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Abstract: In this paper, by considering and establishing the relationship between the maximum
operating speed and d-axis inductance, a new design and optimization method is proposed. Thus, a
more extended constant power speed range, as well as reduced losses and increased efficiency,
especially in the high-speed region, can be obtained, which is essential for electric vehicles (EVs).
In the first step, the initial permanent magnet (PM) brushless machine is designed based on the
consideration of the maximum speed and performance specifications in the entire operation region.
Then, on the basis of increasing d-axis inductance, and meanwhile maintaining constant permanent
magnet flux linkage, the PM brushless machine is optimized. The corresponding performance of the
initial and optimal PM brushless machines are analyzed and compared by the finite-element method
(FEM). Several tests are carried out in an EV simulation model based on the urban dynamometer
driving schedule (UDDS) for evaluation. Both theoretical analysis and simulation results verify the
validity of the proposed design and optimization method.

Keywords: design optimization; electric vehicle (EV); permanent magnet brushless machine

1. Introduction

In recent decades, interior permanent magnet (PM) brushless machines have achieved
considerable attention due to the high power density, high efficiency, and excellent dynamic
performances [1]. Compared with the surface-mounted PM brushless machines, the improved torque
production, enhanced flux-weakening capability, and robust rotor structure promote the application
of interior PM brushless machines in modern electric vehicles (EVs) and hybrid electric vehicles
(HEVs), such as the Toyota Pruis [2—4].

To meet the requirements of various driving conditions of frequent acceleration or deceleration,
climbing under heavy load and high-speed cruise, the extended constant power speed range, as
well as high power and high efficiency over the torque-speed envelope, are also essential for the
interior PM brushless machines [5,6]. However, the old design method, which is based on the single
operation condition of the rated speed, will bring obvious constraints to the extended operating
speed range [7,8]. Such a mismatch of the single operation design method and multiple driving
conditions may result in a narrow constant power speed range and low overall efficiency in the
entire operation region [9-13]. Thus, the vector control method is introduced to adjust the d-axis
current, hence realizing different magnetization states of a variable-flux flux-intensifying interior PM
machine to obtain increased efficiency over a driving cycle [14]. However, requirements of precision
control are relatively enhanced and the speed range is limited by the inverter capability. In [15],
a hybrid excitation machine with additional DC excitation windings is proposed to improve the
flux-weakening ability. Yet, the copper loss of DC excitation windings is added and control difficulty
is increased in coordinating the armature and excitation current to achieve high torque and efficiency.
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In this paper, an interior PM brushless machine with fractional-slot concentrated modular
windings is investigated and a new design and optimization method is proposed. In Section 2, the
machine geometric topology and relationship between the stator slots and rotor pole numbers are
introduced. In order to satisfy multiple driving condition requirements of EV traction machines,
the maximum speed and performances requirements in the entire operation region are taken into
consideration to determine the initial design of the PM brushless machine. In Section 3, effects of
the d-axis inductance and PM flux linkage on the constant power speed range and efficiency are
analyzed in details. On this basis, the PM brushless machine is optimized to obtain a more extended
constant power speed range, as well as reduced losses and increased efficiency over the torque-speed
envelope, especially in the high-speed region. In Section 4, simulation results of the PM brushless
machine and EV tests are presented and analyzed in detail to confirm the validity of the proposed
method. Section 5 provides the concluding remarks.

2. Machine Design Specifications

The configuration of the investigated interior PM brushless machine is shown in Figure 1, where
a V-type flux-focusing rotor structure, which is similar to the rotor structure of the Toyota Pruis, is
adopted. However, different from the distributed winding structure of the motor in the Toyota Pruis,
fractional-slot concentrated modular windings are newly-employed in the investigated interior PM
brushless machine. The coils which belong to each phase are wound on consecutive teeth, which are
conducive to a high copper packing factor and to reducing the copper loss due to relatively short
end windings [16]. Additionally, the cogging torque can be significantly reduced without the use of
skew [17]. Such a modular machine can exhibit a high inductance, since the energy that is associated
with fundamental magnetomotive force (MMF) and other lower-order space harmonics is stored in
the magnetic field rather than being converted into mechanical energy [18]. Thus, constant power
operation can be achieved for this investigated PM brushless machine over an extended speed range.

Winding

Figure 1. Configuration of the interior permanent magnet (PM) brushless machine.

Though a similar rotor structure as the motor in the Toyota Pruis is adopted in this investigated
PM brushless machine, electromagnetic performances, such as the distribution of the magnetic field
and inductances, are obviously changed due to the variation of the winding structure. Moreover, due
to the multiple operating conditions of the PM brushless machine in EVs, a new design method
should be developed and proposed. Firstly, in order to improve the valid flux linked by armature
windings and output torque density, the coil pitch of the motor is designed to be close to the pole
pitch [19,20]. Therefore, appropriate numbers of slots and poles should be related by:

Ny =2p+1,Ns=2p+2 1)

where Nj is the slot number, and p is the number of pole pairs. Machines applying a Ny =2p + 1
combination have asymmetric stator and rotor structure [21], which may result in relatively high
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unbalanced magnetic force, excessive noise, and vibration, hence reducing the bearing life. Thus, an
Ns = 2p + 2 combination is preferred, and a 12-slot/10-pole PM brushless machine is selected in
this paper.

Since this proposed PM brushless machine is designed to operate over an extended speed range,
the maximum operating speed, as well as a speed correction factor, is introduced to the initial
dimension equation. Based on the conventional design method [22], it can be deduced as:

60P:(1 +m)

Dyi’L =
" 271 O‘ikBkdpkn NmaxABs

@

where Dj; is the inner diameter of stator, L is the stack length, P. is the continuous power, 1 is the
efficiency, o is the calculating pole-arc coefficient, kp is the waveform factor of air-gap flux, kg, is the
winding factor, k;, is the speed correction factor related to the maximum operating speed #1max, A is
the electrical load, and Bj is the maximum value of air-gap flux density.

In this paper, a 5 KW PM brushless machine is designed. At the base speed of 1200 rpm,
the torque can be deduced as 40 Nm. Considering the EV application, the maximum speed of
5000 rpm is required, and the constant power speed range should be 3—4 times the base speed [5].
Moreover, within the speed range from the base speed to the maximum speed, the efficiency is
expected to be 80%—93%. The detailed design specifications are listed in Table 1, based on which,
the rated speed and maximum speed operating points are calculated. From the rated speed to the
maximum speed, the efficiency decreases within the given range. Thus, the dimension range can be
obtained as:

Di’L =894 x 107% ~ 1.21 x 10°m3 3)

In the constraints of structure reasonability and machine manufacture, initial values of some key
parameters are also determined and listed in Table 1.

Table 1. Design specifications and initial design.

Parameters Values
Continuous power P. (kW) 5
Continuous torque below and at base speed T (Nm) 40
Efficiency 1 (%) 80-93
. cpe ae Base speed wy, (rpm) 1200
Design specifications Maximumpspeed wmsx (rpm) 5000
Constant power speed range 3-4
Maximum phase voltage Uy, (V) 74
Maximum phase current Ijj, (A) 28
Number of slots Ng 12
Number of pole pairs p 5
Initial design Stator outer diameter D (mm) 200
Stator inner diameter D;; (mm) 121
Stack length L (mm) 79.2
Number of turns N 20

3. Optimization of the Constant Power Speed Range

The PM brushless machine applied in EVs needs to provide extended constant power speed
range which is always 3—4 times the base speed, where a relatively large inductance is preferred
to provide a better flux-weakening capability and lower energy consumption [23,24]. In order
to maximize the constant power speed range, the corresponding optimization model is defined
as follows:

P + (Laliim)”

Wmax_c
max(k = max(———) = max 4
(kcpsr) ( Wy ) ( - ) (4)
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where the current is assumed to be entirely used for flux weakening, Wmax_c is the maximum speed in
the constant power region, wy, is the base speed, 1\ is the PM flux linkage, I}, is the maximum phase
current, and, Lq and Ly are g-axis and d-axis inductance, respectively, and, f and Ly are expressed as:

V¢ = NBys = NByibyL ®)

RooyTL
208k sks
where N is the number of turns, By is the PM magnetic field intensity, by is the effective width of the
PM, L is the stack length, py is the air permeability, o; is the calculating pole-arc coefficient, T is the
pole pitch, b is the air-gap length, k; is the air-gap coefficient, and k; is the saturation coefficient of
the magnetic circuit.

In order to make little influence on the torque output ability, decreasing 1 is not suitable to
extend the constant power speed range. Thus, under the condition of maintaining constant v,
increasing L4 is more effective. There are a variety of ways to increase the machine inductance [25-27],
such as reducing the air-gap length or the PM thickness to increase the permeance. However,
since permeability of NdFeB is quite close to air, the machine inductance will lack the sensitivity
to variation of the air-gap length or the PM thickness. Reducing the slot opening width or increasing
the tooth-tip height is also be an effective method in increasing the inductance. However, great flux
leakage and high level saturation may occur in the tooth-tip region, resulting in increased iron loss.
It can be concluded from Equations (5) and (6) that 1y is proportional to N and L, whereas Ly is
proportional to the square of N and L. In order to increase the machine inductance with little effects
on other performances, N should be increased, and L should be proportionally decreased to realize
constant .

In addition to the more extended constant power speed range, the losses are often decreased
over the torque-speed envelope due to the increased d-axis inductance. The corresponding iron loss
is calculated as a function of flux density and frequency [28], which is given by:

Lq = N?A = N? x 1072 (6)

Pre = (knf*BP + ko f*B%)G @)

where ky, ke, « and 3 are coefficients of the silicon steels, and G is the weight of the PM brushless
machine. Due to the higher inductance, the flux-weakening capability is improved, hence reducing
the flux density B. Meanwhile, the decreased L is contributed to lighter G. Thus, the higher the d-axis
inductance is, the lower the iron loss will be.

Additionally, the copper loss is given by:

sN

T
oc (L + 21 Y
p7soc (L +2Ip + )m

Poy = mI?R = mI? COS&e
Mo Niga

®)

where m is the phase number, [ is the phase current, R is the phase resistance, Ip, Ty, & are parameters
of the coils, s is the slot number, o is the number of branches in parallel, N is the number of wires in
parallel, and g, is the cross section of the wire. Since N is increased and L is decreased proportionally,
R is increased. In the region of low speed operation, due to the little-changed I, the copper loss is
increased while, in the region of high speed operation, the increased d-inductance yields a lower
d-axis current to weaken the PM flux field, hence, resulting in a much lower copper loss.

In general, by increasing the d-axis inductance, the constant power speed range is extended.
The copper loss is increased at low speed and decreased at high speed, whereas the iron loss is
reduced consistently.

However, with the increase of the d-axis inductance, the voltage is increased. Considering the
limitations of the PM brushless machine itself and the inverter capacity, a limit maximum value of
d-axis inductance should be selected. Theoretically, when the d-axis flux linkage can fully weaken
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the PM flux linkage, the PM brushless machine can operate within a limitless constant power speed
range [29] and this d-axis inductance is the desired value.

Thus, aimed at realizing a similar ideal operation condition, the optimal values of N and L, as
well as some key machine parameters are listed and compared with the initial values in Table 2.
As expected, the PM flux linkage is unchanged, while the d-axis inductance is increased by a factor
of 6/5, which agrees well with the increase ratio of N.

Table 2. Comparison of machine parameters of the initial and optimal permanent magnet (PM)
brushless machines.

Design variants Initial Values Optimal Values
Number of turns N 20 24
Stack length L (mm) 79.2 66
d-axis inductance Ly (mH) 4.26 5.11
Permanent magnet flux linkage ¢ (wb) 0.14 0.14

4. Performance Analysis

Based on the optimization results, the optimal PM brushless machine is established and the
corresponding electromagnetic performance of the optimal PM brushless machine is analyzed in
detail by the finite element method (FEM). Meanwhile, an EV simulation model involving the PM

brushless machine is built and tested based on the urban dynamometer driving schedule (UDDS)
for evaluation.

4.1. Performance Analysis at the Rated Operating Point

The flux linkage, back electromotive force (EMF), and torque characteristics of the proposed PM
brushless machine are given in Figures 2—4. As expected, both the initial and optimal PM brushless
machines based on the proposed design method can provide good electromagnetic performance.
Moreover, it can be observed from Figure 2a that the amplitude of PM flux linkage is unchanged
after optimization and Phase A of the initial PM brushless machine shows 120 degree ahead of Phase
B of the optimal one, indicating the consistency of PM flux linkage of the initial and optimal PM
brushless machines. As shown in Figure 2b, the d-axis inductance is indeed increased from 4.26 mH
to 5.11 mH, verifying the validity of the proposed optimization method. Furthermore, the no-load
back EMF of the optimal PM brushless machine at the base speed of 1200 rpm is given in Figure 3a,
which exhibits a sinusoidal waveform. Meanwhile, the relevant harmonic spectrum is calculated.
The total harmonic distortion (THD) is only 2.57%, as shown in Figure 3b.
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Figure 2. PM flux linkage and d-axis inductance curves of the initial and optimal PM brushless
machines. (a) PM flux linkage; and (b) d-axis inductance.
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Figure 3. No-load back electromotive force (EMF) of the optimal PM brushless machine.
(a) Waveform; and (b) harmonic spectrum.

The cogging torque of the initial and optimal PM brushless machines at the rated operating point
within a cycle are compared in Figure 4a. It can be seen that the peak-to-peak value of the cogging
torque is decreased by 16.7% after optimization. When the same sinusoidal current of 40 A is injected
in the armature windings, torque performances of the both PM brushless machines are shown in
Figure 4b. The output torque is decreased slightly due to the reduced stack length and the torque
ripple is increased with the increase of the reluctance torque.
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Figure 4. Cogging torque and output torque curves of the initial and optimal PM brushless machines.
(a) Cogging torque; and (b) output torque.

Detailed torque and losses characteristics of the initial and optimal PM brushless machines
are listed and compared in Table 3 at the base speed of 1200 rpm. It can be concluded that,
due to the increased N and decreased L, the output torque of the optimal machine is slightly
decreased. Meanwhile, the copper loss and total loss of the optimal machine is increased by a few
percent. However, a relatively high efficiency 93.84% can still be obtained at the rated operation
point. Moreover, the optimal machine exhibits 15.2% higher torque density and 17.9% higher torque
production per unit PM than that of the optimal machine. The iron loss is decreased by about 11%.
In general, even under the rated operation condition, the optimal machine can provide high efficiency
and high torque density while ensuring a relatively high inductance, which establishes the foundation
for improved wide-speed-range operation performances of the PM brushless machine.
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Table 3. Comparison of output torque and losses of the initial and optimal PM brushless machines.

Performances Initial Machine Optimal Machine
Torque (Nm) 40.8 40.1
Torque density (kNm/m?) 18.47 21.78
Torque production per unit PM (kNm/mm3) 4.46 5.26
Power (kW) 5.1 5.0
Iron loss (W) 43.8 385
Eddy loss (W) 13.9 17.0
Copper loss (W) 163.2 175.2
Total loss (W) 320.9 330.8
Efficiency (%) 94.12 93.84

4.2. Performances Analysis over the Speed Range

Since the PM brushless machine serves as a traction machine in EVs, the performances analysis
over the speed range is inevitable. The constant power operation curve is given in Figure 5a. It can
be seen that the optimal machine shows a more extended constant power speed range, which is
about 3.7 times the base speed, satisfying the requirement of 3—4 times the base speed for EV traction
machines. Figure 5b gives the torque-speed envelopes, in which the optimal PM brushless machine
provides lower torque in the low-speed region, but higher torque in the high-speed region, compared
with the initial PM brushless machine.
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Figure 5. Power-speed and torque-speed curves of the initial and optimal PM brushless machines.
(a) Power-speed; and (b) torque-speed.

In order to make a fair comparison between the initial and optimal machines, iron loss per unit
torque, copper loss per unit torque, total loss per unit torque, and efficiency are given in Figure 6,
respectively. As shown, under the speed of 3000 rpm, both the initial and optimal PM brushless
machines exhibit similar performance. However, with the increase of speed above 3000 rpm, obvious
performance improvement is obtained by the optimal PM brushless machine. It is observed from
Figure 6a that the iron loss of the optimal PM brushless machine is lower than that of the initial one
due to the reduced flux density and shorter stack length. In Figure 6b, the increased d-axis inductance
reduces the current to weaken the flux field, hence decreasing the copper loss greatly in the high
speed region. Consequently, the total loss of the optimal PM brushless machine is much lower at
high speed, as shown in Figure 6¢c. Thus, the efficiency is improved, especially in the high speed
region, as shown in Figure 6d. Meanwhile, the reduced losses are conducive to a lower temperature
rise, hence ensuring the safe operation at high speed with low torque. In general, the optimal machine
maintains high efficiency in the entire operation region when possessing an extended constant power
speed range.

14002



Energies 2015, 8, 13996-14008

60

2 50 r ERES F
s w0 / 5 30
EE / R 7
25 % / 52 20 ///
g / / 2% s
£ 2 2
» 3
2 10 /“—‘:— Initial g: 10 M— —— Tnitial
—+— Optimal o} 5 = Optimal
0
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Speed (rpm) Speed (rpm)
() (b)
400 100
g 90 |
e 350 , %0 "
§ 300 / 3 7 ¥
5E 250 < 60 h
EZ 2 / [ 2
Sz 20 5 %0
27 150 v £ 40
= | 30
£ 100 L
= 50 ﬂ —e— Initial 20 —— Tnitial
B —— Optimal 100 —— Optimal
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Speed (rpm) Speed (rpm)
(© (d)

Figure 6. Losses and efficiency curves of the initial and optimal PM brushless machines. (a) Iron loss;
(b) copper loss; (c) total loss; and (d) efficiency.

The detailed efficiency and loss characteristics over a certain torque speed range of the optimal
PM brushless machine are summarized in Figure 7. It can be observed from Figure 7a that, the optimal
PM brushless machine exhibits efficiency greater than or equal to 80% over a wide torque speed range,
where the speed reaches up to 5000 rpm. As shown in Figure 7b, with the increase of operating speed,
the frequency of the machine increases, thus the iron loss grows up. However, at the same speed,
the iron loss changes a little with the torque variation. The copper loss map is shown in Figure 7c.
Under a certain load, with the increase of the operating speed, the current remains unchanged below
the base speed and increases above the base speed, so the copper loss exhibits a similar tendency. Ata
certain speed, the copper loss increases with the increase of the load torque. Thus, the highest copper
loss concentrates on the upper region of the torque speed range. The total loss distortion is given in
Figure 7d, where with the increase of the operating speed, the total loss increases. Thus, it is of vital
importance to reduce losses at high speed to improve the performance of traction machines for EVs.
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Figure 7. Efficiency and loss maps of the optimal PM brushless machine. (a) Efficiency; (b) iron loss;
(c) copper loss; and (d) total loss.
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4.3. Performances Comparison over the Urban Dynamometer Driving Schedule

To further verify the validity of the proposed design and optimization method, an integrated EV
model, which consists of wheel/axle, transmission, motor, and energy storage, is built. As shown
in Figure 8, the motor is connected to the front axle, where the transmission and differential are
assembled in a shell, thus reducing the transmission losses and improving the transmission efficiency.
By the secondary development, the initial and optimal PM brushless machine is applied to the EV
model respectively so that the simulation model based on Simulink can be obtained, as shown in
Figure 9, where, the backward and forward simulation models are combined. That is, the driving
schedule claims specific torque and speed from the vehicle, and each module demands required
torque and speed from its superior module in the direction of the backward simulation data flow.
When the data flow arrives at the final energy storage, the battery will supply available energy
according to the requirements. Then, available torque and speed are transmitted to the junior module
in the direction of the forward simulation data flow, meanwhile, the real torque and speed can also
be calculated.

Whegl/axle
Wheel/axle

Energy storage Motor

Transmission

Figure 8. Integrated electric vehicle (EV) model.

No fuel used total fuel used (gal)
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B — < él I5F
> > >
drive cycle vehicle I o LL
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final gearbox gl electric power energy
drive motor/ acc loads bus storage

controller

Forward simulation data flow

Figure 9. Simulation model of the EV involving the PM brushless machine.

Based on the efficiency map, the integrated EV models involving the initial and optimal
machines are simulated and compared over the UDDS. By employing the proposed design and
optimization method, the optimal PM brushless machine obtains a wider constant power speed
range. Thus, compared to the EV employing the initial PM brushless machine, the EV employing
the optimal one exhibits better torque and speed production abilities, which is shown in Figure 10a.
It can also be observed from Figure 10b that, the state of charge (SOC) of the energy storage decreases
during the acceleration process, while the SOC increases when decelerating. Additionally, the SOC
of the energy storage of the EV adopting the initial PM brushless machine shows a higher rate of
change, which may bring higher requirements on the power electronic devices. Moreover, owing
to the higher efficiency at high speed with low torque, the energy storage in the EV employing the
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optimal PM brushless machine exhibits higher SOC. As a result, the utilization ratio of the energy
storage is improved, hence saving the energy.
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Figure 10. Simulation results of the initial and optimal PM brushless machines. (a) Speed; and (b)
state of charge (SOC).

Meanwhile, the acceleration ability and equivalent fuel economy of both EVs applying the initial
and optimal PM brushless machines are listed and compared in Table 4. It is obvious that the time
for EV using the optimal machine to accelerate from 0 mph to 30 mph, 20 mph to 55 mph and 0 mph
to 55 mph is much less than that for EV using the initial machine. The EV using the optimal machine
exhibits higher maximum acceleration and higher maximum speed. Since the fuel economy is unique
for vehicles consuming fuels, gasoline equivalent is put forward to evaluate the energy consumption
of EVs. The miles per gallon of EV using optimal machine is higher than that of EV using initial
machine, hence consuming less energy within the same distance.

Table 4. Comparison of acceleration ability and equivalent fuel economy of EVs applying initial and
optimal PM brushless machines.

Performances Initial Machine Optimal Machine
Acceleration time of 0-30 mph (s) 6.2 6.1
Acceleration time of 20-55 mph (s) 12.7 10.6
Acceleration time of 0-55 mph (s) 341 24
Maximum acceleration (ft/s2) 7.2 7.9
Maximum speed (mph) 59.9 65.2
Gasoline equivalent (mpg) 102.9 106.7

Furthermore, the detailed operation condition of the optimal PM brushless machine is
researched over the UDDS. And torque speed trajectory is given in Figure 11. It can be observed
that, when the PM brushless machine serves as a motor, the torque and speed are positive to provide
tractive effort. On the other hand, when the EV is braking, the PM brushless machine serves as a
generator, whose torque is negative and speed is positive to realize energy recovery. The majority
of the operating points are between the maximum continuous motoring torque and the maximum
continuous generating torque envelopes. Thus, the EV can operate under the UDDS without reaching
the thermal limit. Moreover, the operating points concentrate on the region where the efficiency is
in the range of 80%-94%, which reveals good performances of the optimal PM brushless machine
applied in the EV.

14005



Energies 2015, 8, 13996-14008

250

eX— — — =X
~
200F N
&\ ~
e ~
150Tpe8 o _
x . “x 0.75
100 e w2 %X el +
e, 0 S 08,
’E 50 x % 3 ~——y
z X 5 s =%~ 08 s —
Q tval ) 0./
SR = A, ¥ 07
2 B =8
-5
—,ési x ‘Q//e/ ef—’
-100- .
0 T 085 i3 —*— max cont. motoring torque
159 0. — === max motoring torque
—S— max cont. gen. torque
220 —€— max gen. torque
X actual operating points
_25 c 1 1 1 |
0 1000 2000 3000 4000 5000 6000

Speed (rpm)

Figure 11. Operation conditions of the optimal PM brushless machine over the urban dynamometer
driving schedule (UDDS).

5. Conclusions

In this paper, a new design and optimization method is proposed for PM brushless machines to
satisfy requirements of the multiple driving conditions in EVs. It has been shown that the proposed
design method considering the maximum operating speed and performances specifications over the
entire speed range is effective to give an initial PM brushless machine with well performances.
Moreover, based on increasing d-axis inductance and meanwhile maintaining constant PM flux
linkage, the proposed optimization method can achieve a wider constant power speed range, as
well as reduced the losses and improved efficiency over the torque-speed envelope, especially in
the high-speed region. Consequently, the SOC of the energy storage is increased, thus improving the
energy utilization ratio. Both the analysis and simulation results reveal the feasibility of the optimal
PM brushless machine to be applied in the EV, hence verifying the validity of the proposed design
and optimization method for EV traction machines.
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