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Abstract: Drive wheel systems combined with the in-wheel permanent magnet synchronous motor (I-PMSM) and the tire are highly 

electromechanical-coupled. However, the deformation dynamics of this system, which may influence the system performance, is 

neglected in most existing literatures. For this reason, a deformable tire and a detailed I-PMSM are modeled using Matlab/Simulink. 

Furthermore, the influence of tire/road contact interface is accurately described by the non-linear relaxation length-based model and 

magic formula pragmatic model. The drive wheel model used in this paper is closer to that of a real tire in contrast to the rigid tire model 

which is widely used. Based on the near-precise model mentioned above, the sensitivity of the dynamic tire and I-PMSM parameters to 

the relative error of slip ratio estimation is analyzed. Additionally, the torsional and longitudinal vibrations of the drive wheel are 

presented both in time and frequency domains when a quarter vehicle is started under conditions of a specific torque curve, which 

includes an abrupt torque change from 30 N • m to 200 N • m. The parameters sensitivity on drive wheel vibrations is also studied, and 

the parameters include the mass distribution ratio of tire, the tire torsional stiffness, the tire damping coefficient, and the hysteresis band 

of the PMSM current control algorithm. Finally, different target torque curves are compared in the simulation, which shows that the 

estimation error of the slip ratio gets violent, and the longitudinal force includes more fluctuation components with the increasing 

change rate of the torque. This paper analyzes the influence of the drive wheel deformation on the vehicle dynamic control, and provides 

useful information regarding the electric vehicle traction control. 
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1  Introduction 
 

In-wheel permanent magnet synchronous motors 
(I-PMSMs) are widely used in electric vehicles (EVs) to 
realize a more flexible vehicle dynamic control effect[1–2]. 
With regard to the PMSM control, the field-oriented 
control (FOC) algorithm is used in this study relying on its 
good performance for ripple-free torque production[3]. The 
I-PMSM and tire in the drive wheel system are highly 
electromechanical-coupled; however, most of the published 
research regarding the in-wheel-motored EV control is on 
the basis of simplified rigid wheel dynamics models[4–6]. As 
a result, the different dynamic properties that are caused by 
different parameters of the I-PMSM and tire cannot be 
sufficiently captured when the rigid wheel assumption is 
adopted. In particular, for aggressive driving/braking events, 
the errors introduced by tire torsional dynamics may 
significantly affect the traction control performance. From 
this standpoint, various deformable tire models have been 
developed to better approximate the transient dynamics of 

                                                                 
* Corresponding author. E-mail: ouymg@tsinghua.edu.cn 
Supported by National Natural Science Foundation of China (Grant Nos. 

51275265, 51175286), and National Hi-tech Research and Development 
Program of China (863 Program, Grant No. 2012DFA81190) 

© Chinese Mechanical Engineering Society and Springer-Verlag Berlin Heidelberg 2015 

tires[7–8]. In this study, a rigid ring (deformable tire) model 
was used due to its simplicity and accuracy[9–10], 
furthermore, the tire/road contact interface is accurately 
described by the non-linear relaxation length-based 
model[11] and Magic Formula pragmatic model[12]. 

Tire-ABS interaction has attracted much attention and it 
has been demonstrated that tire transient dynamics has a 
significant influence on anti-lock brake system (ABS) 
performance[13–15]. The basic reason for this is the 
deformation and vibration of tires during instantaneous 
dynamic motions, e.g., severe acceleration or braking cases. 
This will bring a distinction between the variables of 
rotor/hubs and tire rings, including the rotary position and 
rotary velocity. It introduces a slip ratio estimation error as 
the rotor/hub’s rotary velocity is used in the slip ratio 
estimation, which is very important in many applications, 
such as vehicle traction control[16–17] and electronic 
differential algorithm[18], etc. Thus it is of great significance 
to consider the influence of the error introduced by tire 
deformation and to investigate methods of matching the 
parameters of the drive wheel to reduce the estimation error 
of slip ratio.  

Various parameters of the drive wheel also bring 
distinguishing effects of tire torsional and longitudinal 
vibrations during acceleration/brake processes. In 
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conventional vehicles, the driveline consists mainly of 
engine, torque converter or clutch, transmission system, 
driveshaft, differential, half-shafts, and wheels, which are 
all elastic in nature. As a result, the presence of the torque 
converter or clutch, together with the driveline system’s 
elastic nature, provides a passive way of damping the 
vibration in the driveline of a conventional vehicle when it 
is subjected to either acceleration or deceleration. However, 
wheel-independent-drive EVs have inherent low damping 
in their drivelines since they use rotors to directly connect 
the tire hub, thus lacking a clutch or a torque converter that 
provides the conventional vehicle with driveline damping 
effect[19]. The driveline in a wheel-independent-drive EV is 
more rigid (i.e., less elastic) due to the direct mechanical 
coupling between the motor and the tire hub. In addition, 
electric motors input faster torques to the tire hub, which 
implies a more severe stimulation to the tire and the 
tire/road interface. Finally, the vibration in the drive wheel 
system of wheel-independent-drive EVs cannot be 
neglected. To ensure that the vibration frequency of the 
drive wheel is away from the natural frequency of the 
powertrain lines and chassis, these vibrations should be 
analyzed both in the time and frequency domains[20]. 

In light of the above, this paper models a quarter 
in-wheel-motored vehicle to study the interaction between 
I-PMSMs and tires with different component parameters 
under specific start/acceleration conditions. The regulation 
regarding the influence of the various parameters on the 
slip ratio estimation error is schematically shown in two 
map diagrams, which can assist engineers to match the 
I-PMSM and tire parameters to reduce the estimation error. 
Having an accurate slip ratio will improve the traction 
control effects. Beyond that, the impact of different 
parameters on tire vibrations is investigated both in the 
time and frequency domains. This enables us to have a 
better understanding of the vibration frequency range of the 
drive wheel, and benefits the parametric matching work to 
avoid the resonant vibration occurrence. Based on the 
typical system composed of a typical tire and a typical 
I-PMSM, different target torque curves of the I-PMSM are 
compared in the simulation and the results are instructional 
to the EV traction control algorithm. 

The rest of this paper is organized as follows. Firstly, the 
model of a quarter EV is briefly described. Secondly, the 
estimation error of slip ratio is analyzed, and the drive 
wheel vibrations are presented both in time and frequency 
domains for different parametric conditions. Several 
conclusions are also discussed. Thirdly, the vehicle 
performance under four different torque curves are 
compared and analyzed. Finally, several conclusions are 
drawn. 

 
2  Quarter EV Model 

 
2.1  I-PMSM model[21–24]  

The following assumptions are made before establishing 

the mathematical model of I-PMSM: 
(1) Neglects the saturation of the electric motor ferrite 

core. 
(2) Neglects turbulent flow and hysteresis loss in the 

electric motor. 
(3) The currents in the electric motor are symmetrical 

three-phase sinusoidal currents. 
In FOC algorithm, both the three-phase stator A-B-C 

coordinate system and the two-phase stator α-β coordinate 
system are the static coordinate systems. While the d-q 
coordinate system is revolving, the transforms between 
these three coordinates are given, 
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where  ia, ib, ic—a-, b- and c-axis armature currents, 
id, iq—d- and q-axis armature currents, 
iα, iβ—α- and β-axis armature currents, 
θ—Rotor phase. 

The torque of the PMSM is determined by id and iq, 

 

( ) ,e n a q n d q d qT P i P L L i i= + -  (3)

 

where  Ld, Lq—d- and q-axis inductances, 
Pn—Number of pole pairs, 
Ψa—Permanent magnet flux-linkage, 
Te—Output torque. 

In this study, a surface-mounted PMSM for which Ld 
equals to Lq, is used. Hence Eq. (3) can be simplified as: 

 

.e n a q qT P i Ki= =  (4)

 

The hysteresis PWM current control shown in Fig. 1 is a 
part of the FOC algorithm, and it is also known as 
bang-bang control, which is separately performed in the 
three phases. Each controller determines the switching-state 
of one inverter’s half-bridge in such a way that the 
corresponding current is maintained within a hysteresis 
band h0

[24]. Hysteresis band h0 corresponds to the response 
time and the stability of the current control. A small h0 
brings an accurate control effect, but it increases the 
instability of the control strategy.  

The basic parameters of the I-PMSM used in this study 
are shown in Table 1. The FOC control algorithm is shown 
in Fig. 2. 



 
 
 

Y SONG Ziyou, et al: Interaction of In-wheel Permanent Magnet Synchronous Motor with Tire Dynamics 

 

·472· 

 

Fig. 1.  Hysteresis PWM current control and switching logic  

 
Table 1.  Basic parameters of the I-PMSM 

Parameter Value 

Number of poles Pn 4 
Timer frequency ftimer/kHz 10 
Q-, d-axis stator inductance Ld, Lq/mH 8.5 
Stator phase resistance Rs/Ω 0.2 
Typical hysteresis band h0/A 0.1 
Torque constant K/(N • m • A–1) 6.037 5 
Rotor inertia JRotor/(kg • m2) 0.2 

 

 

Fig. 2.  Control diagram of FOC for I-PMSM 

 
   
2.2  Model of drive wheel dynamics 

The drive wheel model comprises the I-PMSM and a 
two-inertia tire model. The tire sidewall’s torsional linear 
stiffness and damping coefficients are denoted as Kr and Cr, 
respectively. Actually, the stiffness and damping 
coefficients are non-linear, however, the tire operates in a 
narrow frequency range in the simulation situation adopted 
in this paper. Thus these parameters can be assumed to be 
linear. The schematic for this model is shown in Fig. 3[14]. 

 

 
Fig. 3.  Drive wheel dynamics model 

Considering a quarter car model along with the above 
I-PMSM/tire and treat/road friction models, the equations 
describing the entire system are reduced to the following:  

 

Hub Rotor in r in r r in r( ) ( ) ( ),eJ J T K C      + = - - - -   (5) 

 

Ring r r in r r in r( ) ( ) .xJ K C F r      = - + - -       (6) 

 
where  JHub, JRotor, JRing—Hub, rotor and ring inertias, 

θin, θr—Rotor/hub and ring angular 
positions, 

in r,    —Rotor/hub and ring rotary speeds, 

in r,   —Rotor/hub and ring accelerations. 

The tire/road contact interface (a uniform high-μ surface) 
is described by the magic formula pragmatic model and 
non-linear relaxation length-based model. Only 
longitudinal motion of the vehicle is considered in this 
paper. On this premise, the Magic Formula pragmatic 
model indicating the relationship between slip ratio sx and 
steady longitudinal force Fx

s is given: 
 

r ,x

r V
s

V

 -
=  (7)

sin[ arctan( ( arctan ))].S
x x x xF D C Bs E Bs Bs= - -   (8)

  
where  r—Effective rolling radius of tire, 

V—Vehicle velocity, 
B—Stiffness factor, 
D—Peak factor, 
E—Curvature factor. 

Parameters B, D, and E were measured experimentally 
and related to the vertical load, as shown in Eqs. 
(9)–(11)[12]:  

 
1.685, 0.344,C E= =  (9)
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Fig. 4 shows the typical Fx

s-sx relationship under 
different road conditions. 

Only the steady force description cannot give a precise 
summary of the longitudinal force response. The 
measurement shows that the dynamic reaction of the tire 
force to disturbances can be approximated well using the 
first order system. The non-linear relaxation length-based 
model is used to describe the dynamic longitudinal force 
Fx

D derived from the steady longitudinal force. 
 

.D D S
x x xF F F  + =             (12) 
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Fig. 4.  Typical Fx

s-sx curves for different road conditions 

 
The time constant τ can be derived from the relaxation 

length rx as follows: 
 

.x

r

r

r



=  (13)

 
The relaxation length is the function of the slip ratio sx 

and the wheel load Fz, but the detailed function is too 
complex to be used in the simulation. Thus a 2D look-up 
table revealing the relationship between the computed 
relaxation length and various values of Fz, as well as sx is 
appropriate to be adopted, as presented in Fig. 5[14]. In this 
study, to minimize the complexity of the calculation 
process, the non-linear characteristics of the contact patch 
which is indicated by the speed difference between the 
leading and trailing parts is ignored. 

 

 

Fig. 5.  Computed relaxation length characteristics 

 
Finally, a typical passenger vehicle is chosen and the 

kinetic equations of the quarter vehicle can be established: 
 

2

(0.007 6 0.000 2 ) 0.25 ,
4 5.875

D
f

C AVMg
F V= + + (14)
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x fF F

V
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 -
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where  Ff—Drag resistance, 

M—Vehicle mass, 
CD—Drag coefficient, 

A—Wind area. 

The basic parameters in Eqs. (5)–(15) are listed in Table 
2. To point out, the dynamic stiffness and damping 
coefficients of the tire are difficult to measure, while the 
static values can be measured via modal experiments. 
However, the static ones appear to be less than the dynamic 
ones; furthermore, the stiffness and damping coefficients 
vary over a wide range of values (for example,      
Kr=10 kN • m/rad, Cr=40 N • m • s/rad in Ref. [25]; 
Kr=19 438 N • m/rad, Cr=4 N • m • s/rad in Ref. [14]) 
depending on different tire states (e.g., tire pressure). To 
emphasize the vibration in tire deformation, tires with 
several different parameters are chosen to show their 
different performance and the standard parameters are 
chosen to be within reasonable ranges according to the 
existing studies[14, 25]. 

 
Table 2.  Basic parameters of vehicle model 

Parameter Value 

Hub inertia JHub/(kg • m2) 0.3 
Ring inertia JRing/(kg • m2) 0.8 
Torsional stiffness Kr/(kN • m • rad–1) 12 
Damping coefficient Cr/(N • m • s • rad–1) 10 
Effective rolling radius r/m 0.313 
Vehicle mass M/kg 1600 
CDA/m2 0.6 

 
 

3  Effect of Various System Parameters 
 
In this section, the parameters sensitivity, including mass 

distribution ratio of the drive wheel  (which is defined in Eq. 
(16)), the tire torsional stiffness Kr, the tire damping coefficient 
Cr, and the hysteresis band h0, on slip ratio estimation and tire 
torsional vibrations is studied. The simulation conditions that 
were employed specify that the quarter car with an initial 
speed of 2 m/s is started on a flat and high-μ road (μ=1) under 
the torque curve shown in Fig. 6. 

 

Hub Rotor

Ring

.
J J

J


+
=  (16)

 

 

Fig. 6.  Torque curve in the simulation 
 
 

3.1  Relative error of slip estimation 
In practical applications, the slip ratio (traction mode) is 

calculated using the rotor/hub rotary speed rather than the 
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ring rotary speed as shown in Eq. (17): 
 

in .x

r V
s

V

 -¢ =  (17)

 
This will introduce significant errors during the 

instantaneous dynamic process because there is a difference 
between the two rotary speeds discussed above. The 
estimation error of slip ratio varies with different 
parametric combinations and the average relative error of 
slip ratio estimation is defined as: 

 
2

1

slip
2 1

100
% d %,

t
x x

xt

s s
e t

t t s

¢ -
=

- ò  (18)

 
where t1 and t2 are used to select the acceleration region. To 
estimate the slip ratio estimation error caused by the 
significant tire deformation, t1 and t2 are set to 3 s and 5 s, 
respectively, because the torque changes from 30 N • m to 
200 N • m at 3 s and the vehicle is severely accelerated 
since 3 s. Kr and Cr are the main structural parameters of the 
tire. The influence of these two parameters on the slip ratio 
estimation is shown in Fig. 7. 

 

 

Fig. 7.  Influence of various Cr and Kr on slip ratio estimation 

 
As Cr and Kr increase, the average error of slip ratio 

estimation decreases, namely, the estimation error will 
disappear when the tire is rigid. However, there is an 
obvious average error (about 8%) for a typical tire (Kr=12 
kN • m/rad, Cr=10 N • m • s/rad) during the abrupt 
acceleration process from 3 s to 5 s. Thus the tire’s 
transient dynamic performance should be taken into 
account to accurately estimate the slip ratio in practical 
applications. 

Fig. 8 gives the simulation results, which indicate the 
effect of various  and h0 on the slip ratio estimation. The 
different hysteresis band h0 has small fluctuations, but it 
generally has no obvious effect on the estimation of slip 
ratio. Nonetheless, the mass distribution ratio  of the drive 
wheel significantly affects the slip ratio estimation. In this 

simulation, the sum of hub, rotor, and ring inertia values 
remain constant while  changes. It is clear that the 
estimation result of slip ratio derived from in  has a 
smaller error when the wheel mass aggregates to the center 
of tire ( increases), as shown in Fig. 8. Moreover, the 
estimation error can be kept within a small range when the 
mass distribution of the drive wheel is well matched ( is 
about 0.7 as shown in Fig. 8). When the mass spreads to the 
ring, the estimation error of the silp ratio increases 
dramatically. In conclusion, the I-PMSM and tire should be 
carefully matched before use. In addition, the rotor inertia 
can be increased to ensure a high slip ratio estimation 
accuracy if no experiments and calibration are possible. 

 

 

Fig. 8.  Influence of various  and h0 on slip ratio estimation 

 
The estimation error of slip ratio is due to the drive 

wheel’s transient processes when the ring rotary speed is 
used in the calculation. The average error of slip estimation 
decreases as Cr and Kr increase. In addition, the mass 
distribution of the drive wheel should be appropriate 
because  will also significantly affect the slip ratio 
estimation. The drive wheel model adopted in this paper 
can be used as a feedforward module to compensate the 
estimation error by using a multivariate look-up table, as 
shown in Fig. 7 and Fig. 8. 

 
3.2  Tire torsional and longitudinal vibrations 

It has been verified by the modal analysis and 
experiments that the tire torsional vibrations generated 
during acceleration bring significant noise as well as 
change the tire shape[25]. Further, the vibration in the 
driveline are dramatically affected by the drive wheel 
parameters. The longitudinal vibration directly corresponds 
to the longitudinal force Fx, and the torsional vibration can 
be measured by the angular difference between the 
hub/rotor and ring as Eq. (19) shows. These two 
measurable variables, which can be clearly seen in 
frequency domain, reflect the higher flexible deformation 
of tire. For this reason, a parameter study is performed, 
focusing on the influence of the mass distribution ratio , 
torsional stiffness Kr, and damping coefficient Cr. 

 

in r ,   = -  (19)
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First, simulation focusing on  is carried out, as shown 
in Fig. 9.  

 

 

Fig. 9.  Influence of various  on drive wheel vibrations 

The simulation produced similar results for the torsional 
vibration and longitudinal vibration. Figs. 9(b) and 9(d) 
were derived using the fast Fourier transform (FFT) process. 
As  increases, meaning that the wheel mass is centralized 
on the wheel center, the resonant frequencies of both the 
torsional vibration and longitudinal vibration increased, 
while the vibration amplitude decreased. The resonant 
frequency of a typical drive wheel (=0.625) is about 24 
Hz. Fig. 9 demonstrates the strong impact of the mass 
distribution on the frequency and amplitude of the vibration 
for which all the resonant frequencies are less than 50 Hz. 
This means that all of the vibrations are in the low 
frequency region; however, they cannot be neglected. 
Reducing the central mass of the drive wheel may decrease 
the vibration amplitude, leading to improved drivability of 
the vehicle. 

Fig. 10 illustrates the influence of the torsional stiffness 
Kr on the vibration of drive wheel. Figs. 10(a) and 10(b) 
show that the frequency of torsional vibration increases 
with an increase in Kr, furthermore, a large Kr can suppress 
the vibration amplitude. It is clear that the torsional 
vibration will disappear if the tire is rigid. Figs. 10(c) and 
10(d) show the longitudinal vibrations in the time and 
frequency domains, indicating that the frequency of 
longitudinal vibration increased with increasing Kr, while 
the vibration amplitude remained almost constant. The 
resonant frequency of the drive wheel, with Kr being within 
a reasonable range, was about several dozen Hertz. 

Finally, the influence of the damping coefficient Cr is 
shown in Fig. 11. The frequency of the torsional vibration 
and longitudinal vibration remain constant even with 
varying Cr. However, the vibration amplitude will increase 
when Cr decreases. The reason for this is that the damping 
coefficient is much less than the stiffness coefficient, so the 
resonant frequency of the drive wheel is determined mainly 
by Kr. However, Cr still has a significant influence on the 
vibration amplitude of the drive wheel. To suppress the 
vibration, Cr should be maintained above a specific value. 

In summary, it is confirmed that the frequency of the 
vibration depends only on Kr and α (more parameters were 
considered, but the results were not included here). The 
vibration amplitude of the drive wheel is significantly 
influenced by Cr, Kr, and α. If these parameters are within 
reasonable ranges, the resonant frequency of the drive 
wheel will be less than 50 Hz. This conclusion is very 
important to judge if the noise/vibration results from the 
drive wheel when the NVH problem of the vehicle is 
analyzed in frequency domain. 

 
4  Influence of Different Torque Curves 

 
When the vehicle control unit (VCU) receives the pedal 

signal given by the driver, VCU will translate this pedal 
signal to the torque demand, and will then send it to the 
motor control unit (MCU). Different target torque curves 
indicate different pedal translations, which lead to different 
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control effects. Therefore, it is important to carry out a 
qualitative investigation into the optimization of the target 
torque curve in a wheel-independent-drive EV. Four 
different curves, including a step torque change, a ramp 
torque change, a sine torque change and a parabola torque 
change at 3 s, were chosen for comparison purposes, and a 
typical drive wheel is used in this section. Fig. 12 shows 
the four target torque curves. 

 

 

Fig. 10.  Influence of various Kr on drive wheel vibrations 

 

 

 

Fig. 11.  Influence of various Cr on drive wheel vibrations 
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Fig. 12.  Four different torque curves 
 

The average estimation errors of the slip ratio under four 
torque curves are compared and shown in Fig. 13. It can be 
seen that the parabola torque input causes the smallest 
estimation error, while the step input causes the largest 
error among the four torque inputs. The estimation error of 
the slip ratio gets violent with increasing changes in the 
speed of the torque. Therefore, the increase rate of the 
torque should be controlled to within a reasonable limit 
especially at the beginning of the acceleration process. 
Additionally, the increase rate can be adjusted to a larger 
value in the middle or the later periods of the acceleration, 
as seen in the parabola torque curve. Translating the driver 
demand based on this principle can reduce the vibration in 
the driveline of a wheel-independent-drive EV. 

 

 

Fig. 13.  Slip ratio estimation error                          
under different torque curves 

 
Different target torque curves also lead to disparate tire 

vibration effects, as shown in Fig. 14. The vibrations in the 
longitudinal force and tire deformation have similar 
characteristics, and are obvious for varying step torque 
conditions, while the other three results show hardly any 
vibrations. In conclusion, the vibration occurs only when 
the torque input is sufficiently fast. This convinces that it is 
a new problem which is not present in conventional 
vehicles because the motor torque response is much faster 
than that of an engine (about 50 times faster). To limit the 
speed with which the torque changes, a low-pass filter or an 
average filter can be used in the pedal position translation 
process once the motor torque response satisfies the driver 
acceleration demand. 

 

Fig. 14.  Longitudinal and torsional vibrations              
under different torque curves 

 
 
5  Conclusions 

 
(1) The drive wheel, with respect to the transient 

behavior of an I-PMSM and a tire, is modeled in this paper. 
This model is near-real and appropriate for studying the 
effect of parameter sensitivity on the slip ratio estimation. 

(2) The effect of Kr, Cr,  and h0 on the average error of 
slip ratio estimation under surge torque change condition 
has been examined, showing that a higher Kr, Cr, and an 
appropriate  result in a smaller estimation error when the 
rotary speed of the tire ring is used in the slip ratio 
calculation. 

(3) Different parameters have different effects on drive 
wheel vibrations. For example, the damping coefficient Cr 
has no relationship with the vibration frequency; however, 
it significantly affects the vibration amplitude. Also as α 
and Kr increase, the vibration frequency increases and the 
vibration amplitude decreases. Generally, the vibration 
frequency is below 50 Hz and is not negligible. 

(4) Different target torque curves are compared and the 
results show that the estimation error of slip ratio increases 
for increasing torque input speeds. Moreover, the driveline 
vibration only occurs when the torque input is sufficiently 
fast. This is important to use a low-pass filter or an average 
filter in the translation of the pedal signal to the required 
motor torque. 
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