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ABSTRACT This paper proposes a hierarchical braking torque control system design over controller
area network (CAN) for electric vehicle with four in-wheel motors. Based on nonlinear tyre-road friction
estimation, an adaptive braking torque control scheme is devised in the upper level controller to simulta-
neously regulate the wheel slip ratio for both front and rear wheels. While in the lower-level controller,
a frequency-depended braking torque allocator is developed to dynamically distribute the braking torques
command from upper level controller into friction braking torque and regenerative braking torque. A braking
supervisor is established to enable or disable proposed hierarchical braking controller according to wheel
slip ratio as well as vehicle speed condition. To avoid undesired discontinuities in braking torque signal when
proposed braking controller is enabled abruptly, an initial value of the estimated tyre-road friction is rescaled
additionally. Dedicated CAN bus module is built by using SimEvent toolbox, by which vehicle states as well
as control signals can be transmitted and shared. Co-simulation by using MATLAB/Simulink and CarSim is
conducted to demonstrate the effectiveness of the proposed hierarchical braking torque controller. Random
CAN-induced delays are considered in the braking control process, by which the robustness of the proposed
hierarchical braking controller is further verified.

INDEX TERMS Hierarchical braking torque control, adaptive braking control, braking torque allocation,
CAN-induced delays, electric vehicle with four in-wheel motors.

I. INTRODUCTION
Braking control is very important to the vehicle control per-
formance, which is directly related with the active safety
of vehicle system. From anti-lock braking system (ABS) to
vehicle dynamic control (VDC), research on braking system
is always a hot topic [1], [2]. Due to inherent high nonlinearity
of tyre-road friction as well as braking dynamical model,
controller design for braking system is generally complex and
challenging. Furthermore, vehicle electrification has brought
great changes to the architecture of the vehicle powertrain
system, which also brings many benefits to the vehicle brak-
ing system. The first one is the regenerative braking capa-
bility, which can convert kinetic energy of the vehicle into
electric energy so as to increase the driving range. The other
one is the fast and accurate dynamic characteristic of electric
machine, which can bring promising potential in braking

control performance improvement. Therefore, regenerative
braking system is generally working together frictional brak-
ing system and playing an increasingly important role in the
vehicle braking process. However, before enjoying the benefit
of electric motor in the braking system, good cooperation
between friction brakes system and electric motor must be
ensured first, which further complicates the controller design
work for braking system.

For both traditional engine vehicles and electric vehicles,
two strategies are generally used in the braking torque con-
trol [3]. The first one is wheel deceleration based method,
in which vehicle speed information is not required and brak-
ing torque is adjusted by using wheel deceleration thresholds
triggered on/off switching [4]. When vehicle speed can be
measured or estimated, wheel slip ratio based braking torque
control is used as the second approach [5]. Compared with
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wheel deceleration based braking torque control, wheel slip
ratio based method is generally preferred, as the tyre-road
contact information can be better used to improve the braking
performance. And there are also some composite braking
torque control approaches in which wheel deceleration based
method and wheel slip ratio based method are combined
together [6]. For wheel slip ratio regulation, many control
methods including sliding mode control [1], [5], [7], robust
control [3], [8], fuzzy control [9], [10], model predictive
control [11] and gain scheduling approach [12], etc., have
been discussed. And the sliding mode control, as a nonlinear
control technique, is themost popular one due to its low sensi-
tivity to system parameter variations and disturbances, while
easy tuning and implementation. In order to better handle
the parametric uncertainty in the tyre-road friction as well
as continuous vehicle velocity change, adaptive mechanisms
are expected to be further explored and incorporated in the
braking controller design.

For electric vehicles, as both frictional braking system and
driving motors are involved in the braking process, coordina-
tion between these two braking system must be addressed in
the braking actuator level for each wheel [13]. A co-operative
control algorithm for regenerative braking and frictional
braking is proposed to prevent wheel lock, by which desired
road friction coefficient can be better maintained while the
regenerative braking duration can be also extended to increase
energy recovery [14]. Considering the effect of downshift to
the braking process, a cooperative control algorithm is further
proposed for frictional braking and regenerative braking to
maintain desired braking force and driving comfort [15].
Considering damping as well as elastic properties of electri-
fied powertrains, a blended braking control algorithm using
extended Kalman filter (EKF) is proposed to enhance the
braking performance and energy efficiency [16]. For elec-
tric vehicle with in-wheel motors, braking torque allocation
can be realized in flexible and diversified ways. Huang and
Wang [17] proposed a braking toque allocation scheme for
electric vehicle with four in-wheel motors, in which only
regenerative braking is considered and nonlinear model pre-
dictive control approach is used to regulate the wheel slip
ratios and distribute the braking torque between front and
rear in-wheel motors. Wang et al. [18] further proposed a
torque allocation scheme electric vehicle with four in-wheel
motors, in which both friction braking system and regenera-
tive braking system are considered. In this braking allocation
scheme, the frictional braking torque value is fixed during the
braking process while the regenerative braking torque is used
to compensate the difference between frictional baking torque
and overall desired braking torque. This allocation scheme is
relatively simple but effective, which can make good use of
fast dynamic response of in-wheel motors during braking pro-
cess. de Castro et al. [19] presented a hybrid ABS solution for
electric vehicles with in-wheel motors, in which robust adap-
tive wheel slip ratio control approach, and torque blending
method betweenmechanical braking and electric braking sys-
tem are proposed to optimize energy efficiency and dynamic

performances of the braking system. As this approach is only
based on quarter car model, it can be further extended to full
vehicle model, by which weight transfer effect between front
and rear wheels can be better considered. With the develop-
ment of intelligent vehicle as well as transportation, brake-
by-wire is emerged as a promising braking control scheme in
modern vehicles [20]. By using communication network such
as CAN, the brake-by-wire system offers easy connection
with other vehicle control system. However, due to the physi-
cal bandwidth limitation of the communication network, and
increasing information exchange requirement for vehicle-to-
vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-
2-X (V2X) technology [21], [22], random network-induced
delays, packet loss, and even congestion are more likely to
appear, which could degrade the performance or even destabi-
lize the vehicle control system [23], [24]. Though the braking
signal is generally designed to have the highest priority in the
vehicle network, it is still necessary to improve the robustness
of the braking control system or at least evaluate the effect
of possible network-induced problems to the braking control
performance.

In this paper, a hierarchical braking torque controller
design is proposed for electric vehicle with four in-wheel
motors. A robust adaptive wheel slip ratio controller is devel-
oped in the upper-level, while frequency-depended braking
torque allocator is presented in the lower-level. The main
contributions of this paper lie in the following aspects

1) Instead of tyre-road friction estimation, tyre-road
friction is directly estimated to handle the param-
eter uncertainties and the weight transfer phenom-
ena during braking process. And based on vehicle
single-track model, braking torque allocation between
both front/rear wheels and frictional/regenerative brake
systems are addressed simultaneously.

2) Network-induced random delays modeled by using
SimEvent toolbox is considered in the braking control
system, by using which the robust performance of pro-
posed hierarchical braking controller is further verified.

The rest of this paper is as follows: In Section 2, problem
formulation as well as dynamical modeling are presented.
Adaptive braking torque controller design in the upper-level
is presented in Section 3. Frequency-depended braking torque
allocator in the lower-level is presented subsequently pre-
sented in Section 4. Co-Simulation results based on MAT-
LAB/Simulink and CarSim are presented in Section 5 and
concluding remarks are summarized in Section 6.

II. PROBLEM FORMULATION
A. ARCHITECTURE OF THE HIERARCHICAL
BRAKING CONTROL SYSTEM
The proposed hierarchical braking torque control system is
shown in Figure 1. An adaptive braking torque controller
is established as the upper-level controller, which will reg-
ulate the wheel slip ratio of both front and rear wheels to
make full use of the available tyre-road friction. While in the
lower-level controller, a frequency-depended braking torque
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FIGURE 1. Scheme of the proposed hierarchical braking torque control
system.

allocator is developed to distribute the braking torque into
frictional brake torque and regenerative braking torque. Dur-
ing the braking process, a braking supervisor is established
to enable or disable proposed hierarchical braking controller
according to wheel slip ratio as well as vehicle speed condi-
tion. Controller Area Network (CAN) is adopted in proposed
hierarchical braking torque control system, by which vehicle
states as well as control signals can be transmitted and shared
in different controllers conveniently. At the beginning of the
braking process, the braking torque will be just linear to
the brake pedal travel with predefined ratios, and proposed
braking controller will not be activated until sudden wheel
slip ratio change is detected in braking control supervisor.
When the vehicle speed is continuously dropped below a
certain value, the braking torque controller will be disabled
by the braking control supervisor. And the frictional brake
torque will be applied only to completely stop the vehicle.

B. VEHICLE LONGITUDINAL DYNAMICAL MODELING
It is supposed that the vehicle is decelerated in straight-line
during the braking process. Thus, the vehicle single-track
model shown in Fig 2 is adopted in this paper, where the
load transfer phenomena between front and rear wheels can
be described [1]. And braking torque allocation between fric-
tional braking torque and regenerative braking in each wheel,
as well as the braking torque distribution between front and
rear wheels can be all considered.

FIGURE 2. Vehicle single-track model.

According to Fig 2, dynamic model of the electric vehicle
with four in-wheel motors can be derived as

λi =
v− ωi
v

,
∑

Fzi = Mg

Mv̇ = −rw
∑

(µ (λi)Fzi)−1(v)

J ω̇i = rwµ (λi)Fzi − Tbi −1(ω) , i ∈ {f , r} (1)

where v and ω are the vehicle speed and wheel speed
respectively, λ is the wheel slip ratio, FZ is the wheel vertical
load, M is half the mass of vehicle, rw is the wheel radius, µ
is the nonlinear tyre-road friction coefficient which is related
to wheel slip ratio, J is the wheel inertia, Tb is the braking
torque, 1(v) and 1(ω) are the disturbance force and torque,
subscript f and r indicate the front and rear wheel respectively.

C. CALCULATION OF THE TYRE-ROAD FRICTION
As the braking toque to be controlled is directly decided by
the tyre-road friction, both wheel vertical loads and tyre-road
friction coefficients need to be obtained in the braking control
process.When the vehicle deceleration signal is available, the
wheel vertical loads can be directly calculated as,

Fzf =
Mg

lf + lr
(lf −

v̇
g
h)

Fzr =
Mg

lf + lr
(lr +

v̇
g
h) (2)

where lf is the distance between the centre of gravity and the
front axle, lr is the distance between the centre of gravity and
the rear axle, h is the height of vehicle’s gravity centre.

The tyre-road friction coefficient is generally the major
source of parametric uncertainty as well as system nonlinear-
ity in the braking control system design, which is described
by using Burckhardt model as

µ (λ) = c1(1− exp(−c2λ))− c3λ (3)

where ci, i = 1 ∼ 3 are the parameters of the Burckhardt tyre
model.

The friction co-efficient values in equation (3) for different
road conditions can be identified by using vehicle test data.
For typical roads, the parameter sets in Table 1 are widely
adopted [25].

TABLE 1. Parameters set for typical Burckhardt tire model.

In order to deal with the exponential term in the Burckhardt
tyre model, Linear Parameterization (LP) approximation
approach is adopted. And the coefficients in equation (3) are
rearranged as

µ (λ) = c1 − c3λ− c1 exp(−c2λ))

c1 = ϕ1,−c3 = ϕ2, c1 exp(−c2λ) ≈
n∑
i=1

ϕi+2 exp(−αiλ)

(4)

where ϕi, i = 1 ∼ n are the approximated linear parameters,
and αi are the related fixed weights.
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Thus, the tyre-road friction model can be further simplified
as

µ (λ) = ϕT8(λ)+1(λ)

8(λ) = [ 1 λ e−α1λ e−α2λ e−α3λ ]T (5)

where ϕ is a set of linear coefficient values,8(λ) is the regres-
sion term with fixed structure, and1(λ) is the approximation
error.

In order to show the fitting performance of the LP approx-
imation approach, comparative analysis is conducted. For
dry asphalt road, the parameter sets in Burckhardt tyre
model is chosen as c = [ 1.281 23.99 0.52 ]T , while
the regression term in LP approximation model is set as
8(λ) = [ 1 λ e−4.99λ e−18.43λ e−65.62λ ]T [26]. The com-
parative result can be seen in Fig 3, where the fitting errors
between proposed PL approximation model and standard
Burckhardt tyre model are quite small. For the parameter
uncertainty in ϕ caused by the approximation error 1(λ),
adaptive mechanisms will be further incorporated in the next
section to handle this problem. Due to the weight trans-
fer phenomena, the vertical forces of front and rear tires
are dynamically changed during the braking process. Thus,
the braking torque should be adjusted accordingly to simul-
taneously regulate the slip ratios of front and rear wheels to
their desired values.

FIGURE 3. Fitting performance of Linear Parameterization (dry asphalt).

III. ADAPTIVE BRAKING TORQUE CONTROLLER DESIGN
Themajor control target of the upper-level control is to design
an adaptive braking torque control law to maintain the wheel
slip ratio of both front and rear wheels to the desired value
as fast as possible. In order to precisely control the brake
torque, the tyre-road friction of each wheel must be obtained.
However, as tyre-road friction coefficients are highly nonlin-
ear with the wheel slip ratio, and the wheel vertical load is
also dynamically changed in each wheel due to the weight
transfer phenomena, both of them are difficult to be obtained
accurately. Therefore, instead of tyre-road friction estimation,
it is better to estimate the tyre-road friction directly.

A. ADAPTIVE WHEEL SLIP RATIO REGULATION
As the disturbance force1(v) and torque1(ω) in equation (1)
is generally bounded and can be neglected, the first deviation

of wheel slip ratio can be approximately described as

λ̇i =
∂h
∂v
v̇+

∂h
∂ωi

ω̇i , i ∈ {f , r}

= −
rw
Jv

((
1+ (1− λi)

J
Mr2w

)
rwµ (λi)Fzi − Tbi

)
(6)

Considering the wheel inertia is usually much smaller than
equivalent vehicle inertia Mr2w, equation (6) can be further
simplified as

λ̇i = −
rw
Jv
(rwµ (λi)Fzi − Tbi) , i ∈ {f , r} (7)

The desired wheel slip ratio is set to be λ∗, and the wheel slip
ratio regulation error can be defined as

ei = λi − λ∗i , i ∈ {f , r} (8)

Based on equation (7), the error dynamics of the wheel slip
ratio can be defined as

ėi = −
rw
Jv

(rwµ(λi)Fzi − Tbi), i ∈ {f , r} (9)

Subsisting equation (5) into (9) and neglecting the LP approx-
imation error term1(λ), the error dynamics of the wheel slip
ratio can be rewritten as

ėi = −
rw
jv
(rwϕT8(λi)Fzi − Tbi), i ∈ {f , r} (10)

The adaptive braking torque control law is designed as

Tbi = rwϕT8(λi)Fzi − vkiei, i ∈ {f , r} (11)

where ki are the positive tuning parameters for front and rear
wheels.

Then, the error dynamics of the wheel slip ratio is changed
into

ėi = −
rw
J
kiei, i ∈ {f , r} (12)

Therefore, by using the braking control law in (10), both front
and rear wheel slip ratio will exponentially converge to the
desired value.

B. TYRE-ROAD FRICTION ESTIMATION
Before using the braking control law in (11), accurate tyre-
road friction information is required to be estimated. Consid-
ering the structure of the regression term 8(λi) is fixed after
Linear Parameterization and can be known in advance, a new
parameter is defined to handle the uncertain items ϕ and Fzi
together as

θi = ϕFzi, i ∈ {f , r} (13)

Thus, the tyre-road friction estimation can be finished by
estimating the new defined parameter θi only, and the braking
control law in (11) is changed into

Tbi = rwθ̂Ti 8(λi)− vkiei, i ∈ {f , r} (14)

Then the error dynamics of the wheel slip ratio in (10) is
converted as

ėi = −
rw
J
kiei +

r2w
Jv

(θ̂i − θi)T8(λi), i ∈ {f , r} (15)
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The adaption law to estimate θi is designed as

θ̂i(t) = θ̂i(t0)−
∫ t

t0
γi
eεi (τ )
v (τ )

8 (λi (τ )) dτ

eεi =
{

0
ei − εisgn(ei)

if |ei| < εi
if |ei| ≥ εi,

i ∈ {f , r} (16)

where eεi are the wheel slip regulation errors with dead zone
εi for front and rear wheels, and γi are the constant tuning
parameters of front and rear wheels.

Considering following candidate Lyapunov function

V
(
eεi, θ̃

)
=

1
2
e2εi +

r2w
2γiJ

θ̃Ti θ̃i

θ̃i = θ̂i − θi, i ∈ {f , r} (17)

Then, the stability of the wheel slip ratio error dynamics
can be ensured. And the proof process can be finished by
following a similar way in [19].

C. ADAPTIVE BRAKING TORQUE CONTROLLER
INITIALIZATION DESIGN
At the beginning of the braking process, the braking torque Tb
is directly decided by the pedal travel. When excessive wheel
slip ratio change is detected by the braking control supervisor,
the adaptive braking torque controller is enabled immediately.
Thus, the braking torque generated by the adaptive braking
torque controller may be not equal to the braking torque Tb(ts)
that is decided by the pedal travel at the switching moment ts.
These discontinuities in the braking torque signal may bring
longitudinal shock during the braking process, which will
largely decrease the ride comfort of the vehicle.

In order to avoid these undesired discontinuities when the
adaptive braking torque controller is enabled, initial value of
θ ′′ is rescaled as

θ̂i(ts) = θi
Tb(ts)+ kiv(ts)ei(ts)

θTi (ts)8(λi(ts))
, i ∈ {f , r} (18)

IV. FREQUENCY-DEPENDED BRAKING TORQUE
ALLOCATION
A. DYNAMICAL MODELING OF BRKAING ACTUATORS
In order to show the torque response difference of the
frictional braking system and regenerative braking system,
first-order system with delay are adopted as

Tj
T ∗j

(s) =
1

1+ τjs
exp(δjs), j ∈ {m, e} (19)

where T ∗j is the reference braking torque, Tj is the actual
output braking torque, τj is the dominant time constant, δj is
the pure system delay, Tm and Te are the mechanical brake
torque generated by frictional braking system and electric
brake torque generated by in-wheel motor respectively

As the dynamical response of the in-wheel motors is gen-
erally much faster than that of frictional braking system actu-
ated by electro-hydraulic or electro-mechanic system, τe will
be accordingly much smaller than τf .

Considering the physical constraint on friction braking sys-
tem and in-wheel motor, the ranges and rates of mechanical
and electric braking torque are respectively constrained as

Tj,min ≤ Tj≤Tj,max, j ∈ {m, e}−Ṫj,max≤ Ṫj ≤ Ṫj,max (20)

B. BRAKING TORQUE ALLOCATION DESIGN
Based on the different dynamical response of frictional
braking system and regenerative braking system, the major
idea of proposed braking torque allocation scheme is
that the in-wheel motor should be more sensitive to the
high-frequency brake torque command that from upper-level
controller. Thus, a frequency-depended braking torque allo-
cation ratio is defined as

ρ(fb) = |Te/Tm| (21)

where fb is the frequency of the braking torque signal.
It should be noted that no matter how the allocation ratio

varies, following equation must be satisfied as

Tb = Tm + Te (22)

By using forward Euler method, the variation rate of braking
torque can be approximated as

Ṫj =
(
Tj[k]− Tj[k − 1]

)
/ts, j ∈ {m, e} (23)

where ts is the sampling period.
In order to further pursue the benefit of the torque alloca-

tion, following optimization problem are then formulated to
minimize the brake torque requirement as

min
Tm,Te

{
(αmT 2

m + αeT
2
e )

+ (βm (Tm − Tm [k − 1])2 + βe (Te − Te [k − 1])2)
}

s.t. Tm + Te = Td ,Tj ≤ Tj ≤ T̄j, j ∈ {m, e}

Tj = max
{
Tj,min,Tj[k − 1]− tsṪj,max

}
T̄j = min

{
Tj,max,Tj[k − 1]+ tsṪj,max

}
(24)

where αm, αe, βm, βe are different weighting factors to be
designed.

The first part of the cost function in (24) is used to optimize
the amplitudes of both frictional braking torque and regener-
ative braking torque. And the second part is used to constraint
the variation rate of braking torque for each braking actuator.
By using the forward Euler method in (23), the variation rate
constraints of the braking torque are converted into range
constraints. Thus, the number of inequalities constraints can
be reduced.

In order to solve the optimization problem in (24), follow-
ing Lagrangian function is defined as

L (Tm,Te, `)

= αmT 2
m + αeT

2
e + βm (Tm − Tm [k − 1])2

+βe (Te − Te [k − 1])2 + `L (Tm + Te − Tb) (25)

where `L is Lagrange multiplier.
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Applying the following first-order conditions

∂L
∂Tm
= 2αmTm + 2βm (Tm − Tm [k − 1])+ `L = 0

∂L
∂Te
= 2αeTe + 2βe (Te − Te [k − 1])+ `L = 0

∂L
∂`L
= Tm + Te − Tb = 0 (26)

By solving the equations in (26), following discrete time
filters can be obtained as

Tm
Tb
(z) =

αe + βe

l
z− βe/(αe + βe)
z− (βm + βe)/l

Te
Tb
(z) =

αm + βm

l
z− βm/(αm + βm)
z− (βm + βe)/l

l = αm + αe + βm + βe (27)

where z is the Z-transform operator
By using the discrete filters in (27), the braking torque

command from the high-level controller can be dynamically
distributed between frictional braking system and regenera-
tive braking system.

FIGURE 4. Desired braking torque allocation ratio.

As it is shown in Fig 4, according to different frequency
values, the desired torque allocation ratio can be dynamically
adjusted. If the frequency value of the braking torque com-
mand is very high, the torque allocation ratio will kept in a
large value tomake full use of the regenerative braking.While
in the low frequency zone, the torque allocation ratio will be
reduced accordingly, which means frictional braking system
will play the dominant role.

In order to generate a set of torque allocation ratios that can
be close to the desired allocation ratio values shown in Fig 4,
following nonlinear least squares problem is defined as

min
αm,αe,βm,βe

n∑
k=1

(
ρ∗k − ρ (fk)

)2 (28)

where k = 1, 2 . . . , n is the number of sample points
By solving the nonlinear least squares problem in (28),

a suitable set of torque allocator weights can be find to both
fulfill the constraint requirements in (24) and also make the
shape of actual braking torque allocation ratio curve be close
to the desired one shown in Fig 4.

V. SIMULATION RESULTS AND ANALYSIS
As it is shown in Fig 5, co-simulations are conducted in
MATLAB/Simulink to evaluate the performance of proposed
hierarchical braking control strategy. The full car model is
provided by CarSim. In the simulation model, there are
mainly adaptive slip regulator (adaptive braking torque con-
troller) module, braking torque allocation module, wheel slip
calculation module, braking supervisor module and CAN bus
module.

FIGURE 5. Co-Simulation model for proposed hierarchical braking torque
control system.

FIGURE 6. CAN bus module.

Detailed CAN bus model is built by using SimEvent tool-
box, which is shown in Fig 6. The data loss rate is set to
be 0.1% and transmission rate is 250 Kbit/s, which follow
the suggestion of SAE J1939. There are 6 nodes in CAN
Bus model with different priorities. Node 0 with the highest
priority is for the braking controller. Node 1∼4 are for four
wheel slip ratios. And Node 5 with the lowest priority is for
the disturbance message, by using which random delays cam
be produced in the CAN bus.

As it is shown in Fig 7, a typical E-class sedan in the
CarSim library is selected as the test vehicle for the co-
simulation. It is assumed that both front and rear wheels
are equipped with disc brake. And the default brake system
module in CarSim library is selected for all the wheels. The
major parameters for the simulation are listed in Table 2.

First, it is assumed that there is no background traffic in
CAN. Vehicle is decelerated in a straight way from 100 km/h.
It can be seen from equation (10) that the slip error dynamics
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FIGURE 7. Vehicle model in CarSim.

TABLE 2. Parameters in the simulation.

will be too fast to control in engineering practicewhen vehicle
velocity approaching zero. And it is not cost-effective to
use regenerative braking during low speed condition. Thus,
when the vehicle speed is below 5km/h, the proposed braking
torque control system will be disabled. Only the frictional
braking torque will be applied and both wheels will be totally

locked. According to Fig 3, the desired slip ratio is set as
0.16 for both front and rear wheels. In order to consider the
negative effect of inevitable measurement errors, Gaussian
noise with variance 0.005 is added in the wheel slip ratio
signal.

FIGURE 8. Wheel and vehicle speed response.

It can be seen from Fig 8 that, by using proposed hierar-
chical braking torque control system, the speed responses of
both front wheels and rear wheels are quite well during the
braking process. The wheel rotation speeds of both front and
rear wheels are well regulated simultaneously. Thus, desired
wheel slip ratio can be maintained for all the wheels to make
full use of the available tyre-road friction. When the vehicle’s
speed is less than 5km/h, the adaptive braking controller
is disabled. And the vehicle comes to a complete stop at
around 3.5s.

FIGURE 9. Torque allocation result of front wheel.

FIGURE 10. Torque allocation result of rear wheel.

The braking torque responses of front wheels and rears
wheel are shown in Fig 9 and Fig 10 respectively. The
braking torque of the front wheel is generally greater than
that of rear wheel, which is mainly caused by the weight
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transfer effect. In the beginning of the braking process,
the braking torque output of the both front and rear wheel
are just linear to the brake pedal travel. The adaptive braking
torque controller is enabled at around 0.5s when excessive
slip ratio change is detected. By using the braking torque
allocator, both frictional and electric braking torques are
dynamically distributed. And the torque amplitudes of all the
in-wheel motors can be well constrained.

In order to better show the performance of the proposed
hierarchical braking torque controller, traditional PI con-
troller is used for comparative analysis. In the beginning of
the braking process, the braking torque output is just linear
to the brake pedal travel. Proposed controller and PI con-
troller will be all enabled at around 0.5s when excessive slip
ratio change is detected. The wheel slip ratio results can be
seen in Fig 11. Compared with the traditional PI controller,
proposed hierarchical braking torque controller can regulate
the wheel slip ratio more smoothly during the whole braking
process, especially in themoment when the braking controller
is first initialized. And the PI controller would result large
oscillation in the controller initialization process.

FIGURE 11. Wheel slip ratio regulation performance comparison.

FIGURE 12. Brake distance comparison.

The braking distance results of the both braking controllers
can be seen in Fig 12. Compared with traditional PI con-
troller, the proposed hierarchical braking torque controller
can offer shorter braking distance due to better wheel slip
ratio regulation.

In order to further evaluate the robust performance of
proposed hierarchical braking torque controller, effects of
the CAN-induced delay on proposed hierarchical braking
controller is evaluated. By turning on the disturbancemessage
in Node 5, random delays in Node 1∼4 are show in Table 3.

TABLE 3. Message Transmission delays in CAN.

It can be seen that Node 1 with highest priority has the
smallest delay, while Node 4 with lowest priority has the
largest message delay. And the message delay that induced by
CAN in different nodes will be varied from 0.4ms to 1.8ms.

FIGURE 13. CAN BUS Utilization.

The load rate of the CAN bus is shown in Fig 13. The
load rate of the CAN bus is gradually increased and finally
stabilized at 0.45. As the CAN bus is not fully occupied by
the braking controllers, it still can be used by other vehicle
nodes for signal transmission.

FIGURE 14. Speed response of traditional PI controller with CAN-induced
delay.

The vehicle speed and wheel speed responses can be seen
in Fig 14 and Fig 15. Due to message delivery delays caused
by network traffic, the traditional PI controller will cause
severe oscillations in the both front and rear wheels at around
2.2s. While the proposed hierarchical braking torque con-
troller can still ensure good wheel speed control performance
in spite of CAN induced delays.

The wheel slip ratio response can be seen from Fig 16 and
Fig 17, where similar result can be concluded. The traditional
PI controller failed to regulate wheel slip ratio to its desired
value due to the negative effect of the CAN-induced mes-
sage delays. Starting from the moment 2.2s, both front and
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FIGURE 15. Speed response of proposed braking controller with
CAN-induced delay.

FIGURE 16. Wheel slip ratio response of traditional PI controller with
CAN-induced delay.

FIGURE 17. Wheel slip ratio response of proposed braking controller with
CAN-induced delay.

rear wheel slip ratios are begin to oscillate more and more
severely. It will make the vehicle system unstable and even
in danger. However, good wheel slip ratio regulation perfor-
mance can be still guaranteed by using proposed hierarchical
braking torque controller.

VI. CONCLUSIONS
In this paper, a hierarchical braking torque control system
design is proposed for electric vehicle with four in-wheel
motors. By using adaptive feedback law, wheel slip ratio
can be well regulated to its desired value for both front
and rear wheels. And the proposed adaptive controller is
also robust to friction uncertainties, measurement noise and
message delivery delays caused by network traffic. By using
a frequency-dependent allocation ratio, braking torque allo-
cation can be realized in both front/rear wheels and fric-
tional/regenerative braking systems simultaneously. Both
the amplitudes and variation rates of these brake torques
can be well constrained during the whole braking process.

Braking supervisor is successfully incorporated in the pro-
posed hierarchical braking torque control system, which can
open or close both the wheel slip regulator in the upper-level
and braking torque allocator in the lower-level according to
different vehicle conditions, which can help better initialize
the hierarchical braking controller to avoid undesired discon-
tinuities in the braking torque output. The effectiveness of
proposed braking controller is successfully verified by using
co-simulation with Matlab/Simulink and CarSim.
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