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ABSTRACT Motors with rare earth permanent magnets are the most compact and energy efficient in most
applications. However, their use as traction motors for off-highway vehicles, such as mining dump trucks,
is challenging not only because of the high cost of the magnets, but also because of the difficulty of providing
a wide range of constant power speed control due to the unregulated permanent magnet flux. For this
reason, induction motors remain the most popular type of motor for hybrid and all-electric mining dump
trucks. However, the use of an induction motor results in increased power loss, increased current, and high
temperature ripple of the power switches of the solid-state inverter when stopping on a slope with an electric
brake. In this article, a theoretical comparison between an induction motor (IM) and a magnet-free wound
rotor synchronous motor (WRSM) with a rotor DC-excitation in a mining dump truck drive is presented.
Both motors have an identical stator outer diameter, and their geometry is optimized using the Nelder-Mead
method. 2D finite element analysis in the time domain is used to calculate the IM characteristics. Steady-state
characteristics of the motors such as efficiency, losses, torque ripple, required inverter power, dimensions,
weight and cost of active materials are compared. In addition, losses and temperature ripples in the power
modules of the semiconductor inverter, which affect the reliability of the drive, are compared when using
the considered motors. The study demonstrates that the WRSM offers significant benefits such as reduced
power loss, inverter power requirement, cost and mass of active materials, making it promising for use in
mining trucks.

INDEX TERMS AC machines, automotive applications, brushless motors, electric vehicles, electromagnetic
modeling, mining industry, traction motor.

I. INTRODUCTION

Nowadays, most traction drives of the subway, railway
locomotives, trolleybuses, trams, electric and hybrid buses,
tractors, as well as mining dump trucks use induction (asyn-
chronous) motors (IMs) [1], [2], [3], [4]. For example, IMs
are used in the drives of passenger electric vehicles Audi
e-tron S [5] and Tesla model S [6]. Induction motors do
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not contain expensive rare earth magnets and are cheaper
than permanent magnet synchronous motors (PMSMs). How-
ever, traction drives with induction motor have the following
disadvantages:

1) Large losses and heating in the rotor [7], [8] can
lead to unacceptably high temperature of the rotor core,
shaft and bearings, even if using the liquid cooling of the
rotor [9];

2) The weight and size are significantly larger than those
of permanent magnet synchronous motors (PMSM);
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3) If a constant power speed range (CPSR) more than 3 is
required then a large power rating of the solid-state traction
invertor is necessary [4], [10]. For example, in [4], it is shown
that a traction drive based on an IM with a mechanical power
of 50 kW and a CPSR of 3.5 uses an inverter with a power
rating of 125 kVA. In [10], it is shown that an IM-based
traction drive with a mechanical power of 50 kW and with
a CPSR of 4 also uses an inverter with a power rating of
125 kVA;

4) Sometimes it is necessary to stop mining dump trucks
(for example, to let another vehicle pass) [11], cars (for
example, while waiting at a traffic light) [12], trolleybuses,
electric buses, trams and other electric vehicles on a slope
using the electric traction motor at zero rotor speed as a
brake, without using the mechanical parking brake. In this
case, due to the need for a slip between the stator and rotor
frequencies in an IM, the stator frequency is not zero, and
the motor is powered by a low frequency current with a
large amplitude. As a result, large-amplitude low-frequency
temperature fluctuations occur in the power switches of the
inverter, which eventually lead to the destruction of the
switches, that is, to a much faster depletion of the service
life [13]. Therefore, in order to make the inverter service life
acceptable when using an IM, it is necessary to significantly
increase the inverter power rating [14]. At the same time,
synchronous motors can stop a vehicle on a slope with zero
rotor speed and constant currents in the stator phases. When
stopping on a slope, the losses in the inverter switches of a
synchronous drive are almost constant over time, and there
is no large temperature ripple. Audi e-tron S model and old
Tesla’s model (Tesla model S) use induction motor [5], [6].
In these vehicles, a short stop on a slope (for example,
at a traffic light) is performed using a mechanical brake,
which, according to users of the electric vehicles, is less
convenient than a short stop using an electric motor [15].
Moreover, in new Tesla’s models (for example, Tesla model
3) and Audi (for example, Audi Q4 e-tron), induction motors
have been replaced by synchronous motors with rare earth
magnets [16], [17].

A. ADVANTAGES OF SYNCHRONOUS MOTORS WITH
ELECTRIC EXCITATION WITHOUT RARE EARTH MAGNETS
Synchronous motors with rare-earth is a widely used alter-
native to traction IMs. Such PMSMs provide a large specific
torque and the ability to create a braking torque at a standstill
at a constant current in phases [18]. However, the widespread
use of PMSM in subway drives, railway trains, mining
equipment, tractors and trucks is hampered by the following
reasons:

1) High cost due to the use of expensive rare earth magnets;

2) A large value of uncontrolled armature electromotive
force (EMF) at a non-zero speed, which may cause a fire
hazard in the event of an emergency short circuit;

3) Permanent magnets used in traction motors may
undergo irreversible demagnetization due to the high
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operating temperatures (above 120 °C), which can lead to a
significant deterioration in their properties;

4) The use of rare-earth magnets creates a technological
dependency on a limited number of suppliers of rare-earth
elements [19]. Prices of these elements are unstable and may
fluctuate several times over a few years [20], [21];

5) The extraction of rare earth elements necessary for the
production of rare earth magnets causes great harm to the
environment [22];

6) In applications that require a wide (CPSR), large losses
and heating at high speeds occur, caused by the need to com-
pensate for the uncontrolled magnetomotive force (MMF) of
permanent magnets with the opposite component of the stator
current when implementing the field weakening strategy [23].
For example, the article [23] shows the inexpediency of
using a PMSM in the drive of a mining dump truck with a
CSPR of 10:1 and the relatively better performance of a syn-
chronous homopolar motor with an excitation winding on the
stator.

Therefore, the problem of developing new traction motors
without rare earth magnets, which at the same time do
not have large losses in the rotor and operational problems
associated with slip, is relevant. To this end, leading elec-
tric vehicle manufacturers, including BMW [24], [25] and
Renault [26], [27], [28], have developed magnet-free syn-
chronous motors, also known as wound rotor synchronous
motors (WRSMs), for their electric vehicle models such
as BMW iX3, Renault Zoe, Renault Fluence, and Renault
Megane E-TECH. These motors have a DC excitation wind-
ing on the rotor that allows for the control of the excitation
flux and reduces the power rating required for the traction
inverter [29], [30]. These developments in electric vehicle
motor technology provide a promising direction towards
magnet-free and more efficient electric vehicles. However,
these motors have a disadvantage, as they use sliding con-
tact (slip rings) to supply current to the excitation winding
on the rotor, which may reduce reliability and complicate
vehicle maintenance. This challenge can be solved by using
a brushless exciter, which eliminates the need for sliding
contacts.

This problem of WRSMs can be solved by using a brush-
less exciter [31], [32]. This challenge can be solved by using
a brushless exciter, which eliminates the need for sliding
contacts [31], [32]. Most traction WRSMs with brushless
exciters were initially designed as generators [31] but have
recently been introduced as traction motors [30], [32], [33].
These motors use a rotating transformer as a brushless exciter,
with the primary winding located on the stator and the
secondary winding and diode rectifier on the rotor [30].
High-frequency brushless exciters are commonly placed in
the space under the end parts of the stator winding, allow-
ing for a compact design without increasing the length of
the motor [30], [32], [34]. Some companies have already
announced the release of compact high-frequency brushless
exciter traction WRSMs [35], [36].
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B. OVERVIEW OF LITERATURE ON THE DESIGN OF
INDUCTION MOTORS FOR APPLICATIONS
WITH A WIDE CPSR
The article compares the performance of induction motors
(IM) and wound rotor synchronous motors (WRSM) in a
hybrid mining dump truck drive. Specifically, the study com-
pares the motors’ performance and cost for a wide speed
range of 400 to 4000 rpm at a constant mechanical power
output of 370 kW (CPSR 10:1). The authors demonstrate that
the WRSM has better performance and specific character-
istics than IM, with significant advantages in terms of cost
and mass of active materials. The cost of active materials
of the motors and the cost of inverter power modules for
WRSM and IM are compared as well. Moreover, the use of
the WRSM is shown to improve the reliability and prolong the
service life of a traction semiconductor inverter by reducing
the temperature ripple of the power switches in the electric
brake mode, a common operation mode used for mining
dump trucks [37]. This study builds on previous research
that compared the performance of SHM, PMSM, and WRSM
in a hybrid mining dump truck drive [23], [38], where it
was found that the PMSM may have complications due to
large losses and heating at high rotational speeds. Overall,
the results suggest that the WRSM is a promising option for
hybrid mining dump truck drives with a wide speed range.
Many articles were devoted to the optimization of IMs
and comparison of IMs with other types of motors for
electric vehicles. For example, article [39] compares per-
formances of traction IPMSM (interior permanent magnet
synchronous motor), SPMSM (surface permanent magnet
synchronous motor) and IM in an application with a CPSR
of 3:1. Computer-aided optimization of the characteristics of
the motors before their comparison was not carried out. The
advantage of the IPMSM and the IM over the SPMSM in
a broader CPSR is shown, however, it is noted that IM has
higher losses than the IPMSM. Article [40] compares the
performance of high speed IPMSM, SRM (switched reluc-
tance motor) and IM in a traction application with a CPSR of
5:1. Computer aided optimization of the characteristics of the
motor in this study was not carried out. The advantages of the
IPMSM in small dimensions and the advantages of the SRM
in high rotor strength are shown. The advantages of the IM are
the absence of the risk of irreversible demagnetization of the
magnets, losses in the magnets and large ventilation losses.
At the same time, the disadvantage of the IM is that the total
power loss is significantly greater than that of the IPMSM.

C. THE PROBLEM AND AIM OF THE STUDY

This article compares the characteristics of the WRSM and
IM in a traction application with a wide CPSR of 10:1,
including torque ripple, efficiency, and the required power
rating of the solid-state inverter, providing a novel theoretical
comparative study to the topic. This article also analyzes
and compares temperature ripple in the traction inverters
when using the considered motors, which was not previously
presented in the literature when comparing traction drives
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(b)

FIGURE 1. Comparison of design features: (a) wound rotor synchronous
motor (WRSM) with a DC excitation winding (b) induction motor (IM).

based on WRSM and IM. Theoretical characteristics of the
WRSM, obtained in a previous study, are compared with the
calculated characteristics of the IM [38]. The design opti-
mization of both considered motors was carried out using the
same approach based on the two-dimensional finite element
analysis (FEA) and the Nelder-Mead method.

Il. THE DESIGN CHARACTERISTICS OF THE MOTORS
UNDER CONSIDERATION

The two machines under consideration feature an 8-pole,
9-phase winding. The WRSM uses a double-layer armature
winding, and there are layers of different phases in the stator
slots. In the IM, the armature phase zone layout is single-
layer, as shown in Fig. 1, although for convenience of laying
operation, the turns of the coil in one slot are divided into
two insulated layers, as shown in Fig. 2b, and the number
of turns per slot must be even. In Fig. 1, capital letters A
to I indicate the motor phases. The negative sign next to the
current in Fig. 1 indicates that the current in the winding layer
is flowing in the opposite direction compared to the other
winding layers. The WRSM stator has 36 teeth, while IM
stator has 72 teeth. The stator slots number per pole and per
phase g is 36/(8-9) = 0.5 and 72/(8-9) = 1, respectively. The
WRSM winding has two rectangular strands per turn. A turn
of the IM has a single strand as shown in Fig. 2.
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FIGURE 2. Open-type stator slot layout: (a) WRSM (b) IM.

The IM rotor has 76 teeth. A squirrel cage rods of rect-
angular shape are located in the teeth. The rods are short
circuited by end rings. The end rings have openings for the
rods’ end. After welding to the rods, these openings are filled,
and the plates can be considered as solid disks. It is assumed
that the magnetic cores of both the rotor and the stator of the
IM are made of the same M270-35A steel with a thickness
of 0.35 mm.

The electric motors are connected to a nine-phase inverter,
which is formed by three individual three-phase modules,
with each module supplying power to three motor phases
(Fig. 3). The maximum line-to-line voltage of 1000 V is lim-
ited by the voltage in the DC link. Discontinuous space-vector
modulation is used for each of the three-phase modules [41].
Compared to a three-phase inverter, the nine-phase inverter
enables a reduction in the current rating of individual
power modules and improves reliability in case of individual
power module failure. The nine-phase winding in the motor
increases the winding factor and improves the spectral com-
position of the magnetomotive force.

The WRSM has been optimized in a previous study [38],
and the IM optimization results are presented in this article.
Both motors must meet the traction characteristic require-
ments of the BELAZ 75570 mining dump truck drive, which
requires a constant mechanical output power of 370 kW in
the speed range from 400 rpm to 4000 rpm (10:1, Fig. 4). The
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FIGURE 3. Scheme of the inverter for the nine-phase traction motor.
Capital letters A to I indicate the motor phases.
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FIGURE 4. Traction characteristics of the considered traction electric
drive: (a) Torque versus speed curve; (b) Output mechanical power
versus speed curve. Numbers 1,2 and 3 designate the numbers of
operating points described in Table 1.

optimization parameters, objectives, and results are described
in detail, and only the final results of the IM optimization are
presented in this study.

lIl. BRIEF DESCRIPTION OF THE MATHEMATICAL MODEL
OF THE INDUCTION MOTOR

This study aims to investigate the steady-state characteristics
of both WRSM and IM for given sinusoidal phase currents.
In a WRSM, the current distribution is known in advance,
and a stationary simulation is carried out based on a set
of magnetostatic problems corresponding to different rotor
positions.
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In the case of an IM, it is necessary to calculate the
current density distribution in the rotor bars. There are
many approaches to steady-state simulation of an IM [42].
However, only time-domain simulation accurately takes into
account such phenomena as cores saturation depending on the
time, minor harmonics, etc.

The time-domain two-dimensional FEA of the IM is usu-
ally carried out under the assumption of a plane-parallel
magnetic field, which can be described by a vector magnetic
potential having only the normal component A,. The compo-
nents of magnetic flux density have the form:

%; By = —%. 1)
ay dx

Considering the constitutive equations expressing the mag-
netic field strength H through the flux density B, the values
of B, H and A; are determined by the current density normal
to the cross section through Ampere’s law:

oH, 0H,
—_— — =J,.
ox dy

(@)

The current density in the phase windings and their flux
linkage are defined as:

J.= L& 3)
i

2wi
I; = Lyyp cos(¢p — T)’ i=0,1,2,3,4,56,7,8, 4

;= L//AZEidS, 5)

where L is the length of the stator lamination; E; is the current
density, if a current of 1 A flows through i-th phase, and there
is no current in other phases, I; are the phase currents, Iy, is
the current amplitude, ¢ is the electric current angle. When
the winding current frequency w is constant, ¢ = w - ¢, in more
general case ¢ is obtained by integrating .

The instantaneous phase voltage is determined through the

instantaneous flux linkage as:
vi=9% 6
i=—- TR (6)
where R is the phase resistance.

In windings with solid rectangular conductors with a small
number of turns per coil, not only ohmic losses occur, but
also significant eddy current losses [43]. The formula to
compute the density of the eddy current loss in the winding

is:
2 2
_ocuky | 5 (0B 5 {0By
Peddy = 12 |:W¢, (? + w; ? , @)
where o, is the electrical conductivity of copper; wy, and w,
are the wire section’s width and height; & is the slot filling

factor; B, and B, are the flux density’s radial and tangential
components, respectively.
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The current density in the i-th rod of the rotor squirrel cage
is given by the formula:

dA oi
J.= —Osquirrel (d_tz + Zl) > (8)

where d/dt is the substantial time derivative; g; is the potential
difference at the ends of the rod.

The equation for potential differences has the following
form:

irrel
2¢i — pic1 — Gir1 = 2t ; T = 20y J.ds,

i—th rod

©)

where r,,; is the resistance of a section of the squirrel cage
over one rotor tooth pitch; Il.s quirrel i the current flowing
through the i-th rotor rod; the factor 2 on the right side of
the equation takes into account the fact that the rotor rod is
limited by two end rings.

The length of the arc in one section with a length of one
rotor pole pitch is 27 7/N,,;, where Ny, is the number of rotor
rods, r is the distance to the rotation axis. We also assume
that the potential ¢ on the cross sections of the rings limiting
one rotor tooth pitch is constant and the current density is
inversely proportional to the length of the arc. Given the
above, the squirrel cage resistance per one rotor pitch can be
calculated as ryy; = 27 /(Nyor + h - Osquirrel * In[Rying1/Rying21),
where £ is the ring thickness, osquirrel is the conductivity of
the squirrel cage material, Riue1 and R0 are external and
internal ring radii.

The use of the time-domain 2D model for the IM analysis
requires large computational costs due to a long transient
process [42], which greatly complicates its application in
optimization procedures. In this study, the transient process
is accelerated by:

1) Decreasing the specific conductivity of the squirrel cage
material by some factor m;

2) Increasing the frequency of the fundamental harmonic
of the current in the rotor squirrel cage by the same factor m;

3) The rotor mechanical frequency €2 is assumed to be
constant and unchanged.

The angular frequency of the fundamental current in the
squirrel cage wy( can be expressed through the number of pole
pairs p, the mechanical rotor angular frequency €2, and the
rotor slip s as follows:

o) -Q-s
wroz_ro_p.gzzp_.
s 1—s

(10)

The stator winding current frequency is equal to w = p -
Q + wr. However, if a new value of the angular frequency
in the squirrel cage w; = m - wy is increased by m times then
wo=p - Q+wr=p-QL4+m-wo=p-L+p-QL-s-
m/(1-s). During the transient process m starts from the value
mg, and then decreases to unity, that is the model equations
obtain their natural form. Therefore, the accelerated transient
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process is described by the following equations:

Osquirrel0 |
Osquirrel = T 5

sm
w = p 1+1—s ;

t

f:/a)dt;

0
m=14+mo(l —1t/19)", t < tg;
m=1, t > to, (11)

where osquirrel0 and osquirrel are the actual electrical conductiv-
ity of the squirrel cage material and the electrical conductivity
taken during the calculation; mo and y are the parameters
that determine the dependence of m(?); 1o is the time of the
transient process with the modified equations.

The system of equations (1), (2), (3), (4), (8) must be
solved, while expressions (6) and (7) can be used in post-
processing to determine the motor performance. Only (8) in
the equation system contains the (substantial) time derivative.
The described modification of the equations, that is simul-
taneous change in the frequency in the squirrel cage and in
its specific conductivity, guarantees that current and field
distribution of the main harmonic in the IM is unchanged.
In particular, the model correctly describes the torque pro-
duced by the main harmonic, that is main component of
torque. When m becomes nearer to 1, the accuracy of other
harmonics increases.

The described approach provides the benefit in the calcu-
lation time together with the temporal discretization of the
model by the second-order backward differentiation formula
(BDF) with a constant step, which provides stable solution
for rigid problems. Therefore, large values of m and large
changes in ¢ at one step are allowed at the beginning of the
calculation without losing stability, although the accuracy of
the calculations is not guaranteed. As ¢ increases, m decreases
and the accuracy of BDF approximation of the derivatives
increases.

The practical use of a mathematical model often involves
the calculation of specific points with a given speed, torque
and power. In this study, slip is considered an additional input
to the calculation, and the current is selected so that at a
given speed the required power is obtained. For this, another
differential equation is jointly solved:

dl

EZQ(PZO_PZ)’ (12)
where Pjg and P; are the set and instantaneous values of the
mechanical power; « is the constant that determines the rate
of termination of the rotor current transient; / is the current

amplitude.

IV. OPTIMIZATION OF INDUCTION MOTOR:
PARAMETERS AND OBJECTIVES

The operation points at which the performance of the WRSM
and the IM are compared are shown in Table 1. Operating
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TABLE 1. Operating points of the traction motors.

Operating point ~ Torque,  Rotational speed, Mechanical power,
number N-'m rpm kW
1 883 4000 370
2 2793 1265 370
3 8833 400 370

point 1 at a speed of 4000 rpm is identified by the highest
electrical frequency of the fundamental current component,
maximum losses in steel and additional losses in the winding.
It also has the minimum torque. Operating point 3 at a speed
of 400 rpm is characterized by the highest copper loss and
armature current but has the lowest fundamental electrical
frequency. The evaluation of motor performance is typically
carried out at these two points since they provide a rough
estimate of motor behavior throughout the entire speed range
in the field-weakening region. These points are situated at the
extreme limits of the speed range, which is why it is important
to analyze and optimize the performance of the motor at these
points [44].

This approach is assumed at the optimization because the
transient 2D mathematical model is very resource consump-
tive. The performance of the IM in point 2 is calculated
afterwards. The objectives of the IM optimization are average
losses over points 1 and 3: < Plosses > = (Plossesl +
Plosses3)/2, maximum current /3 (reached in point 3), and
mass of the copper M as the most expensive material. The DC
voltage (amplitude of line voltage) U; (reached in operation
point 1) must not exceed the level of 950 V taken with a
margin of 50 V. The optimization in this research employs
the Nelder-Mead method with a single-criterion, which uses
the following form for the objective function:

F = 1In(< Pjygses >) +1In(I3) + 0.11n (M)

4 [ In(U;/950), when Uy > 950 V;

0, otherwise. (13)

The first and second terms in (13) demonstrate that reduc-
tion of average losses and maximum current are assumed to
be equally valuable. Due to the third term, the IM with less
copper mass is preferable. The fourth term creates “‘a soft
wall” to fulfill the voltage constraint.

The simplex Nelder-Mead method can significantly reduce
the optimization time compared to methods using populations
(genetic algorithm, particle swarm algorithm, etc.), which is
important when optimizing the motor performance in several
operating points. However, at the same time, the Nelder-Mead
method is a single-criteria unconstrained method, which
requires a special approach to constructing the objec-
tive function when performing multi-criteria constrained
optimization [45].

The main objectives of optimization are to reduce the
losses and current of the IM, therefore the corresponding
terms of the optimization function have a unit weight. Reduc-
ing the mass of copper M is not considered as the main goal
of optimization, however, an excessive increase in the mass
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FIGURE 5. Geometric specifications of the induction motor: (a) Rotor
details; (b) Stator detail

of copper must be limited. The term In(M) with a weighting
factor of 0.1 is introduced not to reduce the mass of copper
due to a smaller reduction in losses and current, but to give
preference to a design with a lower mass of copper at approx-
imately the same values of losses and current. In addition,
the introduction of even a small weighting factor of In(M)
makes it possible to limit the cross section of the end rings
of the squirrel cage of the rotor, which otherwise could grow
indefinitely.

Tables 2 and 3 present the fixed and varied parameters
during the optimization process. Fig. 5 shows details of the
geometry of the stator and rotor. Width and thickness of
rectangular winding necessary for calculating losses in it
are determined as it did in [38]. To decrease the number of
variable parameters, the rotor yoke thickness is assumed to be
equal to the stator yoke thickness, and the inner radii of the
rotor laminated stack and the squirrel-cage end ring coincide.
The parameters tuning the accelerated transient process are as
follows: @ = 1.5 A/W; mg = 1500; y = 1.5. The accelerated
transient process operating points 1 and 3 longs 6.8 and
4.8 electric periods of rotor rotation respectively. Then an
ordinary transient process follows (m = 1) for 1.2 electric
periods of rotor rotation. The last half of electric periods of
rotor rotation is used to calculate the motor performance.
The time discretization step is 0.01 electric periods of rotor
rotation.

V. COMPARISON OF THE IM CHARACTERISTICS BEFORE
AND AFTER THE OPTIMIZATION

The comparison of the performance characteristics of the IM
before and after optimization is shown in Table 4. Mechanical
losses consisting of bearing and windage losses is taken
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TABLE 2. Parameters fixed during optimization of induction motor.

Parameter Value
Stack length L, mm 400
Stator stack outer radius R,,,, mm 334
Number of poles 8
Wedge thickness &, mm 2
Thickness of unfilled stator slot area £, mm 3
Number of turns in the stator slot 7
Number of parallel branches 2
Rotor tooth tip width (b — by)/2, mm 1
Depth of unfilled rotor slot area hy, mm 5
Specific conductivity of stator winding wire and rotor squirrel 45
cage, MS/m
TABLE 3. Operating points of the traction motors.
Initial After
Parameter . S
design optimization
Inner stator radius R;,,.,, mm 243 248.8
Stator slot width b,, mm 9 8.83
Height of winding layer 4, mm 11 14.6
Air gap, mm 4 3.43
Rotor rod thickness b, mm 9 8.56
Rotor rod height 7, mm 20 22.2
Squirrel cage end ring thickness, mm 20 21.6
Slip at point 1, % 1 1.01
Slip at point 2, % 2 2.48

as in [38]. Fig. 6, Fig. 7 show the calculated flux density
magnitude of the IM before and after optimization.

Line-to-line voltage amplitude in operation point 1 slightly
less than the level of 950 V and becomes exactly equal to
950 V during the optimization. The value for the squirrel cage
losses P}, = P-s/(1 — s) calculated through slip and mechan-
ical power P is slightly less than that got with the FEM
model, which demonstrates that the additional cage losses
caused mainly by parasitic harmonics in the airgap is small
enough. It can be explained by sufficient values of the airgap
and the unfilled area of the rotor slots. The required power of
the inverter that is evaluated as Si,, = (3 x /3 x V| x [3)/2
is reduced approximately by (1.17 — 1.024)/1.17 = 11%.

The average losses over points 1 and 3 are reduced more
than by half mainly due to the reduction in the armature DC
losses by 2.8 and 3.8 times in points 1 and 3 respectively.
A decrease in the airgap and mitigating the rotor teeth sat-
uration in operating point 3 additionally contributes to the
armature DC losses reduction. However, a decrease in the
airgap contributes to parasitic harmonica, which results in an
increase in the core losses and the eddy current losses in the
armature winding. The squirrel cage losses are also increased
likely because of an increase in the slip in both operating
points.

VI. COMPARATIVE ANALYSIS OF OPTIMIZED WOUND
ROTOR SYNCHRONOUS MOTOR AND INDUCTION MOTOR
CHARACTERISTICS

In this section, a comparison is made between the opti-
mized designs of the WRSM and the IM by analyzing their
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TABLE 4. Comparison of performances of the induction motor before and
after optimization.

Before After
Parameter S S
optimization optimization
Operating point 7 1 3 1 3
Rotational speed n, rpm 4000 400 4000 400

Amplitude of the armature

phase current 7, A 223 495 226 416

Efficiency n, % 95.2 84.7 95.2 90.1
Output mechanical power P, 370 370 370 370
kW
Input active power P;, kW 389 437 389 411
Armature DC copper 1oss Py 11.42 56.35 .47 2856
DCs kW

Armature eddy current copper
1088 Py ac, KW
Stator lamination loss Pio,
kW
Rotor lamination loss P;,, 1,
kW
Squirrel cage losses Py, kW 3.98 7.82 4.05 9.62

Squirrel cage losses through

1.37 0.16 2.79 0.15

1.59 2.65 2.39 2.39

0.48 0.07 0.87 0.07

3.74 7.56 3.79 9.42

slip Py, kKW
Total loss Pjyss, KW 18.84  67.05 18.57  40.79 (b)
A 1 ints 1
Verage osses over pormts 42.95 29.68 FIGURE 6. Flux density magnitude in the cross section of the optimized
and 3 < Py, >, kKW . . > - ”
IM design at various operating points; areas of white color mark the
Power factor 0.77 0.61 0.72 0.75 extreme saturation level (>2 T): (a) operating point 1; (b) operating
point 3.

Line-to-line voltage amplitude 909 557 948 508

Varms ¥V 1.0

Torque ripple, % 43 1.8 7.0 2.7 0.9

Required invertor power Sj,,, 1.17 0.8

q YA 1.024 -

0.6

0.5

characteristics. Table 5 presents the performance comparison 0.4

of the performance of the two machines after optimization. 03

The optimized characteristics of the IM in Table 5 at 0.2

operating points 1 and 3 repeat those in Table 4. The char- 0.1
acteristics of the optimized IM at operating point 2 are

calculated with the slips of 1.3%, 1.4%, and 1.5%. The results 20

with the slips of 1.4% with the lowest total losses are selected 18

for presentation in Table 5. The article [38] contains a detailed 16

description of the design methods and results of the WRSM. di

In calculating the efficiency of the WRSM, it is assumed 12

that the losses of the wireless exciter account for 10% of the 10

excitation winding losses. Table 6 compares the mass and X

cost of active materials and the main dimensions of the IM 06

and WRSM. 04

Torque ripple AT, the values of which are shown in 02

Table 5, are calculated using the formula:

(b)

AT = (Tmax - Tmin)/Ta (14)

FIGURE 7. Flux density magnitude in the cross section of the optimized
) . . IM design at various operating points; areas of white color mark the
where T}, is the maximum instantaneous torque value; Tpy;p, extreme saturation level (>2 T): (a) operating point 1; (b) operating

is the minimum instantaneous torque value. point 3.

Fig. 8 shows the calculated waveforms of the WRSM
torque. Fig. 9 shows the calculated waveforms of the IM number q of stator slots per pole and per phase, as well as the
torque. The lower torque ripple of the IM is due to the greater greater number of rotor slots.
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Comparing the characteristics of the IM and WRSM shown
in Table 5 and Table 6, the following conclusions can be
drawn:

1) Losses for the WRSM, compared to the IM, are by
100% - (18.6 — 16.9)/18.6 = 9.1% less at operating point 1
at maximum speed; by 100% - (13.7 — 12.0)/13.7 = 13.7%
at operating point 2; by 100% - (40.84 — 31.1)/40.8 =
23.8% at operating point 3 with maximum torque;

2) The length of the stator of the WRSM without taking
into account the armature end parts is less than that of the IM
by 100% - (400 — 330)/400 = 17.5%;

3) The mass of active materials of the WRSM is less than
that of the IM by 100% - (817 — 690.5)/817 = 15.5%. At the
same time, the cost of the WRSM active materials is lower by
100% - (1807 — 1488)/1807 = 17.7%;

4) The mass of active materials of the WRSM rotor is by
100% - (330 — 279.7)/330 = 15% less than that of the IM.
Reducing the mass of the rotor increases the service life of
the bearings;

5) The copper mass of the WRSM reduced by
100%[(539 + 616) — (489 + 442)1/(539 + 616) = 19.4%.
Reducing the mass of copper for the WRSM is possible,
both by reducing the length of the stator lamination, and due
to more rational use of copper in the rotor. In the IM, the
current in each and the rotor rods is phase-shifted relative
to neighboring bars, and the distribution of current in the
rods is not the same at each moment of time (Fig. 10a,
Fig. 10a). Thus, at each moment of time, some individual
rods of the IM rotor turn out to be underloaded by current.
Similarly, not all teeth of the IM rotor are uniformly loaded
with magnetic flux (Fig. 10b, Fig. 10b). Moreover, additional
losses arise in the squirrel cage due to the inhomogeneity of
the current distribution over the cross section of the rods and
the induction of non-fundamental harmonic currents.

As can be seen from Fig. 10, at operating point 1 at the slot
opening near the air gap, the currents are very different from
the currents in the rest of the rod, and a strong weakening
of the field is visible: loaded rotor teeth are located opposite
the loaded slots of the stator winding. Fig. 11 shows that at
operating point 3, the currents in the slots of the squirrel cage
are quite uniform, and a shift of the squirrel cage currents
relative to the stator winding currents is visible.

At the same time, the WRSM uses a single-phase excita-
tion winding. All its conductors are uniformly loaded with
excitation current (see Fig. 12a, Fig. 13a), and all rotor
teeth are uniformly loaded with magnetic flux (see Fig. 12b,
Fig. 13b). The coils of the excitation winding consist of
individual small-section conductors rather than from massive
rods, which virtually eliminates current inhomogeneity. In the
single-phase excitation winding, direct excitation current pre-
dominates. Other current harmonics are induced in it to a
much lesser extent.

6) An additional factor that increases the cost of the WRSM
is the use of a brushless exciter. The exact cost of the brushless
exciter is not estimated in this study for the following reasons:
1) The low rated power of the exciter, compared to the inverter
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TABLE 5. Comparison of the optimized WRSM and IM.

Parameter WRSM IM
Operating point i 1 2 3 1 2 3
Rotational speed 7, rpm 4000 1265 400 4000 1265 400
Torque 7, N'm 883 2793 8833 883 2793 8833

Amplitude of the
armature phase current 158 162 292 226 215 416
Lum, A
Efficiency 1, % * 95.6 96.9 923 95.2 96.4 90.1
Outputmechanical 35 370 379 370 370 370
power P, kW
Input active power P,
kW
Armature DC copper
loss P pc, KW
Armature eddy current
copper 1088 Py ac, KW
Stator lamination loss

387 382 401 389 384 411

4.73 4.97 16.10  8.47 7.60 28.56

4.11 0.61 0.22 2.79 0.36 0.15

5.11 2.84 2.70 2.39 2.98 2.39

Pironsis KW
Rotor lamination loss 051 0.12 0.04 087 025 0.07
Piron i, KW ) ) ) ) ’ )

Excitation copper loss
for WRSM P,,., kW
Squirrel cage loss for IM

Po. KW - - - 4.05 2.69 9.62

Total 10ss Pogs, KW ** 16.9 12.0 31.1 18.6 13.9 40.8

Power factor 1.00 1.00 0.92 0.72 0.77 0.75
Line-to-line voltage

amplitude Vy, V 950 947 603 948 895 508

Torque ripple AT, % 11.2 52 2.5 7.0 6.5 2.7

Notes: * the IM efficiency is calculated as 1 = Po/P; = Py/(P; + Pjysy),
the WRSM efficiency is calculated as 1 = Po/(P; + Pu) = Pol(Ps + Ploss)
where P; is the active power in armature winding; P,, is the loss in the
excitation winding; P is the output (mechanical) power. ** The total loss
for IM is calculated as a sum as the following Py = Pum pc + Pam ac +
Pironst + Pion i + Py.; the total loss for WRSM is calculated as a sum as the
following Pioss = Purm pc + Parmac + Pironst + Piron e + Pexe. The windage loss
and bearing loss are not considered.

2.41 3.43 12.02 - - -

supplying the stator winding, means that the cost of the
rectifier elements and other exciter semiconductor elements
is much less than the cost of the inverter power modules;
2) An accurate estimate of the cost of the rotating transformer
of the brushless exciter, to the best of our knowledge, is not
presented in the literature. However due to the low rated
power of the excitation circuit and the location of the rotating
transformer in a small space under the end parts of the arma-
ture winding of the WRSM [30], its cost is also significantly
less than the cost of the inverter power switch modules;

7) In addition to the amplitude and frequency of the sta-
tor current, the load parameter of the IM is the rotor slip.
It determines both the amplitude of the squirrel cage current
and its field weakening effect. In WRSM, the excitation
current and the current angle (the angle between the excitation
current and the armature current that determines the field
weakening effect) can be controlled independently. This gives
great opportunities for choosing the most effective operating
conditions in the field weakening region.

VII. INVERTER RATING SELECTION AND POWER
MODULE TEMPERATURE RIPPLE ANALYSIS FOR THE IM
AND WRSM DRIVES

This section presents the comparative results of the calcula-
tion of losses and time plots of temperature in the inverter
switches when using the WRSM and IM.

68403



IEEE Access

V. Dmitrievskii et al.: Comparative Study of Induction and WRSMs for the Traction Drive

TABLE 6. Comparison of masses, costs, and some dimensions of the
optimized WRSM and IM.
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FIGURE 9. IM torque waveforms: (a) operating point 1; (b) operating

point 3.

Parameter WRSM M

Stator lamination mass, kg 341 410

Rotor lamination mass, kg 216.6 242

Armature copper mass, kg 69.8 77

Excitation/squirrel cage copper mass, kg 63.1 88
Mass of the rotor active materials, kg 279.7 330
Total mass of active materials, kg 690.5 817
Stator lamination cost, USD 341 410

Rotor lamination cost, USD 217 242
Armature copper cost, USD 489 539
Excitation copper cost, USD 442 616
Total cost of laminations and copper, USD * 1488 1807
Total length of the stator lamination, mm 330 400
Total length of the machine including the 579 649

winding end parts, mm

Stator lamination outer diameter, mm 668 668
Air gap, mm 4.17 3.43

Note: the following material costs are assumed: copper—USD 7/kg,

steel—USD 1/kg [46].

(a)

(b)

FIGURE 10. Operating point 1 of the IM: (a) Current density;

(b) Magnitude of the flux density.
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When choosing the inverter power modules for a specific
DC-link voltage, the maximum motor current is the primary

68404

factor. Moreover, the inverter power module’s current rating
should be overrated to consider the potential inaccuracies
in the theoretical motor characteristics and the mechanical
output characteristics in Fig. 4. Another reason for overrating
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(b)

FIGURE 11. Operating point 3 of the IM: (a) Current density;
(b) Magnitude of the flux density.

the inverter power modules can be large temperature ripple
during long-term operation, which shorten the service life of
the modules [13], [46]. In particular, for an induction drive
of a mining dump truck in the stop mode on a slope with a
fully electric brake, long-term, large-amplitude temperature
fluctuations occur in the power switches [37]. These ripples
are due to the rotor slip frequency current required to generate
torque by the induction machine at zero shaft speed.

For these reasons, it is common practice to select a power
module for powering a traction IM with double or more
current margin, for example, in [47] it is shown that for
mining dump truck drives with a maximum current of up
to 1500 A, SKiiP-4 power modules with increased stability to
thermal cycling with a rated current of 3600 A are selected.
As Table 5 shows, the amplitude of the maximum continuous
current of the IM is 325 A. Based on the two-fold current
margin (325 - 2 = 650 A), it is advisable to choose the power
module FF650R171E4 to supply the IM.

The traction inverter for the WRSM does not suffer from
temperature ripple during slope stop braking because DC
currents flow through the phase windings of the synchronous
machine to generate braking torque at zero speed. For this

VOLUME 11, 2023

S A/mm2 3

(b)

FIGURE 12. Operating point 1 of the WRSM: (a) Current density;
(b) Magnitude of the flux density.

reason, the destructive effect of thermal cycling on the
inverter when using the WRSM is significantly reduced,
and the margin for rated current may not be so large: for
the WRSM with a maximum current of 292 A, as shown
in Table 5, it is enough to use the FF450R17IE4 power
module. Thus, the WRSM has a significant advantage in
the electric brake mode when stopping on a slope. In the
IM, due to the presence of the slip, very large temperature
ripple occurs, which negatively affects the service life of the
inverter switches. In the WRSM, in this mode, DC currents
flow through the phases, which helps to avoid the large
temperature ripples.

Let us compare the losses, temperature, and temperature
ripple of the inverter switches at the operating point with the
maximum torque (i = 3) for the WRSM and IM. The calcu-
lations were made using the IPOSIM software [48] based on
the obtained values of the current and voltage of the motors,
as well as the characteristics of the power modules. Table 7
shows the comparison of the loss and temperature for the
WRSM and IM at maximum torque and speed of 400 rpm.

Fig. 12 illustrates the temperature ripple of the inverter
switch elements for this case. The temperature fluctuations of
IGBT and freewheel diode have a detrimental effect on their
lifespan. The temperature of these components periodically
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(b)

FIGURE 13. Operating point 3 of the WRSM: (a) Current density;
(b) Magnitude of the flux density.

changes over time with a large amplitude. At 400 rpm, the
freewheel diode’s maximum temperature in the WRSM is
slightly lower by 96.89 — 94.93 = 2.96 degrees compared
to the IM, while the IGBT’s temperature is slightly higher
by 101.14 — 100.54 = 0.6 degrees. The lower loading of the
diode in the WRSM is due to a higher power factor.

Table 7 compares inverter loss and temperature for the
WRSM and IM at maximum torque and zero speed (electric
braking mode during slope stop). Comparison of the results
from Table 7 and Table 8 allows us to conclude that the tem-
perature in the switches increases only slightly when using
the FF450R171E4 module, which confirms the possibility of
using a less powerful FF450R17IE4 module for the WRSM.

Let us compare the inverter utilization factor K; = P5/S,
which shows the ratio of the mechanical output power of the
electric drive and the rated apparent power of the inverter,
which is calculated as explained in [38]. For the IM with
FF650R171IE4 power module (Vpc = 1000 V, Ic ,om =
650 A) K; = 370,000/(9 x 1000 x 650)/(2 - \/3) = 0.219.
For the WRSM with FF450R171E4 power module (Vpc =
1000 V, Ic_uom = 450 A) K; = 370,000/(9 x 1000 x 450)/
(2 - /3) = 0.316. Thus, the use of the WRSM makes it pos-
sible to increase the inverter utilization factor from 0.219 to
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TABLE 7. Inverter losses and temperature ripple evaluation of the WRSM
and IM at 400 rpm.

Parameter WRSM IM
IGBT module FF450R171E4 FF650R171E4
PWM frequency fpyy, Hz 2000
DC link voltage Vpe, V 950
Heatsink temperature, °C 80
Fundamental frequency f, Hz* 26.6 27.3
RMS phase current, A 206.5 294.2
Line-to-line fundamental voltage
amplitude V,, V ¢ 603 308
Modulation index k,, = V./Vpc 0.635 0.535
Power factor 0.92 0.75
Switching loss (IGBT), W 136.33 193.75
Switching loss (reverse diode), W 55.45 68.83
Conduction loss (IGBT), W 112.38 143.38
Conduction loss (reverse diode), W 35.75 63.94
Total loss (IGBT), W 248.71 337.12
Total loss (reverse diode), W 91.20 132.77
Maximum/minimum temperature
(IGBT), °C P 101.14/93.25 100.54/93.58
Maxlmum/mmlmpm teinperature 94.93/88.23  96.89/89.73
(reverse diode), °C
Temperature ripple (IGBT), °C 7.9 7.0
Temperature ripple (reverse diode), °C 6.7 7.2

Note: Fundamental supply frequency = (n % p) /60 + f;, where p is the
motor pole number; # is the rotational speed, rpm; f; is the slip frequency

TABLE 8. Inverter losses and temperature ripple evaluation of The WRSM
and IM at zero speed. (Full Electric Brake Mode.)

Parameter WRSM M
IGBT module FF450R171E4 FF650R171E4
PWM frequency fpwu, Hz 2000
DC link voltage Vpc, V 950
Heatsink temperature, °C 80
Fundamental frequency /= (n X p)/60, Hz 0 0.7
RMS phase current, A 206.5 294.2
Modulation index k,, = V./Vpc 0.022 0.038
Power factor 1 0.97
Switching loss (IGBT), W 80 80
Switching loss (reverse diode), W 146.02 203.28
Conduction loss IGBT), W 63.6 79.02
Conduction loss (reverse diode), W 78.99 112.47
Total loss (IGBT), W 67.04 93.82
Total loss (reverse diode), W 225.01 315.75
Temperature ripple (IGBT), °C 0* 36.3
Temperature ripple (reverse diode), °C 0* 39.3

Note: *at zero speed, the temperature ripple when powering the WRSM
is zero, since DC currents flow through the phase windings. In the case of
the IM, the temperature ripple is not equal to zero, since the slip frequency
current flows through the phase windings.

0.316. In addition, the inverter for the WRSM is more reli-
able, since when stopping on a slope, large low-frequency
temperature ripple does not occur in the power modules of the
WRSM inverter, while the temperature ripple of about 35 °C
occurs in the inverter of the IM.

According to [49], the cost of the FF650R171E4 module is
USD 612, while the FF450R171E4 module is priced at USD
527. Each module includes 2 power switches for one phase
and powering a 9-phase motor requires a total of 9 modules.
Therefore, the cost of inverter power modules for the IM is
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FIGURE 14. Temperature variation of inverter elements (IGBT transistor
line shown in red and freewheel diode line shown in green) over time
when feeding various motors. (a) WRSM at 400 rpm employing
FF450R171E4 modules; (b) IM at 400 rpm employing FF650R171E4
modules.

9 - 585 = USD 5508. The cost of inverter power modules for
the WRSM is 9 - 527 = USD 4743. It can be concluded that
the use of the WRSM, in comparison with the IM, allows to
reduce the cost of power modules by 5508/4743 = 1.16 times.

VIil. CONCLUSION

The paper provides a theoretical comparison of various char-
acteristics of the wound rotor synchronous motor (WRSM)
and the induction motor (IM) in a mining dump truck drive.
Because this application requires the drive to have a wide con-
stant power speed control range (CPSR) of 10:1, optimization
and performance analysis of the motors are carried out at
various operating points, including in the field weakening
region.
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The calculated characteristics of the IM are compared
with the WRSM characteristics calculated in our previous
study [38]. The performance optimization of both the IM
and the WRSM at various operating points was carried out
using the computationally efficient Nelder-Mead method.
The optimization process focused on minimizing power loss
in the driving cycle and the power rating of the semiconductor
inverter that feeds the motor. Additionally, torque ripple is
included in the objective function to limit its value during
the optimization process. The calculated characteristics of the
IM were then compared to those of the WRSM obtained in a
previous study. Both motor designs were optimized using a
similar optimization procedure.

The results of a comparative analysis of optimized designs
show that the advantage of the IM over the WRSM is the
absence of a brushless exciter, which introduces additional
cost and reduces reliability. The advantages of the WRSM
are the reduction of power loss, length, weight, and cost of
active materials. Power loss for the WRSM, compared to IM,
is less by 9.1% at operating point 1 at maximum speed; by
13.7% at duty point 2 at medium speed; by 23.8% at duty
point 3 with maximum torque. The stator lamination length
of the WRSM is less than that of the IM 17.5%. The mass
of active materials in the WRSM is less than in the IM by
15.5%. At the same time, the cost of the WRSM active
materials is lower by 17.7%. The mass of active materials
of the WRSM rotor is 15% less than that of the IM, which
increases the service life of the bearings. In addition, the mass
of more expensive copper in the WRSM is reduced by 19.4%
compared to the IM.

Furthermore, the WRSM allows for a reduction in the cost
of inverter power modules by 1.16 times and an increase in
the inverter utilization factor from 0.219 to 0.316. This motor
also enhances the reliability and service life of the inverter by
eliminating power switch temperature ripples in the power
modules caused by stopping on slopes with an electric brake
which is common in the considered application.

Based on the results of our comparative study, it can be
concluded that the use of the WRSM is promising in mining
dump trucks, in terms of increased performance and lower
cost and mass of active materials, as well as lower cost and
higher reliability of inverter power modules. In future works,
it is planned to consider in more detail the characteristics of
the brushless exciter when using the WRSM in the application
under consideration.
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