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Abstract: The independent driving wheel system, which is composed of in-wheel permanent magnet synchronous motor(I-PMSM) and
tire, is more convenient to estimate the slip ratio because the rotary speed of the rotor can be accurately measured. However, the ring
speed of the tire ring doesn’t equal to the rotor speed considering the tire deformation. For this reason, a deformable tire and a detailed
[-PMSM are modeled by using Matlab/Simulink. Moreover, the tire/road contact interface(a slippery road) is accurately described by the
non-linear relaxation length-based model and the Magic Formula pragmatic model. Based on the relatively accurate model, the error of
slip ratio estimated by the rotor rotary speed is analyzed in both time and frequency domains when a quarter car is started by the
I-PMSM with a definite target torque input curve. In addition, the natural frequencies(NFs) of the driving wheel system with variable
parameters are illustrated to present the relationship between the slip ratio estimation error and the NF. According to this relationship, a
low-pass filter, whose cut-off frequency corresponds to the NF, is proposed to eliminate the error in the estimated slip ratio. The analysis,
concerning the effect of the driving wheel parameters and road conditions on slip ratio estimation, shows that the peak estimation error
can be reduced up to 75% when the LPF is adopted. The robustness and effectiveness of the LPF are therefore validated. This paper
builds up the deformable tire model and the detailed I-PMSM models, and analyzes the effect of the driving wheel parameters and road

conditions on slip ratio estimation.

Keywords: electric vehicle (EV), driving wheel system, tire dynamics, slip ratio estimation, characteristic frequency,
low-pass filter (LPF)

paper thanks to its legible logic and good performance on
1 Introduction ripple-free torque production™ .

Many traction control methods for anti-skid on slippery
surface have been proposed based on the flexible dynamic
control effect of EVs™**? In these control methods, slip
ratio is a relevant state variable!” ' even a control
objective® ', Thus the slip ratio estimation is of vital
importance to improve the vehicle performance. Several
effective slip ratio estimation methods, using a slip ratio
estimator or a slip ratio observer, have been proposed to
estimate the slip ratio and vehicle velocity!"*'*. However,
the rotor rotary speed is used in all estimation methods to
calculate slip ratio without any compensation. It means that
the tire deformation, which will cause the difference
between the rotor speed and the tire ring speed, is not
considered. The error introduced by the tire torsional
dynamics may significantly affect the driving wheel
performance under aggressive driving/braking events''> ",
From this standpoint, a model combining the tangential
tread-deflection model and the average Lumped Parameter
LuGre friction model™ ™ is used in this study.
Furthermore, the tire/road contact interface(a uniform
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Program of China (Grant No. 2012DFA81190) pragmatic model®®"). The accurate tire model will ensure the
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It is estimated that current global petroleum resources
could be used up within 50 years if they are consumed at
present consumption rates!). The electric vehicle(EV),
which is receiving great attention, is an effective solution
for energy and environmental problems. EV’s advantages
over internal combustion engine vehicle can be
summarized as follows> /.

(1) The torque response of electric motors is 10—100
times faster than that of engines.

(2) All wheels can be controlled independently by
adopting small high-power in-wheel motors.

(3) The output torque of an electric motor can be
measured accurately from the motor current.

The in-wheel permanent-magnet synchronous motor
(I-PMSM) is widely used in engineering applications
because of its high torque, high power density, high
efficiency, and so on!*. With regard to the PMSM control,
the field-oriented control (FOC) algorithm is used in this
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accuracy of real slip ratio estimation derived from the ring
speed and the vehicle speed.

Based on the near-precise driving wheel model, a quarter
in-wheel-motored car with typical parameters is modeled in
this paper to present the slip ratio estimation error under the
starting/accelerating condition in time and frequency
domains. The relationship between the characteristic
frequency(CF) of the driving wheel system and the
estimation error in slip ratio is shown distinctly in
frequency domain. In consequence, a low pass filter(LPF)
whose cut-off frequency corresponds to the characteristic
frequency of driving wheel system is proposed in this paper
to eliminate the slip ratio estimation error.

Finally, the analysis examining the sensitivity of the
dynamic tire and [-PMSM parameters(rotor/hub inertia,
ring inertia, sidewalls torsional stiffness and damping
coefficient) on the slip ratio estimation result is given. The
simulation results verify the robustness and effectiveness of
the proposed LPF. As a result, it can be used in practical
applications to estimate the slip ratio accurately.

This paper is organized as follows. Firstly, the quarter
in-wheel-motored car is modeled. Secondly, the error in the
slip ratio, which is estimated by the rotor speed, is
illustrated. Furthermore, the relationship between the slip
ratio estimation error and the CF is analyzed in frequency
domain. Then, the LPF is designed to eliminate the slip
ratio estimation error. Thirdly, the driving wheel parameter
sensitivity is analyzed, and the robustness and effectiveness
of the proposed LPF are verified. At last, several
conclusions are drawn.

2  Quarter In-wheel-motored Vehicle
Modeling

2.1 I-PMSM modeling***

The following assumptions are made before establishing
the mathematical model of PMSM.

(1) Neglects the saturation of the electric motor ferrite
core.

(2) Neglects turbulent flow and hysteresis loss in electric
motor.

(3) The current in electric motor is symmetrical
three-phase sinusoidal current.

In FOC algorithm, both the three-phase stator A-B-C
coordinate system and the two-phase stator a-ff coordinate
system are the static coordinate system. While the d-g
coordinate system is revolving, the transforms between
these three coordinates are given:
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iy, Ip, i.—A-, B- and C-axis currents,
ig, i;—d- and g-axis currents,
ia, ig— - and f-axis currents.
The torque of the PMSM is determined by the i, and i,:

where

T, =Ry, i, + B (L, = L)ii,, ©)

where L, L,—d- and g-axis inductances,
¥,—Permanent magnet flux-linkage,
T,—Electromagnetic torque of motor,
P,—Number of pole pairs.
In this study, a surface-mounted PMSM in which L,
equals to L, is used so the torque Eq. (3) is simplified:
T, =Ry,

A, =Ki,, “4)

As shown in Fig. 1, the FOC algorithm has been widely
used in PMSM torque control. The basic parameters of the
I-PMSM used in this study are shown in Table 1.
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Fig. 1. Schematic diagram of FOC control strategy
Table 1. Parameters of the simulation I-PMSM
Parameter Value
Pole pairs P, 4
d-, g-axis inductance Ly, L,/mH 8.5
Stator phase resistance R/Q 0.2
Torque constant y,/(N *mA™") 6.0375
Rotary inertia Jioor/ (kg m’) 0.3

2.2 Driving wheel modeling

The model of driving wheel system is comprised of the
[I-PMSM model and the two-inertia tire model. The tire
sidewall’s torsional stiffness and damping coefficient are
denoted K, and C,, respectively. The schematic for this
model is shown in Fig. 2!'%,

O

Fig. 2. Driving wheel dynamics model
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In this paper, the tire deformation is not neglected in tire
dynamic analysis. Focusing on the I-PMSM/hub and
ring/ground interactions, the equations describing the
driving wheel system reduce to the following:

Jingin :T; _Kr(ein _91‘)_Cr(0in _91') ’ (5)
JRingér = Kr(ein _er)+cr(0|n _H.r)_F;rﬁ (6)
Jin = JHub + Jmlor : (7)

i, 6—Rotor /hub and ring angular position,
6, ,0.—Rotor/hub and ring angular speed,
6,6 —Rotor/hub and ring angular acceleration,
Jttubs Jrotors Jring—Hub, rotor and ring inertia,
Jin»—Inner hub inertia.

The tire/road contact interface(a uniform low-u surface)
is described by the Magic Formula pragmatic model and
non-linear relaxation length-based model. The Magic
Formula pragmatic model indicates the relationship
between slip ratio s, and steady longitudinal force F>:

where

Or—v
s =——, 8
. V ®)
F® = Dsin[Carctan(Bs, — E(Bs, —arctan Bs.))],  (9)

r—Effective rolling radius of tire,
V—Vehicle speed,
D—Peak factor,
B—Stiffness factor,
E—Curvature factor.

where

A typical tire is chosen in this study and the parameters B,

C, D, and E are estimated by experiments’®) which are
shown below(a slippery road):
C=1.685E=0.344, (10)
_ 1 480 (11
214V /16.67)
86 040 (12)

B= .
[8155.4/(1+V /16.67)+0.1]

Measurements show that the dynamic reaction of tire
force to disturbances can be approximated quite well by the
first order system. The non-linear relaxation length-based
model is used to figure out the dynamic longitudinal force
F?P derived from the steady longitudinal force:

tFP+F)=F}, (13)

The time constant t can be derived from the so-called
relaxation length r,:

=, (14)

The relaxation length is the function of the slip ratio s,
and the wheel load F. but the detailed function is too
complex to be used in the simulation. Therefore a look-up
table indicating the computed relaxation changed with
various F. and s is necessary!'®, as presented in Fig. 3.
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Fig. 3. Computed relaxation length characteristics

Based on the model illustrated above, a quarter car
model is established:

M C AV?
F/, =—(0.007 6+0.000 2V) +0.25—=2 , (15
’ 4 5.875
F\'D - Ff (16)
o M/4

where M—Vehicle mass,
Cp—Drag coefficient,
A—Wind area,
Fy—Drag force.
The basic parameters of the quarter car are listed in Table
2.

Table 2. Parameters of the quarter car

Parameter Value
Hub inertia Ji,/ (kg * m?) 0.7
Ring inertia Jring/ (kg * m?) 0.5
Torsional stiffness K,/(N * m « rad™") 19 438
Damping coefficient C,/(N *m +s * rad™") 4
Effective rolling radius /m 0.313
Vehicle mass M/kg 1600
Cpd /m’ 3.76

3 Slip Ratio Estimation Error

Considering the tire deformation, the slip ratio estimated
by the rotor speed must contain some error especially under
the fluctuating operation conditions, such as acceleration
and deceleration. The error is caused by the difference
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between the rotor and the ring speeds. The following
simulation condition is that the quarter car is started with a
changing torque target input(from 30 N * m to 280 N * m at
3 s), which is shown in Fig. 4, on a flat and low-x road
(#=0.5). The initial vehicle speed is set to 0.01 m/s to
amplify the error in estimated slip ratio (ESR). The speed
difference between rotor and ring( 6, —6, ) under the
starting condition is shown in Fig. 5.
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Fig. 5. Speed difference between rotor and ring

The vibration of the speed difference leads to a definite
error in the slip ratio estimation. In order to present this
error more clearly, the simulation result is given both in the
time and the frequency domains as Fig. 6 and Fig. 7 shown.
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Fig. 6. Error in slip ratio estimated by rotor speed
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Fig. 7. FFT analysis of the slip ratio estimation error

The estimated slip ratio oscillates when the vehicle is
started, then converge to the real slip ratio slowly. Fig. 6
shows the simulation result from 0.8 s to 1.6 s. In order to
analyze the noise in the ESR more distinctly, a FFT
comparison analysis between the real slip ratio(RSR) and
the ESR is shown in Fig. 7, indicating that the centralized
noise appears at about 23 Hz in comparison with the real
slip ratio.

Based on the FFT analysis, a LPF is easy to be
considered as a solution to eliminate the noise. The cut-off
frequency of the LPF should be chosen according to the
noise frequency, which is related to the natural frequency
(NF) of the deformable tire. Before the design, the
state-space model of the driving wheel system is analyzed.

Define

0 = (ein er gin gr)Tﬂ (17)
the state equations are derived from Egs. (5) and (6):
6=A+-0+B-R, (18)
0 0 1 0
0 0 0 1
A=|— £, K, —i <, 19
B Jm Jin Jm Jin ’ ( )
K., K ¢ G
JRlng JRing Ring JRing
T
00 L 0
Jin
B= - | (20)
00 0 -
Ring
R=(T, F), 21

where A is state matrix, B is the input matrix, and R is the
system input. Pole analysis of this system is given as
follows:
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sel—A=0, (22)
s 0 -1 0
0 K 0 —1
K, K, C. C
— — s+ — =0, (23)
']in Jin Jin ‘]in
K, K, C. C
- - s+
JRing Ring JRing JRing
C K K C
st s | s =0, (24)
Ring Jin JRing in
The pole points are obtained through Eq. (24):
5,=0
C. C
YA
in Ring (25)
c)y 20 |(c 4K 4K
r r + _r - r___r 2
Jin JinJRing JRing l]in JRing

Under normal conditions, C, is much less than K,. So the
NF f, is simplified as below:

(26)

In order to seek the relationship between f, and the noise
in ESR, different driving wheel systems with different
parameters should be taken into consideration. The details
of these five different driving wheels are presented in Table
3.

Table 3. Parameters of different driving wheels

Parameter No. 1 No.2 No.3 No.4 No.5
Inner inertia J,,/(kg * m®) 1 1 1 1 0.5
Ring inertia Jring/(kg * m*) 0.5 0.5 0.5 0.5 025
Torsional stiffness
KJ(N+m- rad™) 4859.5 9719 19438 38876 9719
Damping coefficient
C/(Nemeserad") 4 4 4 4 4
Natural frequency f,/Hz 1921  27.18 3843 54.35 3843

The FFT analysis result is shown in Fig. 8 which
indicates that frequency of the noise in ESR is proportional
to the NF f,, although they are not equal. Furthermore, the
error magnitude of ESR decreases with the K, increases
(the tire tends to be rigid).

Before designing the LPF, define

@7

where f;,—Cut-off frequency of the LPF,

Ny—Proportional constant.
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Fig. 8. FFT analysis of slip ratio estimation

with various system natural frequencies

The problem is transferred to how to decide the
parameter N,. Based on the driving wheel system with
typical parameters, Fig. 9 gives the simulation results of
different LPF. Significant differences among the filtered
ESRs when the LPF is adopted can be observed. It is
obvious that the filtered ESR converges to the RSR most
promptly when N, is 4. This conclusion is hard to deduce
because the tire/road contact relational expression is highly
non-linear. Furthermore, this conclusion will be verified in
the next section.

0.5 /\\ Real slip ratio
A ———Ny=1
04k 1\ —Np=4
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| N,=16
& 03k /0
2 '
g
a 02
a /
0.1
0
—0.11-
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3.00 3.02 3.04 3.06 3.08 3.10 3.12 3.14 3.16 3.18 3.20
Time ¢/s

FFT analysis of slip ratio estimation
with various system NFs

Fig. 9.

To sum up, error in the ESR focuses within a definite
frequency zone which is related to the NF of the driving
wheel. The LPF proposed in this paper can be used to
eliminate the error whose cut-off frequency is decided by
the NF of the driving wheel. The filtered ESR converges to
the RSR more promptly than original ESR does.

4 Parameters Sensitivity Analysis

In this section, the driving wheel parameters sensitivity
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analysis is presented to verify the performance of LPF with
appropriated cut-off frequency(Ny,=4) based on the above
analysis.

The simulation condition doesn’t change while K, C,and
mass distribution(Jis, Jring) change. The simulation results
are show in Figs. 10—12, which indicate that the proposed
LPF is robust and effective when the parameters of driving
wheel vary in wide ranges.

0.6 —— Real slip ratio
‘ /\ ——— With LPF (K, =14438 N-m /rad)
0.4 )
5 02
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R 0
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5 04
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0
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—0.2r
1 | 1 1 1 | | | | |
3.00 3.02 3.04 306 3.08 3.10 3.12 3.14 3.16 3.18 3.20

Time ¢/s
(b) K, =24 438 N-m /rad

Fig. 10. Slip ratio estimation results with various torsional
stiffness values

In a word, the proposed LPF is validated by the
simulation results. The parameter sensitivity analysis
indicates that the LPF can be used in slip ratio estimation
under the vehicle starting and accelerating conditions to
eliminate the error caused by tire deformation.

Sensitivity of different road conditions

As the non-linear relaxation model shows, the delay
effect in the tire/road interface fades with the SR increase.
So the LPF should be verified under different adhesion
conditions. The simulation condition remains the same and
the adhesion coefficient changes. The simulation results are
shown in Fig. 13, which indicates that the LPF(Ny=4)
performance is satisfied when adhesion coefficient is
between 0.5 and 0.8.
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Fig. 13. Slip ratio estimation with different adhesion coefficients

In theory, the LPF should be changed at higher vehicle
speed according to the non-linear relaxation model. The
modified LPF compensated with the rotor speed is
governed by Eq. (28):

/,
=2y,
f;:ut NO
kO f (28)
=l >
S N

where k is a definite constant. However, the error in ESR is
not obvious under steady condition as Fig. 14 shows. The
steady condition means that the vehicle runs at a constant
speed and the tire deformation is constant. Thus the rotary
speed of the tire ring and the rotor are equal. As a result,
the rotor speed can be used to accurately estimate the SR,
and the LPF is not obligatory. Moreover, the motor torque
output tends to be saturated when the vehicle speed is high
because a large torque is needed to overcome the driving
resistance. The torque component used to accelerate the
wheel and the vehicle therefore decreases. Hence the rotary
speed difference between the rotor and the tire ring
inherently decreases.

In a word, the LPF is aimed at solving the slip ratio
estimation problem under fierce acceleration/deceleration
conditions especially at the low speed region.

0.25r Real slip ratio
——— With LPF

4 020F —-— No LPF
.8
=
= 0.15
%)

0.10

0.05

0 I I I I I I I I I |
3.00 3.02 3.04 3.06 3.08 3.103.12 3.14 3.16 3.18 3.20
Time t/s
(a) p=10m/s
0.25- . .
Real slip ratio
——— With LPF

2020 —.—NoLPF
.2
S 0.151
i)
%)

0.10F

0.051-

0 | | | | | | | | I |
3.00 3.02 3.04 3.06 3.08 3.103.12 3.14 3.16 3.18 3.20

Time ¢/s
(b) p=20m/s
Fig. 14. Slip ratio estimation results at steady conditions
when the vehicle speed is high

5 Conclusions

(1) A deformable driving wheel model is proposed to
analyze the influence of tire dynamics on the slip ratio
estimation. The error in the ESR caused by the difference
between the rotor/hub and the ring rotary speeds under the
starting/accelerating condition is presented both in the time
and frequency domains.

(2) The relationship between the driving wheel NF and
the error in ESR are analyzed. The error focuses within a
definite frequency zone which is also proportional to the
NF. Furthermore, the frequency zone only depends on the
NF and has no relation with any other single parameter of
the driving wheel.

(3) The LPF is proposed to make ESR converge more
promptly to the RSR. Based on the FFT analysis results, the
appropriate cut-off frequency of the LPF is obtained. The
filtered ESR converges to the RSR fast and the
performance is satisfactory.

(4) The proposed LPF is verified by the parameters
sensitivity analysis. The robustness of the LPF is verified
when several driving wheel parameters, including the K,, C,,
Jin» Jring, and road adhesion coefficient change in wide
ranges.
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