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Abstract: Traction applications, such as electric and hybrid vehicles, require the electrical motor to be
operated at low load conditions during most of their driving cycle. Permanent magnet (PM) motors
in this case may not be an optimal choice due to their poor efficiency under low load conditions
despite the fact that they exhibit the best output characteristics at the rated load. However, the wound
rotor synchronous motor (WRSM) demonstrates the best efficiency at low load conditions due to their
controllable excitation. This paper presents an interesting comparison of WRSM and the PM motor
in terms of their efficiency over the entire drive cycle of traction applications, which demonstrates
that WRSMs are more suitable compared to the apparently best performance PM motor. A WRSM
with similar dimensions to the 2010 Toyota Prius interior permanent synchronous motor (IPMSM)
was designed and optimized in this regard. The performance comparison of the PM motor and the
WRSM was presented using 2-D finite element analysis (FEA) for the WRSM and the performance
analysis report of the Toyota Prius IPMSM published by the US department of energies. The FEA
analysis shows that the WRSM can achieve wide torque speed characteristics. Moreover, the WRSM
exhibits better efficiency under low load conditions at the higher speed or field weakening region.

Keywords: wound rotor synchronous motor; electric vehicles; Toyota Prius 2010 IPMSM; finite
element analysis; wide speed range

1. Introduction

In today’s world, special focus is on the production of electric vehicles (EV) and
hybrid electric vehicles (HEV) to extenuate the reasons of environmental pollution. High
efficiency and torque density are the traits due to which permanent magnet (PM) motors
are traditionally used for these applications. However, PM motors for traction applications
exhibit lower efficiency at low load conditions. Additionally, the substantial increase in the
cost of PM materials creates a need to find an alternative for traction applications such as
EVs. Hence, many machines operating on the magnet-less principle are widely considered
as another possible option.

In References [1,2], the comparative analysis of the interior permanent magnet syn-
chronous machine (IPMSM) and induction machine (IM) is performed for the HEV appli-
cation driven by IPMSM of the 2004 Toyota Prius. In Reference [3], a switched reluctance
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machine (SRM) is compared with the 2004 Toyota Prius machine for HEV applications. In
Reference [4], a SRM is designed to achieve competitive torque and efficiency compared
to the 2003 Toyota Prius IMPSM. In Reference [5], the comparison is performed between
IM, IPMSM and surface mounted permanent magnet synchronous machines (SPMSM).
For the fair comparison, machine dimensions, inverter size, and the vehicle specifications
were kept the same. In Reference [6], the comparison between the ferrite PM-assisted
synchronous reluctance machine and the IPMSM was performed for EV applications. In
this research, the feasibility of replacing the IPMSM with a ferrite PM-assisted synchronous
reluctance machine was investigated based on the 2004 Toyota Prius system. However,
WRSMs are not yet seriously compared with the PM machines for traction application. In
this paper, WRSM was designed and analyzed to show the suitability of the conventional
WRSM for traction applications.

In Reference [7], a conventional WRSM was studied and analyzed to compare its
performance with a PMSM. When the performance was analyzed, it was observed that
PMSM cou;d be replaced as an alternative with the conventional WRSM in EV applications.

We can infer that the main trait of WRSM is that it can adjust the excitation current
without drawing reactive power. With this ability, even if the voltage source of the inverter
is unable to adjust the torque and power factor, WRSM can achieve this feat. This ability
is not present in PM machines because the permanent magnets exhibit the properties
of a constant source of excitation and their excitation cannot be controlled. For traction
applications, this lack of excitation control creates problems in the design of PM machines.

The efficiency of the WRSM is marginally less than the PM machines because of the
additional losses in the field winding of WRSM. Additionally, the per unit field winding
resistance is only 1/4 to 1/10 than that of the resistance of phase winding of the stator,
therefore, the efficiency of the two machines differs by only a few percent at rated load
conditions. However, WRSM has the ability to adjust the field excitation, which allows the
WRSM an added advantage in optimizing the efficiency of the WRSM above and below the
rated load conditions. In addition, there are three control variables including the direct-axis
current (iz), quadrature-axis current (i;), and the field current (iy) in WRSM, which allow
more optimization possibilities compared to the PM machines, which have only two control
variables; i; and i;. The ability of field excitation control and flexible control with three
variables makes WRSM more suitable for numerous applications, among which the most
significant could be the EV applications

However, in the conventional WRSM, the excitation is provided to the field winding
of the rotor for the generation of the rotor flux through the external dc supply using the
brushes and slip-rings assembly. Because of this issue, the WRSM was not considered
as a suitable candidate for EV applications. However, it is important to note that much
research based on brushless topologies for WRSM are in progress to overcome this problem.
One of the approaches to overcome this problem is to use a rotary transformer operating
at high frequency [8-10]. Other research towards the brushless excitation is to utilize the
synchronous machine as a device for self-excitation and torque production [11-24].

In Reference [11], the high winding space harmonics are utilized to excite the rotor field
winding. A tooth concentrated winding is placed on the stator and the rotor, and it does
not require any additional auxiliary winding for the brushless operation. In Reference [12],
a PM-less synchronous machine has been studied. In this topology, space harmonics power
was utilized for the field magnetization instead of permanent magnets.

In References [13-19], the brushless operation of WRSMs was accomplished by gen-
erating and employing the fundamental and sub-harmonic components in the MMF for
the stator. For the generation of the sub-harmonic component, winding at the stator was
specially arranged in these brushless topologies. In Reference [13], two parallel distributed
windings with two layers were placed at the periphery of the stator and each winding
was supplied using a separate three-phase inverter. In this topology, two inverters were
used which is the core issue of this brushless topology, and it results in high size and cost.
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To overcome this issue, single-inverter fed sub-harmonically excited brushless topologies
were presented in [14-19].

In References [20-23], for the brushless operation of WRSMs, a third-harmonic com-
ponent was utilized in the magneto-motive force for the stator. In order to carry out
brushless operations of WRSM, the third harmonic component of MMF for the stator of
the spatial domain was utilized in [20]. In this brushless method, two inverters supplied
the current into the open winding, which is three phase and placed on the stator. The
components of the current supplied by the first and second inverter are fundamental and
third harmonic, respectively. The third harmonic component of MMF induces the voltage
in the harmonic winding. The rectification of the induced voltage in harmonic winding is
performed, and then subsequently, the dc current is fed to the field winding of the rotor for
the brushless excitation.

In Reference [21], for the excitation, the field winding of the rotor, a zero-sequence
current, albeit controllable, is generated for the excitation of the rotor field winding by
connecting in parallel the thyristor switches and three-phase stator winding which helps
when switching during the positive as well as the negative half cycles. The voltage in the
harmonic winding is induced using the third harmonic component which is produced
from the zero-sequence current, and then the dc current is given to the field winding
after the rectification of the said component. From these research, it is obvious that the
solution towards the brushless excitation system is very promising. In the aforementioned,
third-harmonically excited machines, third harmonic is generated and then utilized for the
brushless operation.

In Reference [22], the why-delta configuration of the stator winding is utilized to
operate the machine on a brushless principle, which was produced due to the delta coil
set in the stator winding. In Reference [23], a PM-less synchronous machine was studied.
In this topology, a separate inverter was used to generate the third harmonic through
time-division multiplexing technique, which was later used for the brushless operation
of the WRSM. All the aforementioned brushless WRSMs have the issue of a low starting
torque, which makes them unsuitable for practical applications.

In this paper we present the suitability of the conventional WRSM for EV applications.
Section 2 describes the WRSM design and 2-D finite element analysis (FEA) of the basic
model of the WRSM. Section 3 presents the rotor pole shape optimization for the improve-
ment of the torque and the reduction in the torque ripple for the machine. Moreover, based
on the performance, the comparative analysis is performed for the optimal model of WRSM
and basic model of WRSM. In Section 4, the wide speed range operation of the optimal
model based WRSM is analyzed. The conclusion of this work is then presented in Section 5.

2. Machine Design Consideration and Wound Rotor Design
2.1. Machine Design Consideration

Generally, the electric vehicle applications are based on the basic WRSM model, and
its layout is presented in Figure 1. There are 48 slots in the stator, and in each slot, a three-
phase single layer distributed winding is placed. The configuration of stator is shown in
Figure 1a. The configuration of the wound rotor with eight-pole field winding is presented
in Figure 1b. For fair comparison of the conventional WRSM with the IPMSM of the Toyota
Prius 2010, the outer diameter of the stator, airgap length, stator inner diameter, stack
length, and shaft diameter are kept same as the IPMSM of the Toyota Prius 2010. The major
machine model parameters are shown in Table 1.
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Figure 1. Basic model of machine layout: (a) Single layer distributed wound stator; (b) Rotor
configuration with eight-pole field winding.

Table 1. Major machine model parameters.

Parameter Units Value
Power (rated) kW 60
Speed (rated) rpm 2768

Outer diameter (stator) mm 264
Inner diameter (stator) mm 161.9
Stator slots - 48
No. of poles - 8
Stack length mm 50.8
Airgap length mm 0.73

2.2. Wound Rotor Design

The salient pole wound rotor of the machine was designed by keeping the outer
diameter of the rotor and the shaft the same as the IPMSM of the Toyota Prius 2010. The
flowchart of the design process for the salient pole rotor is given in Figure 2. The rotor field
winding was designed using the constraint that the field MMF per pole (ATy;) for the full
load was equal to m times the stator MMF per pole (AT, ). Where m ranges from one to two,
it can be adjusted to ensure the maximum linkage between the field MMF and the stator
MMEF as discussed in [25,26]. Table 2 shows the design parameters of the basic model of
the WRSM.

Table 2. Machine model design parameters.

Parameter Units Value
Rated power kW 60
Stator turns per phase - 64
Stator current Arms 178.5
Stator winding resistance per phase Q 0.066
Stator current density A/mm? 16.68
Rotor outer diameter mm 160.44

Shaft diameter mm 51
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Table 2. Cont.

Parameter Units Value
Field winding turns per pole - 160
Field current A 25
Rotor current density A/mm? 14.8
Field winding resistance O 42
Pole span mm 44.9
Shoe height for pole mm 5.9
Body width for pole mm 24.6
Body height for pole mm 34

Rated power, Poles, Rated voltage, Frequency, Synchronous
speed, Power factor, Efficiency

1
| Field winding design |

|

Flux calculation |
!

| Induced back EMF |
]

| Pole pitch |
|

| Pole arc length |

|

| Yoke flux |

l

| Yoke flux density |
|

| Yoke depth |
4

| Height and width of pole |

Figure 2. Salient pole wound rotor design process.

3. 2-D FEA and Rotor Pole Shape Optimization
3.1. 2-D FEA of Basic Model

A 2-D FEA using Ansys Maxwell was performed on the basic WRSM model to analyze
the performance of the machine. The stator winding of the machine was applied with a
three-phase sinusoidal current with a value of 178.5 A;nys at a 60 Hz frequency. The rotor
field winding was excited by a dc current of 25 A through an external dc source.

Figure 3 represents the flux density plot of the basic model of WRSM. It depicts that
the flux density at the rotor back-iron is about 1.84 T and 1.99 T at the rotor pole. The
no-load back EMF of the machine at the rated speed of 2768 rpm is shown in Figure 4.
The back EMF is set to the root mean squared (rms) value of 120.5 V. Moreover, the back
EMF in all the phases is balanced. However, the back EMF of the basic model consists
of significant value in the third and other higher-order harmonics, as shown in Figure 5.
These higher-order harmonics are mainly due to the high flux density at the rotor pole and
rotor back iron.
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Figure 3. No load flux density plot of basic model at rated speed.
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Figure 4. No load back EMF at rated speed.

Due to the presence of these higher-order harmonics in the no-load back EMF, the
basic model of the WRSM displays less output torque than the rated torque under full
load conditions.

Figure 6 depicts the output torque of the basic model. The basic model of WRSM
exhibits an average torque of 191.46 Nm, which is 7.5% less than the rated torque. Moreover,
a ripple of 12.27% is presented in the torque of the machine. Moreover, the efficiency of
the basic model at the rated speed is 85.77%. The performance of the basic model of the
proposed machine is given in the Table 3. The rotor pole shape was optimized to decrease
the harmonic content presented in the no-load back EMF, which results in improved torque
characteristics and efficiency of the machine.
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Figure 6. Output torque (basic model) at rated speed.

Table 3. Performance of the basic model.

Parameter Units WRSM (Basic Model)
Back EMF Vrms 120.5
Torque Nm 191.46
Torque ripple % 12.27
Efficiency % 85.77

3.2. The Optimization of Rotor Pole Shape and Performance Comparison with Basic Model

The torque and torque ripple in the salient pole machine is affected by many parame-
ters, and among them, the rotor pole shape is the most important factor. Among different
design variables for the improvement of the torque performance of the machine, the pole
body width (X3), the pole shoe height (X), and the rotor pole span (X;) are considered
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key design variables. The pole structure of the rotor with the design variables is shown in
Figure 7. Using the genetic algorithm (GA) and the Kriging method, the optimization was
performed on the rotor pole shape to obtain higher torque and lower torque ripples.

Figure 7. The pole structure of the rotor and its design variables (basic model).

Figure 8 depicts the optimal design process, where firstly, the objective functions were
formed, and then the design variables and their associated ranges were decided.

v

i . . . . . )

Determine the objective functions, constraints

L and design variables )
! L

4 . — . )

Design of experiments
L (Latin hypercube sampling) )

 Finite element analysis (FEA) of performance )

L of sample motor models )
— Sz - — Adjust
Approximation of modeling by the Kriging desien
L method ) .
1T variables
Search the optimal values by a genetic A 0
L algorithm )
s G ~
Design confirmation by finite element method
L (FEM) )
U

Satisfy the target?

IL Yes

Figure 8. Optimal design process.

e  Objective functions:

Maximize the torquea and minimize the torque ripple 1)

. Constraint:
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Efficiency > 87.77 (2

e Design variables:
£2mm < X; <50mm,4mm < X; < 10mm, 20 mm < X3 < 28 mm 3)

In Equation (1), the objective functions are formulated such that the total torque is
maximized, and the maximum value is greater than the torque of the basic model of WRSM.
Then, the objective functions are implemented with the same weighting value for each
variable of the function. Moreover, the objective function also makes sure that the torque
ripple is minimized and the minimum value is less than that of the WRSM basic model.
The efficiency was kept as a constraint with the maximum value greater than the basic
model, as given in Equation (2). The range of design variables is given in Equation (3).
Keeping in view the experiment process, the sampling points were selected after applying
the Latin hypercube sampling method. The output performance of each sampling method
was measured using the 2-D FEA method, and to approximate the modeling, the Kriging
method was used. Then, the fitness of this model was evaluated using GA, and hence,
through population analysis on PIAnO software, the optimal results were obtained. The
optimal design variables are depicted in Equation (4), and the pole structure of the rotor
based on the optimal model is given in Figure 9.

Figure 9. Rotor pole structure (optimal model).

o  Optimized variables:

X1 =49.47 mm
X7 = 0.1 mm 4)
X3 = 2241 mm

Finally, the 2-D (FEM) was performed to check the performance of the WRSM optimal
model in terms of torque. Figure 10 represents the no-load flux density of the optimal model
at a rated speed. The flux density at the rotor back-iron of the optimal model decreased
to about 1.6 T compared to 1.84 T in the basic model. Figure 11 shows the no-load back
EMF of the WRSM optimal model in comparison to the no-load back EMF provided in
the basic model. The rms value of the back EMF of the optimal model is 120 V compared
to 120.5 V. However, the magnitude of the higher order harmonics in the WRSM optimal
model is significantly reduced compared to the basic model, as shown in Figure 12. Due to
the improvement of the shape of the back EMF and decreased flux density at the rotor back
iron of the optimal model, the magnitude of the higher-order harmonics is reduced.
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Figure 13 displays the torque performance of the WRSM optimal model in comparison
with the basic model. The torque of the WRSM optimal model shows an improvement of
7.54% if observed in comparison with the basic model. The WRSM optimal model shows
an 8.76% torque ripple which is 3.51% less than the torque ripple of the WRSM basic model.
Hence, the optimal WRSM model shows a 0.97% improvement in efficiency in comparison
with the basic WRSM model. Table 4 summarizes the performance comparison between
the WRSM optimal and basic models.
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Table 4. Basic and optimal models: performance comparison.
WRSM WRSM
Parameter Units (Basic Model) (Optimal Model)
FEA Algorithm FEA
Back EMF Vrms 120.5 120.4 120.0

Torque Nm 191.46 207.2 207.09

Torque ripple % 12.27 8.75 8.76

Efficiency Y% 85.77 86.90 86.74
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4. Wide Speed Range Operation of WRSM

Using 2D-FEA, the optimal model of WRSM was observed for a wide speed range.
Firstly, the machine was analyzed to observe the performance of the machine in the constant
torque and constant power region. A stator current of 178.5 Armns and a dc field current
of 25 A was supplied to the rotor winding and the stator field winding, respectively. The
speed of the machine was decreased from the rated speed of 2768 rpm to 100 rpm to observe
the constant torque characteristics in the region of the constant torque. However, for the
constant power or field weakening region, the rotor field current and the phase angle of
the stator current were controlled to achieve the target wide speed range. As the speed
increased above the rated speed, the phase voltages increased accordingly. The stator
current phase angle was controlled to limit the voltage under the inverter limit of 230 Vypys.
Figure 14 shows that the proposed WRSM can achieve the required torque and power.

220 !
200 gy n—h

o / \ s Torque L_ -
160 4 N [

140 \\ .-405
120 j 30 §
wl | E
0]/ - 20
60 :f — 10

.

\‘

Torque [Nm]

(W]
(=]
O3

2000 4000 6000 8000 10,000 12,000 14,000
Speed [rpm]

Figure 14. Wide speed range characteristics of optimal WRSM model.

Figure 15 shows the variation in the total losses, the sum of the total core, and the
copper losses of the machine with the operating speed of the machine. The total losses of
the machine are increased because of the increased core loss with the speed. However, the
power factor of the machine is improved as the operating speed of the machine is increased.
The improvement in the power factor of the machine is due to the stator current phase angle
control, which suppresses the rotor flux at high speed. The variation in the power factor
with the speed is shown in Figure 16. Due to the improved power factor, the efficiency
of the machine showed improvement as the speed of the machine was increased from
100 rpm to the rated speed of 2768 rpm. However, above the rated speed, the efficiency
of the machine is decreased by a small value due to the increase in core loss, as shown in
Figure 17.
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Figure 16. Power factor vs. speed.

The proposed WRSM was further analyzed for the variable power speed characteristics
below and above the rated speed. The machine was operated at different power ranges
from 5 kW (light load) to 60 kW (rated load). The rotor and the stator field current were
controlled to achieve the required power. Figure 18 shows the variation in the stator and
field current variation with the change in the power of the machine. Both the currents
gradually decreased with the decrease in the power of the machine. This resulted in a
significant decrease in the stator and rotor copper losses of the machine. Due to this
decrease in losses, the efficiency of the machine was improved above the base speed under
low load conditions. However, under the base speed, the percentage decrease in the losses
of the machine was less compared to the percentage decrease in the power of the machine.
Due to this, the proposed WRSM exhibits low efficiency at low-speed operations. Figure 19
shows the efficiency map of the proposed WRSM for the operation of the machine with a
wide range of speeds.
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Figure 18. Stator and field current variation with the change in power.

The comparison of the efficiency map of the machine of the proposed model with the
efficiency map of the Toyota Prius 2010 IPM synchronous machine presented in [16] clearly
demonstrates that the proposed machine exhibits better efficiency at high speeds under low
load conditions. However, for the average load and rated load conditions, the proposed
machine exhibits comparable performance to the Toyota Prius 2010 IPM synchronous
machine. Due to the competitive performance of the WRSM, it should now be evident that
the WRSM can be a suitable candidate for electric vehicle applications. As the occupant
of the electric vehicle spends most of his/her time at the highway speed where the motor
normally operates in the field weakening range, therefore, the WRSM could be favored
rather than the permanent magnet motors.
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5. Conclusions

In this paper, the design and performance analysis of an eight-pole, 48-slot wound
rotor synchronous motor with competitive performance to the Toyota Prius 2010 IPMSM is
presented for electric vehicle application. In this study, a 60-kW wound rotor synchronous
motor is designed and optimized to satisfy the requirement of the Toyota Prius 2010
IPMSM. Through the 2-D FEA, it has been observed that the efficiency of the wound
rotor synchronous motor is lower than the permanent magnet motor at a rated load by
some percent. However, as the output power requirement decreases, the difference in
the efficiency between the two machines reduces. Under a low load in both the constant
torque region and field weakening region, the efficiency of the wound rotor synchronous
motor is better than the permanent magnet motor. Based on this performance analysis, it is
reasonable to suggest that the conventional WRSM can be a bright option to replace the
permanent magnet motor in electric vehicle applications.
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