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The purpose of this paper is to increase the energy efficiency of an electric vehicle (EV) with a wound-field
synchronous motor (WFSM). Therefore, methods are proposed to estimate and improve the energy efficiency
of the EV as well as the performance of the WFSM. The following contributions are provided: 1) EV model as well
as the mathematical model of the electric motor are explained considering the common Artemis driving cycle
(CADC); 2) a control method for maximizing the energy efficiency of the electric motor is proposed; 3) analysis
methods for calculating the circuit parameters (resistance, inductance, and flux linkage) and losses (ohmic, iron,
and mechanical loss) are described. The efficiency of the machine is accurately determined using the proposed
analysis method; 4) based on the proposed methods, the design process of the WFSM is proposed to improve the
energy efficiency considering the vehicle system and driving cycle; and 5) the proposed methods are verified
through tests of the prototype and improved motor. As a result, through the proposed design and control method,
even though the volume of the improved motor was 7.8% smaller than that of the prototype, the efficiency of the
improved motor was higher than that of the prototype in all regions. In addition, to confirm the effectiveness of
the proposed methods, the performance of the electric vehicle considering the driving cycle was analyzed ac-
cording to the characteristics of the electric motor. The energy loss of the improved motor with the proposed
control and design method was 63.3% less than that of the prototype. Accordingly, the energy efficiency of the
vehicle system and the energy consumption of the battery increased by 7.8%p and decreased by 2.0 kWh,
respectively.

efficiency and power density need to be increased [16, 17]. Addition-
ally, PMSMs that operate at high speeds under a constant magnetic flux

1. Introduction

Recently, as the demand for electric vehicles (EVs) has increased,
various characteristics of the electric motors used for EV traction have
been extensively studied. To achieve a high efficiency and power den-
sity, permanent magnet synchronous motors (PMSMs) employing rare-
earth permanent magnets (PMs) have been used as traction motors for
EVs [1-4]. Therefore, the design methods for PMSMs have been exten-
sively studied [5-10]. However, rare-earth PMs are highly costly and are
associated with unstable supply [11]. These issues have led to numerous
studies on motors without rare-earth elements such as neodymium (Nd)
and dysprosium (Dy) [12-15]. Therefore, the induction motors have
been extensively studied as rare-earth free motor; however, their

of the PM require high voltages. This requirement burdens the inverter
and vehicle system. Therefore, the variable-flux (VF) PMSM, which can
control the magnetic flux of the PM is widely studied. The magnetic flux
of the PM is controlled by changing the magnetization state (MS)
through the stator current. Therefore, to accurately predict the MS of the
PM, an accurate material property of the PM is needed [18]. Further-
more, an additional current and its control algorithm are required to
change the MS according to the various operating points of the electric
motor. Also, many studies have been performed to improve the torque
density of the VF-PMSM using PMs of various types and sizes [19, 20].

These problems can be solved using a wound-field synchronous
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Fig. 1. Process of analysis for EV with electric motor.

motor (WFSM) [21-24]. The WFSM without PMs is advantageous for
operations at high speeds. This is because, in contrast to the PMSM, the
field flux can be adjusted by directly controlling the field current in the
WEFSM. Therefore, the WFSM has extra degrees of freedom in both the
design and control, compared with other motor types. Moreover,
because both the magnetic and reluctance torques are used through the
vector control of the armature current, the WFSM has a higher torque
than other types of rare-earth free motors. Therefore, it is widely used
not only for EV traction, but also for various vehicle applications.
Nevertheless, the efficiency of the WFSM is lower than that of the PMSM
owing to the additional losses incurred on the field coil and the brush of
the rotor.

[25-28] described a brushless WFSM without the brush and slip ring,
which are disadvantages of the conventional WFSM. However, these
papers only propose structural concepts based on simulation rather than
analysis on characteristics such as efficiency and torque. Also, design
and control methods improving the performance of the WFSM have been
studied. In [29-34], a design method for improving the torque charac-
teristics of the WFSM was proposed. However, these studies did not
suggest methods for enhancing efficiency. [35] increased the efficiency
by placing PMs as consequent pole in the existing WFSM. However, this
method weakens the advantages of WFSM which does not use PMs, such
as [29-31]. In [36] and [37], the iron loss significantly affected the
performance of the WFSM. Nevertheless, [23] presented a control
scheme minimizing the copper loss of the WFSM. This scheme does not
maximize the efficiency, as it considers only the copper loss. In addition,
in [34, 38], the WFSM is still controlled by the maximum torque per
ampere (MTPA) control method. This method is not a solution for
increasing the efficiency of the motor as well as enhancing the energy
efficiency of electric vehicle systems. [39, 40] show sensorless control
that estimates the position of the rotor without a sensor. [41, 42] present
a method to effectively control the field current. However, these studies
do not include an analysis of the efficiency of WFSM. [43] improved the
efficiency and performance of WFSM in terms of control. A control that
effectively utilizes the extra control degree of freedom in the WFSM is
presented. In [24], a method for improving the efficiency of the WFSM
was proposed. However, this method requires additional switching
hardware, space, and a control method. [44] describes how to increase
the efficiency of WFSM. However, the electromagnetic characteristics
(skin, proximity effect and cross saturation effect) and mechanical
characteristics (structural stability of the rotor) were not considered. In

addition, drivetrain parts other than the electric motor were ignored,
and the characteristics of the electric motor were not reflected during
regenerative braking. [45] addressed the efficiency improvement of the
WEFSM, but the results were not experimentally validated.

This paper proposes estimation and improvement methods for the
energy efficiency of the EV using the WFSM. Through the methods
proposed in this paper, the characteristics of the electric motor are
accurately calculated according to the design and control method of the
electric motor, and it is possible to quantitatively confirm how much
they affect the vehicle system. The proposed methods are shown in Fig. 1
and its contents are as follows:

1 EV model for system simulation (Section 2).

1) Modeling of the EV including the inverter, converter, energy
storage, and electric motor based on the data and reference of each
component.

2) Calculation of operating points for the electric motor based on the
EV model.

2 Control strategy of the WFSM to maximize energy efficiency (Section
3).

1) Analysis of the characteristics of the electric motor and vehicle
when applying commonly used MTPA control to the WFSM.

2) The proposal of a control method to improve the efficiency of the
WEFSM.

3) An efficient algorithm for the WFSM using an analytic method.

3 Parameters and loss analysis method to calculate motor character-
istics accurately (Section 4).

1) Accurate and detailed methods for the analysis of the circuit pa-
rameters and losses in the electric motor using analytic, numeric, and
experimental methods.

4 Design process of the electric motor considering system character-
istics (Section 5).

1) Design direction to improve energy efficiency based on the driving
cycle.
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Fig. 2. Electric vehicle system.
Table 1
Specification of EV System.
Items Value Unit
Driving Condition [50-56] Air density 1.2 kg/m®
Air drag coefficient 0.29 -
Rolling resistance coefficient 0.01 -
Driving cycle CADC -
Target Vehicle [57] Glider weight 1100 kg
Width 1.80 m
Height 1.57 m
Wheelbase 2.6 m
Wheel radius (tire included) 0.334 m
Accessory 600 w
Reduction Gear [58] Gear ratio 6.54:1 -
Maximum efficiency 92 %
Weight 28 kg
Energy Storage [59, 60] Type LiFePO4 -
Nominal voltage 358 \Y
Nominal current 170 A
Nominal capacity 61 kWh
Series connection 102 -
Parallel connection 68 -
Weight 485.5 kg
Converter [61, 62] Output power 140.35 kw
Output DC voltage 360 \Y
Output direct current 390 A
Efficiency 98 %
Weight 2.09 kg

Inverter [61, 62] 133.33 kw

207.85 Vims

Output power
Output line to line voltage

Output line current 450 Arms
Efficiency 95 %
Weight 11.11 kg
Electric Motor Output power 120 kw
Weight <45 kg

2) Geometric design considering the efficiency and power density.

- Rectangular conductor and a hairpin coil to reduce the losses
[46-49].

- Core shape of rotor and stator using analytical methods.

- Number of turns of the armature winding and the axial length
considering the power density.

Finally, in Section 6, the characteristics of the designed electric
motor, such as the torque and efficiency, are evaluated via the analysis
methods of the circuit parameters and losses proposed in Section 4. Also,
the prototype and improved motors are applied to the vehicle system to
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calculate the characteristics of the EV considering the driving cycle.
Lastly, the proposed methods are verified through tests of the prototype
and improved motor.

2. EV model considering electric motor
2.1. EV model

The investigated EV is a mid-sized vehicle that can be operated in
various environments, including urban, rural, and motorway. The
drivetrain uses one electric motor connected to the front axle via the
differential and reduction gear. The reduction gear ratio affects the
operating range of the vehicle. To satisfy the operating range of the
vehicle, a higher reduction gear ratio makes the electric motor operate
at a higher speed. Furthermore, a high reduction gear ratio can reduce
the torque demand, resulting in a compact size of the electric motor.
However, if the reduction gear ratio is too high, so will be the operating
speed of the electric motor. Consequently, the mechanical stability of the
electric motor can be reduced. Therefore, an appropriate reduction gear
ratio is needed. The required torque and speed of the electric motor
under driving conditions are calculated using lateral vehicle dynamic
equations. The vehicle dynamic equations consider the vehicle accel-
eration and resistive forces, and the latter include the rolling, grading,
and air drag resistances [50].

The resistive force acting on the vehicle is an important parameter
for calculating the vehicle behavior and determining the specification of
the electric motor. There are three resistive forces acting on the vehicle:
rolling resistance (F;), grade resistance (Fg), and aerodynamic drag force
(Fg). The description and equation of each resistance are as follows.

1) Rolling resistance force: When the tires roll on the surface, the force
that resists motion.

F, = f,Mygcosé (€]

2) Aerodynamic drag force: the force that resists the movement of a
vehicle traveling at a specific speed in the air.

1
Fu=5pACa(Vy + V. )

3) Grade resistance force: When the vehicle moves up and down the
slope, the force generated in the downward direction from the
weight.

F, = Mygsind 3)

where, f; is the rolling resistance coefficient, My is the mass of the
vehicle, 6 is the longitudinal slope angle, g is the gravitational acceler-
ation, p is the density of the air, Ais the frontal area of the vehicle, Cy is
the aerodynamic drag coefficient, Vy is the vehicle speed, and Vyy is the
wind speed.

The total resistive force (Fgesisiive) is defined as the sum of the three
resistive forces as follows:

Fresisiive = Fr + Fg + F @
the tractive force (Fr) is calculated as (5) considering the resistive force,
mass, and acceleration of the vehicle.

Fr = Fregisive + Mya 5)
where, a is the acceleration of the vehicle.

The required torque (T,,) and rotational speed (n,,) of the electric
motor are calculated through the tractive force, the vehicle speed, and
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Table 2
Common Artemis Driving Cycle.
Items Urban Rural Motorway Unit
Travel Time 989 1081 1065 s
Travel Distance 4.87 17.27 28.74 km
Idle Time 278 32 13 s
Number of Stop 22 4 2 -
Maximum Speed 57.7 111.5 131.8 km/h
Average Speed 17.73 57.52 97.14 km/h
Maximum Deceleration -3.14 -4.08 -3.36 m/s?
Average Acceleration 0.73 0.49 0.41 m/s2
Average Deceleration —0.78 —0.52 -0.5 m/s?
the gear ratio.
ryFr
T, =—— (6)
ng
60
Ny = NG VV (7)
zﬂ'rw

where, ryy is the wheel radius, and ng is the gear ratio.

Then, the required power (Pp,) of the electric motor is calculated as
(8) based on the required torque and rotational speed of the electric
motor.

P, = Tm’lmé% =FrVy (8)

As shown in Fig. 2, the EV model includes the electric motor, energy
storage, and mechanical parts. However, many studies ignore drivetrain
parts excluding electric motor [6-9, 44]. To calculate the driving points
of the electric motor and evaluate the characteristics of the vehicle
system, each part of the drivetrain must be considered.

The specifications for each part of the EV model are presented in
Table 1. First, the common Artemis driving cycle (CADC) is used as the
reference driving cycle. The CADC reflects the actual operating condi-
tions as a criterion for determining whether a new cycle is suitable and
consists of low-speed urban, mid, high-speed rural, and high-speed
motorway driving conditions representing various real situations
[51-56]. Therefore, the CADC is adopted as the standard driving cycle
used for calculating the performance of an EV, including an electric
motor. The CADC is presented in Table 2 and Fig. 2. The target vehicle is
a ‘KONA electric’ made by the Hyundai Motors [57]. The specification of
the reduction gear is determined by referring to a ‘eGearDrive series’
from BorgWarner [58]. A lithium-ion battery is adopted as the
resistance-capacitance equivalent circuit for energy storage [59, 60].
The chemistry for this battery is LiFePO4. The number of series con-
nections is determined according to the nominal voltage and nominal
current. The number of parallel connections is determined according to
the capacity. The weight is obtained from the number of connected
battery cells. The voltage and current specifications of the inverter are
determined by considering the SVPWM and the characteristics of the
switching device. In addition, the weights of the inverter and direct
current (DC)/DC converter are derived using the power to weight ratio
[61, 62]. The most important part of the EV, i.e., the electric motor, is
described in Section 2.2. The electrical input limit of the electric motor is
determined according to the specifications of the inverter and battery.
Through this EV model, the driving points of the electric motor is
calculated, and how the characteristics of the vehicle system change
according to the design and control method of the electric motor is
predicted.

The vehicle simulations considering the presented driving cycle and
components are performed through advanced vehicle simulator
(ADVISOR), a MATLAB/Simulink-based software [63].
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2.2. Mathematical model of electric motor

In this paper, the characteristics of the electric motor are calculated
using the voltage, current and torque equations based on the d- and g-
axis equivalent circuits considering the iron loss [29, 64-66]. The
voltage and current equations are expressed as (9)-(13).

Vo= /vi+v2 9
Lo =]+ (10)

(va] ig Vod

_VJ _Rd["q]+{"04} an
(va] [ 0 —oL, ] [iwu 0

,qu} B L’Ld 0 } L},J * L’Lﬂf a2
(ia] _ [—Lusing] _ [ioa| _ [ica

,iq} B { Lucosf } B {ivq} {icq} 13

The shaft torque is calculated using (14), which considers the me-
chanical loss.

Prech
Topape = P[(Lflfioq) + (L,, - Lq)iodioq] - (T,) a4

where V, and I, are the magnitude of voltage and current vector in the
armature; the subscripts d and g refer to the d- and g-axis components. iy
and iy are the input armature currents; v4 and v, are the armature volt-
ages; ioq and i,q are the magnetizing currents; iy and icq are the iron loss
currents; Ra is the phase resistance of the armature winding and R, is the
equivalent resistance of the iron loss; Ly and L, are the inductances; Ly is
the mutual inductance between the field and armature winding; I is the
field current; p is the number of pole-pairs; w and wy, are the electrical
and mechanical angular velocity, respectively; Tsqs is the shaft torque;
Prech is the mechanical loss; § is defined as the angle between the
armature current vector and the g-axis.

As indicated by (9)-(14), there are many combinations of the
magnitude and phase angle of the armature current and field currents
that satisfy the target torque at any speed. Moreover, the electric motor
performance depends on these current conditions. Thus, the current
control method is a key factor affecting the performance of the electric
motor. Therefore, the method for determining the current condition to
maximize the efficiency is described in the next section.

3. Control strategy of WFSM

To maximize the energy efficiency of an EV, the electric motor must
be controlled at the maximum efficiency. Therefore, the total loss
(including field copper loss, iron loss, and armature copper loss) should
be minimized. However, the generally used MTPA control method de-
termines the armature current vector of the minimum magnitude that
satisfies the target torque and input power limit [67, 68]. In particular,
the WFSM is also controlled by the MTPA control method [34, 38].
Therefore, the maximum field current should be input to minimize the
armature current. This solution minimizes only the armature copper loss
and reduces the degree of freedom of field current control. In addition,
the effect of iron loss on the efficiency of the WFSM is significant [36,
37]. Nevertheless, a control that minimize only copper loss are some-
times applied to WFSM [23]. Thus, a control method is required to
minimize the total loss and take advantage of the degree of freedom. As
mentioned previously, unlike the PMSM, because the WFSM has an
additional variable (field current, Iy), an efficient process for maximum
efficiency control is required considering the field current. For this
reason, a maximum efficiency control with a simple process is proposed
based on the d, g-axis voltage equation, and the torque equation, as
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expressed in (9)-(14). A control process for the maximum efficiency is
shown in Fig. 3.
Step 1. Circuit parameter & loss

- Electromagnetic FEA: circuit parameters & iron loss are calculated
and stored as loot up tables (LUTS).
- Test: LUTs of the mechanical loss is obtained from the no-load test.

Step 2. Characteristics analysis

- Optimization: current condition is determined to minimize the total
loss based on the LUTs.

- Voltage and torque equations: using the current condition, the motor
characteristics are evaluated.

Step 1 is a pre-process, where the LUTs to be used in Step 2 are
stored. The LUTs of circuit parameters (i.e., armature resistance R, d, q-
axis inductances Lq 4, field inductance Ly, and iron loss P; according to
current and frequency) and mechanical loss Py, are estimated through
the FEA and no-load test, respectively. The detailed calculation methods
are presented in Section 4.

The main process, Step 2, involves searching for current conditions

that satisfy maximum efficiency and evaluating motor characteristics
that reflect this current condition. This step is repeated at each operating
points of the electric motor. The voltage and torque equations of WFSM
are used to analyze the motor characteristic. Since computation via the
equations is quite fast compared to FEA, this method is suitable for
iterative process. The maximum efficiency oriented-characteristic
analysis of the WFSM is explained in detail as follows. First, through
the optimization method [69], the current condition (I, 3, I) is decided
to maximize the efficiency considering the voltage, current limit, and
desired operating point. At this point, the interpolated values based on
this LUTSs are used.

Maximize:

POL(I Pout

T 15
1 Pin Pmu + Plo.&s ( )

Subject to:

Pree
T:haft = p[(LfIfioq) + (Ld - Lq)iodiaq] - (Th) = Trarget
Vo= /Vi+ V2 < Vi = ‘\//dg
I = \Ji5+ 2 < Lot

Iy < Ir_jimir

(16

Thereafter, the motor characteristics are predicted using the current
condition determined previously. This procedure is performed by solv-
ing the d, g-axis voltage equation, and the torque equation of the WFSM,
as expressed in (9)-(14). As a result, the motor characteristic that sat-
isfies the maximum efficiency is determined. To accurately evaluate the
performance of the electric motor, the circuit parameters must be
accurately calculated by considering all the load conditions. To calculate
the circuit parameters in each equation, the flux linkage by the field
winding, d, g-axis inductance, and iron loss under the load conditions
are determined via a nonlinear FEA and an analytical method. Section 4
describes the analysis methods for the circuit parameters and losses.
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4. Analysis of circuit parameter and losses in electric motor

As described previously, the performance of the electric motor is
closely related to the circuit parameters. The circuit parameters are the
resistances of the field and armature coils and the inductances of the d-
and g-axis equivalent circuits. In particular, an accurate loss calculation
is needed to accurately calculate the efficiency of the electric motor.
Fig. 4 presents the power flow of a WFSM. As shown in Fig. 4, the loss of
the WFSM is classified as the copper loss of the armature and field, iron
loss, and mechanical loss. This section describes the analysis methods for
the circuit parameters and losses in the electric motor.

4.1. Armature & field resistance and copper losses

The end coils should be considered to accurately calculate the
armature and field resistances. It is assumed that the coils of the field
and armature are wound evenly inside the slot.

As shown in Fig. 5, the distributed winding is applied to the armature
and the A denotes the average coil pitch of the armature coils. Therefore,
the armature resistance is calculated by considering the coil pitch A and
operating temperature. The resistance of the armature coil can be
expressed as

2-(Lyx + w(A/2))-N,,

Aarm,cail

Ru:p

[1+4a(Temy —20°C) ] a7

c

where Ly is the axial length of the core; Ny, is the number of series turns
per phase in the armature coils; Agm coi is the area of the armature coil;
Tiemp is the operating temperature in °C; p, is the resistivity of the copper
at 20°C; and a is the temperature coefficient of the copper. Additionally,
because the alternating current (AC) flows through the armature coil,
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the AC resistance considering the skin and proximity effects is calculated
[70, 71].

The field coils are wound around each tooth for each pole. The
average coil pitch, B, of the field coils and the end coil height, C, are
shown in Fig. 5. The resistance of the field coil is derived as follows:

2 (L + B +2C)-N;

(18)
Afid.coit

X [1+a (Temy —20°C) ]
where Nyis the number of turns in the field coils and Agq,coi is the area of
the field coil.

Using the resistances calculated above, the copper loss of the arma-
ture and field P, is calculated as follows:

3
P. =R, + IRy 19)

=
The current of the field and armature is determined for maximizing
the efficiency. The current control strategy is described in Section 3.

4.2. Iron loss and its equivalent resistance

An accurate calculation of the iron loss is important to precisely es-
timate the characteristics and efficiency of the electric motor [36, 37].
Fig. 6 shows the calculation process for the iron loss using the FEA. The
process comprises seven steps, and the iron loss is calculated according
to the magnitude and phase angle of the armature current, and the
magnitude of the field current. The harmonics in the magnetic flux
density in the radial and tangential components are taken into account
up to the 30th order. The corresponding process is as follows:

Step 1. Using the nonlinear FEA, the radial and tangential compo-
nents of the magnetic flux density are calculated for each element for
one period of the electrical angle.

Step 2. The magnetic flux density calculated in Step 1 is decomposed
into the magnitude according to the harmonic order through a har-
monic analysis.

Step 3. Using the harmonic order obtained from step 2 and the poles
of the motor, the frequency for each rotational speed is calculated.
Step 4. From the iron loss data according to the frequency and
magnetic flux density of the material, the iron loss corresponding to
the magnitude and frequency of each harmonic magnetic flux density
is determined, considering the rotational speed. At this time, the iron
loss data according to the frequency and magnetic flux density are
experimentally measured using Epstein frame in accordance with the
IEC60404-2 standard [72].

Step 5. In each element, the iron losses for each harmonic order are
added.

Step 1. Transient analysis

Step 2. Harmonic analysis

Step 3. Frequency

1.2

netic flux density (T)
Magnitude (T)

gt

Ma

Time (sec.) 0.

Rotational speed (1)
500 [ 1000 [ 1500 [ -

1
2 Frequency
3 .

Magnetic flux density distribution

.
L

Harmonic order (v)

6 12 18 24 30
Harmonic order

3

Step 7. Iron loss mapping

Step 6. Total iron losses at all elements

Step 4. Iron loss data

a <
\Fl] E—;Pw

Iron loss (W)

Step 5. Iron loss in one element

7
3 osealou] paadg

})C:,:,Z:I[)C‘U,(B‘,f;) 4

Fig. 6. Process of the iron loss calculation.
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Table 3
Design Specification for Electric Motor.

Items Prototype Target Unit
Motor type WFSM -
Max. Power 120 kw
Max. torque / speed 280 / 10,000 Nm / rpm
Outer diameter / axial length 215 /128 mm
Weight 44.6 kg
DC link voltage 360 A%
Cooling method Water-cooled -
Stator (Armature) Max. current 442.5 < 450 Arms

Max. current density 25 <25 Arms/mm?
Rotor (Field) Max. current 14.5 <14 A

Max. current density 20.5 <20 A/mm?

Step 6. The iron losses of all the elements are summed to determine
the total iron loss of the electric motor.

Step 7. The current conditions of the field and armature are modified,
and the process is repeated from Step 1. Finally, the iron loss is
mapped according to the current and speed conditions.

As the speed increases, the iron loss increase. Next, using the iron loss
P; and (20), the equivalent resistance of the iron loss R, can be calcu-
lated, and the calculated equivalent resistance of the iron loss is applied
to (9)-(14) for the performance calculation.
V.2 0 (Laioa + LT)" + (Lying)’}

R =-2 = 2
<= P, (20)

4.3. Inductance in d- and q- Axis Equivalent circuits

The d- and g- axis inductances and flux linkages are calculated based
on a vector diagram representing the relationship between the circuit
parameters and voltage equation as a vector. The related equations are
as follows [73]:

_ Woeos6 -V, Wu—Y,

Ly @D
Lod Lod
_ ‘{’(,’smé _ E 22)
l()q loq
¥
Ly = £ (23)
/ I

where ¥, is the flux linkage due to the field and armature winding, ¥, is
the flux linkage due to the field winding, and & is the load angle.

For calculating the d-axis inductance, the d-axis flux linkage must be
separated into the components by the field and armature windings.
Thus, the d-axis inductance is obtained from the vector diagram and the
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incremental inductance [74]. Also, the flux linkage by the field winding
is separated using the calculated d-axis inductance.

Y. — ¥,
Ld _ od2 d 1 (24)

Tod2 — Lodl
W, = Yo — Laioa (25)

Depending on the load conditions, the flux linkage due to the field
and armature windings is obtained via the nonlinear FEA, and the in-
ductances and flux linkage due to the field winding are calculated using
(22)-(25).

4.4. Mechanical loss

The mechanical loss of the electric motor, including its bearing and
windage friction losses, is obtained via a no-load test. This is because it is
extremely difficult and time-consuming to accurately calculate the me-
chanical loss using the analytical method or FEA. In experimental setup,
the load motor, torque sensor, and electric motor are connected me-
chanically in series. By driving the load motor, the rotational speed and
torque are measured using a tachometer and torque sensor, respectively.
The mechanical loss is calculated by multiplying the torque by the
rotational speed of the electric motor under the no-load condition.
During the test, as the iron core of the WFSM in the no-load condition
without any electrical input is not magnetized, there is no iron loss.
Therefore, the mechanical loss, including the bearing and windage
friction loss of the prototype is measured via a no-load test [64]. The
shaft, brush, slip ring, and bearing of the improved motor are identical to
those of the prototype. Therefore, the mechanical loss of the prototype
obtained from the no-load test can be used to design the improved
motor. To evaluate the mechanical loss of the improved motor, based on
the measured mechanical loss of the prototype, it is fitted with a poly-
nomial function as follows [75-77]. At this time, the R-squared is pre-
sented to confirm the goodness of fit.

P = C11+ c 1?4 ¢y’
—14 11 (26)
{cr =0.1151, ¢; =2.934x 107, ¢; =1375x 10
where n is the rotational speed of the rotor in rpm.
The mechanical loss is estimated via (26) and used to calculate the
shaft torque and efficiency of the improved motor. Fig. 7 shows the
measured and estimated mechanical loss. The R-squared between these
values is 0.9 or more, so it is fitted properly.

5. Improved design
5.1. Analysis of prototype with driving cycle

A performance of the prototype is evaluated through a simulation
using the proposed mathematical model and calculation method for the
circuit parameters and losses of the electric motor. At this time, the
performance of the electric motor is affected by the magnetic properties
of the iron core. The iron cores of the stator and rotor are composed of
laminated electric steel sheets with low hysteresis loss. Here, the reason
for stacked electrical steel sheets is to minimize eddy current loss. The
material of the electric steel sheets is 35PN230 with a thickness of 0.35
mm and isotropic property. The design specifications for the electric
motor considering the characteristics of the prototype as well as the
specification of inverter and battery are presented in Table 3.

The maximum current density of the improved motor is determined
based on that of the prototype considering the cooling method and
thermal characteristics. The power density and weight are evaluated
considering the iron core, as well as other parts, such as the armature
and field coils, bearing, brush, and slip ring. Fig. 8 shows the efficiency
and loss maps with the driving cycle under the MTPA control. As
mentioned previously, the MTPA control determines the minimum
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Fig. 8. Efficiency and loss map of the prototype with the driving cycle. (a) Efficiency, (b) Field copper loss, (c) Armature copper loss, (d) Iron loss.
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Fig. 9. Space factor according to conductor shape.
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Fig. 10. Hairpin winding of the stator.

armature current that satisfies the target torque. First, as shown in Fig. 8
(a), when considering the driving cycle, the electric motor mainly
operates in the region below the base speed. However, the efficiency in
this region is lower than that in the high-speed region. As shown in Fig. 8
(b), there is a large field copper loss at a low speed. This is because a
large field current is applied to minimize the armature current during
MTPA control. Thus, the WFSM’s degree of freedom is not utilized.
However, as the speed increases, the current condition is determined,
considering the voltage limitation. A large field current result in a large
d-axis current, which cause increase in an armature current. Therefore,
the field current is gradually reduced by the MTPA control and exhibits
the same trend as the field copper loss. Additionally, as shown in Fig. 8
(c) and (d), as the torque increases, the armature copper loss increases,
and as the speed increases, the iron loss increases. However, when the
driving cycle is considered, the iron loss is relatively low. Therefore, as
the major loss under the driving cycle is the copper loss, the design di-
rection and control method for improving the efficiency considering the
driving cycles involve reducing the field and armature copper losses,
while minimizing the increase in the iron loss.

5.2. Armature winding and rectangular conductor

In this study, a rectangular conductor is used to improve the effi-
ciency. If the rectangular conductor is used, a large space factor is ob-
tained [46-49]. The space factor is defined as the ratio of the conductor
area to slot area. As shown in Fig. 9, the rectangular conductor can
reduce the dead space (as indicated by the red arrow) when using a
circular conductor. Therefore, it presents the following advantages.

1) An increase in the conductor area (the slot area is constant): de-
creases in the resistance and current density, as well as a copper loss

reduction.
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Fig. 11. Equivalent magnetic circuit and equipotential line of the simpli-
fied model.

2) A decrease in the slot area (the conductor area is constant): increases
in the widths of the teeth and yoke, as well as magnetic flux density
and iron loss reduction

Also, the hairpin winding with a rectangular conductor is used for
the armature winding. The hairpin winding is formed by inserting
hairpin coils with the rectangular conductor into the stator slots and
welding the hairpin coils together. This process is shown in Fig. 10.
Because the hairpin coils are inserted into the stator slots after they are
formed, the manufacturing process is simple, and the end coil height is
uniform. Moreover, the cooling performance and the breakdown voltage
between the coils are excellent [48, 49]. However, this method results in
a weight increase owing to the large space factor. Furthermore, because
the hairpin winding is structurally complex, it is difficult to use the
parallel circuit and strands [47]. Therefore, in Section 5.4, these dis-
advantages are considered in the design.

5.3. Core shape of rotor and stator

The tooth and yoke widths of the rotor and stator are determined to
minimize the reluctance of the rotor and stator core. The smaller
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reluctance of the core yields a greater the magnetic flux at the same
current. Thus, the minimum reluctance results in the minimum current
for generating the torque, which can reduce the copper loss. The
reluctance of the rotor and stator are calculated using an equivalent
magnetic circuit (EMC). The EMC provides an effective analytical
method for identifying the trends at the design stage owing to its short-
computational time [15, 44, 78].
The assumptions used in the EMC are as follows:

1) EMC is supposed 2-D and end-effects are neglected.

2) Eddy-current and hysteresis effects are ignored.

3) Magnetic materials are considered as isotropic.

4) Effective magnetic flux path is considered as the average magnetic
flux path.

5) Leakage magnetic flux is neglected.

6) Tooth tips of the rotor and stator are ignored.

7) Surface of the stator core is smooth.

8) Magnetic flux paths in the EMC consist of line segments and circular
arcs.

The average magnetic flux path must be determined to construct the
EMC. The equipotential lines indicating the magnetic flux paths are
shown on the left side of Fig. 11.

The field coils in the rotor are concentrated on one tooth. The
magnetic flux through the tooth is divided into two sides of the yoke, and
the divided magnetic flux passes to the next tooth. However, the
distributed winding is applied to the armature coils in the stator. Thus,
the magnetic flux divided into the two sides of the yoke past the teeth
flows into the teeth on the opposite pole. The EMC based on these
magnetic flux paths is shown on the right side of Fig. 11. Before calcu-
lating the reluctance of the constructed circuit, the relationship between
the width of the teeth and that of the yoke in the rotor and stator is as
follows. Therefore, the yoke widths of the stator and rotor are deter-
mined by the tooth width of those.

Dy — Dy,

Wis = 2')63, Wys = T (27)

Wi = 2:%,, Wy, =21 (28)
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Fig. 12. Total reluctance and torque according to the tooth and yoke widths of the improved motor. (a) Rotor, (b) Stator.
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Table 4
Material Properties for Structural Analysis.
Copper Electric steel Retainer  Shaft  Unit
sheet
Density (Equivalent 8940 7600 1300 8000 Kg/
density) (4100) m>

Young’s modulus 128 175 3.7 193 GPa
Poisson’s ratio 0.36 0.3 0.38 0.27 -
Yield strength 100 380 80 250 MPa

20545 Max
18263

&”0 159.8
: g

. Retainer s, 13698
% 114.16

. Rotor core o 91333

‘0

2 68509

J Shaft 45.686
. Slot-shaped conductor 22862

0038629 Min

| Simulation model | Simulation result I

Fig. 14. Structural analysis for the improved motor at 10,000 rpm.

2s mir 2s mir : 4 1
D, = =mtr \/ <ﬂ> + D2 D, +A) (29)
Vs V3 V3
2 snuvs 2 snuvs 2 4 sn
D, = 2% \/ <g> w0 Mp 4 30)
y/ /A T

where w;; and wys are the width of the tooth and yoke in the stator,
respectively; wy and wy, are the width of the tooth and yoke in the rotor,
respectively; Ds is the outer diameters of the stator; Dy, is the inner
diameter of the stator yoke; Dy is the outer diameter of the rotor yoke;
D,; is the inner diameters of the rotor; x; and x; are the half tooth widths
of the stator and rotor, respectively; ss, and s, are the numbers of stator
and rotor slots, respectively; A; and A, are the slot areas of the stator and
rotor, respectively;

Finally, the reluctance of the constructed circuit is calculated as

10
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Fig. 15. The configuration of the improved motor as the proposed design.

follows:
R = 2Rr1 + Rry (31)
R + 3R R,, + R,R?,
i = 2o+ Ry, (32)
3R2 4 4R, R, + Rf)_
where
2D, — D,, — D,; (D + Dyi) — 2x,8m
th = - ry — ( - ) (33)
8ux, Ly USmLg (Dry — Dy)
Dy, + Ds — 2Dy; 7(Dyy + D
R, =222 * Ry = (Do +D,) (34)
Sﬂstsrk ”Lﬂk (Dx - Dsy)

where D, is the outer diameters of the rotor; Dy; is the inner diameters of
the stator; Lgy is the axial length of the core; y is the permeability of the
stator and rotor core; Dy; is determined by the rotor diameter D, and the
air-gap lengths.

The calculated reluctance and torque, which vary with respect to the
tooth and yoke widths of the rotor and stator cores, are shown in Fig. 12.
At this time, the yoke width according to the teeth width was deter-
mined by (27)-(30) and expressed as a line on the x-y plane. Also, the
torque is obtained through FEA under the maximum current condition.
Finally, the tooth and yoke widths of the rotor and stator cores are
determined as the minimum points of the reluctance Ry, and R, of the
electric motor. Thus, the tooth and yoke widths of the stator are deter-
mined at the maximum torque point. The tooth and yoke widths of the
rotor are determined at a torque point that differed from the maximum
torque by 1%.

5.4. Number of series turns per phase for armature winding and axial
length of core

In the previous step, the stator and rotor core shapes of the improved
motor were determined. Next, it is necessary to determine the axial
length. As previously discussed, the use of rectangular conductors in-
creases the weight of the electric motor. Therefore, in consideration of
the weight, the axial length and number of series turns per phase of the
armature winding must be determined. Decreases in the axial length and
number of series turns per phase of the armature winding requires a
larger input current to generate the same torque, owing to the decrease
in the flux linkage. Conversely, increases in the axial length and number
of series turn per phase of the armature winding requires a higher input
voltage, because of the increases in the armature resistance, inductance,
and flux linkage. Fig. 13 shows the weight change of the electric motor
according to the axial length and number of series turns per phase of the
armature winding. The red line box indicates a region that does not
satisfy the output power within a given input voltage and current limit.
The black line box indicates the region where the axial length is greater
than that of the prototype. This region requires additional space in the
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Table 5
Design Parameters.
Items Prototype Improved motor Target Unit
Motor type WEFSM -
Conductor type Circular (Conventional) Rectangular (Hairpin) -
Max. Power 120 kw
Max. torque / speed 270 /10,000 Nm / rpm
DC link voltage 360 A
Axial length 128 118 (—7.8%) - mm
Weight 44.6 44 (-1.3%) < 45 kg
Stator (Armature) Outer diameter 215 mm
Max. current 442.5 446.3 < 450 Arms
Max. current density 25.0 22 (—12%) <25 Arms/mm?
Series turn per phase 16 - -
Tooth/Yoke width 6.4/12.5 6.1/14.2 - mm
Rotor (Field) Outer diameter 149 - mm
Max. current 14.5 13.5 <14 A
Max. current density 20.5 19.0 (—6.9%) <20 A/mm?
Turn per pole 155 145 - -
Tooth/Yoke width 21.5/16.5 23/17.6 - mm
retainer in the improved motor is conducted to confirm the structural
Table 6 stability. The simulation is performed at maximum speed of 10,000 rpm
DC Resistance of Prototype and Improved Motor. via 2D FEA using the ANSYS workbench. The material properties of the
Items Prototype Improved motor Unit rotor components are presented in Table 4.
Field resistance Estimated value  10.13 8.73 o The field coil is modeled as a slot-shaped conductor [25, 79]. An
Test 9.57 8.46 equivalent density is applied to the slot-shaped conductor to consider
Error 5.9 2.0 % the weight of the field coil including the end coil. Here, the equivalent
Armature esistance  Estimated value  6.73 5.57 me density is calculated by dividing the weight of the field coil by the
Test 6.68 5.46 .
Error 0.7 39 % volume of the slot (Vygo=ArLsk). The shaft is manufactured by

vehicle system owing to an increase in the axial length. Therefore, it is
excluded from the design point. The blue line box excluding these two
regions is a region that satisfies the output power within a limited space,
voltage, and current. The axial length and number of series turns per
phase of the armature winding satisfying the minimum weight are
selected in this region. Thus, to minimize the weight of the electric
motor, the axial length of the improved motor is determined to be 118
mm, and the number of series turns per phase of the armature windings
is determined to be 16.

5.5. Structural analysis

A structural analysis of the rotor core with the conductor and
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shrink-fitting it into the rotor core. At this time, the interference between
the shaft and the rotor core is 0.02 mm as in the prototype, and this
condition is reflected in the simulation [80]. The simulation model and
result are shown in Fig. 14. The maximum stress is approximately 205
MPa. Thus, an improved motor with a safety factor of 1.85 is structurally
stable. Finally, the configuration of the improved motor resulting from
the proposed design is shown in Fig. 15. As a result, the design param-
eters of the prototype and the improved motor are presented in Table 5.
The axial length of the improved motor (118 mm) is 7.8% smaller than
that of the prototype (128 mm).
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Fig. 16. AC resistance according to the analysis model. (a) Prototype, (b) Improved motor.
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Fig. 17. Efficiency and loss difference maps of the improved motor according to current vector control. (a) Efficiency under MTPA control, (b) Efficiency under
maximum efficiency control, (c) Efficiency difference, (d) Armature copper loss difference, (e) Field copper loss difference, (f) Iron loss difference.

6. Design results and verification
6.1. Performance of electric motor

The performance of the electric motor is analyzed using the previ-
ously proposed circuit parameter, loss analysis and control methods. The
iron loss, flux linkage, and inductance are calculated and mapped ac-
cording to the current conditions. These circuit parameters are mapped
for field currents of 0 to 14A, armature currents of 0 to 450A;ys,
armature current phase angles of —30° to 90°, and rotational speed of
0 to 10,000rpm.

12

The calculated and measured DC resistances of the prototype and
improved model are presented in Table 6. Also, Fig. 16 shows the AC
resistance of the prototype and the improved motor. The conductor area
of the improved motor is larger than that of the prototype. Although the
DC resistance of the improved motor is lower than that of the prototype,
the AC resistance of the improved motor increases significantly as the
speed increases, owing to the skin and proximity effects.

Next, the efficiency of the improved motor according to the current
vector control method is analyzed. Fig. 17(a) and (b) show the efficiency
maps according to the current vector control method, and Fig. 17(c)
shows the difference between them. The efficiency increases in all
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Fig. 18. Efficiency and loss difference maps of the prototype and improved motor. (a) Efficiency of the prototype, (b) Efficiency of the improved motor, (c) Efficiency
difference, (d) Armature copper loss difference, (e) Field copper loss difference, (f) Iron loss difference.

regions under the maximum efficiency control. The efficiency increase is
particularly large in the low-speed region. As shown in Fig. 17(d), the
armature copper loss is small under the MTPA control considering only
the armature current. However, as shown in Fig. 17(e), the field loss
when the maximum efficiency control is applied is smaller than the field
loss when the MTPA control is applied. In the low-speed region, the
maximum efficiency control requires a small field current, in contrast to
the MTPA control, which increases the field current to satisfy the torque
while minimizing the armature current. However, as the speed in-
creases, the MTPA control also reduces the field current owing to the
voltage limitation; thus, the difference in field copper losses between the

control methods is reduced. For this reason, in the low-speed region, the
field copper loss significantly depends on the control method. Thus, the
proposed maximum efficiency control considering all the losses,
including the field copper loss, is more effective for improving the ef-
ficiency than the MTPA control, which minimizes only the armature
copper loss. Additionally, the field current is flexibly controlled during
maximum efficiency control.

Finally, the efficiencies of the prototype and improved motor are
analyzed. Fig. 18 shows the results of applying the maximum efficiency
control to the prototype and the improved motor to verify the effec-
tiveness of the proposed design method. Fig. 18(a) and (b) show the

13
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Fig. 19. Losses over time for the prototype and improved motor. (a) Armature copper loss, (b) Field copper loss, (c) Iron loss, (d) Total loss.
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Fig. 20. Energy losses of the prototype and improved motor.
efficiency maps of both electric motors, and Fig. 18(c) shows the dif- losses of the prototype are smaller than those of the improved motor in
ference between them. The efficiency of the improved motor increases in some regions. However, the total loss of the improved motor is smaller
all regions. As described previously, the proposed design method can than that of the prototype in all the regions. Therefore, the proposed
reduce the armature copper loss. As shown in Fig. 18(d), (e), and (f), the design method and control strategy are effective for improving the
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Fig. 22. Load test. (a) schematic, (b) test setup.

efficiency of the WFSM.

6.2. Performance of vehicle system with driving cycle

The performance of the EV applying the two aforementioned electric
motors is analyzed. A simulation is performed using the ADVISOR

28
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software. Fig. 19 shows the losses of the electric motors (i.e., the pro-
totype and improved motor) when the target vehicle is driven along the
driving cycle. Also, Fig. 20 shows the evaluated energy loss based on the
loss over time.

Under the same MTPA control conditions, the total loss of the
improved motor is smaller than that of the prototype. Owing to the
proposed design method, the energy loss caused by the armature copper
loss is reduced by approximately 14%. Consequently, the total energy
loss decreases by 8%, as shown in Fig. 20. Comparing the energy loss of
the two motors based on the maximum efficiency control, the same
trend is observed. In addition, applying the proposed maximum effi-
ciency control increases the armature loss rather than the MTPA control
which only minimizes the armature current, but all the other losses are
reduced, particularly the field copper loss. Because of this effect, the
total energy loss is reduced by 63.3%.

Based on these results, the energy efficiencies of the motoring and
generating operation modes of the two electric motors, as well as that of
a vehicle system applying the two electric motors are shown in Fig. 21.
At this time, for the EV system simulation, the specifications of other
components presented in Table 1 are applied. When the proposed design
method and control strategy are applied, the energy efficiencies of the
two operating modes are increased by 7.6%p and 19.8%p, respectively.
By applying the proposed methods, the energy efficiency of the vehicle
system is increased by 7.8%p. Additionally, the energy consumption of
the battery is reduced by 2.0kWh.

6.3. Verification

To verify the validity of the proposed methods, a load test of the
prototype and improved motor is set up and conducted. Fig. 22 shows a
schematic and the setup of the load test. The electric motor is mechan-
ically connected to the torque sensor and dynamometer in series. The
efficiency is measured at speeds in the range of 1000rpm to 10,000rpm
and torques in the range of 20Nm to 280Nm. The control method for
these motors is the maximum efficiency control. Fig. 23 and Fig. 24
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Fig. 23. Test results. (a) Prototype, (b) Improved motor.
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Fig. 24. Difference between the simulation and test results. (a) Prototype, (b) Improved motor.

present the test results and a comparison between the simulation and
test results. The average difference in efficiency between the simulation
and test of the prototype is 0.9%p, and that of the improved motor is
0.5%p. Also, the maximum difference in the efficiency between the
simulation and test of the prototype is less than 3.2%p, and that of the
improved motor is less than 2.1%p. Therefore, the proposed methods are
validated.

7. Conclusion and future work

In this paper, the methods for improving and estimating the energy
efficiency of an EV applying the WFSM were proposed. The contribu-
tions of this paper are 1) an EV model considering the electric motor, 2)
a control strategy for the WFSM to increase the energy efficiency, 3)
analysis methods for the circuit parameters and losses to accurately
calculate the performance of the electric motor and vehicle system, and
4) a design process to improve the efficiency of the electric motor and
the EV using the proposed methods. Using these methods, the driving
points of the electric motor is calculated, and the characteristics of the
vehicle system according to the characteristics of the electric motor are
quantitatively evaluated. As a result, the volume of the improved motor
was 7.8% smaller than that of the prototype. Additionally, the efficiency
resulting from the control strategy of the improved motor is excellent in
all regions. Furthermore, compared with the efficiency of the prototype,
the efficiency of the improved motor using the proposed design method
is superior in all regions. These electric motors were applied to an EV,
and the characteristics of the EV were analyzed by considering the
driving cycle. Compared with the total energy loss of the prototype, that
of the improved motor applying the proposed control strategy and
design method was reduced by 63.3%. Therefore, the energy efficiency
of the vehicle system was increased by 7.8%p, and the energy con-
sumption of the battery was reduced by 2.0kWh. Finally, to verify the
proposed methods, efficiency tests of the fabricated prototype and
improved motor were performed. As a result, the average difference in
efficiency between the simulation and test were 0.9%p for the prototype
and 0.5%p for the improved motor, which are reasonable. However, in
this paper, to increase the energy efficiency of the EV system, the
research on the electric motor is focused, and the discussion on other
components in the EV system such as the power electronics and the
reduction gear is insufficient. In addition, only experiments with electric
motors are conducted. Therefore, in the future, The EV system with all
components including the electric motor will be studied and experi-
mentally tested based on the effectiveness of the proposed method.
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