in Tab.22. Fig. 14.5 and Fig. 14.6 show, instead, the simulation

results obtained for the two motors in case of a variable load torque.
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All the simulations are carried out assuming linear flux-to-current

characteristics.
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Figure 14.6: Motor dq currents, speed, torque and generated power of the
IPM motor when a speed reference was step-wise changed from
0 to 4p.u.: variable load torque case. Both constant torque and
power region are shown.

14.3.1 Inertial load

The first test consists in a step-wise change of the speed reference

from standstill to three times the rated speed for both the considered

machines. Both motors are loaded with inertial variable torque load

conditions. The speed reference was changed step-wise from zero to

three times the rated speed. The load torque was decided by the mo-

tor inertia and the viscous friction.

Fig. 14.5a and Fig. 14.6a shows the currents trajectories in the dq plane.

In particular, stator currents moved accurately through the MTPA lo-

cus and the current limit circle. Thanks to the reduction of the Λhe

flux, the HEPM motor never ran out of voltage, and it reached the

steady-state operation at speed 3p.u. after t = 3.25 s as shown in

Fig. 14.5b. Conversely, the IPM motor ran quickly out of voltage and

it stopped to accelerate during the test, reaching a maximum oper-

ating speed lower 2.5 p.u. (Fig. 14.6b). This fact is confirmed by the



14.4 experimental assessment 177

analysis of the motors output torques, too. In Fig. 14.5c the HEPM

motor delivered torque T∗ is higher or equal than the load TL one

during the transient. The balancing of the motor and load torques

was achieved both during transient and steady-state.

From the output power point of view, the HEPM motor delivered

the maximum admissible power, as proved by Fig. 14.5c. After t =

0.6 s, there is a power spike due to the time delay required for the

voltage loop to react to keep the absolute module constant. The IPM

machine exhibits a significantly lower power performance, due to the

limitations in terms of maximum achievable speeds. This fact further

proves the superiority of HEPM motor drives during the FW opera-

tion.
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Figure 14.7: Speed and Torque delivered during experimental test at 2.5
nominal speed in p.u.

14.4 experimental assessment

Finally, experimental tests were carried out to validate the HEPM

superior performance results on the prototype. First, a step up to

2.5 times the rated speed was performed to compare the HEPM and

IPM motor transients with the same inertial load. This test is done

considering that both motor can reach 2.5 times the rated speed and

than evaluate the rising time. The HEPM motor rising time is lower

than the IPM motor as shown in Fig. 14.7a. This transient increasing is

due to the higher torque developed during the FW operation thanks
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Figure 14.8: Experimental test at 2.5 nominal speed in p.u.

to the rotor control current which, combined with a proper id and

iq stator current, can give the maximum torque for each speed. After

t = 0.6 s, the FW operation begins. The torque delivered is reported

in Fig. 14.7b. The difference between the torque delivered by the two

motors are only during the FW operation.

Figs. 14.8a and 14.8b show direct and quadrature currents. Until

t = 1 s both HEPM and IPM motor have the same speed and stator

current behavior. After t = 1 s the excitation current ie is reduced

according to (14.16), to achieve the maximum torque for each speed.

After this point the torque delivered by HEPM motor is always higher

than IPM motor until the steady state condition. This test highlights

a slight faster transient dynamic of the HEPM motor compared to

IPM motor. This occurs after overcoming the nominal speed when

the flux is decreased by the rotor current. Anyway both motors reach

the same reference speed.
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Figure 14.9: Maximum speed experimental test.

Another test was carried out and the result is shown in Fig. 14.9. A

four p.u speed step is imposed to verify which is the highest speed

that each motor can reach. The test is carried out with the same in-

ertial load. Fig. 14.9a shows HEPM motor speed that exhibits faster

transient dynamic and higher maximum speed value adopting the

same current and voltage limits. The maximum speed of the HEPM

motor is 15% higher than IPM motor. The increasing of the torque

during the transient can be appreciate in Fig. 14.9b. Besides the small

size of the prototype, that works in high saturation condition, these

tests validate the effective superiority of the HEPM motor compared

to the IPM motor in terms of performance during FW operation.

14.5 discussion

The proposed flux-weakening scheme consists of a voltage loop for

the stator direct axis current reference generation and a feed-forward

generation of the excitation current reference. Concerning the volt-

age loop, the direct current effect on the voltage vector magnitude ex-

hibits a strong nonlinear behavior. Its linearization was computed and

the obtained gain was exploited to guarantee a constant voltage-loop

bandwidth. The gain computation includes the effect of the excita-

tion winding current. Concerning the feed-forward excitation current

reference generation, a method was proposed to reduce rotor flux

linkage for increasing working speeds. The proposed control strategy
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Table 22: HEPM motor parameters.

Parameter Symbol Value

Pole pairs p 2

Stator over rotor winding resistance Rs/Re 5

Saliency at nominal point ξ = Lq/Ld 3

Nominal stator current IN 2A

Nominal excitation current Ie,N 3A

Nominal speed nN 540 rpm

DC bus voltage Vdc 300V

Nominal torque TN 5.3N ·m

was validated by means of simulations and experimental test, com-

paring the FW capability of an HEPM motor and an IPM with same

dimension and rated parameters. HEPM motor shows superior capa-

bility during the flux weakening operation compared to the IPM mo-

tor. At the end of this part on control strategies, a mention of model

predictive control has been reported and is under test on the HEPM

machine.



15
M P C C O N T R O L A L G O R I T H M

15.1 hepm motor model

The HEPM motor prototype is shown in Fig. 15.1, and the considered

electric drive scheme is depicted in Fig. 15.2. The voltage equations

of an HEPM motor in the rotating reference frame are:

vd= Rsid+Ld
did
dt

+Me
die
dt

−Lqiqω
e
m,

vq= Rsiq+Lq
diq

dt
+ωe

m (ΛPM+Ldid+Meie) ,

ve= Reie+Le
die
dt

+
3

2
Me

did
dt

,

(15.1)

where vd,q,e, id,q,e and Ld,q,e are respectively the direct, quadrature,

excitation voltages, currents and inductances, Rs,e are the stator and

excitation resistances, ΛPM is the PM flux linkage, and ωe
m is the elec-

tromechanical speed. Finally, note that the mutual inductance Me is

multiplied by 3/2 in the excitation winding voltage equation to take

into account the transformation effect. The motor is considered mag-

netically linear and cross saturation effects are neglected. The motor

parameters are reported in Tab.21.

Figure 15.1: HEPM motor prototype. The excitation winding can be ob-
served.
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Figure 15.2: HEPM motor drive and the proposed control algorithm is high-
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Reformulating (15.1) yields:

did
dt

=

vd− Rsid + Lqiqω
e
m −

Meve

Le
+
MeReie

Le

Ld −
3M2

e

2Le

,

diq

dt
=
vq − Rsiq −ω

e
m(ΛPM + Ldid +Meie)

Lq
,

die
dt

=
ve

Le
+

3Mevd − Rsid
2(3M2

e /2− LdLe)
+
3M2

e ve − 3M
2
eReie

σ1
+

+
3LqMeiqω

e
m

2(3M2
e /2− LdLe)

−
Reie

Le
,

(15.2)

with σ1 = 2LdL
2
e − 3LeM

2
e . Finally, the continuous-time dynamics of

the HEPM motor (15.2) are discretized by using the forward Euler

approximation with the sampling interval Ts and arranged in the fol-

lowing state-space representation:

x(k+ 1) = Ax(k) +Bu(k) +D(k)

y(k) = Cx(k)
(15.3)
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where x = [id, iq, ie]
T is the state vector, v = [vd, vq, ve] is the input

vector, and y is the output vector. The matrices A, B, and D are:

A =




1−
RsTs

Ld −
3M2

e

2Le

Lqω
e
mTs

Ld −
3M2

e

2 Le

MeReTs

LdLe −
3

2
M2

e

−
Ldω

e
mTs

Lq
1−

RsTs

Lq
−
Meω

e
mTs

Lq

−
3MeRsTs

3M2
e − 2LdLe

3LqMeω
e
mTs

3M2
e − 2LdLe

σ2




,

B =




Ts

Ld −
3M2

e

2Le

0 −
MeTs

Le

(
Ld −

3M2
e

2Le

)

0
Ts

Lq
0

3MeTs

3M2
e − 2LdLe

0
3M2

e Ts

σ1
+
Ts

Le




,

D =




0

−
ΛPMω

e
mTs

Lq

0


 ,

where σ2 = 1−
ReTs

Le
−
3M2

eReTs

σ1
, while C = I3×3, with I3×3 being the

3×3 identity matrix.

15.2 mpc current control

Indirect MPC (I-MPC) computes the optimal voltage vector vopt(k)

that is subsequently applied to the power converter by means of a

modulator. The controller predicts the system behavior for the next

Np steps on the basis of the system model (15.3) and the applied

voltage vector v(k− 1). The optimal voltage input vopt(k) is the vector

that minimizes a performance index, or cost function, by taking into

account system constraints. The chosen cost function is:

J(k)=

k+Np−1
∑

l=k

‖y∗(l+ 1) −Cx(l+ 1)‖22+ λu‖v(l) − v(l− 1)‖22, (15.4)

which quantifies the defined control objectives, namely, the tracking

of the stator and excitation current references and the minimization

of control input variation. The control priority between the opposing

goals is set by the weighting factor λu, which defines the trade-off

between the tracking ability of the controller and response time dur-
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ing transients. The optimal control input vopt(k) is the solution of the

following quadratic program (QP):

vopt(k) = arg minimize
v∈R3

J(k)

subject to - motor model (15.3),

- voltage constraints,

- current constraints.

(15.5)

It is worth noting that for (15.5) to be a convex QP the current and

voltage constraints need to be written as linear inequality constraints.

To this end, a new formulation to include a current constraint is pro-

posed in the sequel.

15.3 voltage and current constraints

An inherent MPC feature is the capability to include state and/or

input constraints in the optimization problem. Successfully handling

such constraints can improve the system performance, in particular

when critical operation is desired, e.g., flux-weakening. In electric

drives, there are physical constraints that relate to the available volt-

age provided by the converter and the nominal motor current, which

are hereafter described. It is worth remembering that a HEPM motor

is characterized by an additional excitation winding, supplied by a

dc/dc converter, implying that the relevant constraints must be prop-

erly handled.

15.3.1 Voltage Constraint

The maximum available voltage for a three-phase two-level inverter

can be modeled with a vector that lies in a fixed hexagon in the αβ

reference frame where its size depends on the available dc-bus volt-

age. Any voltage vector lying within the hexagon can be generated

by the converter coupled with a modulator. The hexagon represents

the voltage constraint and it can be described by its sides, which in

turn can be presented as linear inequality constraints. In doing so,
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the stator voltage constraints, considering the dq rotating frame, are

given by:




√
3 1 0

−
√
3 1 0

0 1 0

0 −1 0√
3 −1 0

−
√
3 −1 0




P−1



vd

vq

ve


 6

Vdc√
3




2

2

1

1

2

2




[
0 0 1

0 0 −1

]
P−1



vd

vq

ve


 6

[
ve,lim

ve,lim

]

(15.6)

where P−1 is the inverse of the Park transformation and it is reported

in Appendix A.1. Moreover, (15.6) shows the rotor voltage constraint.

Note that the inequality constraints (15.6) define the “voltage con-

straints" in the QP (15.5).

15.3.2 Current Constraint

Both the stator and excitation currents must be kept below their nom-

inal values to ensure the safe operation of the motor. To achieve

this, additional constraints can be added to the MPC formulation,

similarly to the voltage one. By translating the current (i.e., output)

constraints into voltage (i.e., input) constraints an ellipsoidal feasible

area results in the dq voltage frame. This implies that the current-

related voltage constraints are nonlinear, and as such cannot be di-

rectly added to the QP (15.5). Hence, the current constraints must

be linearized so that they can be added to the optimization problem.

A conventional method suitable for the QP formulation is called lin-

ear piecewise method (LPM) [64] and it approximates the nonlinear

constraints with a polygon. In doing so, however, the number con-

straints can increase significantly, making the constrained MPC prob-

lem more computationally demanding. In this paper, the equivalent

tangent method (ETM) is proposed to mitigate the aforementioned is-

sue. The ETM calculates the tangent line of the nonlinear constraints

closest to the last applied voltage vector u(k − 1). As a result, the

nonlinear constraints can be approximated with only one linear con-

straint.

As mentioned above, the stator current constraint is a nonlinear

function:

id(k+ 1)
2 + iq(k+ 1)

2
6 i2lim (15.7)
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where ilim = IN is the stator current limit. Expression (15.7) can be

rearranged as a function of the corresponding voltage limits vd,lim

and vq,lim by exploiting (15.3), yielding:

(c vd,lim + a(k))2 + (d vq,lim + b(k))2 6 i2lim (15.8)

where the time-varying coefficients a(k) and b(k), and the constants

c and d are:

a(k)= id(k)−Ts
Rs id(k)

Ld−
3Me

2

2 Le

+Ts
Me ve(k)−Me Re ie(k)

3Me
2

2
−Ld Le

+Ts
Lq iq(k)ω

e
m

Ld−
3Me

2

2 Le

b(k)= iq(k)

(
1−
RsTs

Lq

)
+
Tsω

e
m

Lq
(ΛPM−Ldid(k)−Meie(k))

c=
Ts

Ld−
3Me

2

2 Le

, d=
Ts

Lq

(15.9)

As can be seen, (15.8) depicts an ellipsoid in the dq voltage plane, the

center and radii of which change according to the operating point.

Note that to simplify the mathematical notation, the explicit time-step

dependency is omitted hereafter.
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Figure 15.3: Visualization of the LPM and ETM.

15.3.2.1 Linear Piecewise Method

The LPM approximates (15.8) with na straight lines, each of which is

tangent to the ellipse while all tangency points are equally spaced. Ac-

cording to this method, a generic ellipse (15.8) can be approximated

as follows:

na∑

k=1

c vd cos(kα)+d vq sin(kα)6 ilim−a cos(kα)−b sin(kα), (15.10)
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with the approximation angle α = 2π/na and k is a integer number. It

is worth noting that the value of na can be selected according to the

desired level of approximation accuracy. Increasing na results in a

higher degree of accuracy, but also in a bigger number of summation

terms, and thus constraints.

The linearization method (15.10) can be applied to the voltage con-

straint (15.8), yielding the following linear constraints for the QP

(15.5):

L



vd,lim

vq,lim

ve,lim


 6 Ilim (15.11)

where

L=




c cos(α) d sin(α) 0
...

...
...

c cos
(
(na − 1)α

)
d sin

(
na − 1)α

)
0

c 0 0




, (15.12)

Ilim =




ilim − a cos(α) − b sin(α)
...

ilim−a cos
(
(na − 1)α

)
−b sin

(
(na − 1)α

)

ilim − a




. (15.13)

The linearized constraints with the LPM are reported in Fig. 15.3a

with the actual current-based voltage elliptical constraint. The voltage

limit (the hexagon) is depicted as well. The number of approximating

lines was set equal to na = 18 as trade-off between accuracy and

the number of constraints, i.e., complexity of the MPC problem. It is

worth noting the different dimension of the voltage and current-based

constraints shown in the zoomed-in dq voltage plane in Fig. 15.3b.

Indeed, the former one is more strict.

15.3.2.2 Equivalent Tangent Method

The proposed method exploits the different dimension of the volt-

age and current-based constraint in the dq reference frame and the

fact that only a small part of the ellipsoidal constraint is actually in-

volved in the optimization problem when the current constraint is

active. Specifically, the LPM introduces several constraints, most of

which are not necessary in the optimization as they set a less restric-

tive constraint than that imposed by the voltage hexagon. Moreover,

the tangent lines are uniformly distributed along the ellipse and, in

case of a reduced number of them, the approximation will be very
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coarse, and thus less effective, meaning that a violation of the actual

ellipsoidal constraint becomes more likely.

To overcome this issue, the ETM replaces the ellipse trace with the tan-

gent line closest to the last applied voltage vector. As a result, only

one constraint must be included in the QP (15.5) instead of na intro-

duced by the LPM. Fig. 15.3c illustrates the ETM principle. The point

P represents the last applied voltage vector, the ellipse is the current-

based constraint and the dashed segments are the four tangent lines

orthogonal to the vector P0x, with x∈ {1, 2, 3, 4}. The only constraint

included in the optimization problem (15.5) is the tangent line to the

point 04.

The desired tangent line closest to the last applied voltage vector

can be obtained by rewriting the ellipsoidal current constraint (15.8)

in its canonical, i.e.,:
(
vd,lim +

a

c

)2

(
ilim
c

)2
+

(
vq,lim +

b

d

)2

(
ilim
d

)2
= 1. (15.14)

This expression corresponds to an ellipse centered at
(
vd,lim, vq,lim

)
=

(a/c,b/d). This ellipse can be shifted such that its center is the origin

of the dq voltage plane, resulting in:

v2d,lim

Ψ2
+
v2q,lim

Θ2
= 1, (15.15)

where Ψ = ilim/c and Θ = ilim/d. A tangent line to the shifted ellipse

(15.15) at a generic point 0 (vd0, vq0) can be computed with the help

of:
vd,limvd0

Ψ2
+
vq,limvq0

Θ2
= 1. (15.16)

Finally, (15.16) can be rewritten in the explicit form as:

vq,lim =
Θ2

vq0
−
Θ2 vd0

Ψ2 vq0
vd,lim = qr +mrvd,lim, (15.17)

where mr and qr are the angular coefficient and the intercept of the

tangent line, respectively.

The angular coefficient of the line segment that connects point P

(vdP, vqP) inside the ellipse with point 0 is:

mP0 =
vqP − vq0

vdP − vd0

. (15.18)

With (15.18), the coordinates of the desired point 0 (vd0, vq0) can be

found by solving the following system of equations:





mr = −
1

mP0

v2d0

Ψ2
+
v2q0

Θ2
= 1

⇒






−
Θ2 vd0

Ψ2 vq0
=
vd0 − vdP

vqP − vq0

v2d0

Ψ2
+
v2q0

Θ2
= 1

(15.19)
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(a) Problem snapshot at 0.2 ms. (b) Problem snapshot at 8.2 ms.

Figure 15.4: Voltage and current constraints. Both LPM and ETM are shown.

where the first equation imposes the perpendicularity condition be-

tween line segment P0 and the tangent lines belonging to the ellipse,

while the second equation represents the location of point 0 on the

ellipse.

System (15.19) has four solutions, as depicted in Fig. 15.3c. Indeed

given a point P inside the ellipse, four tangent lines perpendicular

to the segment P0 exist. However, the proposed method takes into

account only the solution closest to point P. It is worth remembering

that the ellipsoidal current constraint has been shifted, meaning that

the computed solution must be properly displaced. Hence, Point 0

(vd0, vq0) computed with (15.19) must be relocated to the original ref-

erence system. Given this, the tangent line coefficients in the original

dq reference frame can be obtained as follows:

m′
r = mr,

q′r =

(
vq0 −

b

d

)
−mr

(
vd0 −

b

d

)
.

(15.20)

With the above, the proposed linearized current constraint tailored

for the QP (15.5) is:

[
m′

r −1 0

]


vd,lim

vq,lim

ve,lim


 < q

′
r, (15.21)

where the coefficients m′
r and q′r are computed at each discrete time

step. Finally, it is worth mentioning that the aforementioned proce-

dure is with regards to the stator currents. Nevertheless, a similar

approach can be applied to the excitation current, as reported in Ap-

pendix A.2.

15.4 performance assessment

The proposed ETM was tested by means of simulations. Two different

tests were carried out. The first one compares the conventional LPM

with the proposed one, whereas the latter examines the capability of
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the proposed MPC scheme to handle the magnetic mutual coupling

between the rotor and stator windings of a HEPM motor. Both tests

were carried out at steady-state operating conditions with a speed

equal to one third of the nominal one. The stator current references

were set equal to i∗d = −0.5A, i∗q = 1.5A, whereas the current limits

were set equal to ilim = 2A and ie,lim = 2.1A. Other relevant control

parameters were Np = 7, λu = 1 · 10−3 and na = 18. The switching

frequency was fs = 10 kHz, while the inverter and dc/dc converter

voltage buses were set to Vdc = 300V and Udc, dc/dc = 50V , respec-

tively.
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Figure 15.5: Comparison between voltage (vc) and current constrained MPC
solution, both with LPM and the proposed ETM without rotor
current.

15.4.1 Comparison Between LPM and ETM

In this test, the LPM and ETM current constraints are compared while

the excitation current reference was set to zero. Fig. 15.4 shows the

dq voltage plane with the voltage and current limits in two different

time instants of the test depicted in Fig. 15.5, namely, when the cur-

rent limit is not active and when it is activated and thus affecting the

optimal solution accordingly. Fig. 15.4a and Fig. 15.4b show the dq

voltage plane when the current constraint affects the optimal solution,

namely, the ellipse intersects the voltage hexagon. All linearized tra-

jectories are depicted as well. The ETM segment better approximates

the ellipse, whereas the LPM segments are less accurate. As a result,

a violation of the original (i.e. ellipsoidal) current-based constraint

is avoided with the proposed method. Moreover, the proposed algo-

rithm keeps the computational burden at bay since only one—instead

of na—linear constraint is computed.

Fig. 15.5 shows the current transient and the magnitude of cur-

rent vector for three different cases, i.e., (a) when only the voltage
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(hexagon) constraint is used, (b) when the voltage and current-based

constraints as approximated with the LPM are used, (c) the same as

‘b’, but the current-based constraint is approximated with the pro-

posed ETM. In Fig. 15.5 the voltage constraint is always respected but

the current can exceed its limit if the constraint is not included in the

optimization problem (see Fig. 15.5a with ‖ i ‖vc). On the contrary,

the current almost fully respects the defined limit when its constraint

is included in (15.5). However, it is worth noting that the stator cur-

rent slightly exceeds its maximum allowable value when the LPM is

implemented compared to the proposed method, since the linearized

ellipse is not accurate enough at the depicted point. The current lim-

itation allows for a smoother transient without affecting the rising

time, while the excitation current ie oscillations are due to the mu-

tual inductances between the stator end excitation windings. Specifi-

cally, the HEPM motor exhibits a noteworthy rotor-stator interaction

which reflects on currents and torque dynamics. Hence, the motor

controller must be able to reject these oscillations as much as possible

to improve performance.

15.4.2 Mutual Inductance Effect

To analyze the MPC ability to handle the mutual coupling between

the stator and rotor windings, an additional test was carried out.

More specifically, this test investigates the system behavior when

the excitation current reference is zero or close to its limit, namely,

i∗e = 2A. At the beginning of the test, all currents are initialized to zero

and the current constraints are linearized with the proposed ETM.

Fig. 15.6a shows the dynamic behavior of the currents for both con-

sidered cases. As can be seen, the quadrature current is not affected

by the operating conditions as dictated by the excitation current refer-

ence. On the contrary, the direct and excitation currents are strongly

coupled, as changes in the excitation current ie have a great impact on

the direct current id amplitude. It is worth noting that the direct cur-

rent overshoot increases with an increasing excitation current. For the

first 3ms, namely, until the direct current reaches its minimum value,

the excitation current increases almost linearly. Indeed, the applied

voltage is saturated (see Fig. 15.6b). After the id negative peak, and

even though the excitation voltage remains saturated, the excitation

current ie rate of change decreases since is is affected by the direct

current transient. Hence, as MPC tries to track the the direct current

reference, it cannot keep the same excitation current slope since the

dc/dc voltage is fully exploited. Nevertheless, both the magnitude of

the stator current (see Fig. 15.6c) as well as of the excitation one (see

Fig. 15.6a) remain below the imposed limits, thus clearly demonstrat-

ing the effectiveness of the proposed current constraint linearization

method.
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15.5 discussion

This paper proposed an indirect MPC control algorithm for HEPM

motors. The proposed MPC method is designed based on the HEPM

motor model, which, as shown, has intrinsic differences compared

with conventional synchronous motors. Moreover, the developed con-

trol algorithm accounts for both the voltage and stator and rotor cur-

rent limits. To achieve this, the nonlinear current constraints are in-

cluded into the derived QP, after being transformed into equivalent

voltage constraints, and linearized by means of the tangent segment

closest to the last applied voltage vector. Thanks to this linearization

method, the proposed control scheme is computationally efficient,

and thus suitable for an on-chip implementation. Simulation results

highlight the efficacy and the reliability of the proposed MPC algo-

rithm as well as the strong coupling between the stator and excitation

windings of the HEPM motor.
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Figure 15.6: Dynamic response considering the mutual inductance effect.
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C O N C L U S I O N

This thesis presents a comprehensive investigation about analysis, de-

sign and control of electrically excited synchronous motors (EESM)

and hybrid excited permanent magnet motors (HEPM) for electric

drive applications. These motor configurations are promising due to

their high torque and power density, their capability to operate in a

wide speed range and a reduced dependence on rare earth perma-

nent magnets.

Various HEPM motor structures are investigated, including series

and parallel configurations, and their performance under both no-

load and load conditions is deeply analysed. Parallel configurations

have been validated as more convenient than series topology. Various

studies are carried out comparing permanent magnet motor capabili-

ties to EESM and HEPM motors capabilities, for given machine sizes.

Comparing to the interior permanent magnet motor, the HEPM mo-

tor exhibits similar performance, while comparing to the EESM, it

exhibits higher performance. Thermal and mechanical issues are a

possible bottleneck for the HEPM motor. Such issues are analyzed

and suggestions are given to overcome the limits adopting proper

designs.

The design process focuses on both theoretical approach and prac-

tical design considerations. Analytical methods are used to calculate

the main machine parameters, with particular emphasis on optimiz-

ing performance at both low-speed (maximum torque per ampere)

and high speed (flux weakening) operating points. Detailed design

and optimisation processes are outlined for EESM and HEPM mo-

tors, culminating in the selection of an optimum motor geometry.

Different electrical control strategies suited for HEPM motors are

implemented. A control range of many techniques including Maxi-

mum Torque Per Amps control, sensorless control and Flux Weaken-

ing control is reported. In addition, an extension of implicit Model

Predictive Control is explored considering voltage and current con-

straints.

In addition to the design of both motor geometry and the definition

of the control algorithms, a prototype is built. Systematic experimen-

tal tests are carried to validate the electromagnetic analysis and the

drive control strategies.
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Part IV

A P P E N D I X





A
A P P E N D I X

a.1 inverse park transformation

The inverse Park transformation is the following 3×3 matrix:

P−1 =




cos(ωe
mt) − sin(ωe

mt) 0

sin(ωe
mt) cos(ωe

mt) 0

0 0 1


 . (A.1)

a.2 excitation current constraint

The rotor current has to satisfy the current constraint ‖ ie(k+ 1)‖6‖ ie,lim ‖
and it can be written as:

(3Me
2

σ1
+
Ts

Le

)
ve,lim + ae(k) 6 ie,lim, (A.2)
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ae(k) = ie(k) + Ts
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2

2
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+
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(
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2

2
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) −
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2 Re ie(k)
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+
3 LqMe iq(k)ω

e
m

2

(
3Me

2

2
− Ld Le

)
]

.

(A.3)

The rotor current constraint can be written for both positive and neg-

ative values as:


0 0

3TsMe
2

σ1
+
Ts

Le

0 0 −
3TsMe

2

σ1
−
Ts

Le






vd,lim

vq,lim

ve,lim


 6

[
ie,lim − ae(k)

ie,lim − ae(k)

]
, (A.4)

and can be included in the QP (15.5). It is worth noting that only one

of the two constraints needs to be used in order to reduce the size

of the optimization problem. Specifically, if the current reference is

positive, the upper limit is used, otherwise the lower one.
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