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ABSTRACT Synchronous homopolar machines (SHMs) have established their merit in various applications,
including pulse heating generators and automotive generators. They offer such advantages as a simple and
dependable rotor design devoid of windings and permanent magnets, and a reliable field winding consisting
of a small number of concentrated coils on the stator. This makes SHMs promising as traction motors
for off-highway vehicles, such as mining dump trucks. Mining dump trucks confront the challenges of
transporting hefty loads on dirt roads at speeds up to 60 km/h and conquering steep inclines. Although
conventional induction motors (IMs) are widely used in these trucks, they suffer from rotor overheating,
vulnerability to broken rotor bar faults, and substantial low-frequency current oscillations when braking on
a slope. These problems stimulate the search for alternatives. This article conducts a theoretical analysis
comparing optimized designs of IM and SHM for driving a mining dump truck with a payload of 90 tons.
The comparison encompasses critical parameters such as efficiency, losses, torque ripple, required inverter
power, dimensions, weight, active material cost, and inverter reliability. The study employs the downhill
simplex method for optimization and the finite element method. The study shows that the benefits of SHM
include reduced active material costs and improved motor and inverter reliability.

INDEX TERMS Constant power speed operation range, haul truck, synchronous machines with DC ex-
citation, synchronous homopolar motor, Nelder-Mead optimization algorithm, optimum design, induction
machines, vehicle traction drive systems, wound field synchronous motors.

I. INTRODUCTION
A. ADVANTAGES OF SYNCHRONOUS HOMOPOLAR
MOTORS WITHOUT RARE EARTH MAGNETS
Currently, electric vehicles can use different types of motors.
Permanent magnet synchronous motors (PMSM) are compact
but expensive and have uncontrolled permanent magnet flux
[1]. This increases the risk of fire in emergency situations and
makes it difficult to obtain a wide constant power speed range
(CPSR). In addition, rare earth magnets have low temperature
resistance.

This increases the risk of fire in emergency situations and
makes it difficult to obtain a wide constant power speed
range (CPSR). In addition, rare earth magnets have a low
temperature resistance. Due to the shortcomings, the problem
of developing traction motors without rare-earth magnets is
urgent [2], [3], [4], [5], [6], [7].

Widely used induction motors (IM), used for example in
Audi etron S and Tesla Model S [8], [9], [10], [11], [12], [13],
[14], in addition to their bulkiness, also have an increased risk
of failure of the welded rotor cage and bearings due to high
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rotor overheating. In addition, the reliability of the traction
inverter when using an IM may be reduced due to large tem-
perature pulsations during braking mode at zero-speed [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28].

Wound field synchronous motors (WFSMs), used for exam-
ple in BMW iX3, Renault Zoe, Renault Fluence, and Renault
Megane E TECH [29], [30], [31], [32], [33], although po-
tentially well suited for providing a wide CPSR in a traction
drive, are limited in their reliability by the sliding contact for
feeding the field winding on the rotor [34], [35]. WFSMs with
a brushless exciter are also known, but increasing complexity
and cost limit their use [36].

An alternative would be to use synchronous homopolar mo-
tors (SHM) without permanent magnets and with an excitation
winding on the stator.

In addition to eliminating sliding contacts, SHMs offer ad-
vantages over WFSMs, including higher reliability, absence of
electrical losses in the rotor, simplified rotor cooling systems,
and a more straightforward and dependable design of the
excitation winding, comprising ring-shaped coils mounted on
the stator.

SHMs, like all stator-mounted PM and wound field ma-
chines, have such an advantage as a rugged and simple
rotor and are suitable for high-speed or high-torque appli-
cations [45]. Like other PM machines, stator-mounted PM
machines do not allow controlling excitation MMF, which
decreases possibilities of extending CPSR. SHM, on the other
hand, belongs to machines with a stator excitation winding,
which allows for a wider CPSR.

SHMs are typically used as highly reliable generators [37],
[38], [39], [40], but their use as traction motors has also been
proposed [41], [42], [43], [44].

B. DESIGN OPTIMIZATION OF INDUCTION MOTORS FOR
ELECTRIC VEHICLES
In the context of developing electric motors for off-highway
cargo vehicles, this article further examines and compares the
performance of a synchronous homopolar machine (SHM)
and an induction machine (IM). Specifically, the comparison
focuses on their suitability for a hybrid mining dump truck,
operating within a speed range of 400 to 4000 rpm, while
maintaining a constant mechanical power output of 370 kW
(corresponding to a CPSR of 10:1).

Generally, motors for highway electric vehicle need
a CPSR of no more than 4:1 [46]. However, off-road and
off-highway electric vehicles require a wider CPSR [43]. Typ-
ically, the expansion of a CPSR is achieved by increasing the
power, maximum current, and cost of the solid-state inverter
[47]. However, as shown in this article, optimizing the mo-
tor to minimize the current at two operating points (at base
speed and at maximum speed) can help avoid the excessive
increase in power and cost of the inverter when a wide CPSR
is required.

The article includes a cost analysis that compares the ex-
penses associated with the active materials of the electrical

motors and the semiconductor inverter power modules for
both SHM and IM. In addition, it is shown that the use of
the SHM improves the reliability and prolongs the service life
of the traction semiconductor inverter by eliminating temper-
ature ripple of the power switches in the electric braking mode
when stopped on a slope, which is often used for mining dump
trucks [48].

For instance, in [49], a comprehensive comparison of per-
formance among various traction motors, including interior
permanent magnet synchronous motors (IPMSM), surface
permanent magnet synchronous motors (SPMSM), and IM, is
undertaken within the context of a CPSR of 3:1. The assess-
ment involves scrutinizing the attributes of these motors, with
the calculation of IM characteristics relying on magnetostatic
FEA coupled with an analytical estimation of rotor currents.
Notably, the analysis refrains from employing computer-aided
optimization of motor characteristics before conducting the
comparative study. The outcomes of this investigation under-
score the advantageous positions of IPMSMs and IMs over
SPMSMs within a broader CPSR range. It is pertinent to
note that despite this advantage, IMs are identified to exhibit
heightened losses in contrast to IPMSMs.

In [50], a parallel examination delves into the performance
disparities of high-speed IPMSM, Switched Reluctance Mo-
tor (SRM), and IM in a traction application characterized by
a CPSR of 5:1. In this study, the calculation of the charac-
teristics of the IM is performed using FEA, carried out in
the time domain, taking into account the spatial harmonics
of the magnetic field. The insights garnered from this study
highlight the efficacy of IPMSMs in compact dimensions and
the potency of SRMs in contexts demanding robust rotor
strength. Meanwhile, IMs offer distinct advantages, including
immunity to irreversible demagnetization risks, mitigation of
magnet losses, and attenuation of ventilation losses. However,
the notable drawback associated with IMs pertains to their
significantly higher total power losses relative to IPMSMs.

Paper [50] compares the performance of an induction motor
and a wound field synchronous motor (WFSM) in a drive
with a CPSR of 10:1. The characteristics of the compared
motors are pre-optimized using the Nelder-Mead method. The
performance of WFSM is calculated from magnetostatic FEA,
while for IM the time domain finite element method is used.
It is shown that WFSM, compared to IM, provides reduced
losses and increased reliability. It is also shown that in a drive
with a CPSR of 10:1, an induction drive with a rated power of
370 kW requires an inverter with a power rating of 1689 kVA,
while a WFSM drive requires only 1169 kVA.

C. THE PROBLEM AND AIM OF THE STUDY
Based on the above, it can be concluded that the scientific
novelty of this study lies in comparing the characteristics of
the SHM and IM, including efficiency, torque ripple, required
power and temperature ripple in the solid-state inverter, in a
traction application with a wide CPSR of 10:1, which has
not been previously presented in the literature. The above
characteristics of the IM are compared with those of the SHM
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TABLE I Technical Specifications of the Traction Motor

obtained in a previous study [43]. Both motors underwent
design optimization using similar approaches, including the
Nelder-Mead method and two-dimensional FEA.

Some differences in the methodology for evaluating the
characteristics and optimization of the IM, compared to
the SHM, are associated only with the features of the IM.
The SHM has no currents in the rotor. At the same time, when
calculating IM performance, it is necessary to calculate cur-
rents that are induced in the short-circuited rotor winding by
the alternating magnetic field of the air gap. This requires FEA
of the IM in the time domain, and, as a result, significantly
increases the calculation time, while the magnetostatic FEA
for several rotor positions is sufficient for the SHM.

This article continues the comparative studies of various
types of traction motor with a very wide CPSR of 10:1 in off-
highway cargo vehicles presented by the authors in [7], [44],
[51]. In [7], the SHM was compared with a PMSM. In [44],
the SHM was compared with a WFSM. In [51] the WFSM was
compared with the IM. However, the comparison of the SHM
with the IM in this specific application has not yet been carried
out in the literature. This comparison is especially important
from a practical point of view because IMs are used in most
mining dump trucks [8], [19], [20].

II. DESIGN CHARACTERISTICS OF THE EVALUATED
MOTORS
Table I shows the required traction motor characteristics for
this application, which both IM and SHM must satisfy.

The structure of the IM magnetic core is homogeneous
along the axis of rotation, so it is sufficient to consider the two-
dimensional geometry in its mathematical model (Fig. 1(a)).
The SHM consists of three pairs of stator and rotor laminated
stacks connected by axial elements that conduct the excitation
magnetic flux. Therefore, to model the magnetic circuit the
SHM, it is necessary both to consider the two-dimensional
geometry of a pair of stator and rotor stacks (Fig. 1(b)), and
to consider the design of the axial elements: the stator housing
and the rotor hub (Fig. 1(c)). Fig. 1 illustrates the motor phases
denoted by capital letters A to I, representing their sequential
order. The negative sign in Fig. 1 signifies the reversed current
direction within a winding layer.

Both motors under consideration feature a 9-phase winding
configuration. From the point of view of the simplicity of
the electric drive, it is desirable to minimize the number of
motor phases to three. However, in the considered case, the
armature winding consists of three three-phase subwindings

FIGURE. 1. Representation of the motor design: (a) Induction motor (IM) 2
pole area; (b) Synchronous homopolar motor (SHM) winding layout on 2
pole area; (c) SHM 3D structure.

forming a nine-phase winding, each of which has its separate
neutral point. This is done to reduce the current in each phase
to simplify the design of the traction inverter [41]. In addition,
the fault tolerance of the drive is increased: in the event of
a phase failure, the drive can continue to operate without a
very large reduction in load capacity. The phase shift between
adjacent phases is 360°/9 = 40 electrical degrees.

The SHM stator has 12 poles, 54 slots and the number of
slots per pole and per phase q = 54/(12·9) = 0.5. The IM stator
has 8 poles, 75 slots and the number of slots per pole and per

952 VOLUME 5, 2024



FIGURE. 2. Open type stator slot sketch. (a) SHM; (b) IM.

phase q = 72/(8·9) = 1. The SHM uses a two-layer winding
(Fig. 2(a)). The IM uses a single layer winding (Fig. 2(b)).

The magnetic cores of both the stator and rotor are
constructed from M270-35A steel, each with a 0.35 mm
thickness. The IM rotor comprises 76 slots, within which
rectangular-shaped squirrel cage bars are positioned. These
rotor bars are short-circuited by end rings, featuring openings
at the bar ends. Following the welding of the rings to the
bars, these openings are sealed, resulting in plates that can
be treated as solid disks.

This study is about motors utilizing a nine-phase inverter,
as illustrated in Fig. 3. This inverter consists of three distinct
three-phase modules, with each module providing power
to three motor phases. The maximum amplitude of the
line-to-line voltage is capped at 1000 V, aligning with the
limits of the DC link voltage. Discontinuous space-vector
modulation is employed for each of these three-phase
modules [57]. There are several advantages to using a
nine-phase inverter. It diminishes the current ratings required
for individual power modules, thereby boosting reliability in
the event of module malfunction [28], [58]. The nine-phase
inverter circuit used includes 3 separate three-phase inverters.
This allows the use of more common inverter power modules
for the power and voltage ratings in question. In addition, if

FIGURE. 3. Design layout of the nine-phase inverter to supply the motor.

one of the three-phase inverters fails, the other two continue
to work and the drive remains operational.

Additionally, the motor’s adoption of a nine-phase winding
enhances both winding factor and the spectral composition
of the magnetomotive force, further contributing to improved
motor performance.

As is known, in the spectrum of the MMF of the armature
winding in the air gap of a 3-phase machine there are harmon-
ics ν = 3n+1 where n�Z [59]. It is because of the symmetry
of shifting the winding slots by third of the MMF period in the
gap with shifting the current phases by 2π /3. There is higher
symmetry in the 9-phase winding: shifting the winding slots
by nineth of the field period with shifting the current phases
by 2π /9. Therefore, there are only harmonics ν = 9n+1 in the
MMF.

So, the nine-phase winding eliminates some of these par-
asitic harmonics. In MMF spectrum of the SHM with the
number of phases 9 and 9 stator teeth the MMF period, there
are no harmonics from −7th to 9th. In a three-phase winding
with the same 9 stator teeth per period in this interval there
are MMF harmonics −5th, −2nd and 4th, 7th. In the IM
with an even number of stator slots per period (18 slots),
additional symmetry of shifting the winding by a pole pitch
and changing the current signs suppresses even harmonics. So,
in the 9-phase IM, there are no −5th and 7th harmonics, while
the −2th and 4th harmonics are absent in both 3-and 9-phase
cases.
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TABLE II Winding Coefficients of Various Designs

FIGURE. 4. Characteristics of the traction electric drive under
consideration: (a) Torque-Speed curve; (b) Output power-speed curve.
Operating points 1, 2, and 3 indicated as per Table IV.

To suppress parasitic harmonics in the MMF and EMF
spectrum, in addition to increasing the number of phases,
shortening the winding pitch can also be used. But such sup-
pression does not mean elimination completely. In addition,
this technique reduces the winding coefficient.”

The fundamental harmonic winding coefficients are given
in Table II.

Detailed information regarding the parameters, objectives,
and optimization results of the synchronous homopolar ma-
chine (SHM) can be found in [43]. Hence, this article
exclusively presents the results of the induction machine (IM)
optimization. The compared motors must satisfy the traction
characteristic requirements of the BELAZ 75570 mining truck
drive, as depicted in Fig. 4. The drive is required to deliver a
mechanical power output of 370 kW within a speed range of
400 rpm to 4000 rpm (10:1).

CPSR (also known as “constant power region”) is defined
by the ratio of maximum to rated speed (also known as “base
speed”). The range from zero to base speed is determined
by constant torque, constant flux and increasing voltage with
increasing speed. The constant power region is determined
by constant power, decreasing flux with increasing speed and
constant voltage (see Fig. 4(a)) [46].

In the proposed synchronous homopolar machine (SHM),
the main part of the torque is created due to the interaction
of the armature current with the magnetic flux of the field
winding. That is, the SHM belongs to the class of electri-
cally excited synchronous machines [60]. Unlike conventional
reluctance machines, the controllability of the magnetic flux
of the SHM field winding extends the capability of field
weakening and obtaining a wider constant power speed range
(CPSR) [61], which is in demand, for example, in traction
applications.

In the case of SHM, field weakening is achieved by adjust-
ing the d-axis component of the armature current as well as the
field current. In the case of IM, field weakening is obtained
inherently with increasing the slip due to the demagnetizing
effect of the squirrel cage according to Lenz’s law.

In terms of fault-tolerant performance, both the IM and
SHM have similar capabilities. Due to the large number of
phases, if one or two phases fail, the motors can remain par-
tially operational if the inverter algorithms allow this. Also,
the risk of failure of the SHM drive will be less due to the
absence of a squirrel cage on the rotor, as well as due to
the absence of temperature pulsations in the inverter modules
when parked on an incline, as explained in Section VII.

III. APPROACH TO MATHEMATICAL MODELING OF THE
INDUCTION MOTOR IN STEADY STATE
This section presents our original computationally efficient
technique for designing an induction motor using time domain
FEA.

In this study characteristics of the SHM and IM are calcu-
lated for given sinusoidal stator phase currents. In the SHM,
there are no currents in the rotor, and the distribution of stator
currents is known in advance. Therefore, the calculation of
characteristics of the SHM is possible based on a sequence of
magnetostatic boundary value problems for various positions
of the rotor.

In the context of IMs, a crucial aspect involves the com-
putation of the current density distribution within the rotor
bars. Various methodologies exist for modeling IMs in steady
state [62], [63] but to comprehensively address effects like
core saturation over time and minor harmonics, a time domain
finite element modelling is indispensable.

The time-domain two-dimensional FEA of IMs is typi-
cally conducted, assuming sinusoidal phase currents and a
plane-parallel magnetic field. This field is defined by a vector
magnetic potential, primarily featuring the normal component
Az. The magnetic field refer to (1)-(3) are employed to char-
acterize this phenomenon [62]. The constituent components
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of the magnetic flux density adopt the following format:

Bx = ∂Az

∂y
; By = −∂Az

∂x
. (1)

The relationship of the magnetic field strength H with re-
spect to the flux density B is determined using constitutive
equations. The quantities B, H, and Az are influenced by the
current density perpendicular to the cross-sectional plane, fol-
lowing Ampère’s law:

∂Hy

∂x
− ∂Hx

∂y
= Jz. (2)

The current density in phase windings and their associated
flux linkage are characterized as:

Jz = ∑
i

Ii�i;
�i = L

∫∫
Az�idS,

(3)

where L is the length of the stator lamination; �i is the current
density, when 1 A current flows through the i-th phase while
other phases remain inactive.

The instantaneous phase voltage is determined through the
instantaneous flux linkage, as suggested by formula (4):

Ui = d�i

dt
+ RIi, (4)

where R is the resistance of one motor phase.
Windings employing compact rectangular conductors and

featuring a low turn count per coil experience both DC losses
and notable eddy current losses [64]. The eddy current loss
density in the winding described in (5).

peddy = σCukz

12

[
w2

ϕ

(
∂Br

∂t

)2

+ w2
r

(
∂Bϕ

∂t

)2
]

, (5)

where σCu is the electrical conductivity of copper; wϕ and wr

are the wire section’s width and height; kz is the slot filling
factor; Br and Bϕ are the flux density’s radial and tangential
components, respectively.

The current density in the i-th rod of the rotor squirrel cage
described in (6):

Jz = −σsquirrel

(
dAz

dt
+ φi

L

)
, (6)

where d/dt is the substantial time derivative; ϕi is the potential
difference at the ends of the rotor bars.

Equation (7) defines the potential difference.

2ϕi − ϕi−1 − ϕi+1 = 2rrot I
squirrel
i , (7)

where rrot corresponds to the resistance of a section of the
squirrel cage over one rotor tooth pitch. Equation (8) repre-
sents the current flowing through the i-th rotor rod. Coefficient
2 on the right side of the equation takes into account the
restriction of the rod by two end rings.

Isquirrel
i =

∫
i−th rod

JzdS, (8)

In a section with a length equivalent to one pitch of the
rotor poles, the arc length is 2π r/Nrot, where Nrot denotes
the number of rotor rods and r is the distance from the ro-
tation axis. Assuming a constant potential ϕ across the cross
sections of rings that demarcate one rotor tooth pitch, and a
current density inversely proportional to the arc’s length, the
squirrel cage resistance per rotor pitch can be computed as
rrot = 2π / (Nrot· h· σ squirrel · ln[Rring1/Rring2], where h is
the ring thickness, σ squirrel is the squirrel cage material’s
conductivity, and Rring1 and Rring2 denote the external and
internal radii of the rings.

To simplify the calculation of the substantial derivative,
in fact to replace it with partial one, and to use the same
geometry for all rotor positions, the calculation area is split
into the rotor and stator parts by the arc in the middle of airgap.
The rotor rotation is taken into account by means of the time
boundary condition joining these parts.

Employing a time-domain 2D model for induction motor
analysis yields high accuracy, albeit demanding substantial
computational resources due to prolonged transients [62],
[63]. This is a serious obstacle to computer-aided optimization
of an IM design. This study shows an approach that speeds up
the transient by reducing the conductivity of the squirrel cage
material.

To implement this at each moment of time, the specific con-
ductivity of the squirrel cage material decreases by the same
factor as the frequency in the rotor squirrel cage increases
while the rotor rotational speed is assumed to be constant. This
coefficient has a large value at the beginning and decreases
with increasing simulation time, reaching a value of 1 when a
steady-state condition of the IM is reached. In the steady state,
the simulation is already carried out as usual.

Such a simultaneous change in the frequency of feeding and
the specific conductivity of the squirrel cage has the following
features: 1) It does not change the torque at the same current
in the rotor; 2) It does not change the skin effect depth of the
squirrel cage material.

The accelerated transient process is described in (9):

σsquirrel = σsquirrel0

m
;

ω = p�

(
1 + sm

1 − s

)
;

ϕ =
∫ t

0
ωdt;

m = 1 + m0(1 − t/t0)γ , t < t0;
m = 1, t ≥ t0, (9)

where σ squirrel0 and σ squirrel are the real and fictitious used in
the calculation of the electrical conductivity of the squirrel
cage material; p is the pole number; � is the mechanical
rotor angular frequency; ω is the electric angular frequency
taken during the calculation; ϕ is the electrical current angle;
parameters m0 and γ define the relationship m(t); t0 is the time
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from the beginning of the calculation of the transient process
to the establishment of a steady state.

The spatial discretization of the model is performed using
triangular Lagrangian elements of the 2nd order. The time
discretization of the model employs a constant step using the
second-order inverse differentiation formula (BDF). Note that
very large changes in the current phase at one step are allowed
at the beginning of the calculation. The fact is that BDF
intended for solving rigid systems ensures the stability of the
solver, including in the high-frequency region of the spectrum.
With increasing argument t, parameter m exhibits a decline,
enhancing the precision of BDF derivative approximations.
Employing a mathematical model typically entails computing
particular points with designated speed, torque, and power.
This research introduces slip as an additional calculation in-
put, selecting the current to achieve the desired power at a
given speed. To implement this, additional differential (10) is
concurrently solved:

dI

dt
= α (P2 0 − P2) (10)

where P20 and P2 are the set and instantaneous values of the
mechanical power; α is the constant that determines the rate
of termination of the rotor current transient; I is the current
amplitude.

IV. ADVANTAGE OF THE NELDER-MEAD METHOD IN
OPTIMIZING TRACTION ELECTRIC MACHINES
The optimal design of a traction motor intended to operate in
a wide CPSR makes it necessary to take into account several
operating points, but this entails an increase in computational
burden by several times [52].

Utilizing the simplex Nelder-Mead method offers substan-
tial optimization time reduction in comparison to population-
based methods like genetic algorithms and particle swarm
algorithms commonly employed for electrical machine op-
timization [52], [53], [54], [55], [56]. This efficiency gain
facilitates the expansion of the optimized parameter set and
the application of intricate optimization criteria, necessitating
computations across multiple machine load points [43]. This
advantage proves especially valuable in optimizing traction
machines with a broad CPSR.

As can be seen from Table III, the Nelder-Mead (NM)
method requires several times fewer function calls to complete
the optimization than popular population methods for opti-
mizing electrical machines, such as particle swarm optimiza-
tion (PSO), genetic algorithms (GA), differential evolution
(DE), etc., which means, ceteris paribus, and less computing
time.

Thus, in [52], the characteristics of the PMSM in the
NEDC motion cycle were optimized using DE. In this case,
to reduce the calculation time, the NEDC cycle is replaced
by an equivalent cycle of 4 operating points. This approach
requires 26 DE iterations with a population size of 36 and
3744 motor calculations to perform the optimization search.
At the same time, due to the large computational burden, the

TABLE III Comparison of Reported Computational Burden When
Optimizing a Motor Design

TABLE IV Traction Motor Operating Points

authors interrupt the search after only 26 iterations. At the
same time, other studies on optimization using DE [53], [54]
show that, in order to find a sufficiently accurate minimum,
DE usually requires several times more iterations and the
population size. Therefore, it can be assumed that with the
continuation of the search, the value of the objective function
could be significantly reduced. At the same time, to solve a
similar optimization problem for an SHM and an equivalent
cycle of 3 operating points, NM required only 208 function
calls and 624 motor calculations [43].

V. PARAMETERS AND OBJECTIVES OF THE IM
OPTIMIZATION
The operation points at which the performance of the SHM
and the IM are compared are shown in Table IV.

Operating at point 1 at 4000 rpm, the motor runs at the low-
est torque but highest electrical frequency of the fundamental
current. This operational state also results in significant losses,
with maximum steel losses and AC losses in the winding
due to eddy currents. On the other hand, operating point
3, which occurs at a speed of 400 rpm, is characterized by
the minimum fundamental electrical frequency and maximum
copper loss and armature current. The evaluation of motor
performance often revolves around these two points, as they
lie on the boundary of the constant power speed region. They
provide valuable approximations of the motor’s behavior
across the entire speed range in the field weakening region,
making them crucial reference points for analysis and opti-
mization [65].
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In the field of optimizing motor performance at various op-
erational points, the downhill simplex method (Nelder-Mead
method) provides a substantial time reduction when compared
to population-based techniques like genetic algorithms or par-
ticle swarm optimization. This is particularly valuable for
multi-point motor performance optimization. Nevertheless,
the Nelder-Mead method is a single-criterion unconstrained
approach, necessitating a distinct strategy for constructing the
objective function in multi-criteria constrained optimization
scenarios [66].

Given the resource-intensive nature of the transient 2D
mathematical model, this specific approach is chosen for op-
timization. The performance of the IM is initially assessed at
two operational points (points 1 and 3 from Table IV), while
point 2 is assessed after the optimization. The optimization
objectives focus on average losses < Plosses > across points
1 and 3, the maximum current max(Iarm) achieved at point 3
(which corresponds to the maximum torque operating point),
and the copper mass M, considering copper as a high-cost
material. These optimization objectives are encapsulated in
the objective function expression (11).

The specific torque is not included in the objective function,
since the outer dimensions and the loading diagram of the
traction motor of the considered off-road vehicle are prede-
fined by the design of the vehicle.

In the optimization process, it is crucial to ensure that the
DC voltage U1 attained at operational point 1 remains be-
low 950 V, allowing a safety margin of 50 V. To achieve all
goals described above, the study employs the single criterion
Nelder-Mead method. The objective function used is formu-
lated as follows:

F = ln(< Plosses >) + ln (I3) + 0.1 ln (M ) + . . .

. . . + 4

{
ln(U1/950), when U1 > 950 V ;
0, otherwise.

(11)

Equation (11) comprises two primary terms that signify the
balanced importance of reducing average losses and maxi-
mum current. It is noteworthy that these objectives are deemed
equally valuable in the optimization process. The third term
includes copper mass since copper is the most expensive ac-
tive material. Thus, ceteris paribus, preference will be given
to a variant with a lower mass of copper in order to make the
IM design more economical. The fourth term in the equation
establishes a “soft wall”, ensuring compliance with voltage
constraints necessary to ensure the high-speed operation. The
representation of the geometry of the stator and rotor slots is
shown in Fig. 5.

The primary optimization targets encompass the reduction
of losses and current within the IM. Consequently, the opti-
mization function assigns equal weightage to the respective
terms associated with these objectives. Notably, while de-
creasing the mass of copper (M) is not the primary focus, it
is essential to curtail excessive increments in copper mass. To
achieve this balance, a logarithmic term ln(M) is introduced

FIGURE. 5. Parameters of the IM. (a) Rotor; (b) stator.

TABLE V Unchangeable IM Parameters

into the equation, carrying a weightage factor of 0.1. This log-
arithmic factor serves to encourage designs with lower copper
mass while maintaining similar loss and current values. Fur-
thermore, the presence of this term effectively constrains the
expansion of the rotor’s squirrel cage end ring cross-section,
preventing it from growing indefinitely.

Tables V and VI show the parameters that remain fixed
and those that are subject to variation during the optimization
process. The dimensions of the rectangular winding, crucial
for loss calculations, are determined as it is explained in [44].

To simplify the optimization process, the rotor yoke thick-
ness matches that of the stator yoke, and the inner radii of both
the rotor laminated stack and squirrel-cage end ring coincide.

Several parameters govern the adjustment of the simulated
transient process: α is set at 1.5 A/W, m0 is 1500, and γ
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TABLE VI Variable IM Optimization Parameters

stands at 1.5. This fictitious transient process extends over 6.8
and 4.8 electric periods of rotor rotation before yielding to an
ordinary transient process (m = 1) for 1.2 electric periods. In
post-processing, the latter half of the rotor’s electric rotation
periods is utilized to compute motor performance. The time
step for discretization is fixed at 0.01 periods of rotor rotation.

VI. COMPARISON OF THE IM CHARACTERISTICS BEFORE
AND AFTER THE OPTIMIZATION
To optimize the induction motor, k = 141 calls to the op-
timization function were made. Since two operating points
are computed for each call to the optimization function, the
total number of the time domain IM simulations was 141·2
= 282 times. These calculations took about 100 hours using
a dual core laptop with a 3.0 GHz processor and 192 GB of
RAM.

The comparison of the IM performance before and af-
ter optimization, carried out according to the methodol-
ogy presented in the previous section, is presented in Ta-
ble VII. Mechanical losses consisting of bearing and windage
losses is taken as in [44]. Figs. 6 and 7 show the calcu-
lated flux density magnitude of the IM before and after
optimization.

Initially, in operation point 1, the line-to-line voltage ampli-
tude is set slightly below 950V and is subsequently optimized
to precisely match this value. The computation of squirrel
cage losses, denoted as P2 · s/(1 − s), through slip and me-
chanical power P2, reveals a marginally lower value compared
to the one derived from the FEM model. This discrepancy
suggests that any additional cage losses primarily attributed
to parasitic harmonics in the airgap remain minimal. This
outcome is likely attributed to sufficient airgap dimensions
and adequate unfilled space within the rotor slots, which col-
lectively curb the impact of these harmonics.

The power required by the inverter, evaluated as:

Sinv = (
3 × √

3 × V1 × I3
)
/2, (12)

where V1 is the line-to-line voltage amplitude at operating
point 1; I3 is the amplitude of the armature phase current at

TABLE VII Comparison of Performances of the Induction Motor Before and
After Optimization

FIGURE. 6. The cross-section of the initial design of the induction motor
and the magnitude plot of flux density; white areas mark the extreme
saturation level (more than 2 T): (a) Loading point 1 (maximum speed);
(b) Loading point 3 (maximum torque).
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FIGURE. 7. The cross-section and flux density magnitude of the optimized
induction motor; extreme saturation (more than 2 T) marked in white.
(a) Loading point 3 (maximum speed); (b) Loading point 1 (maximum
torque).

operating point 3. A factor of 3 is added to the formula since a
9-phase inverter is considered, which can be divided into three
three-phase inverters.

It notably reduced by approximately 100%(1.17 −
1.024)/1.17 = 11%.

Over operation points 1 and 3, the average losses undergo a
significant reduction, primarily stemming from a remarkable
decrease in armature DC losses by factors of 2.8 and 3.8 in
points 1 and 3, respectively. The decrease in airgap dimen-
sions and the mitigation of rotor teeth saturation in point 3
further aid in minimizing armature DC losses. However, it’s
important to note that reducing the airgap dimensions also
introduces the challenge of parasitic harmonics, leading to
amplified core losses and eddy current losses within the ar-
mature winding. Additionally, squirrel cage losses experience
an increase, likely attributed to higher slip values in both
operating modes.

VII. COMPARATIVE ANALYSIS OF OPTIMIZED
CHARACTERISTICS: SHM VERSUS IM
In this section, a comprehensive comparison is presented,
examining the characteristics of the electrical machines un-
der consideration after the optimization process. Performance
comparison of the optimized designs for both the SHM and
IM is provided in Table VIII and in Fig. 8. The optimized

TABLE VIII Comparison of Optimized Characteristics: IM Versus SHM

performance attributes of the IM outlined in Table VIII for op-
erational points 1 and 3 mirror those depicted in Table VII. For
operational point 2, the optimized IM characteristics are com-
puted utilizing slip values of 1.3%, 1.4%, and 1.5%. Among
these, the results associated with a slip of 1.4%, demonstrating
the lowest total losses, are highlighted in Table VIII. Table IX
compares the masses and dimensions of the SHM and the IM.
The article [43] provides a comprehensive description of the
design methods and detailed results pertaining to the SHM.

∗∗ The total loss for IM is calculated as the sum of the
following Ploss = Parm DC + Parm AC + Pmech + Piron st +
Piron rt + Psc; the total loss for SHM is calculated as the sum
of the following Ploss = Parm DC + Parm AC + Pmech + Piron st

+ Piron rt + Pexc.
Comparing the parameters of the IM and SHM and their

characteristics shown in Table VIII and Table IX, we can draw
the following conclusions:

1) Losses in the IM and SHM are roughly comparable. The
IM loss is less than that of the SHM by 100%·(38.7 −
36.14)/38.7 = 6.6% at operating point 1 at maximum
speed. The IM loss is less than the of the SHM by
100%·(15.2 − 14.54)/15.2 = 4.3% at operating point 2.
the SHM loss is less than the IM loss by 100%·(40.84 −
40.5)/40.84 = 0.8 % at operating point 3 with maximum
torque;
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FIG. 8. Performance comparison of IM and SHM after the optimization at
considered operating points: (a) Total loss; (b) Armature DC copper loss;
(c) Armature eddy-current copper loss; (d) Stator lamination loss; (e) Rotor
lamination loss; (f) Rotor excitation/squirrel cage copper loss;
(g) Amplitude of the armature phase current; (h) Power factor.

2) The length of the stator without taking into account the
winding end parts of IM is less than that of SHM by
100% (545 − 400)/545 = 26.6%;

3) The mass of active materials of the IM is less than that
of the SHM by 100%(1003 – 817)/ 1003 = 18.5%. At

FIG. 8. Continued.

the same time, the cost of the SHM active materials is
lower by 100% (1807 – 1531)/1807 = 15.3% due to the
lower use of copper due to the compact size of the an-
nular coils of the excitation winding [43]. Therefore, the
SHM excitation winding requires 88/20 = 4.4 times less
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TABLE IX Comparison of Masses, Costs, and Some Dimensions of the
Optimized SHM and IM

copper than the rotor short-circuited winding on the IM
rotor. The SHM armature winding also requires 77/68
= 1.13 times less copper than the IM stator winding. In
total, the SHM requires (88+77)/(20+68) = 165/88 =
1.87 times less copper;

4) The assembly technology of the SHM is somewhat more
complicated than that of the IM, but the cost of active
materials of the SHM is lower than for the IM (see
Table IX). In addition, the SHM does not require the
manufacture of a copper short-circuited cage on the
rotor. Therefore, the cost of the SHM is approximately
equal to the cost of the IM;

5) It should also be noted that SHM has increased reliabil-
ity due to the absence of a rotor winding and the risk
of breaking its rod or breaking the contact between the
short-circuit ring and the rod.

VIII. INVERTER POWER LOSS AND TEMPERATURE
RIPPLE FOR THE IM AND SHM
The analysis presented in this section sheds light on the
contrasting aspects of the thermal behavior and efficiency of
semiconductor power switches when using two types of mo-
tors, highlighting the potential advantages of the SHM design
in specific operating scenarios.

Inverter power modules are one of the most expensive parts
of a traction drive, so reducing their cost will greatly increase
the economic attractiveness of the solution. Cost reduction
can be achieved by reducing the maximum phase current of
the motor and, accordingly, the rated current of the inverter,
which was carried out within the framework of this study
using computer-aided optimization. However, when choosing
the rated current of the inverter, it is not enough to take into
account the maximum value of the fundamental component
of the motor current. It is also necessary to leave some cur-
rent margin in case of inaccuracies in the calculation of the
theoretical characteristics of the motor and powertrain (e.q.
the torque-speed characteristic shown in Fig. 4), which always
take place due to the complexity of these systems. In addition,
when choosing a power module, it is necessary to consider
the operating conditions that negatively affect its service life
[23], [68]. As highlighted above, one of these significant neg-
ative effects is the thermocycling of the power switches of
the traction inverter when the vehicle is parked on a slope
when using an induction motor. In this case, large-amplitude
low-frequency phase current ripples lead to corresponding
temperature ripples in the inverter power modules [48].

Taking into account these factors, in practice, power mod-
ules are selected with a large margin. In [20], for a drive
of a 240-ton mining dump truck, it is shown that although
the maximum phase current of the motor is only 1500 A, a
power module SKiiP-4 with a rating of 3600 A is selected,
probably for a general increase in reliability, in particular,
taking into account the debilitating impact of thermal cycling.
By analogy, the inverter power module FF650R17IE4 with the
current rating of 650 A was chosen with double margin for the
IM (considering the maximum IM current is 325 A, as shown
in Table VIII).

Based on the same principle, for the SHM with a max-
imum current of 601 A (see Table VIII), we choose the
FF1000R17IE4 power module. It should be noted that
the SHM offers a significant advantage during electric
brake mode, particularly when halting on an incline. In an
IM, the presence of slip gives rise to considerable tempera-
ture fluctuations, leading to adverse effects on the longevity
of inverter switches. However, in SHM, under such load-
ing conditions, direct currents traverse the phases, effectively
eradicating temperature fluctuations.

To provide a comprehensive comparison between SHM
and IM, let us examine losses, temperature levels, and tem-
perature fluctuations in inverter switches at the operating
point with maximum torque (i = 3). Loss calculations for
the inverter were performed using IPOSIM software [69],
utilizing motor current and voltage data along with power
module characteristics obtained. The calculation was made
for the three-phase part of the 9-phase inverter circuit shown
in Fig. 3, assuming that the processes are symmetrical in
the phases not included in the calculation. Table X presents
a contrast in the inverter temperature ripples between the
SHM and IM at maximum torque and a speed of 400 rpm.
When calculating losses in the inverter, it is assumed that
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TABLE X Inverter Losses and Temperature Ripple Evaluation of the SHM
and IM At 400 Rpm

the PWM frequency fPWM is proportional to the number of
motor poles. The current, voltage and power factor for cal-
culation are taken from the motor performance calculation
results shown in Table VII. The values of switching loss and
conduction loss are calculated separately for one IGBT and
one freewheeling diode. The ambient temperature for thermal
calculations is assumed to be 50°C. Fig. 9 visually presents the
temperature ripple in the inverter switch components for this
scenario.

The IGBT and freewheeling diode experience periodic
temperature variations over time, leading to a significant am-
plitude that adversely impacts their lifespan. At 400 rpm, the
maximum temperatures of the freewheeling diode and IGBT,
as well as their temperature ripple, are approximately equal
for the SHM and IM. Table XI compares inverter loss and
temperature between the SHM and IM at peak torque and zero
speed (electric braking during slope stop). Fig. 10 shows the
temperature profiles for this case.

Let us proceed to a comparison of the inverter utilization
factor, denoted as Ki = P2/S. This factor signifies the ratio
between the mechanical output power of the electric drive and
the rated apparent power of the inverter, computed according
to [44]. For the IM, employing the FF650R17IE4 power mod-
ule (VDC = 1000 V, ICnom = 650 A), the Ki value is calculated
as

Ki = 370, 000/ (9 × 1000 × 650) /
(
2 · √

3
) = 0.219.

FIGURE. 9. The temperature profiles of inverter components during motor
operation over time. The IGBT temperature is represented by the green
line, and the freewheeling diode temperature is indicated by the red line.
(a) SHM at 400 rpm employing FF1000R17IE4 modules; (b) IM at 400 rpm
employing FF650R17IE4 modules.

In the case of the SHM, utilizing the FF1000R17IE4 power
module (VDC = 1000 V, ICnom = 1000 A), the Ki value is
determined as

Ki = 2 · √3 · 370, 000/ (9 × 1000 × 1000) = 0.142,

with a notable difference between the two systems.
The FF650R17IE4 module is priced at USD 612, while the

FF1000R17IE4 module costs USD 868 [70]. Each module
consists of 2 power switches (1 phase), and a total of 9 mod-
ules are required to power a 9-phase motor. Consequently, the
overall cost of inverter power modules for the induction motor
(IM) amounts to 9·612 = USD 5508. On the other hand, for
the synchronous homopolar motor (SHM), the cost of inverter
power modules comes to 9·868 = USD 7812. Therefore, when
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TABLE XI Inverter Losses and Temperature Ripple Evaluation of the SHM
and IM At 0 Rpm (Full Electric Brake)

utilizing the SHM instead of the IM, the cost of power mod-
ules is 7812/5508 = 1.41 times higher.

At the same time, incorporating the SHM enhances inverter
reliability, particularly evident when halting on inclines. Un-
like the IM, which experiences a substantial low-frequency
temperature fluctuation of around 30 °C, SHM operation
avoids this issue. This advantage systems from the absence
of large low-frequency temperature ripples in SHM’s traction
inverter power modules, as highlighted in Table XI.

IX. DISCUSSION
Based on the comparative theoretical analysis carried out, we
can conclude that the advantage of the IM over the SHM is
somewhat lower power loss. As shown above, the IM loss is
less than that of the SHM by 6.6% at operating point 1 at
the maximum speed. Also, the IM loss is less than that of
the SHM by 4.3% at operating point 2 at the intermediate
speed. The SHM loss is less than that of the IM by 0.8 %
at operating point 3 with the maximum torque. In addition,
the length of the stator core without taking into account the
winding end parts of the IM is less than that of the SHM by
26.6%.

The mass of active materials of the IM is 18.5% less due to
the massive stator housing and rotor sleeve of the SHM. At the
same time, the cost of the SHM active materials is lower by
15.3% because of less use of copper due to the compact size
of the ring coils of the field winding. The compact SHM field
winding requires 4.4 times less copper than the short-circuited
rotor winding on the IM. The SHM armature winding also

FIG. 10. The temperature profiles of inverter components during motor
operation over time. The IGBT temperature is represented by the green
line, and the freewheeling diode temperature is indicated by the red line.
(a) SHM at 0 rpm employing FF1000R17IE4 modules; (b) IM at 0 rpm
employing FF650R17IE4 modules.

requires 1.13 times less copper than the IM stator winding. In
total, the SHM requires 1.87 times less copper.

Thus, losses in the IM are reduced to 6.6%, the length of
the laminated magnetic core is 26.6% less, and the mass of
the core is 18.5% less. Although the SHM has a 15.3% lower
cost of active materials.

Additionally, unlike IM, whose inverter power switches
are subject to significant low-frequency temperature ripples
(about 30°C peak-to-peak) when stopped on a slope, SHM
avoids this problem, which improves reliability.

X. CONCLUSION
The article theoretically compares the performance of the op-
timized SHM and IM designs in a 370 kW mining truck drive,
with CPSR 10:1400-4000 rpm).
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When quantitatively comparing their characteristics, no
clear favorite was identified: the characteristics of the IM and
SHM are approximately comparable.

When using the SHM, the cost of the inverter power mod-
ules is 1.41 times more than when using the IM. However, the
advantage of a traction drive based on the SHM over the IM is
greater reliability, provided by the absence of a rotor winding
and the risk of breaking its rod or breaking contact between
the short-circuiting ring and the rod. In addition, when using
the SHM, greater reliability of the traction solid-state inverter
is provided due to the absence of a large temperature ripple in
the power modules in the electric braking mode when stopped
on a slope, often used in the considered application.
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