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Abstract: Driving cycles are commonly used to evaluate the fuel efficiency and mileage of internal
combustion engine vehicles and electric vehicles (EVs). To improve the mileage of EVs, efficient
propulsion motors and inverters must be employed, particularly at frequently used speed and torque
points of driving cycles. In this study, the number of the stator winding turns of a tap-change
permanent magnet synchronous motor (PMSM) used for EV propulsion was investigated to increase
the motor and inverter energy efficiencies under an urban dynamometer driving schedule (UDDS),
a highway fuel economy test (HWFET), and combined UDDS/HWEFET driving cycles. The motor
core loss due to the carrier harmonics, copper loss, and inverter loss were analyzed for various
winding turn number combinations, and the most efficient combination was selected. Based on the
analysis results, the tap-change motor winding turns that exhibited the least loss were rewound on a
PMSM of a mass-produced EV. The demand energy of the proposed tap-change PMSM and that of a
mass-produced PMSM in the UDDS, HWFET, and combined UDDS/HWEFET driving cycles were
compared through experimentation. The proposed PMSM exhibited energy improvements of 1.50%,
1.84%, and 1.65%, respectively.

Keywords: tap-change motor; tap-changer; driving cycle; inverter loss; motor loss

1. Introduction

The production and use of electric vehicles (EVs) are growing globally because they
are eco-friendly and reduce greenhouse gas emissions. The consumer selection criteria for
purchasing EVs have diversified and include fuel efficiency, maximum mileage, acceleration
performance, price, design, driving convenience, and brand awareness; among these, the
first two are the most important factors. Fuel efficiency is the average mileage per unit
electric energy of an EV battery, whereas the maximum mileage indicates the distance that
can be driven under a maximum charge state. A higher fuel efficiency allows the same
mileage with a lower battery capacity; consequently, it enhances the competitiveness of the
vehicle by reducing the price and curb weight.

To measure the fuel efficiency and maximum mileage under the same conditions, a
test drive profile is set and they are measured via a simulation test using a dynamometer.
This test drive profile is referred to as a driving cycle. Various driving cycles exist because
these are specified by considering geographical characteristics and vehicle type [1-4].
In the United States, urban and highway driving profiles have been established and
used by the US Environmental Protection Agency (EPA) as urban dynamometer driving
schedule (UDDS) and highway fuel economy test (HWFET) driving cycles [4]. Figure 1a,b
demonstrate the UDDS and HWFET driving cycles, respectively. The UDDS and HWFET
driving cycles have average speeds of 19.59 mph (31.5 km/h) and 48.3 mph (77.7 km/h),
respectively. In addition, vehicle acceleration and deceleration behavior, and the number
of times a vehicle stops and moves vary, as they characterize urban and highway driving
conditions [4].
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Figure 1. (a) Urban Dynamometer Driving Schedule (UDDS) and (b) Highway Fuel Economy Test
(HWFET) driving cycle.

The design of typical motor focuses on a few operating points, including the max-
imum continuous or overload output torque and power. However, to measure the fuel
efficiency and maximum mileage, EV motors operate over the driving cycle, which differs
at rated or overload conditions. Studies have focused on designing a high-efficiency motor
based on high-frequency operating points in such driving cycles [5-9]. Optimization of a
permanent-magnet-assisted synchronous reluctance motor was performed to reduce cop-
per and iron losses according to the UDDS and US06 supplemental federal test procedure
(US06/SFTP) [5]. A switched reluctance motor was optimized with new European driving
cycles (NEDC) [6] where the output torque, motor loss, and torque ripple were considered
for design optimization with the Taguchi method. The permanent magnet synchronous
motor (PMSM) design was also optimized in [7]; a multi-objective generic method was
used with the NEDC and UDDS to reduce the core loss and torque ripple, while the output
torque was increased. A flux mapping optimization strategy suitable for light vehicle
driving cycles was employed by changing the stator and rotor structures of a permanent
magnet motor [8]. A finite element method (FEM) and temperature network model were
used for the optimization of a permanent magnet motor for a four-wheel-drive EV [9].
However, achieving optimized motor parameters while satisfying both UDDS and HWFET
driving cycles is challenging owing to their differing characteristics based on urban and
highway drive conditions. Furthermore, although these previous studies focused on the
reduction in motor loss, they did not analyze the drive circuit and the effect of motor design
on harmonics losses.

Because the UDDS and HWFET driving cycles have different average vehicle speed,
the frequent operating speed of EV motors is different. To obtain a higher energy efficiency
with both cycles, a winding changeover motor can be used because it changes the winding
configuration or number of stator windings according to the speed and torque operating
points. There are three types of winding changeover methods: (a) Wye-delta switch-
ing [10-14]; (b) Series-parallel winding reconnection [10,15]; (c) Tap-change method [16-18].
Conventional winding changeover methods include wye-delta switching or series-parallel
winding reconnection with a fixed v/3 : 1 or 2:1 turn ratio [10]. Wye-delta switching has
been widely used with AC induction motors, using various switches from wye to delta con-
figurations or vice versa [11-14]. Wye-delta switching with mechanical contactors [11,12],
as well as a method for simultaneously changing the wye-delta connection and the number
of turns [13] have been proposed. These methods suffer from problems in the zero-stator
current duration for a safe transition. Shi et al. [14] replaced the mechanical contactors
with silicon-controlled rectifiers; however, surge currents existed during transition. Shin
et al. [15] demonstrated that series-parallel winding reconnections with thyristors can
exhibit high efficiencies at high speeds by reducing copper losses. However, high surge
currents were observed during the transition periods.
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Wye-delta switching and series-parallel winding reconnection have a fixed turn ratio;
however, the tap-change method comprises winding change circuits that specify the number
of windings using additional switches and a motor that involves winding taps for changing
the number of windings [16-19]. A magnetic contactor was used in [16]. During the tap-
changing transition, the phase current should be reduced to zero to avoid spark voltage
at the contactor; however, the zero-stator current invokes the zero-output torque period.
To overcome this constraint, the current path must be secured during the tap-changing
transition. Otherwise, a spark voltage may occur. Moreover, if the switching time increases,
the airgap flux changes and the torque ripple increases. To address these issues, winding
change methods involving tap-change circuits have been studied [17-19]. Silicon-controlled
rectifiers with a snubber circuit were proposed in [17]. An EV drive system with the tap-
changing method proposed in [17] was implemented, and its high efficiency was validated
by selecting the number of tap-change motor windings in [18]. A snubberless solid-state
tap-changing method was investigated in a recent study [19], which minimized the torque
ripple and reduced the tap-changing time to a few microseconds [19]. The tap-changing
method is used in this study.

Figure 2 shows the tap-change motor configurations, where Vj, is the DC-link volt-
age [19]. The stator windings shown in Figure 2 are divided into primary and secondary
on the left and right sides, respectively, where N; and N, indicate the winding turn num-
bers per slot. TS; and TS, are the tap-changer switches; during a conventional operation
without tap-changing, only one set of switches is active. When TS; is active, the current
flows through a primary winding, and the turn number Nj is used for the operation, as
shown in Figure 2a. When T'S; is active, the current flows through primary and secondary
windings (Nj + Ny), as shown in Figure 2b. The conventional selection of the number of
tap-change motor windings aims to increase the number of winding turns resulting in a
decrease in the speed, such that a high torque is obtained with a low phase current [20].
However, when the number of stator winding turns is lowered, the phase current can be
reduced in the high-speed region by reducing the field-weakening (FW) current. Therefore,
when only primary winding is used, it is referred to as the high-speed mode; when both
primary and secondary windings are used, it is referred to as the low-speed mode [19].
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Figure 2. Tap-change motor configuration modes: (a) high-speed and (b) low-speed.

In this study, the winding turn numbers of EV tap-change motors were investigated to
obtain the maximum fuel efficiency and mileage based on UDDS, HWFET, and combined
UDDS/HWEET driving cycles. The remainder of this paper is organized as follows.
Section 2 presents the primary reason for using a tap-change motor as the EV propulsion
motor. Section 3 presents the core loss model due to the high carrier harmonics, copper
loss, and inverter loss. The motor and inverter losses are analyzed for various winding
turn number combinations of Ny and N,, and the most efficient combination is derived in
Section 4. Using the derived turn numbers, a 150 kW mass-produced reference EV motor



Energies 2023, 16, 412

40f18

was rewound to implement the tap-change motor, and the efficiency improvement was
measured through testing at the operating points of the UDDS, HWFET, and combined
UDDS/HWEET driving cycles presented in Section 5. The experimental results indicate
that the proposed tap-change motor exhibits less energy demand than the mass-produced
reference motor during the driving cycles.

2. Loss Reduction at Significant Operating Points of the Driving Cycle
2.1. Driving Cycles in Motor Torque Speed Plane

Figure 3 shows the relative significance of each driving point on the speed and torque
plane when the EVs are simulated with a combined driving cycle (55% UDDS and 45%
HWPEET). The significance of the driving point is obtained by multiplying the speed-torque
frequency with the motor output power at each operating point. The regions with a high
number of significant driving points are shown in red; a lighter shade of red indicates
lower significance. The significance of each driving point is expressed as the product of
the speed-torque frequency and the motor output power, both of which directly affect the
energy consumed by the vehicle with these driving cycles. The solid line shown in Figure 3
is the maximum operating region of the motor, and the dotted line is the boundary between
the maximum torque per ampere (MTPA) region and the FW region. The region on the left
side is MTPA, which utilizes the control method that outputs the maximum torque with
the minimum current [21]. The MTPA enables a high-efficiency drive in the range below
the rated speed. However, when the rotor speed exceeds the rated speed, FW is essential.
The FW control method lowers the air gap flux by injecting a stator current owing to the
limitation of the inverter output voltage [22,23]. In contrast to the MTPA method, the FW
control method applies a higher current as the speed increases; thus, the efficiency of the
inverter and motor decreases.

Significant driving point
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Figure 3. Distribution of significant driving points on the speed and torque plane with combined
driving cycle (55% UDDS and 45% HWEFET).

The driving points with the highest weight in the combined driving cycle were
20-50 Nm (3 krpm), 90 Nm (2 and 3 krpm), and 20-30 Nm (6~7 krpm), as shown in
Figure 3. A speed in the range of 2-3 krpm is the primary driving point of UDDS, indicat-
ing urban operation with repeated acceleration and deceleration at low speeds. By contrast,
a speed in the range of 6-7 krpm is the main operating point of an HWFET, indicating
constant speed on a highway with a low torque. A low torque rather than a rated torque is
mainly used for the operation of an EV. A combined driving cycle has two significant speed
zones of 3 and 7 krpm. If the efficiency in these two zones is increased, the fuel efficiency
and mileage would improve owing to the energy saved over an entire driving cycle. Thus,
a tap-change motor was designed in this study, which focused on these two speed regions
to improve the overall energy efficiency.
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2.2. Variation of Motor Current, Voltage, and Motor Parameters According to the Stator Winding
Turn Ratio

In this study, a mass-produced EV PMSM is used as a reference motor. The tap-change
motor is implemented by modifying only the stator winding turn numbers from this
reference motor without any physical change and they are compared based on energy
consumption over the driving cycles. Figure 4 shows a cross-sectional view of the motor
and conductors in a slot of the reference motor (Ny = 10 turns) and tap-change motor
(N7 =7 turns and N, =9 turns) where Ny denotes the winding turn number per slot of the
reference motor. The parameters of the reference motor are listed in Table 1. The proposed
tap-change motor is implemented by removing the Ny windings of the reference motor
stator and rewinding the Nj and N; windings. Therefore, the characteristics of the reference
motor are maintained in the tap-change motor.

e L
0 oo

Reference motor Tap-change motor

(a) (b)

Figure 4. (a) Cross-sectional view of the PMSM and (b) the conductors in a slot of the reference motor
(left) and tap-change motor (right).

Table 1. Reference motor parameters.

Parameter Value Unit
Pole number 8
Maximum output power 150 kW
Stator out diameter 200 mm
Rotor diameter 132 mm
Height 175 mm
Number of slots 48
Winding turn number per slot 10
Number of windings per phase 8
Stator phase resistance Rs 10.8 mQ)

Using the same slot fill factor as that of the reference motor, the primary and secondary
winding resistances of the tap-change motor, R;_n1 and Rs_pp7 , are expressed by (1) and (2)
as follows:

N1(N1 + N
Rs-n1 = Rso% (1)
0
N> (N1 + N
Rs-n2 = RSO% 2)
0

where Ry denotes the phase resistance of the reference motor. The parameters of the
tap-change motor can be expressed in terms of the stator turn ratio #n and the parameters
of the reference motor. For the tap-change motor, n equals (N7 + N;)/Np and N1/ Np in
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low- and high-speed modes, respectively. Given 7, the d- and g-axis inductances, L; and
Ly, and the back electromotive force constant A, are obtained as follows:

Ly =n’Lyg ®3)
Ly = n*Ly (4)
Adr = n/\dro (5)

where Ly, Ly and A9 denote the d- and g-axis inductances and the back electromotive
force constant of the reference motor, respectively. Subsequently, using (3)-(5) and ignoring
the ohmic drop, the voltage and torque equations are derived using the inductance and
back electromotive force constant of the reference motor in the steady state as follows:

Uds = _wenquOiqs (6)

Ugs = WenzLdOids + wenA gy ()
3P . ..

T = EE (”Adrolqs + (1/[2Ld0 — Hquo) ldslqs> (8)

here, vy, Vgs, 145, and igs represent the d- and g-axis voltages and currents of the tap-change
motor with the turn ratio n, where P and w, denote the pole number and electrical angular
speed. When ij5 = i350/1 and igs = igs0/n, where the current of reference motor is divided
by # to maintain the same output torque, are substituted into (6) and (7), the voltage is
proportional to the stator winding turn ratio n and the torque is the same.

Uds = NUgsp (9)
Ugs = NUgs0 (10)
T=T, (11)

here, v450, V450, 1450, and g0 denote the d- and g-axis voltages and currents of the reference
motor, respectively, and T is the output torque of the reference motor. According to (9)—(11),
when the turn ratio 7 is high, the input phase current decreases, while the required motor
voltage increases in proportion to n. Furthermore, with an increase in the required voltage
of the motor, the speed at which the FW control also decreases is in inverse proportion
to the turn ratio n. However, when the turn ratio n is low, although the magnitude of
the current increases to generate the same output torque, the motor voltage decreases,
and the FW control starting speed increases. The application of MTPA or FW control was
determined based on voltage limits. The voltage limit range of the motor can be expressed
as an ellipse in (12) using (6) and (7), as follows:

2 . \2 . Adro 2|2 %
wen® | (Lyoigs)” + <Ld01ds + nr) < 7% (12)

where V—dg is the maximum available inverter phase voltage with a space-vector modulation.

Based on (12), the size of the voltage limit ellipse increases as n decrease.

Figure 5 shows the operating points in the d- and g-axis current plane at 3 and 7 krpm
according to the number of motor winding turns using the (a) reference motor (n = 1),
(b) low-speed mode (1 = 1.6) and (c) high-speed mode (1 = 0.7). The T; and T lines indicate
the constant-torque obtained using (8) for the specified torque demands. The black solid
lines indicate the voltage limit ellipses obtained using (12). The dotted lines indicate the
current limit, and Iy is the maximum current rating of the reference motor. As shown
in Figure 5a, the voltage limit at 3 krpm is a sufficiently large ellipse; therefore, the d- and
g-axis current command lq4q is selected from the intersection of the MTPA line and the
constant torque curves of T; and T>. As shown in Figure 5b, owing to the selection of a
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high turn ratio (n = 1.6), the voltage limit line is reduced to a small ellipse, and the constant
torque line contracts based on the torque calculated using (8). Therefore, the d- and g-axis
current Iyqs (3krpm) for the same output torques T; and T reduced to Iqqs(3krpm) /7.
Consequently, when the same output torque was generated, the decreased phase current
reduced the inverter loss. A high stator turn number increases the stator inductance, which
reduces the inverter carrier harmonic loss. Although the tap-change motor stator resistance
increased by n? = 1.62, the phase current decreased by 1/#; thus, the copper loss was the
same as that for the reference motor. However, the tap-changer circuit TS, induced an
additional conduction loss, which is an adverse causal factor.

(n=1) (n=1.6) (n=20.7)
I I I
Current limit |7 Current limit | | Current limit |;
B n—— max B -t max B S max
Voltage limit@3krpm 2
7 7krpm 2
Y~ S nax/1 £
]’p - max 7 7
N ey
Voltage limit@7krpm -==3c-- 1 : gm0 - ) T
/ ! i 7 ! i : LT,
; i D : { Tkrpmi LTy ; ; HE:
H ' ll' TZ ! ’ .t T, i : i 2
—Aaro/nlao “-- ' ---- 4l —Aaro/nLg s =moam- 4 I —Aaro/nla - ' "" 4
D i ‘\\ ST T ET e ‘\\ o \\\
! K Vo la Vo h N\, 1 \
: 4 P J AN 4 :
: b Vi P ) i
by : | —eSpm) | | :
i 12),,7) ,liquO(3krpm)i E i i = T i
! £ T ) P 7, :
: LT, P —n P ’
i 7 i H N T, i i [ i
\ = / A 7 / \ gy !
Lyqso (7krpm) la ¢ \ Laqs (3krpm) la Laqs (7krpm) la
(a) (b) (c)

Figure 5. Comparison of the voltage limit and current vector at 3 krpm and 7 krpm with (a) n =1,
(b) n=1.6,and (c) n = 0.7.

With the reduction in the voltage limit ellipse at 7 krpm shown in Figure 5a, a consid-
erable magnitude of the FW current, which is a negative d-axis current, must be injected
into the motor to generate output torques T; and T,. However, when the turn ratio n was
lower than 1, as shown in Figure 5c, the voltage limit ellipse remained large; thus, the d-
and g-axis current commands can be found on the MTPA line without FW control, even
at 7 krpm. In contrast to the 3 krpm case, the copper loss, as well as the inverter loss
in this case were reduced owing to the decreased phase current. However, an inverter
carrier harmonic loss due to the lower stator inductance and tap-changer circuit conduction
loss exists.

A tap-change motor can change the turn ratio with respect to the motor speed and
torque. At the primary driving speed for UDDS (2-3 krpm), a low-speed mode with a high
turn ratio n = (N7 + N2) /Ny can be selected to reduce the inverter and carrier harmonic
losses. By contrast, at the HWFET primary driving speed of 6-7 krpm, a high-speed mode
with a low turn ratio n = Nj /Ny can be selected to reduce the inverter and the motor copper
losses. By choosing the winding turn numbers N; and N, to have the minimum power
losses over the driving cycles, the energy efficiency of the entire system can be improved.

3. Motor and Inverter Losses Model for Tap-Change Motor

To determine the optimal N; and N, values, the tap-change motor and inverter losses
depending on the winding turn number are modeled. The main loss reduction results from
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the decrease in the phase current, which introduces inverter and copper losses. However,
the variation in the inverter carrier harmonics loss depending on the turn ratio can be
a dominant factor when the phase current is low because it generates significantly low
inverter and copper losses. Therefore, the motor loss model should include the inverter
carrier harmonic loss depending on the winding turn number and operational conditions.

3.1. Motor Losses

Motor losses include copper and core losses. The copper loss occurs in the stator
copper windings, and can be expressed as the resistance and the square root of the d- and
g-axis current as follows:

Pcopper = %Rs (igs + lgs) (13)
where R; is the stator resistance equal to Ry (N7 + Nz)z/Ng and RyoNp (N; + N2) /N3 in
the low-speed and high-speed modes of the tap-change motor, respectively.

PMSM core losses are caused by the fundamental field, stator slot ripples, magnet
harmonics, and inverter carrier harmonic voltage [24-26]. Because the proposed PMSM
is reworked into a tap-change motor based on the reference motor, they have identical
physical shapes and characteristics. The core loss due to the fundamental field, stator slot
ripples, and magnet harmonics, which are mainly determined by the physical shape, are
assumed to be identical. However, the core losses caused by the inverter carrier harmonics
voltage are affected by the winding turn number and modulation index. Thus, they should
be analyzed to compare the losses of the tap-change motor with those of the reference motor.

The core loss is divided into hysteresis loss and eddy current loss. The core loss per
unit weight of the motor is defined as follows [24]:

Wi = Kef*Bpyup + KnfBpoa (14)

where f and B, denote the harmonic frequency of the switching frequency fsw and
peak core flux density, respectively; K, and K}, are the eddy current and hysteresis loss
coefficients, respectively. Generally, when the switching frequency is higher than 1 kHz,
the eddy current loss becomes significant; therefore, the core loss per unit weight can be
expressed as follows:

2 2
Apeak ) _ Vpeak (15)

~ 2n2 _ 2
Wi % Kef Bear = Kof (NA ‘TR AIN?

where A, N, Apeqr and Vi denote the flux-path area, winding turn number, peak flux
linkage, and applied peak voltage, respectively. Using (15), the core loss for the integer
multiple harmonic voltage is expressed by (16), where D and ! are the density of the
electrical steel plate and flux-path length, respectively.

Pcfloss =K, T V;% (16)
=k

where V;, is the n-th harmonic component of the applied inverter output voltage. The
harmonic flux affecting the core loss is determined by the harmonic voltage. To analyze the
core loss, the sum of the d- and g-axis voltage harmonics squares (SVHS) in the synchronous
reference frame is expressed by (17).

SVHS = Y VE=Y (Vi .+ Vios) (17)
n=k n=k

Figure 6 presents the calculation results of SVHS, which are the sum of the d- and
g-axis harmonic voltages from the 25th to 390th harmonics for various modulation indices
with space vector modulation. Here, the switching and fundamental frequencies are
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10 kHz and 200 Hz, respectively, and k is selected to obtain the minimum and maximum
harmonic frequencies of 5 and 78 kHz, respectively. SVHS has a maximum value when
the modulation index is approximately 0.6. Hence, the core loss due to the inverter carrier
harmonics has a peak value when the modulation index is 0.6. The carrier harmonic core
loss can be calculated using (16) and (17), along with Figure 6.

Sum of d,g-axis voltage harmonic square
390

SVHS = Z V2 g + Voo
25,000 n=25

30,000

120,000
“115,000
10,000

5,000

0 0.2 0.4 0.6 0.8 1
Modulation index

Figure 6. Variation of the sum of the d- and g-axis voltage harmonic square with the modulation
index of the 25th-390th harmonics when the switching and fundamental frequencies are 10 kHz and
200 Hz, respectively.

The second loss caused by the harmonic voltage is the magnet eddy current loss [26].
Similar to the eddy current of the core, a magnet eddy current is generated in the rotor
permanent magnet because of the inverter carrier harmonics. The magnet eddy current
loss is expressed by the following equation in [26].

2

2bta d (b+a) (18)

- 3
S NCT TR

where g, b, and d denote the width, length, and thickness of the conductor, respectively,
and 0, 6 = \/1/07tfpurpo, and Hpey denote the conductivity, skin depth, and magnetic
field strength, respectively. Because the permanent magnet is aligned on the d-axis of the
synchronous reference frame, only the d-axis harmonic voltage affects the magnet eddy
current loss, as expressed in (19). Here, the magnet eddy current loss index (MELI) can be
expressed as follows:

_ 2bd

P ~ ‘ H Vpeak
me—loss — oo peak

NA

db+a) & Vi,

Pmefloss = 3 (19)
2\/oul IN2AZ a1 fil?
2
_ o Vde—n
MELI =) = - (20)
n=1 fn

To analyze the magnet eddy current loss, the MELI is calculated considering the sum
of the harmonic voltages of the 25th to 390th orders for various modulation indices at
various voltage angles B(= tan~! (v /(—vy)) in degrees, as shown in Figure 7. When
the voltage angle B was high, the MELI increased as the modulation index approached
0.5. However, when the voltage angle B was low, the MELI increased as the modulation
index approached 1. Based on (6), B is small when i,5 and output torque are low. Hence,
the magnet eddy current loss is highest at a low load over the rated speed because of the
low B and high modulation index. In contrast to the eddy current loss in the motor core,
the magnet eddy current loss is affected by both the modulation index and voltage angle B.
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The magnet eddy current from the carrier harmonics can be calculated using (19) and (20),
as well as the results in Figure 7, with the voltage angle B.

Magnet eddy-current loss index

390 2
- Vde-n B[deg]
0.012 MELI—HZZST =5 T 5
0.01 30 —e—40 —o—50)
' ——60 ——70 /
S 0.008
S
= 0.006
0.004
0.002
0 =
0 0.2 0.4 0.6 0.8 1

Modulation index

Figure 7. Variation of magnet eddy current index with modulation index of the 25th-390th harmonics
when the switching and fundamental frequencies are 10 kHz and 200 Hz, respectively.

3.2. Three-Phase Inverter and Tap-Change Circuit Losses

A change in the number of stator winding turns directly affects the inverter loss by
increasing or decreasing the phase current. Therefore, to improve the motor and inverter
efficiency by adjusting the number of stator winding turns of the tap-change motor, the
inverter loss must be considered to obtain an accurate solution.

The inverter loss is the sum of the conduction and switching losses P.,; and Psy,
respectively [27,28]. The conduction loss P, is calculated as the product of the voltage
and current of each device. Assuming that the conduction voltage of the IGBT and diode
are identical, the conduction voltage can be expressed as a linear function of the conduction
current i, using (21) [27,28].

Vce(ic) = Vceo + Reic (21)

Vero and R, denote the DC offset voltage and resistance component of the conduction state,
respectively, and can be approximated from the V-I characteristic diagram in the datasheet
of the device. Using (21), the conduction loss due to the d- and g-axis currents in the
synchronous reference frame of the three-phase sine wave inverter is calculated as follows:

2./i2 +1i2
s s Rern o
Pcon =3 VCEO? + 76 (st + lqs) (22)

Subsequently, the switching loss per switching is determined via linear modeling of
the graph of the on and off energy loss versus the device current characteristic plot in the
device datasheet [28].

. ) Vbc
Eon(ic) = (Aonic + BON)iv (23)
DC,datasheet
. , Vbe
Eorr(ic) = (Aorric + BOFF)V# (24)
DC,datasheet

here, Aon, Bon, Aorr, Borr, and Vpc gatasheet denote the current correlation coefficients
when the switch is turned on and off, the offset at zero current, and the DC voltage
presented in the datasheet. These constants can be obtained via linear approximation of
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the loss energy characteristic diagram in the datasheet of the device. Furthermore, the
switching loss of the three-phase inverter with fs;, is expressed as follows:

2(Aon + A ; ; Vi
P = fu{ AR08 [ By o 25)

VDC,dutasheet

The current path of the tap-change motor includes TS or TS; in the high- or low-speed
modes, respectively, depending on the operation mode; therefore, this must be included
in the copper loss of the motor. Because MOSFETs are used, and only conduction loss in
generated in TSy and TS, the equivalent resistance can be calculated using Ryson)- Thus,
the loss due to the equivalent resistance of the FET can be calculated by adding it to the
stator winding resistance in the copper loss calculation.

4. Design of Tap-Change Motor Stator Winding Turn Number
4.1. Calculation Process of the Energy Consumption Reduction Rate

The number of turns N; and N; of the primary and secondary windings must be
positive integer values. The motor and inverter losses are calculated by applying various
combinations of integers N1 and N, and determining the combination with the least loss.
To reduce the number of calculation points, the speed points are discretized into 0, 0.5, 1,
2,3,4,5,6,7,and 8 krpm, and the torque points are set to 0, 10, 20, 30, ... ,130 Nm. The
analysis sequence consists of the following four steps.

Step 1: Using various turn number combinations {N; + Na(low-speed mode), Nj(high-
speed mode)}, the minimum d- and g-axis current command values at each operating
speed-torque point of the driving cycles is derived based on the flux linkage and torque
data from the FEA of the reference motor.

Step 2: The total losses are calculated at each operating speed-torque point using the
proposed motor and inverter loss model involving the derived current command value
from Step 1.

Step 3: At each speed-torque point, one drive mode between N; 4+ Nz(low-speed mode)
and Nj (high-speed mode) is selected to have a lower loss.

Step 4: With the chosen loss data of the drive mode, the accumulated energy consumption
is calculated using the speed-torque frequency of the driving cycles and compared to that
of the reference motor.

4.2. Analysis of the Calculated Energy Consumption Reduction Rate

Table 2 presents the analysis results of the energy consumption improvement rate
for various combinations {N; + N, N;} of the tap-change motor with 330 and 310 V
battery voltages, which is the DC-link voltage for the inverter. The upper, middle, and
bottom portions of Table 2 present the results with the UDDS, HWFET, and the com-
bined UDDS/HWFET driving cycles (55% UDDS and 45% HWEFET). Under the UDDS
driving cycle, the highest efficiency improvement rates were observed to be 1.86% at
{N1 + N, N1} = {17,8} with 330 V and 1.76% at {N; + Np, N1} = {16,7} with 310 V. As
shown in Figure 1a, the UDDS exhibited a frequent acceleration and deceleration in the
range of 0 to 30 mph and a high vehicle speed period of over 50 mph between 200 and
300 s. By increasing the turn ratio to 1.6-1.7 in the low-speed mode, the motor and inverter
exhibited a lower loss at a rotation lower than 3 krpm, which was 0 to 30 mph for the
vehicle. Furthermore, by decreasing the turn ratio to 0.7-0.8 in the high-speed mode, the
motor and inverter losses were reduced over 6 krpm, which was over 50 mph. In addition,
the lower battery voltage of 310 V, yielded an efficient lower turn ratio compared to that of
the higher voltage of 330 V.
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Table 2. Energy consumption reduction rate results.

Improvement Rate [%] Improvement Rate [%]
Battery Voltage: 330 V Battery Voltage: 310 V
N1 N1
UDDS UDDS
5 6 7 8 9 5 6 7 8 9
11 —-09% —0.69 —048 —-053 —0.96 11 —-058 —-028 —-010 —039 —0.99
12 -018 0.13 0.35 0.33 —0.09 12 0.19 0.51 0.73 0.45 —0.17
13 0.43 0.76 1.00 1.01 0.57 13 0.58 0.92 1.18 0.89 0.26
14 0.67 1.02 1.30 1.31 0.87 14 0.67 1.08 1.41 1.18 0.62
15 0.69 1.10 1.45 1.51 1.14 15 0.74 1.23 1.62 1.46 0.96
N1+ N2 N1+ N2
16 0.71 1.19 1.61 1.73 1.40 16 0.73 1.32 1.76 1.64 1.15
17 0.65 1.24 1.70 1.86 1.56 17 0.53 1.17 1.66 1.56 1.06
18 0.46 1.09 1.59 1.78 1.50 18 0.05 0.75 1.28 1.21 0.70
19 0.01 0.70 1.25 1.47 1.19 19 —-047 0.28 091 0.90 0.42
20 —-050 0.25 0.82 1.13 0.89 20 —-096 —0.08 057 0.62 0.19
N1 N1
HWEFET HWEFET
5 6 7 8 9 5 6 7 8 9
6 0.83 - - - - 6 2.29 - - - -
7 1.63 1.64 - - - 7 3.02 3.04 - - -
8 1.75 1.80 2.03 - - 8 2.76 3.16 3.38 - -
9 1.40 1.85 2.15 1.90 - 9 2.43 2.93 3.35 2.58 -
10 0.94 1.54 2.06 1.96 0.82 10 2.15 292 3.37 2.58 0.80
N1+ N2 N1+ N2
11 0.67 1.48 2.03 1.93 0.77 11 2.00 2.81 3.29 2.52 0.72
12 0.50 1.37 1.94 1.87 0.72 12 1.87 2.72 3.26 2.48 0.63
13 0.37 1.27 1.90 1.85 0.66 13 1.76 2.65 3.22 242 0.51
14 0.25 1.19 1.85 1.80 0.57 14 1.65 2.58 3.16 2.34 0.39
15 0.14 1.12 1.79 1.74 0.48 15 1.55 2.52 3.11 2.28 0.28
N1 N1
Combined Combined
5 6 7 8 9 5 6 7 8 9
11 —-023 029 0.65 0.58 —0.18 11 0.58 1.11 1.43 0.92 —0.22
12 0.12 0.69 1.07 1.03 0.28 12 0.95 1.51 1.87 1.37 0.19
13 0.40 0.99 1.40 1.39 0.61 13 1.11 1.70 2.10 1.58 0.37
14 0.48 1.10 1.54 1.53 0.74 14 1.11 1.76 2.20 1.70 0.52
15 0.44 1.11 1.61 1.61 0.84 15 1.10 1.81 2.29 1.82 0.65
N1+ N2 N1+ N2
16 0.41 1.12 1.67 1.71 0.95 16 1.06 1.83 2.35 1.90 0.71
17 0.34 1.12 1.70 1.76 1.01 17 0.92 1.73 2.27 1.83 0.60
18 0.19 1.01 1.61 1.69 0.93 18 0.62 1.47 2.04 1.60 0.35
19 —-009 0.78 1.41 1.50 0.73 19 0.30 1.19 1.82 1.40 0.14
20 —040 050 1.15 1.29 0.52 20 0.00 0.97 1.61 1.22 —0.04

For HWFET, the efficiency improvement was expected to be the highest with
the observed values of 2.15% at {N; + N, N1} = {9,7} at 330 V, and 3.38% at
{N;+ N, N;} = {8,7} at 310 V. Because the HWFET driving cycle operated at a con-
tinuous vehicle speed of over 40 mph, the motor speed was mostly higher than 6 krpm.
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Thus, a low turn ratio of 0.7-0.9 was beneficial in those speed ranges regardless of the
tap-change motor speed mode.

The combined results yielded the highest values of 1.76% at {N; + N, N1} = {17,8}
at 330 V and 2.35% at {N; + N, N;} = {16,7} at 310 V. By averaging the two battery
voltage results, the most efficient turn number was selected to be {N; + N, Nj} ={16,7};
thus, {Nl,Nz} = {7,9}.

Figure 8 presents the contour plots of the phase current, motor and inverter loss, and
efficiency in the speed-torque plane of the reference motor and the tap-change motor with
{Ny, N2} = {7,9} at 330 and 310 V battery voltages, respectively. Plots were obtained
without the core loss by the fundamental field, stator slot ripples, and magnet harmonics;
thus, the loss and efficiency values shown in Figure 8 are not accurate but are adequate for a
characteristic comparison of the reference and tap-change motors. As shown in Figure 8a,c,
for the reference motor, the FW control started at approximately 5 krpm, and the motor
and inverter losses increased with the FW current. The highest efficiency was observed at
values approximately 5 krpm and 60 Nm.

( Reference motor ) ( Tap-change motor) ( Reference motor ) ( Tap-change motor)
Vge: 330V {Ny, Ny} = {7,9}, Vy.: 330V Vye:310V {Ny, Np} = {7,9}, Vg: 310V
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Figure 8. Motor phase current, total losses, and efficiency on speed and torque plane with the
(a) reference motor (Vy.: 330 V), (b) tap-change motor (V;.: 330 V), (c) reference motor (V;;.: 310 V),
and (d) tap-change motor (V.: 310 V).

For the tap-change motor, the FW control start speed is different for each speed
mode, as shown in Figure 8b,d. The FW starting speeds of the tap-change motor were
approximately 3 and 7 krpm in the low- and high-speed modes, respectively, and the
highest efficiencies were observed at 3 krpm and 40 Nm, and at 7 krpm and 40 Nm,
respectively. Because the highest frequent operating points of UDDS and HWFET were
in the 3 krpm and 30 Nm and 7 krpm and 20 Nm regions, the energy consumption was
improved, as shown in Table 2.
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5. Experimental Results

Figure 9a shows images of the tap-change rewound motor implemented using the
most energy-efficient turn ratio { Ny, N» } = {7,9} for the combined driving cycle. The total
number of winding turns per slot was 16 (= Nj + N;), which is larger than Ny = 10. To
maintain the same stator slot fill factor as that of the reference motor, the cross-sectional
area of the rewound winding was selected to be small, as shown in Figure 4b. Figure 9b
demonstrates the experimental setup. The experiments were performed with the reference
motor (Np = 10) and tap-change motor in the low- (N7 + N, = 16) and high-speed (N7 = 7)
modes. Furthermore, the mechanical speeds were set at 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 krpm for
the driving cycle analysis, and the output torque was tested up to 130 and 30 Nm at low
and 8 krpm speeds. Under 3 krpm, the low-speed mode had a lower power loss than the
high-speed mode in the presence of a load torque for both 310 and 330 V DC-link voltages;
over 5 krpm, the high-speed mode had a lower power loss than the low-speed mode. At
approximately 4 krpm, the low- and high-speed modes exhibited efficient intersection
points. Hence, the tap-change motor was tested at a speed of 0.5-4 krpm in the low-speed
mode, and at a speed of 3-8 krpm in the high-speed mode. Tap-changing points were
selected through comparisons of the losses from the two speed modes. Moreover, the
snubberless tap-changing method in [19] was adopted to minimize the torque ripple during
the tap-changing period of tens of microseconds.

'

3-phase inverter with
tap-changer

<y

““Bemmy Oscilloscope IR
 “ltteen, « M [e ol

(b)

Figure 9. (a) Rewiring of the tap-change motor and (b) experimental setup.

Figure 10 presents the experimental results for the inverter and motor losses versus
the output torque. Figure 10a—f show the losses of the reference motor, tap-change motor
low-speed mode, and high-speed mode when the DC-link voltage at voltages are 330 and
310V, respectively. Under 3 krpm, the tap-change motor loss in the low-speed mode was
lower than that of the reference motor. However, because the FW starting speed of the
tap-change motor in the low-speed mode was lower than that of the reference motor, the
total loss increased by approximately 4 krpm due to the FW current.

At speeds of 5 krpm or higher, the reference motor loss tended to increase under the
influence of the FW control at the FW and MTPA boundaries; therefore, the high-speed
mode loss of the tap-change motor was approximately 6—7 krpm lower compared to that
of the reference motor. Generally, the total loss occurring in the tap-change motor and
inverter decreased at speeds between 3 krpm and approximately 7 krpm. By contrast, the
loss slightly increased at other speeds.

Figure 11 shows the speed mode selection that generates low losses in the speed—
torque plane through comparisons of the measured motor and inverter losses. It is a
combination of the low- and high-speed modes of the tap-change motor, and the tap-change
operation point changes depending on the battery voltage. At 4 krpm, the tap-change
motor drive mode was different depending on the motor output torque, and the high-speed
mode region widened with a decrease in the battery voltage.
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Figure 10. Experimental results of the inverter and motor losses with the (a) reference motor,
(b) low-speed mode of the tap-change motor, (c) high-speed mode of the tap-change motor with
V;. =330V, (d) reference motor, (e) low-speed mode of the tap-change motor, (f) hich-speed mode of
dc
the tap-change motor with V;, =310 V.
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Figure 11. Speed mode selection of the tap-change motor on the speed and torque plane with
(a) V4. = 330 V and (b) Vg, = 310 V.

Figure 12 presents the motor and inverter efficiency versus speed when the low- and
high-speed modes were combined, as shown in Figure 11. Because the significant driving
point of the EV typically exists in the low-torque region, as shown in Figure 3, the efficiency
of the reference and tap-change motors were compared for 10, 20, and 30 Nm. The efficiency
of the tap-change motor generally yielded peak values at 3 and 7 krpm, and decreased at
4 and 5 krpm. Therefore, despite the efficiency slightly decreasing in the 4 and 5 krpm
range, the overall fuel efficiency was expected to be higher when the tap-change motor was
applied to the entire driving cycle.
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Figure 12. Experimental results. Comparison of the efficiency of the tap-change motor and reference
motor at different speeds and torque conditions: (a) 10 Nm, (b) 20 Nm, (c) 30 Nm with V;, =330V,
and (d) 10 Nm, (e) 20 Nm, (f) 30 Nm with V;. =310 V.

Table 3 presents the calculated average power and energy consumption improvement
rate with the experimental results for the UDDS, HWFET, and combined driving cycles.
The energy consumption for UDDS and HWFET were improved by 1.84% and 1.53% at
330V, and 1.16% and 2.15% at 310 V, respectively. Furthermore, the energy consumption of
the combined driving cycle was improved by 1.70% and 1.60% at 330 and 310 V, respectively.
Here, the average of the combined driving cycles at 330 and 310 V was 1.65%, which was
lower than the calculated result (2.01%) for the motor and inverter loss models because
a higher loss was generated in the high-speed region. This was presumed to be caused
by the magnetic harmonic loss effect occurring in the high-speed region, which was not
considered in this study [29].

Table 3. Experimental results: energy consumption improvement rate.

Battery Voltage 330V 310V
Reference motor UDDS 333 kW 331 kW
average power HWFET 10.81 kW 10.86 kW
Tap-change motor UDDS 3.27 kW 3.27 kW
average power HWEFET 10.65 kW 10.63 kW
UDDS 1.84% 1.16%
Energy consumption HWEFET 1.53% 2.15%
reduction rate
Comb. 1.70% 1.60%
Calculated energy UDDS 1.61% 1.76%
consumption HWFET 1.74% 3.06%
reduction rate
(Table 2) Comb. 1.67% 2.35%

6. Conclusions

This study proposed a turn number design method for an EV tap-change motor
considering the inverter and motor losses over the UDDS, HWFET, and combined driving
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cycles. Inverter and motor loss models were studied to design an EV tap-change motor
with an improved energy efficiency. Thereafter, by calculating the motor and inverter losses
involving various turn number combinations, N; = 7 and N, = 9 were found to be optimal,
with a minimum energy consumption during the driving cycles. Furthermore, based on the
calculated results, a tap-change motor was implemented by rewinding a mass-produced
motor. Subsequently, the feasibility of the design method considering the winding turn
number for the EV tap-change motor was experimentally verified. Furthermore, based
on comparisons of the energy consumption of the tap-change motor with that of the
mass-produced reference motor, the improvement rates over the UDDS, HWFET, and the
combined driving cycles were {1.84%, 1.53%, 1.70%} at 330 V and {1.16%, 2.15%, 1.60%} at
310 V.

The tap-change motor requires a tap-changer circuit, which is composed of six solid-
state switches. It would be disadvantageous due to the increased cost; however, if the cost
of the expensive EV battery capacity and electrical energy consumption can be reduced,
the tap-change motor can be a more cost-effective method than the conventional method.
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