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Reusing traction electric machine windings in electric vehicles as an integrated filtering
inductor is a promising solution to reduce the size of the vehicle to grid (V2G) charging/
discharging system. Obviously, the integrated inductors need to meet the requirements of
traction and charging/discharging, which brings challenge for the design of tractionmachines.
As one of themost popular traction electric machine types, the high-speed inductionmachine
usually has large electrical time constant and consequently unacceptably long transient time in
the design stage when finite element analysis is adopted. In this article, a method is proposed
to quickly and accurately calculate the steady state performance of the induction machine by
time-stepping transient magnetic finite element analysis. First, the stator current magnitude is
ramped up from zero to full magnitude gradually to control the DCcomponent in rotor flux and
torque. Second, a multistep equivalent resistance method is adopted to decrease rotor time
constant and suppress slot-tooth harmonic transient response. The proposed method can
predict the FEA computation load before running the calculation, and it does not rely on the
machine parameter and feedback signal. Its performance is tested by an example induction
machine. The result shows that the proposed method can reduce the finite element
calculation time of a high-speed operating point by 99%.

Keywords: finite element, induction machine, torque, transient response, high-speed, equivalent resistance, V2G,
harmonic

1 INTRODUCTION

As an emerging type of distributed energy resources (DERs), the electric vehicle is increasingly
connected to the power grid in the two-way charging and discharging manner (Haghbin et al.,
2013; Khaligh and D’Antonio, 2019). To suppress the harmonics brought by the grid-connected
inverters, filter inductors are usually required to be installed between the inverter and the power
grid. Integrated filter inductors reused traction electric machine windings instead of adding an
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Abbreviation: Is, ids, iqs, stator current magnitude and dq components; idr, iqr, rotor current dq components; λdr, λqr, rotor flux
dq components; Rs, Rr, stator resistance and rotor resistance; Ls, Lr, Lm, stator, rotor, and mutual inductance; tsyn, electrical
synchronous period; ωe, synchronous angular frequency, ωe � 2π

tsyn
; τ, rotor electrical time constant, τ � Lr

Rr
; n, rotor mechanical

speed in round per minute; ωr, rotor speed, ωr � 2π poles
2

n
60; ωslip, s, slip frequency in rad/s and slip, ωslip = sωe = ωe − ωr; Te,

electromagnetic torque; Peak, subscript denoting the peak value; ′, ″, superscripts denoting 1st and 2nd order derivatives,
respectively; P, number of poles; ss, subscript denoting the steady state value.
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extra set of inductors for the purpose of reducing the charging
system size (Xiao et al., 2019; Metwly et al., 2020; Wang et al.,
2020). It is well known that the vehicle traction application
requires the machine to have high efficiency and small size,
while the V2G application focuses more on the power quality
such as harmonic components. Hence, it is necessary to make
sure the machine can satisfy the requirements of both
applications.

Induction machines (IMs) are commonly used in electric and
hybrid vehicle traction (Zhu and Howe, 2007; El-Refaie,
2013). To improve machine efficiency, the IMs need to
operate at high speed, which results in a large rotor
electrical time constant (τ � Lr

Rr
) and consequently a very

time-consuming transient response before obtaining steady
state performance (Yamazaki et al., 2012). Because finite
element analysis (FEA) can accurately calculate electric
machine performance, it is commonly used in the machine
design stage. However, the accuracy comes at the cost of large
amount of computation load and time; it becomes impractical
to design an IM that meets the traction and V2G applications
in an acceptable time length (Le Besnerais et al., 2010; Kim
et al., 2019).

To reduce the calculation time, many researchers have
proposed different ideas to calculate the initial steady state
performance in a relatively short time. The locked-rotor
method sets the rotor speed to be zero and increases rotor
resistance by a factor of 1

s to obtain a 1
s times faster transient

response time (Lin et al., 2017). However, to consider the tooth/
slot harmonics, the rotor speed must be changed back to the
normal speed, but such transition will introduce a new transient
response. In Lin et al. (2017), a compensation voltage is added to
original sinusoidal voltage excitation to eliminate the DC flux to
suppress the transient response, which works on permanent
magnet machines, but works on IMs because the two machine
types are very different.

The current excitation is transitioned to a voltage excitation in
Di et al. (2019), which reduces the transient time by as much as
66%. However, the research does not provide theoretical analysis
on the optimal transitionmoment. The time-harmonic (TH) FEA
and larger time step methods are also studied (Fu et al., 2012;
Rainer et al., 2012). However, these methods cannot guarantee
the accuracy of the result. Hence, they face the same transition
transient response issue when switched back to the accurate time-
stepping FEA model.

This article proposes a two-step IM performance calculation
method to accelerate the machine design process. The first step is
to control the DC component in rotor flux and torque by
gradually ramping up stator current magnitude. The second
step is to reduce the rotor time constant by slowing down
rotor speed and increasing rotor resistance simultaneously.

The content of this article is organized as follows: in Section 2,
the transient dynamic of the IM under current source excitation is
discussed. The performance of several existing methods is
analyzed. Section 3 presents and discusses the proposed
method. Then, the performance of the proposed method is
tested by an example induction machine in Section 4. Section
5 concludes the article.

2 PERFORMANCE OF EXISTING METHODS

2.1 Steady State Model in the DQ Reference
Frame
The rotor flux, current, and torque of an IM in synchronous d − q
reference frame can be expressed by (1–5). Since current
excitation is supplied to the stator winding, the transient
response is mainly on the rotor flux and current. Hence, the
stator voltage and flux equations are not included.

0 � Rridr − sωeλqr + λdr′ (1)
0 � Rriqr + sωeλdr + λqr′ (2)
λdr � Lridr + Lmids (3)
λqr � Lriqr + Lmiqs (4)

Te � 3P
4

Lm

Lr
λdriqs − λqrids( ). (5)

The reference d-axis is selected such that ids and iqs satisfy (6)
and (7), respectively, in the steady state.

idsss � 0 (6)
iqsss � Isss. (7)

Regardless of the transient waveform of the stator current, as
long as the steady state inputs Is andωslip are known, solving (1–4)
and setting all differential terms to be zero can obtain the steady
state rotor flux value as expressed by 8 and 9.

λdrss � τωslip

1 + τ2ω2
slip

LmIsss (8)

λqrss � 1
1 + τ2ω2

slip

LmIsss. (9)

When the current source is imposed on stator winding, the
transient response of the IM is mainly referring to oscillation of
the rotor current, flux, and torque. (10) and (11) can be derived

FIGURE 1 | Is waveform of the three methods (analytical model).
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from (1–4). Note that rotor speed ωr is an input value in the FEA
calculation, so slip frequency ωslip = sωe = ωe − ωr can be
designated.

λdr″ + 2
τ
λdr′ + 1

τ2
+ ω2

slip( )λdr � Lm

τ
ids′ + 1

τ
ids + ωslipiqs( ) (10)

λqr″ + 2
τ
λqr′ + 1

τ2
+ ω2

slip( )λqr � Lm

τ
iqs′ + 1

τ
iqs − ωslipids( ). (11)

Three existing methods, including constant Is method, step
function Is method, and ramp function Is method, will be
discussed in the following subsections (Cai, 2020). They are
different because of the different input stator current
waveforms as shown in Figure 1.

2.2 Existing Method 1—Constant Is
In the constant Is method, the steady state sinusoidal current is
supplied to stator winding from time zero until the
steady state is reached. (12) and (13) can be derived from
10 and 11.

λdr1 � λdrsse
− t
τ τωslip sinωslipt − cosωslipt( ) + λdrss (12)

λqr1 � λdrsse
− t
τ τωslip cosωslipt + sinωslipt( ) + λqrss. (13)

The transient electromagnetic torque can be calculated by
substituting (6), (7), (12), and (13) into (5). The result is shown in
14, where Tess � 3P

4
Lm
Lr
λdrssIsss.

Te1 � 3P
4

Lm

Lr
λdriqs � Tesse

− t
τ τωslip sinωslipt − cosωslipt( ) + Tess.

(14)
The ratio between the magnitude of the oscillating component

Tos1 � Tesse−
t
τ(τωslip sinωslipt − cosωslipt) and the steady state

component Tess, i.e., the torque error, can be calculated by 15.
Then, the number of synchronous electrical cycles kωe needed to
make the error smaller than εTe1 (practical steady state in
numerical computation) can be calculated by 16, which is a
function of s and τωslip.

εTe1 � e−
t
τ

���������
1 + τ2ω2

slip

√
(15)

kωe1 �
τωslip

2πs
ln

���������
1 + τ2ω2

slip

√
εTe1

⎛⎜⎜⎝ ⎞⎟⎟⎠. (16)

2.3 Existing Method 2—Step Function for Is
In the step function Is method, the input stator current
magnitude can be expressed by 17. When t > 0, (18) and
(19) can be derived.

iqs � 0 t � 0
Isss t> 0{ ; (17)

λdr2 � λdrsse
− t
τ − 1

τωslip
sinωslipt − cosωslipt( ) + λdrss (18)

λqr2 � λdrsse
− t
τ − 1

τωslip
cosωslipt + sinωslipt( ) + λqrss. (19)

Similar to (16), the number of synchronous electrical cycles
needed to reach a given error εTe2 can be derived as (20).

kωe2 �
τωslip

2πs
ln

���������
1 + τ2ω2

slip

√
τωslipεTe2

⎛⎜⎜⎝ ⎞⎟⎟⎠. (20)

2.4 ExistingMethod 3—Ramp Function for Is
In the ramp function Is method, Is is expressed by 21.

iqs �
Isss
t0

t t≤ t0
Isss t> t0

⎧⎪⎨⎪⎩ (21)

When t ≤ t0, the rotor flux is expressed by 22 and 23,

where θ3 � atan(τ
2ω2

slip−1
τωslip

).

λdr3 � λdrss
k02π

e−
t
τ cos ωslipt + θ3( ) − cosθ3 + ωslipt[ ] (22)

λqr3 � λdrss
k02π

−e− t
τ sin ωslipt + θ3( ) + sinθ3 + 1

τ
t[ ]. (23)

When t > t0 and iqs = Isss, rotor flux can be calculated by 24 and
25, where t* = t − t0, C1* � λdr30 − λdrss, and C2* � λqr30 − λqrss.
Note that λdr30 and λqr30 can be calculated by letting t � t0 �
k0 2π

ωslip
in 22 and 23.

λdr3 � e−
t*
τ C2* sinωslipt* + C1* cosωslipt*[ ] + λdrss; (24)

λqr3 � e−
t*
τ C2* cosωslipt* − C1* sinωslipt*[ ] + λqrss. (25)

Similar to (16) and (20), the synchronous electrical periods
needed to make the error smaller than εTe3 can be derived as (26).

kωe3 �
k0
s
+ τωslip

2πs
ln

������������������������
e
−2 k02π

τωslip − 2e
− k02π
τωslip cos k02π( ) + 1

√
k02πεTe3

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠. (26)

FIGURE 2 | Torque waveform of the three methods (analytical model).
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Performance of the three existing methods are evaluated with
an example IM, when ωe = 2π × 510, τωslip = 30, and s = 0.0196,
and the torque waveforms of the three methods are shown in
Figure 2. It should be pointed out that for simplicity of initial
discussion, the example uses an analytical model rather than a
finite element model, so the nonlinear behaviors have not been
considered yet.

Even though the ramp function Is method can significantly
reduce the transient response time when compared with the other
two methods, it still takes hundreds of cycles to reach the steady
state. In fact, it takes much longer time to decay from 10 to 1%
error than that from zero to 10% error.

3 PROPOSED METHOD—MULTISTEP
EQUIVALENT RESISTANCE METHOD

To further reduce the transient time, this article proposes the
multistep equivalent resistance method. It is well known that
as long as the value of Rr

s is not changed, the steady state torque
and flux (fundamental component) of the IM will remain the
same. By increasing Rr in proportion to s, the oscillation time
of rotor flux and torque can be reduced since τ � Lr

Rr
becomes

smaller. This approach is called the equivalent resistance (ER)
method.

To implement the ER method, when Rr needs to be
increased by a factor of kR, then the rotor bar resistivity
and rotor slip should also be multiplied by kR, and the rotor
mechanical speed should be modified as n* = n (1 − skR)/
(1 − s).

To calculate the accurate IM performance, it is necessary to
switch from the ER model back to the original model. Since the
ramp function method has shown obvious advantages over the
other twomethods, if it can be combined with the ERmethod, the
transient response time can be further reduced. Thus, kωe3 can be
updated as (27).

kωe3* � 1
kRs

1 + τωslip

2π
ln

e
− 2π
τωslip − 1
2πεTe3

⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦. (27)

The relationship between τωslip and kωe3* at various kR values is
plotted in Figure 3, which shows that the peak value of kωe3* is
inversely proportional to kR. More importantly, the peak value of kωe3*
is 6.38, indicating that the IM can reach the steady state in less than 6.5
synchronous periods. In contrast, the existing methods will need
hundreds or thousands of periods.Hence, it seems reasonable to select
kR to be as large as possible. However, larger kRwill lead to larger tadd,
and the total transient response time may become longer instead.

To mitigate this problem, the multistep ER method is
proposed. The basic idea is to use a time-varying kR value
to smooth the transition, such that tadd can be greatly reduced.
As shown in Figure 4 (ωe = 2π × 510Hz and s = 0.0196), the
one-step ER method will introduce large oscillation when the

FIGURE 3 | τωslip vs. kωe3* at various kR values with the ramp function
(k0=1) for Is and equivalent resistance method adopted. εTe3 � 1%.

FIGURE 4 | Traditional single-step equivalent resistance method.

FIGURE 5 | Proposed multistep equivalent resistance method.
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transition happens. While in Figure 5, when a two-step ER
method is adopted, tadd becomes much shorter. It should be
pointed out if the rotor speed is increased to the actual speed
following a constant slope (ramp function) after the transition,
it becomes a special case of the multistep ER method.

Note that Figures 4, 5 are schematic waveforms; the actual
response of the finite element IM model involves complex
nonlinear behavior that is difficult to be expressed by accurate
analytical equations. Hence, the effectiveness of the proposed

multistep ER method will be proven in the next section by the
FEA model directly.

In short, the proposed method has two parts. First, stator
current magnitude Is is increased following a ramp function and
applied on q-axis while keeping the d-axis current to be zero
(arbitrary synchronous reference frame). Second, a multistep
equivalent resistance method is adopted.

4 VALIDATION OF THE PROPOSED
METHOD

A high-speed traction IM is selected for investigation as shown
in Figure 6 (cross section) and Table 1 (specs). For easiness of
understanding, the steady state value of τωslip is calculated
after the simulation, which is around 30. For the purpose of
comparison, the transient response of different methods

FIGURE 6 | Cross section of the example traction induction machine.

TABLE 1 | Specifications of the example induction machine.

Quantity Unit Value

Number of poles 4
Stator/rotor slot number 60/74
Stack length mm 153
Stator OD/ID mm 254/157
Rotor OD/ID mm 155.6/50
DC bus voltage V 300
Slip (s) 0.0196
Stator current (Peak) A 1,273
Rotor speed RPM 15,000

FIGURE 7 | Torque of the constant Is method (FEA result).

FIGURE 8 | Torque of the ramp function Is method (FEA result).

FIGURE 9 | Is and n waveform of the ramp function Is with the multistep
ER method (FEA result).
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including the three existing methods discussed earlier is also
calculated. The torque waveforms for constant Is and ramp
function Is methods are shown in Figures 7, 8, respectively.

To validate the effectiveness of themultistep ERmethod, the rotor
speed is increased from 0 to 15000RPM following a constant slope
from t = 6tsyn = 11.8ms to t = 12tsyn = 23.5ms (Figure 9). The torque
waveform is shown in Figure 10. It is found that there is almost no
additional transient response after the rotor speed reaches 15000RPM.
Hence, the total transient time is only 12tsyn (23.5ms). As shown, the
average value of the steady state torque is 112.5 Nm.

The number of electrical cycle needed to reach 1% torque error
is listed in Table 2. Since the constant Is method takes the longest
time to reach the practical steady state (1%), its computation time
is used as the reference for other methods. It is observed that the
transient response time of the FEA models is longer than that of
the theoretical analysis, which is the result of nonlinearity of the
core material (saturation).

The finite element results show that the calculation time
has been reduced from 2.877 s (constant Is method as shown
in Figure 7) to 23.5 ms (proposed method as shown in
Figure 10). Hence, the calculation time is reduced by more
than 99% for the test case. In fact, this test case is a very
challenging operating point in terms of finite element
calculation, which is the maximum speed (15000 rpm) and
low torque point. It is important to point out that the end time
of calculation is decided by the most challenging and time-
consuming points, rather than the average calculation time of
all operating points. To be more specific, if the constant Is

method takes 24 h to get the result, with the proposed method,
the calculation time is reduced to less than 12 min.

Compared with the other two existing methods (step function Is
method and ramp function Is method), the proposed method that
combines the ramp function Is method and the multistep ER
method can reduce transient response time by 98.9% and 96.5%,
respectively.

5 CONCLUSION

A method to significantly accelerate the time-stepping magnetic
transient FEA calculation of steady state performance of the high-
speed traction IM is proposed. The proposed method includes
two parts.

The first part is the ramp function Is method, which increases
the stator current magnitude from zero to full magnitude
following a constant slope, such that the DC component can
be controlled at a very low level from the beginning. This part
alone can reduce FEA calculation time by 76.5%.

The second part is the multistep equivalent resistance method,
which adjusts the rotor resistance inversely proportional to the
slipmultiple times during the transient stage, such that the additional
transient response due to the transition from the equivalentmodel to
original model is suppressed to a negligible level.

Note that these two parts can work separately and together,
either way can significantly reduce the FEA calculation time. The
proposed method has two important features. First, the maximum

FIGURE 10 | Toque of the ramp function Is method with the multistep ER method (FEA result).

TABLE 2 | Performance comparison of different methods.

Method Transient time (ms) Transient period %

Constant Is 2,877 1,467 100
Step function Is 2,200 1,122 76.5
Ramp function Is 675 344 23.5
Ramp function Is + multistep ER 23.5 12 0.82
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electrical cycle needed to reach the steady state can be easily
calculated before running the FEA model. Hence, the
computation load and time are predictable. Second, the proposed
method does not require knowing the parameter or feedback signal
of the machine. Hence, its performance is very stable and robust.

The performance of the proposed method is validated by the FEA
model of a typical high-speed traction IM. The result shows that the
proposed method can reduce the FEA calculation time by 99%. Since
the example calculation point is a very challenging test case, it is
reasonable to believe that assuming error tolerance is 1%, the ramping
up time of Is can be set at 6tsyn and the multi-step ER method can be
set to increase the rotor speed gradually within 6tsyn, then the
transient response time can be limited within 12tsyn in most cases.
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