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ABSTRACT: Electric vehicles (EVs) have attractive potential not only for energy and environmental performance but
also for vehicle motion control because electric motors have quick and measurable torque response. Recently, the authors’
laboratory has developed a completely original EV which has active front and rear steering systems and high-torque directdrive in-wheel motors in the all wheels. In this paper, the main features of this vehicle are brieﬂy introduced and our recent
studies on pitching control, slip-ratio control, and yaw-rate and slip-angle control with lateral force sensors are explained
with experimental results.
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1. Introduction
As a solution of energy and environmental problems, electric vehicles (EVs) is paid to attention. In addition, from
the point of view of control engineering, EVs including battery, fuel-cell, and (plug-in) hybrid vehicles have very attractive potential. Since electric motors and inverters are
utilized in drive system, they have great advantages over

Fig. 1 Experimental vehicle

internal combustion engine vehicles (ICEVs). These advantages can be summarized as follows,
1)

Quick torque response

The torque response of electric motors is 100-500 times
as fast as that of ICEVs.
2)

2. Experimental vehicle
To verify the proposed control algorithm, an original electric vehicle ‘FPEV2-Kanon’ developed in our laboratory is
used for the test vehicle. Fig. 1 and Fig. 2 show the test
vehicle and its conﬁguration.

Measurable motor torque

In ICEVs, it is diﬃcult to accurately measure their out-

2.1.

put torque. On the other hand, the output torque of elec-

The outer rotor type in-wheel motors made by Toyo

tric motor can be measured easily from current. There-

Denki Seizo K.K., Ltd. are installed in two rear wheels

fore, the state of the road can be estimated precisely.

as driving power-train. Table 1 shows the speciﬁcation of

3)

In-wheel motors

the in-wheel motors. Because this motor adopts the direct

Individual wheels control

By using in-wheel motors, each wheel can be indepen-

drive system, the reaction force from the road is directly

dently driven. Then, individual wheel control can en-

transfered to the motor without gear reduction and back-

hance the vehicle stability.

lash. Then it can be said that this vehicle is ideal to ex-

These advantages of electric motor enhance vehicle motion
control in EVs

(1)〜(3)

. Our research group focus the mer-

its of motors and we are researching on the motion control for the electric vehicles to achieve safety and comfort
driving

(4)

. In this paper, our recent researches on pitch-

emergent braking

tion.
Recently, we installed in-wheel motors with much higher
torque into two front wheels to develop control methods
for 4WD EVs. However in this paper, only the results with

are brieﬂy introduced by using the re-

rear in-wheel motors will be introduced for 2 wheels indi-

(5)

generative brake of in-wheel motors. Finally, the advanced
vehicle stability control method by active front steering
is explained.

3 shows in-wheel motor and Fig. 4 shows motor conﬁgura-

and slip-ratio control for

ing control for comfort braking
(6)

amine the proposed estimation and control methods. Fig.

(7)

vidual drive EVs.
2.2.

Energy Storage

The Li-ion battery is used for the energy storage. In this
c
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Fig. 4 Motor conﬁguration

Fig. 3 In-wheel motor
Fig. 2 Conﬁguration of FPEV2-Kanon
Table 1 Speciﬁcation of in-wheel motor
Manufacturer

TOYO DENKI

Type

Direct drive system

suﬃx i = f, r represents the front wheel and rear wheel,
respectively.
The slip ratio λ is deﬁned as
Vω − V
λ=
,
(4)
max (Vω , V, )
where the denominator of (4) is changed by the values of

Outer rotor type
Rated torque

137[Nm]

Maximum torque

340[Nm]

Rated power

4.3[kW]

Vω and V . Because Vω is faster than V when the vehicle

Maximum power

10.7[kW]

is driving (Vω > V ), the denominator becomes Vω . On

Maximum speed

1500[rpm]

the other hand, because Vω is slower than V on braking

Weight

26[kg]

(Vω < V ), it becomes V . Here, ( 1) is a small constant

Cooling system

Air cooling

in order to avoid zero denominator.

α f δf

x

3.2.

Cornering force

The force in the orthogonal direction to the wheel sideslip angle is called the cornering force.
If the wheel side-slip angle is small, the cornering force
β

V






 



increases in proportion to the wheel side-slip angle. If the

lf

wheel side-slip angle is big, the cornering force has nonlin-

γ


y



αr

ear characteristic. Here, assuming that the wheel side-slip
δr

angle is small, the relationship between the cornering force

lr

Fig. 5 Vehicle model

Fig. 6 Two wheel model
vehicle, ten batteries of 15V per module are installed and
connected in series. In addition, the battery voltage 150V
boosts to 300V by using chopper circuit, and it is fed to
power to the inverter.

3. Vehicle modeling
3. 1.

the cornering stiﬀness, αf and αr are tire side-slip angles,
β is the vehicle side-slip angle, γ is the vehicle yaw-rate,
lf and lr are the distance from body center of gravity to
steering knuckle spindle and rear wheel axle. Yf and Yr are

(8)

the cornering force of front and rear wheels which depend
on the tire characteristics.

Longitudinal motion equation and slip ratio

By assuming that the driving resistance of the vehicle is
negligible, the longitudinal motion equations both of wheel
and vehicle shown in Fig. 5 can be described as
Jωi ω̇i = Tmi + Tbi − rFi

and the wheel side-slip angle can be described as


lf
Fyf Yf = −Cf αf = −Cf β + γ − δf
(5)
V


lr
(6)
Fyr Yr = −Cr αr = −Cr β − γ − δr ,
V
where Fyf and Fyr are tire lateral forces, Cf and Cr are

3.3.

Two-wheel vehicle model

Fig. 6 shows the two-wheel vehicle model. This model is
assumed that the roll of vehicle is negligible and the vehicle

(1)

speed is constant. From the two-wheel vehicle model, the

mV̇ = 2Ff + 2Fr

(2)

Vωi = rωi

(3)

linearized dynamics of the lateral motion is derived as
 dβ

mV
+ γ = 2Yf + 2Yr
dt 



lf
lr
= −2Cf β + γ − δf − 2Cr β − γ , (7)
V
V

where Jωi is the moment of inertia of wheel, ωi is the motor
angular velocity, Tmi is the motor torque, Tbi is the brake
torque, r is the tire radius, Fi is the driving force generated
by the contact between tire and road, m is the vehicle mass,
V is the vehicle velocity, and Vωi is the wheel velocity. The

dγ
= 2lf Yf − 2lr Yr + Nz
 dt l



lr
f
= −2Cf β + γ − δf lf + 2Cr β − γ lr + Nz ,(8)
V
V
I
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Fig. 7 Half car model
where I is the inertia around vehicle yawing axis, Nz is
yaw-moment generated by the torque diﬀerence between

Fig. 8 Block diagram of pitching control
This equation can be calculated from motor torque, braking torque, and wheel acceleration. However, because it is
generally diﬃcult to measure the braking toque Tb directly,

left and right in-wheel motors.

an estimation method of Tb is proposed.

4. Pitching control (5)
This section focus on the pitching motion of the vehicle to
enhance the driving comfort. The pitching motion occurs

(2) Braking torque estimation
By eliminating Fi and V from (1) to (4), the equation

when the acceleration changes by the driving force and the

of Tbi is derived as (12) when V > Vωr . Here, the wheel

braking force. We have studied on the control method of

acceleration ω̇r is obtained from the pseudo-derivative with

this pitching motion.

high-pass ﬁlter.

4. 1.

The braking torque estimation can be

achieved precisely to consider the road condition because

Modeling of the pitching motion

The pitching motion is body attitude change around the
y axis of Fig. 6. Because the pitching motion is the motion
around the y axis, it is possible to model it by the half car
model, as shown in Fig. 7, which has only the front and
rear wheels. The transfer function of the half car model
can be described as
1
θ
=
,
(9)
M
Ip s2 + Cs + K
where Ip is the pitching inertia, C is the damper coeﬃcient,
K is the spring constant, θ is the pitch angle, and M is
the pitching moment around the center of gravity (COG).

the slip ratio is included in (12).
1
1
1
Tˆbi = Tmi − Jωr ω̇r − Jωf ω̇f
2
2
2
r 2 mωi λ̇i
r 2 mω̇i
+
−
4(1 + λi )
4(1 + λi )2

(12)

(3) 2DOF Pitching Controller
Based on the identiﬁed model of pitching motion and the
estimation method of braking torque, pitching controller
is proposed as shown in Fig. 8 which has two-degree-offreedom (2DOF) control structure. The blocks Ax and
Axn represent (11). In this control system, the required

When the vehicle accelerates or decelerates, the pitching

sensors are the encoder of motors to detect ωr (and ω̇r )

motion is caused. As the braking torque is transfered to

and gyroscope of pitch-rate θ̇. It is not appropriate to use

the suspension through the brake unit, the anti-dive force is
generated to front wheel and the anti-lift force is generated
to rear wheel when the vehicle is braking. By considering
them, (9) can be rewritten as
−2mh − m(βlf tanφf + (1 − β)lr tanφr )
θ=
ax ,(10)
Ip s2 + Cs + K
where the ﬁrst term of right-hand side is generated by iner-

the inverse plant model as the feedforward (FF) controller
because the reference of pitch-angle is zero (θ∗ = 0) in
this paper. Then, model following control structure is applied. In the FF control part of Fig. 8, the nominal plant
Pn (s) is controlled by the high-gain controller C1 (s). This
C1 (s) generates the reference acceleration axn based on the
braking torque estimation T̂b . The calculated reference of

tia force, the second term is caused by braking force which

motor torque Tmn which can control pitch-angle of nom-

works at the contact point of tires, h is the height of COG,

inal plant ideally is applied to the real plant P (s) as FF

β is the front wheel distribution of braking force, and φf

torque command. When the real plant coincides with the

and φr are the angle from the contact point of tires to the

nominal model, the pitching motion can attenuate by this

instantaneous rotation centers of the suspension.

FF controller.

4. 2.

When the modeling error or disturbance exists, the pitch-

Control system design

rate error between nominal and real plants is appeared.

(1) Calculation of longitudinal acceleration
Because the obtained pitching model is acceleration input, the calculation method of acceleration from motor
torque is considered. From (1) and (2), the acceleration
is derived as follows.
2Tmi − 2(Jωf ω̇f + Jωr ω̇r ) − 4Tbi
axn =
rm

This pitch-rate error is attenuated by the feedback controller C2 (s) with moderate gain. Then, robust pitching
control performance is achieved even when the modeling
error exists.
Both C1 (s) and C2 (s) are designed by the pole placement

(11)

method. Because the input of C1 (s) is pitch-angle error, the

c
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proportional-derivative (PD) controller is adopted as C1 (s).

0.02

On the other hand, the proportional-integral (PI) controller

set high enough to control pitch-angle of reference model

0.1
0
−0.1
−0.2

ideally. However, those with C2 (s) have limitation to keep

9

10

closed-loop system with P (s).

running about 9m/s on a ﬂat dry road. When the vehicle speed becomes less than 1.5m/s, the pitching controller

wheel inertia of the each front-rear wheel Jωr = 1.26Nms2
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Fig. 9 Experiment results of pitching control
1
Coefficient of Friction µ

and Jωf = 1.0Nms2 . As for the controllers C1 and C2 ,
the poles of each closed-loop system are set to 14rad/s and
8rad/s, respectively.
Fig. 9 shows the experimental results. Fig. 9(a) and (b)
show the pitch-rate and the pitch-angle which is obtained
by the integral calculation of pitch-rate. Both the pitchrate and the pitch-angle are suppressed compared with the

Hi µ
Low µ

0.5

0

−0.5

−1
−1

case without control. From this results, it can be said that
the comfortable braking is realized by the proposed con-

12
13
Time [sec]

200

turns on. The parameters used in the experiment are the
vehicle mass m = 710kg, the wheel radius r = 0.302m, the

11

Distance[m]

the vehicle is stopped by the mechanical brake while it is

−0.01

7

Torque [Nm]

with ‘FPEV2-Kanon’. The experiment is assumed that

0

(a)Pitch-rate

Experiments

The proposed control method is tested by experiments

0.01

−0.3

the stability margin and noise attenuation of the actual

4. 3.

with−ctr
without−ctr
Pitch−angle[rad]

ror. The poles of closed-loop system with C1 (s) can be

Pitch−rate[rad/s]

is applied as C2 (s) since the input of C2 (s) is pitch-rate er-

with−ctr
without−ctr

0.2

−0.5

0
Slip Ratio λ

0.5

1

trol. Fig. 9(c) shows the estimated braking torque and

Fig. 10 µ − λ curve
Fig. 10, and the maximum brake torque is obtained. There-

the motor torque. The estimated braking torque is inﬂu-

fore, it can be said that the braking distance with control

enced by the sensor noise because the equations of braking

is shorter than the case without control if the wheel veloci-

torque estimation (12) include the wheel acceleration ω̇.

ties are controlled to take the optimum slip ratio. However

The derivative calculation of the sensor signal ampliﬁes the

when the slip ratio approaches to −1, the vehicle motion

noise. Even though that, this noise does not damage the

becomes unstable and there are risks of side slip and spin.

control performance of pitching motion severally as shown

First, estimation method of slip ratio without vehicle ve-

in Fig. 9(a) and (b).
Moreover, Fig. 9(d) shows the distance from beginning

locity is derived. Next, slip ratio control system is introduced.

point of the breaking to the stop point with several experiments. This is obtained by the integral calculation of the
vehicle speed. As the result, it can be said that the distance does not become longer by this control. This is very
important for the application to the commercial products.

5. Slip ratio control on deceleration (6)
Authors’ group proposed the slip ratio estimation method

5.1.

Slip ratio estimation

By substituting from (1) to (3) into the time derivative
of (4), the state equation on λ is obtained as
ω̇i
λ̇i =
(1 + λi ) −
ωi





Tm + Tb − Jω ω̇
(1 + λi )2 (13)
r 2 M ωi

where Tm , Tb and Jω ω̇ are as follows.

and the control method without the detection of the vehi-

Tm = 2Tmf + 2Tmr

(14)

cle velocity at accelerating and decelerating in the refer-

Tb = 2Tbf + 2Tbr

(15)

ences (4) and (9). In this paper, the slip ratio estimation

Jω ω̇ = 2Jωf ω̇f + 2Jωr ω̇r

(16)

and the control method without detection both of the ve-

Motor torque, brake torque and rotation speed of motor are

hicle velocity and the acceleration are extended to the two-

obtained from motor current, pressure of brake line and re-

dimensional motion when the vehicle is decelerating.

solver attached to motor, respectively. Moreover, the con-

As for the friction coeﬃcient between tire and road, the
slip ratio becomes minimum value in near −0.2 as shown in

vergence of estimation error of the slip ratio is discussed in
the reference (10).
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γ


=





P1 (s)

P2 (s)

δf

P3 (s)

P4 (s)

Nz

(20)

From this matrix, it is understood that two control inputs
aﬀect both the vehicle side-slip angle and yaw-rate. This
interference inﬂuences the vehicle motion control. Then,
the controller which takes into consideration this interfer-

5. 2.

Slip ratio control

ence is designed. The control laws of the two control inputs

Next, the slip ratio control with the wheel speed con-

are give as

Because the wheel speeds can be de-

δf = δc − G1 (s)Nz ,

(21)

tected with the resolver, the estimation of the slip ra-

Nz = Nc − G2 (s)δf ,

(22)

trol is designed.

tio is equivalent to the estimation of the vehicle velocity.

The estimated vehicle velocity can be calculated

from (4) based on the estimated slip ratio.

The refer-

where δc is the control steering angle, Nc is the control moment, G1 (s) and G2 (s) are the decoupling controllers. By
substituting (21) and (22) for (20), we obtain

ence value of wheel angular velocity at the optimum slip

β = P1 (s)δc + (P2 (s) − P1 (s)G1 (s))Nz ,

ratio is calculated from (17) and (18). Slip ratio is controlled by the wheel speed control, as shown in Fig. 11.
rω
1 + λ∗
V̂ =
(17)
V̂ (18)
ω∗ =
r
1 + λ̂
As the controller of the wheel velocity control, the simple
PI-controller was used and the plant was assumed as
1
T,
(19)
ω=
Jω s
where the pole was located at −30rad/sec with the pole
placement method and target slip ratio was −0.2. Experiments are carried out in playground of university. The
vehicle decelerated only with the rear wheels both without control and with control because in-wheel motors were
installed only rear wheel. Fig. 12 and Fig. 13 show experi-

γ = P4 (s)Nc + (P3 (s) − P4 (s)G2 (s))δf .
Then the decoupling controller G1 (s) and G2 (s) can be designed as follows
G1 (s) = P1−1 (s)P2 (s),

G2 (s) = P4−1 (s)P3 (s).

(23)
(24)

The inﬂuence of the coupling terms are canceled. Fig. 14(a)
is the block diagram of the decoupling control method.
Yaw-moment observer(YMO) (11)

6.2.

By considering the disturbance moment Nd , (8) is rewritten as

wheels lock immediately with strong mechanical brakes and

dγ
(25)
= 2lf Yf − 2lr Yr + Nd + Nz .
dt
Here Nd is the disturbance moment such as the road con-

the slip ratio becomes −1 without control. From Fig. 13,

dition variation and the eﬀect of crosswind. By deﬁning

wheels do not lock and the slip ratio converge to −0.2.

the moment caused by lateral forces as Nt := 2lf Yf − 2lr Yr

mental results. From Fig. 12, it can be conﬁrmed that the

I
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and the lumped disturbance moment as Ntd := Nt + Nd ,

km/h. The vehicle side-slip angle is measured with optical

(25) is simpliﬁed as
dγ
= Ndt + Nz .
(26)
I
dt
By using the moment Nz as control input and yaw-rate γ as

sensor CORREVIT S-400 of the DATRON Co., Ltd.

measured signal, the disturbance observer can be designed
as Fig. 14(b). The authors named this speciﬁc disturbance
observer as “yaw-moment observer (YMO)” in the reference (11). This YMO can compensate the lumped disturbance and nominalize the system as
1
γ=
Nin .
(27)
In s
(27) is valid in the frequency band less than the cut-oﬀ

the 70 % parameter error. As shown in Fig. 15, both the
conventional method (decoupling control) and the proposed
method (LFO+YMO) track the references of yaw-rate and
side-slip angle in the case without parameter variation. On
the other hand, in the case with parameter error the conventional method becomes highly oscillatory because the
decoupling controllers (23) and (24) highly depend on the
values of CS. On the other hand, the proposed controllers
do not depend on these values except for Cf n in (30), al-

frequency ωc of YMO.
6. 3.

Fig. 15 shows the experimental results without parameter error in cornering stiﬀness (CS). Fig. 16 is the case with

most same response with Fig. 15 is obtained even with the

Lateral force observer (LFO)

By considering the disturbance lateral force, the lateral

parameter variation, as shown in Fig. 16. The small vibra-

motion equation (7) is described as
 dβ

+ γ = 2Yf + 2Yr + Yd
mV
dt




lf
lr
= −2Cf β + γ − δf − 2Cr β − γ + Yd ,(28)
V
V
where Yd is the disturbance lateral force caused by road

tion is caused by the roughness of the non-pavement road.

condition variation and crosswind. Here, Ytd is deﬁned as




lf
lr
Ytd = −2Cf β + γ − 2Cr β − γ − mV γ + Yd .
V
V
Then, (28) is rewritten as
mV β̇ = 2Cf δf + Ytd .

Therefore, it can be said that the proposed method
achieves higher robustness to the CS variation than the
conventional method.

7. Conclusion
In this paper, our original EV is explained, which has
direct drive in-wheel motors and active steering systems.
Moreover, our recent studies on pitching, braking, yawing,
and side-slip are introduced with experimental results.

(29)
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