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ABSTRACT-A cooperative control algorithm for an in-wheel motor and an electric booster brake is proposed to improve the
stability of an in-wheel electric vehicle. The in-wheel system was modeled by dividing it into motor and mechanical parts, and
the electric booster brake was modeled through tests. In addition, the response characteristics of the in-wheel system and the
electric booster brake were compared through a frequency response analysis. In the cooperative control, the road friction
coefficient was estimated using the wheel speed, motor torque, and braking torque of each wheel, and the torque limit of the
wheel to the road was determined using the estimated road friction coefficient. Based on the estimated road friction coefficient
and torque limit, a cooperative algorithm to control the motor and the electric booster brake was proposed to improve the
stability of the in-wheel electric vehicle. The performance of the proposed cooperative control algorithm was evaluated
through a hardware-in-the-loop simulation (HILS). Furthermore, to verify the performance of the proposed cooperative
control algorithm, a test environment was constructed for the anti-lock braking system (ABS) hydraulic module hardware, and
the performance of the cooperative control algorithm was compared with that of the ABS by means of a HILS test.
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1. INTRODUCTION

In an in-wheel electric vehicle (an electric vehicle with a
motor installed in each wheel), each motor transmits its
power directly to a wheel. The in-wheel electric vehicle,
through independent control of the in-wheel motor at each
wheel, offers advantages in the implementation of active
safety systems such as traction control, anti-lock braking,
and electronic stability control (Dong et al., 2012). Also,
the in-wheel system has been reported to reduce by 10 ~ 30
% the time delay in the yaw speed change at a low vehicle
speed, compared to a conventional vehicle, through
independent controls such as the quick and accurate
generation of left and right wheel torques in opposite
directions (Sakai et al., 1999; Jacobsen, 2002).

Various studies have been conducted to improve the
stability of in-wheel electric vehicles. Because the torque
of each wheel of an in-wheel electric vehicle can be easily
measured based on the current of the in-wheel motors, a
simple driving force observer can be designed, and the
driving and braking forces between a tire and the road
surface can be easily estimated in real time (Hori et al.,
2004). Also, studies have been conducted on wheel-slip
control using the back electromotive force of the motor
(Liu et al., 2005), on torque control of the in-wheel motor
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based on estimation of the road friction coefficient (Ko et
al., 2015b), on in-wheel motor torque control based on
sliding-mode control (Kim ef al., 2011), on improvement
of vehicle stability by integrating in-wheel motor control
with slip control, yaw rate control, and velocity control (Ko
et al., 2013a), on lateral stability control based on sideslip
angle estimation using lateral tire force sensors (Nam et al.,
2012), and on the optimal torque distribution of four in-
wheel motors for vehicle stability (Chen and Kuo, 2014).
However, the in-wheel electric vehicle cannot achieve the
desired braking performance for quick braking or high-
speed braking on high-friction roads where the braking
force of the in-wheel motor is insufficient due to some
limitations such as with the motor characteristics and the
battery’s state of charge (Ko ef al., 2013b).

Therefore, an in-wheel electric vehicle must have a
friction brake system that enables active cooperative
control, together with the in-wheel motor, according to the
braking demand of the driver and the driving state (Walker
et al., 2002). Brake-by-wire systems have been used in
friction brake systems such as electronic hydraulic brakes
(EHB) or electric actuators. Various EHBs have been
developed, such as an electronically controlled brake system
that uses an oil pump and a hydraulic control unit (Soga et
al., 2002; Park et al., 2009), a smart booster system that
uses an electrical booster (Fujiki ef al., 2011; Yeo et al.,
2011), and a ball screw drive module (Kawaguchi and
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Kazuno, 2013). Also, many electronic brake systems have
been developed such as the electronic mechanical brake
(EMB) and the electronic wedge-type brake (EWB).

Using the EHB and the electric actuator, various studies
have been conducted to increase energy recovery through
cooperative control of the motor and the friction brake,
including cooperative control for parallel hybrid electric
vehicles (HEVs) with electric booster brakes (Kim et al.,
2011), cooperative control using a front EWB and a rear
hydraulic brake for automatic-transmission-based HEVs
(Ko et al., 2015a), and cooperative control using an EMB
and an EWB for HEVs (Ko ef al., 2011, 2012). However,
most studies on the cooperative control for the regenerative
braking and the friction braking have been performed when
driving on the high friction coefficient road where the
demanded braking force is smaller than the transmittable
force between the tire and road.

In this study, a cooperative control algorithm is proposed
for the in-wheel motor and the friction brake to improve the
stability when the demanded deceleration exceeds the
available deceleration for the given road surface. For slip
control, a cooperative control algorithm for slips is
proposed that considers the response characteristics of an
in-wheel system and an electric booster brake system. The
performance of the proposed cooperative control algorithm
was evaluated by means of hardware-in-the-loop simulation
(HILS) and compared with the performance of the ABS
module.

2. MODELING AND ANALYSIS OF THE IN-
WHEEL SYSTEM AND THE ELECTRIC
BOOSTER BRAKE

To develop the cooperative control algorithm, dynamic
models of the in-wheel system and the electric booster
were developed.

2.1. In-wheel System
The structure of the in-wheel system investigated in this
study is illustrated schematically in Figure 1. The target in-
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Figure 1. Structure of the in-wheel system.
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Figure 2. Experimental validation of the motor model.

wheel system consisted of an in-wheel motor, reduction
gear, bearing, axle, disk, and caliper. The in-wheel motor
specifications are that the motor power is 16 kW and the
maximum torque is 125 Nm.

2.1.1. In-wheel motor model
The torque dynamics of the in-wheel motor was modeled
as a first-order system as follows;

T_l

= e T T.
s +1

omd Gmotor cmd (1)

where T,, is the in-wheel motor torque, T is the time
constant, T, is the time delay, G, is the transfer function
of the in-wheel motor, and T, is the motor torque
command. The in-wheel motor model was validated by
using the motor test results (Figure 2). For the simulation
and test, commands were given to apply maximum torque
in the (a) positive and (b) negative directions. In the motor
model, the time constants T = 0.01 and t, = 0.01 were used.
From Figure 2, it was found that the motor model showed a
good agreement with experimental results.

2.1.2. In-wheel mechanical system model
The in-wheel mechanical system was modeled through a
Bondgraph (Figure 3).

From the Bondgraph model in Figure 3, the following
state equations were derived;
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Figure 3. Bondgraph model of the in-wheel mechanical
system.
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where h is the angular momentum, T is the torque, b is the
damping ratio, J is the inertia, N is the gear ratio, K is the
stiffness, and 0 is the angle; subscript m refers to the motor,
a to the axle, w to the wheel, t to the tire, v to the vehicle,
and L to the load. In the in-wheel mechanical system
model, the effects of the reduction gear stiffness, the
backlash and the efficiency are neglected.

The torque from the motor that acts on the wheel can be
determined as follows;

h
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From Equations (2) and (3), the transfer function of the in-
wheel mechanical system G, of the torque T, that acts on
the wheel for the given motor torque T, is expressed as
follows;

G .= ; =C(SI-4)"'B 4)

mech
m

2.1.3. Frequency response of the in-wheel system

The transfer function of the in-wheel mechanical system
Gipwneet Of the torque T,, for the wheel the given motor
torque command T,,, is expressed as follows;
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Figure 4. Frequency response of the in-wheel motor and
the in-wheel system.
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Figure 5. Frequency response of the in-wheel motor and
the in-wheel system in Region A.
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Figure 4 shows the frequency response of the in-wheel
motor and the in-wheel system. The in-wheel system had
the resonance frequencies of f = 88.2 rad/s and 1,530 rad/s,
which were not observed for the in-wheel motor. To
compare the response characteristics of the system, Region
A of Figure 4 was magnified and is shown in Figure 5.

Even though the bandwidth of the in-wheel motor was
100 rad/s, for the in-wheel system with an in-wheel motor
and a mechanical system, the magnitude increased to over
3 dB when the frequency exceeded 60 rad/s. Because of the
resonance at 88.2 rad/s, the system must be controlled at a
lower frequency.

2.2. Electric Booster Brake
For cooperative control with the in-wheel system, the
electric booster brake was used as a friction brake.
Figure 6 shows the structure of the electric booster
brake, which consisted of the actuator, the screw, the
master cylinder, and conventional brake parts including the
hydraulic pipe line and the calipers.
Figure 7 shows the electric booster brake bench tester.
The frequency response of the electric booster brake was
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Figure 6. Structure of the electric booster brake.
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Figure 7. Electric booster brake bench tester.
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Figure 8. Frequency response of the electric booster brake
measured using the bench tester.

obtained using this tester. It was found that the bandwidth
frequency of the electric booster brake system was 22.6
rad/s, which is smaller than that of the in-wheel system.

The output pressure Pout of the electric booster was
transformed to braking torque as follows;

T, = 2IU/disk})outAcyIr;:fT 6)

where [, 1s the friction coefficient of the disk, A,y is the
area of the caliper cylinder, and r. is the effective radius.

3. COOPERATIVE CONTROL OF THE IN-
WHEEL MOTOR AND THE ELECTRIC
BOOSTER BRAKE

Using the in-wheel and electric booster brake models, a
cooperative control algorithm was developed. This algorithm
included estimation of the road friction coefficient and
setting of the torque limit, and control of the electric
booster brake and the motor torque.

3.1. Road Friction Coefficient Estimation and Torque Limit
Determination
Many road friction coefficient estimation methods have

Figure 9. Wheel dynamics.

been reported, including the use of a linear slope of a
longitudinal force according to the slip ratio by friction
coefficient (Nakao et al., 2002); the use of a nonlinear tire
model (Wang ef al., 2004); consideration of weight transfer
with a full car model (Lee et al., 2010); the use of a Kalman
filter based on the wheel velocity, acceleration sensor, and
GPS information (Rajamani et al., 2010); real-time
estimation of the road friction coefficient of each wheel
using the engine torque, brake torque, GPS measurements,
and accelerometer measurements (Rajamani et al., 2012);
and estimation methods based on the estimated longitudinal
force through the design of a PI observer (Ko ef al.,
2015b). In the present study, a road friction coefficient
estimation method was developed by modifying an
existing method (Ko ef al., 2015b).

The wheel dynamic equation can be derived from Figure
9 as follows;

Joo, = NI, =T, —1F, (™)

The estimator of the longitudinal force was designed as a
PI observer as follows (Ko et al., 2015b);

ﬁxi =—l(@;—0u)— fll (0, — @)t (¥

wi 1s the estimated angular velocity of the wheels,
ﬁxi is the estimated longitudinal force on the tire, and I,
and 1, are the PI observer gains. Using the estimated &
Equation (8) can be represented as follows;

where @
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Figure 10. Block diagram of the longitudinal force PI
observer.
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Figure 11. Nonlinear tire model (Traction coefficient
versus slip ratio).
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Figure 10 shows a block diagram of the longitudinal
force PI observer.

Figure 11 shows the nonlinear tire model. The tire
traction coefficient changes according to the slip ratio for
various road surfaces. It is seen that the traction coefficient
increases when the slip ratio A ranges between 0 and A,
(adhesion region) and remains almost constant when A > A,
(sliding region). In the sliding region, the road friction
coefficient can be estimated using the longitudinal force
that acts on the tire, through the following Equation (6);
Moy =P = F‘ Sfor A, > A, (sliding region) (10)

i =

z

where . is the estimated road friction coefficient, p is the
traction coefficient, and F, is the normal force. In this study,
a road coefficient estimation method is proposed that uses
the longitudinal force on the tire, which is estimated based
on the linear increase of the traction coefficient p according
to increases in the slip ratio in the adhesion region. The
traction coefficient p was linearized with respect to the slip
ratio by the following equation;

11:} =K

z

p= A for 4 <A, (adhesion region) (11)
where K, is the slip slope, which depends on the road
surface conditions. K, 4 can be estimated based on the
longitudinal force on the tire, the slip ratio, and the normal
force in the adhesion region as follows;

A

K __jx 12
road AF ( )

z

The estimated K, is changed to the road friction
coefficient using the nonlinear tire model in Figure 11.

Using this estimated road friction coefficient, the torque
limit T, on the wheel can be obtained using the following

Fye |
Figure 12. Forces that act on the vehicle during braking.

equation;

Toie = rilF, (13)
3.2. Electric Booster Brake Control
The torque distribution of the in-wheel system and the
friction brake is determined by the pressure of the electric
booster brake and the in-wheel motor torque of each wheel.
The electric booster brake generates friction brake torques
at a constant ratio to the front and rear wheels, and the
friction brake torque must be examined first at the vehicle
level.

Figure 12 illustrates the forces that act on the vehicle
during braking. The normal forces F,; and F,, which act
vertically on the front and rear wheels, are computed as

follows;

m h
Fy =28+ ha) = g (14)
mg hg 15
F;r = T(Lt - hgax) =+ onad ( )

where m is the vehicle’s mass, g is the gravitational
acceleration, L is the distance between the front and rear
wheels, L; is the distance between the center of mass and
the front wheel, L, is the distance between the center of
mass and the rear wheel, h, is the horizontal distance
between the road surface and the center of mass, a, is the
coefficient of deceleration (expressed in terms of g), and
F\o.a 1s the road load.

If the braking force is greater than the friction force
between the tire and the road, excessive slip may occur,
which will lead to wheel locking. To prevent wheel
locking, the braking forces F,; and F,, that act on the front
and rear wheels must satisfy the following equations;

] h

Fxf S /I/F;f = %([‘r + hgax) - /uLg F;oad (16)
pwmg fih,

Fxr S :LLF;r = L (Lf - hgax) + L and (17)

To further prevent wheel locking, the total braking force
must satisfy the following equation;
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Figure 13. Braking force distribution.

Exf + Exr = maxg - and g H(F'zf + F;r) = pmg (1 8)
Equation (18) can be expressed as follows;
F,
a, < put (19)
mg

In other words, the maximum deceleration of the vehicle
can be determined if the road friction coefficient p and the
ratio F,,/mg are both known. Because F,,, is negligible
compared to the pmg term, if the maximum deceleration is
assumed to be equal to the road friction coefficient
(Limpert, 1992), in Equations (16) ~ (18), the braking
forces F,; and F,, that act on the front and rear wheels can
be correlated as follows;

L p _mel L

i . 20
mgh xf 2h xf ( )

L
b, =mg (2hg) +
Equation (20) is plotted in Figure 13 as the optimum
braking curve.

In general, the cooperative controls have been carried
out to distribute the regenerative braking force and the
friction braking force in terms of the energy recovery when
the demanded braking deceleration is smaller than the
maximum deceleration for the given road surface (Kim et
al., 2011; Ko et al., 2015b). In this study, a cooperative
control algorithm was proposed when the demanded
braking deceleration exceeds the maximum deceleration
for the given road surface.

Figure 13 shows the braking force distribution in the
cooperative control algorithm proposed in this study. In the
figure, deceleration lines indicate the required front and
rear wheel braking forces corresponding to the demanded
deceleration. Since it can be assumed that the maximum
braking deceleration is equal to the road friction coefficient
from Equation (19) (Limpert, 1992), the maximum
deceleration can be determined from the estimated road
friction coefficient. For the given estimated road friction
coefficient, the front and rear braking forces are determined
from the optimum braking curve. For example, when the

estimated road friction coefficient is i, = 0.5, the front and
rear wheel braking forces F,, s and F,, . are determined at
the point B from the optimum braking curve in response to
the maximum deceleration of 0.5 g. When the front
maximum motor regenerative force (torque) is F,, nax « for
the given motor characteristic, the front friction braking
force is obtained by subtracting F,, ... . from F, . as
follows;

F b_xf = opt_xf F:nimaxixf (2 1)

Then the rear friction braking force Fy, ,, is determined at
the point B from the electric booster brake line for Fy, . In
this study, the electric booster brake line is designed to be
linear, which is below the optimum braking curve by
considering the geometric constraints of the brake system
such as the master cylinder, the piston area, etc. The reason
why the front friction braking force Fy, ., is determined first
rather than the rear braking force is that the front braking
forces are larger than the rear braking forces in the target
in-wheel electric vehicle.

From Equations (6) and (21), the command pressure Py,
of the electric booster brake can be expressed as follows;

T

m_max_f

opt xf

B =— T 22)
- 2 g A

cyl_f

where T,, ... 1S the front maximum motor regenerative
torque.

3.3. Motor Torque Control
For motor torque control, the motor torque command T, .
is determined using the previously determined torque limit
and friction braking force.
T =T,

m ¢

it — L1 = Thimic — 2MdiskAcylreffP b c (23)

The motor torque prevents slipping of the vehicle by
generating a torque close to the optimum braking curve. If
Ty, is 0, braking only with the motor torque is possible, so

the motor torque is determined as the torque limit (T})-

3.4. Block Diagram of the Cooperative Control

Figure 14 shows the block diagram of the proposed
cooperative control. The co-operative control consists of 3
parts: A. Road friction coefficient estimation and torque
limit decision, B. Electric booster brake control and C.
Motor torque control. In A, the longitudinal force that acts
on the tire is estimated and used to estimate the road
friction coefficient. The estimated road friction coefficient
is used to obtain the T, of each wheel.

In B, the maximum deceleration is determined based on
the estimated road friction coefficient, and the command
pressure of the electric booster brake is determined based
on the maximum deceleration. In C, the in-wheel motor
torque command T,, . of each wheel is obtained using the
previously determined T, and command pressure Py, ..
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Figure 14. Block diagram of the cooperative control.

The final command is converted to the torque of each
wheel through the in-wheel motor model and the electric
booster brake model, and these torques are input to the
vehicle.

4. HARDWARE-IN-THE-LOOP SIMULATION
(HILS)

To verify the performance of the proposed cooperative
control algorithm, HILS simulation was performed. Table 1
shows the vehicle specifications used in the HILS.

Figure 15 illustrates the schematic diagram of the HILS
system. The system’s software consisted of a controller and
an in-wheel system model developed based on MATLAB,
and a vehicle model developed based on CarSim RT. The
hardware consisted of an electric booster brake, a control
box, and a dSPACE ds1005/ds2201 board. The dSPACE
board also performed real-time simulation together with
CarSim RT. The MATLAB simulator received the electric
booster brake pressure Pfb_sensor measured by the sensor,
and input the motor torque and the friction brake torque of
each wheel to the CarSim RT vehicle model. The CarSim
RT vehicle model input to the MATLAB simulator the
vehicle states such as the vehicle velocity, wheel speed,
deceleration, etc.

Table 1. Vehicle specifications.

Parameters

Sprung mass 1,200 kg

Distance between the center of
gravity of the sprung mass and the 1,103 mm
front wheel centerline

Distance between the center of
gravity of the sprung mass and the 1,244 mm
rear wheel centerline

Vehicle  Distance between the front and
. 2,347 mm
rear wheel centerlines
Height of the vehicle above the 540 mm
center of gravity
Track width 1,595 mm
Tire effective rolling radius 273.6 mm
Frontal area 1.9 m’
Power 16 kW
In-wheel Maximum torque 123.2 N'm
motor Maximum speed 5,000 rpm
Reduction gear ratio 4
Nominal voltage 270 V
Battery .
Capacity 1.2 Ah

In-wheel Viehicle Performance Co-simulator

MATLAB controller &
In-wheel system model

Tonsee dSPACE

Tn Control desk

To g (ds1005/d52201) |geeeennnes
Tion,

| Real time

fehiclestates | gimulation

+

Figure 15. Schematic of the HILS system.

Figure 16 shows the electric booster brake hardware
system. The electric booster brake consisted of the electric
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Figure 16. Electric booster brake hardware system.

booster, pressure sensors, disks, and calipers. In addition,
the ABS hydraulic module was used to compare the
performance of the ABS with that of the proposed
cooperative control algorithm of the in-wheel motors and
electric booster brake.

The HILS was performed for the cases of (1) ABS
braking and (2) cooperative control of the in-wheel motor
and the electric booster brake, both on a wet road with the
road friction coefficient = 0.5 and at 100 km/h; then, the
braking performances of the two systems were compared.

4.1. ABS

Figure 17 shows the HILS results for the ABS braking.
When the vehicle was simulated to brake on a wet road
with the road friction coefficient p = 0.5, the velocity
determined by multiplying the wheel speed by the wheel
radius repeatedly decreased and increased (a and b)
according to the slip ratio (c). This is because the ABS
hydraulic module reduces the pressure when the slip ratio
rises, and increase the pressure when the slip ratio falls.
Therefore, the front and rear wheel pressures Py, ( and Py, ,
were reduced in the periods when the slip ratio rose (c and
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Figure 17. HILS results for ABS braking.

d). Also, the friction brake torque repeatedly decreased and
increased in response to changes in the front and rear wheel
pressures (e). The slip ratio was 20 % ~ 30 % in the initial
braking stage and rose to 90 % as the vehicle velocity
decreased. The braking time was 6.8 s.

4.2. Cooperative Control

Figure 18 shows the HILS results for the cooperative
control. The wheel velocity V,, during braking on the wet
road fluctuated less under cooperative control than under
ABS braking for both the front and rear wheels, and was
almost identical to the vehicle velocity V (a and b). The slip
ratio was less than 15 % for both the front and rear wheels
(c). The estimated road friction coefficients of the front
wheels, [l o and Ly  Were near 0.5 during early braking
and increased to 0.65 as the vehicle velocity decreased, and
Lese 1 and [l . Of the rear wheels were around 0.5 (d). The
estimated road friction coefficient of the front wheels
increased to 0.65 because in Equation (12), the slip ratio
remains constant even when the braking force that acts on
the wheels increases. In the cooperative control algorithm,
the friction braking pressure (e) is determined based on the
estimated road friction coefficient; and to apply this
pressure, friction brake torque (f) is distributed to the front
and rear wheels. The Tj,; of the front wheels (g) is greater
than that of the rear wheels because the normal force that
acts on the front wheels during braking is greater than the
force that acts on the rear wheels. The front and rear wheel
motor torques are determined by subtracting the friction
brake torque from the Tj,;. The front wheel motor torque
(h) is greater than the rear wheel motor torque. The braking
time was 4.9 s, which was shorter than the 6.8 s braking
time of the ABS braking.
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Figure 18. HILS results for the cooperative control.
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The HILS results showed that the proposed cooperative
control algorithm provided improved stability, with a lower
slip ratio and faster braking time than the ABS hydraulic
module.

5. CONCLUSION

A cooperative control algorithm for the in-wheel motor and
the friction brake was proposed to improve the stability of
an in-wheel electric vehicle incorporating an electric
booster brake system. First, the in-wheel system was
modeled by dividing it into motor and mechanical parts,
and a transfer function was obtained for each system to
investigate the frequency response. For the electric booster
brake, a frequency response was obtained from the
experiment, and the control bandwidth was analyzed by
comparing it with the response characteristics of the in-
wheel system. Furthermore, for cooperative control, a road
friction coefficient estimation method was proposed using
the wheel speed, motor torque, and braking torque of each
wheel in both the adhesion and sliding regions. The
cooperative control algorithm was proposed when the
demanded braking deceleration exceeded the maximum
deceleration. In the cooperative control, the maximum
braking deceleration was determined from the estimated
road friction coefficient. Using the maximum deceleration,
the front friction braking force was obtained from the
optimum braking curve considering the front maximum
motor regenerative force (torque) and the rear friction
braking force was obtained from the electric booster brake
line. In addition, the torque limit of the wheel was
determined using the estimated road friction coefficient.
Using the torque limit and the friction brake torque, the
motor torque was controlled to improve the stability. To
verify the performance of the proposed cooperative control
algorithm, a HILS system was constructed that consisted of
the electric booster brake hardware, in-wheel system
model, vehicle model, and controller software. The HILS
results showed that the proposed cooperative control
algorithm provided improved stability relative to a conven-
tional ABS hydraulic module, with a lower slip ratio and a
shorter braking time, which validated the performance of
the proposed cooperative control algorithm.
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