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A New Torque Distribution Strategy for Blended Anti-Lock Braking Systems of
Electric Vehicles Based on Road Conditions and Driver's Intentions

Abstract

This paper proposes a new braking torque distribution strategy for electric vehicles equipped with a
hybrid hydraulic braking and regenerative braking system. The braking torque distribution strategy is
proposed based on the required braking torque and the regenerative braking system's status. To get the
required braking torque, a new strategy is designed based on the road conditions and driver's braking
intentions. Through the estimated road surface, a robust wheel slip controller is designed to calculate the
overall maximum braking torque required for the anti-lock braking system (ABS) under this road condition.
Driver's braking intentions are classified as the emergency braking and the normal braking. In the case of
emergency braking, the required braking torque is to be equal to the overall maximum braking torque. In
the case of normal braking, the command braking torque is proportional to the pedal stroke. Then the
required braking torque is chosen as the smaller one between the overall maximum braking torque and
the command braking torque. To acquire both high regenerative efficiency and good braking performance
when the required braking torque is smaller than the maximum braking torque of the regenerative braking
system, the whole braking torque can be provided by the regenerative braking system; when the required
braking torque is bigger than the maximum braking torque of the regenerative braking system, the whole
braking torque can be provided by both the hydraulic braking system and the regenerative braking system,
while the maximum braking torque of the regenerative braking system is obtained based on the battery
state of charge (SOC) and vehicle speed in real-time. Both fuzzy rule-based scheduling and robust control
approaches will be applied to achieve the above proposed distribution strategy. The effectiveness of the
proposed control system is validated by numerical simulations under various road conditions, vehicle
speeds, driver's braking intentions, and the battery SOCs.
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INTERNATIONAL:s

A New Torque Distribution Strategy for Blended Anti-Lock Braking Systems of
Electric Vehicles Based on Road Conditions and Driver's Intentions

Wenfei L1, Haiping Du, and Weihua L1
University of Wollongong

ABSTRACT

This paper proposes a new braking torque distribution strategy for electric vehicles equipped with a hybrid hvdraulic braking and
regenerative brakmg system. The braking torque distribution strategy 1s proposed based on the required braking torque and the
regenerative braking system’s status. To get the required braking torque, a new strategy 1s designed based on the road conditions and
driver's braking intentions. Through the estimated road surface, a robust wheel ship controller 1s designed to calculate the overall
maximum braking torque required for the anti-lock braking system (ABS) under this road condition. Driver's braking intentions are
classified as the emergency braking and the normal braking. In the case of emergency braking, the required braking torque is to be
equal to the overall maximum braking torque. In the case of normal braking. the command braking torque 1s proportional to the pedal
stroke. Then the required braking torque 1s chosen as the smaller one between the overall maximum braking torque and the command
braking torque. To acquire both high regenerative etficiency and good braking performance when the required braking torque 1s smaller
than the maximum braking torque of the regenerative braking system, the whole braking torque can be provided by the regenerative
braking system:; when the required braking torque is bigger than the maximum braking torque of the regenerative braking system, the
whole braking torque can be provided by both the hydraulic braking system and the regenerative braking system, while the maximum
braking torque of the regenerative braking system is obtained based on the battery state of charge (SOC) and vehicle speed n real-time,
Both fuzzy rule-based scheduling and robust control approaches will be applied to aclieve the above proposed distribution strategy.
The effectiveness of the proposed control system 1s validated by numerical simulations under various road conditions, vehicle speeds,

driver’s braking mtentions, and the battery SOCs.

CITATION: Li. W, Du, H.. and Li. W., "A New Torque Distribution Strategy for Blended Anti-Lock Braking Svstems of Electric Vehicles
Based on Road Conditions and Driver's Intentions,” SAE Int. J. Passeng. Cars - Mech. Svst. 9(1).2016, do1:10.4271/2016-01-0461.

INTRODUCTION

As a crucial part of vehicles, the anti-lock braking system (ABS)
plays an important role for improving vehicle braking performance in
emergency situations, The ABS not only can keep the wheel
directional control but also can reduce the stop distance in severe
braking. The key part of ABS 1s the wheel slip ratio control. In order
to acquire the maximum friction force and the shortest braking
distance, ABS should be able to keep wheel slip ratio track the
optimum of slip ratio under given road conditions. In conventional
hydraulic braking (HB) system, the most common ABS algorithm 1s
based on the logic threshold control (L TC) through monitoring
deceleration and ship ratio of wheels [1]. In order to track the optimal
slip ratio. many other algorithms are also used. such as shiding mode
control [2]. adaptive control. neural control [3]. fuzzy control [4] and
so on. However, due to the slow dynamic characteristics of the
hydraulic system. the friction braking torque has a significant delay
during a transient response and 1t seriously aftects the optimal ship
ratio control performance [3].

Electric vehicles are currently received much attention due to their
zero carbon dioxide emission and other advantages compared to
conventional engine vehicles [6]. Electric vehicles can normally be
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equipped with regenerative braking (RB) system [7] in addition to the
HB system. As HB system can provide large braking torque and RB
system has fast response, which 1s beneficial to the wheel ship ratio
control m an emergency braking, appropriate control of these two
braking systems not only can enhance the braking performance but
also can improve energy regeneration. Therefore, blended braking
system that combines conventional HB system and RB system is
becoming more attractive and the coordination between energy
recovery and vehicle stability through distributing braking torque
between the RB system and conventional HB system have received
more attention [3]. In [3]. the authors conducted a research on
braking performance in emergency braking, where the HB system
generates a stable pressure which 1s equal to the required torque, and
the RB system 1s used as an auxihary system to improve the dynamic
charactenstics of the braking system. In [1]. the energy recovery of a
braking system was focused on. For achieving the maximum energy
recovery, the HB system 1s preferred not to eperate until the RB
system reaches 1ts maximum availability. This strategy can improve
the energy recovery performance. However, in emergency situation,
the braking performance will be affected. For getting a good braking
performance and high energy recovery, it 1s necessary to take
different distribution strategies based on different conditions. For
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example, the braking torque distribution strategy can be changed
based on different braking modes |8]. Nevertheless, just considering
the braking modes 1s not enough for accurate control. It 1s necessary
to take driver’s braking mtention. the relationship between pedal
displacement and braking force, road condition and vehicle status
mto consideration.

In this paper, we design a new torque distribution strategy for blended
ABS. A three-pomt prediction method 15 utihized to estimate the road
surface [9] and a robust wheel ship ratio control 3] 1s used to
calculate the overall maxmimum braking force based on road
conditions. The dniver’s braking imtention 1s identified by a fuzzy
system | 17]. And the relationship between pedal displacement and
braking force 1s also considered in braking condition [10]. The
effectiveness of the proposed control system 1s validated by
numerical simulations under various conditions. The main
contribution of the paper 1s to develop a relationship between pedal
commander and braking force by combining driver’s braking
mtention and pedal displacement. And a torque distribution strategy
1s developed based on driver’s braking intention, pedal displacement,
road condition, battery state, motor and vehicle status.

The rest of the paper 15 organized as follows. In Section 2. the models
of whole system including quarter-vehicle dynamics, HB system, RB
system, the fuzzy system which 1s used to 1dentity driver’s braking
mtention, relationship between pedal stroke and braking force are
mtroduced. In Section 3. the supervisory slip controller is discussed.
It includes a three-point prediction method and a robust wheel ship
ratio controller. The torque distribution strategy 1s discussed in
Section 4. In Section 5, the simulation results on a quarter-vehicle
braking model are presented. Finally, conclusions are given
Section 6.

SYSTEM MODELING

Vehicle Dynamics Model

In this section, a quarter-vehicle model 1s used n this paper [11]. This
model can be presented by a single wheel. As most ABS control
strategies [11] did. only a straight-line braking event 1s considered n
this study and the wheel viscous friction forces are ignored. The
dynamics of the vehicle and wheel model can be expressed as:

JWy = —Tp +TF,

(1)
mp == — F
(2}
F, = fa“z
(3)
F. = u(A)mg
(4)

1= Wy — g,y

(3

where r 1s the effective wheel radius, J 1s the moment of nertia of the
wheel, 7, 1s the braking torque, v 1s the longitudmal velocity of the
vehicle, @ 1s the angular velocity of the wheel, @ 1s the angular
velocity of the vehicle, which can be measured by dual-antenna
global positionmg system [3]. I 1s the longitudinal tire force, m 1s
total mass of the quarter vehicle, /| 1s the aerodynamic drag
coeflicient, I 1s the acrodynamic drag force, u(4)1s the tyre
longitudinal friction coeflicient, which 1s a function of wheel slip
ratio 4. In this paper, the tire model used 1s based on the tire fnction
model developed by Burckhardt and Reimpell (1993). It 1s shown as
below |11}

HQ) = €, (1—e~2*) — C3a
(6)

where €|, C, and (; are constants for different road conditions. | 1s
the maximum value of the riction curve, €, mdicates the Iriction
curve shape and (' 1s the difference between the peak value of the
friction curve and the value when ship ratio 1s 1.

Hydraulic Braking System Model
In this paper, HB system 1s described by the following equation |11}

kiCgdyik kaCgAygk

dpy, /dt = ====(Pm — Pw)®' === (Pw — Po)*"
(7)

where k| . k, represent the control signals to simulate the on-off
feature of the pressure modulation for the wheel cylinder, where the
states of HB system can be classified into three modes: increasing,
decreasing and holding. p_ . p, . p, are wheel cylinder pressure,
master cylinder pressure and reservorr pressure. C 4 . A kand V',
are the flow coeflicient of the valves, the cross-sectional area of the
mlet valves, the cross-sectional area of the outlet valves, the bulk
modulus of the brake oil and the brake o1l volume under no pressure,
respectively. ¢, and ¢  are the coeflicients for pressure mereasing and
decreasing modes, respectively, and they can be calibrated from
experimental data [2] as following:

37.5416 * (P, — Puw)*>® Increasing
Pe_d 0 Holding
—38.3128 = (p,, — po)™?? Decreasing

(&)

The HB torque can then be calculated using the following equation:

Thp = 2PyAw frpThp
(9
where 7', 1s the hydraulic brake torque, A  1s wheel cvlinder cross

sectional area, f,, 1s the friction coeflicient, r, is the effective
brake radius.
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Regenerative Braking System

In this paper, the RB system consists of in-wheel motors and battery
pack. Detailed charactenistics descriptions of the RB system can be
found in reference [6]. The maximum braking torque of motor can be
described by following equation [6]:

‘i = { TmN Wy < Wy N
max — (9550P,n/ Wy Wy > Wy

(1)

where 7' 1s the maximum motor torque, 7 _,.1s the motor rated

torque. @_ is the motor speed. e .15 the motor base speed and PP, 1s
the motor rated power.

Considering battery overcharging may shorten the battery’s lite when
the battery SOC 1s high. a we:ighljng fm‘:tnr W e i? L"I'['lli)lD}"Ed to protect
the battery, So the motor available braking torque is written as follow:

Tavait = TmaxWsoc
(11)

The weighting factor for the battery SOC can be written as follows:

1 s0C,., < 0.8
Weoc =11 —5S0C,., 0.8 <S50C;, <09

0 SOC ... =09

(12)
where SOC__ can be written as follows:
r
S0C,., = SOC,; — 100 f, I(7)dT

(13}

where SOC 15 the actual battery SOC value; SOC, ' 1s the inmitial
battery SOC value; (J.. 1s the total battery energy capacity: /1s the
motor current:

poge Y

N thy
(14)

where U 1s the batterv charging voltage, and 1t can be written as follows:

U ""rur_J vﬂzr."""i'Pﬂ!ﬂl‘ﬂi" Rchg

2
(15)

where 17 _1s the open-circuit voltage which is the termmal voltage at
zero current flowing in or out the battery. R, 1s mternal resistance
value, 1t depends on the state of the battery. The power mnto the motor
P can be calculated as

T pel

Protor = Trptywp
(16)

where P 1s the power generated by regenerative braking system;
T, 1s the actual regenerative braking torque; p 1s the power efliciency.

Pedal Simulator

In the brake-by-wire system, the brake pedal 1s not directly connected
to the actuators. So a pedal simulator 1s needed to simulate the
traditional braking system. In this paper, the model of pedal simulator
15 described by the following functions [10]:

Pm = EIFE +{12V
(17)

where V is the volume of brake fluid pushed: a, a, are fitting factors.

V=A4,x
(18)
where 4 1s the piston area: x 1s the piston displacement. The
relationship between piston displacement x and the piston force N
can be described as:
— 3,2 2
N =a;A,x* + a,A;x
(19)

The relationship between pedal stroke [ and piston displacement x
can be written as:

L=px
(20)

where L 1s pedal stroke: [§ is leverage ratio: I, 1s the maxunum

stroke of pedal. Finally, the relationship between pedal stroke 1. and
the master cylinder pressure P, can be wntten as:

Pm " ﬂ1-4'EL' + ﬂ-:AEL

f* P
(21)
whenL=L
p ALy GaAplinax
T Ly .EE ﬁ
(22
Teb = Thmax = 2R mma.x-'qwf hbThe
(23)

where 7, 1is the maximum braking torque of the HB system. In this
paper, T, 15 400Nm. T, 1s the command braking torque. 7’ can be
calculated by following equation:

Tep = 2PnAwfanThp
(24)

Driver’s Braking Intentions

In this paper, the driver’s braking intentions are classified as
emergency braking and normal braking. In [17]. the ANFIS has been
used to identify driver’s braking intentions through 1200 sets of data.
Referring to [17], we build a TS-fuzzy system to identify driver’s
braking intentions. The mputs of the fuzzy system are pedal stroke
and the change rate of the pedal stroke. Three linguistic values are
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used to describe pedal stroke and the change rate of the pedal stroke.
They are 8=Small, M=Medium, B=Big. The membership functions
of these two variables are shown in Fig. 1. [17].

Dhmgpravs of msimibarahis

(=1
i —
i

=]
:id

Drasgrae of msamibarahip
L=
=
1

=
e

0 M 40 60 80 W0 120 140 160 180 200
change rate of brake pedal
Figure 1. Membership functions of pedal stroke and the change rate of the

pedal stroke.

The output of the fuzzy system 1s the driver’s braking mtention. It can
be divided as normal braking (NB) and emergency braking (EB).
When braking mtention 1s normal braking. output of fuzzy system 1is
constant 1. When braking itention 1s emergency braking, output of
fuzzy svstem 1s constant 2. And the fuzzy rules are defined in Table 1.

Table 1. Fuzzy rule

pedal stroke

the change rate of
the pedal stroke

B
5 NB
M EB
B EB

DESIGN OF SUPERVISORY CONTROLLER

The supervisory slip controller 1s made up of an optimal ship ratio
estimation and a robust wheel slip ratio controller.

Three-Point Prediction Method

In this paper, a three-pomt prediction algorithm 1s used to estimate
the optimal slip ratio. From [11]. we can see that optimal slip ratio
can be given by ;?me_ = In (¢ c, /e, )e,. Atfirst. the algorithm tests the

deceleration at three different predefined shp ratios and uses these
values to predict the surface characteristics. Each surface can be
defined by the equation (6). From equation (6), we can see that if the
values of ¢,. ¢, and ¢, are known, the peak slip can be located. These
three parameters can be derived as:

_ u(A A —u(As)A,

El N Az'ﬂz
(23)
F :Mi,}—ﬂ-[ﬂz}
P A
(26)
i g In(cy f{ci=pl(Az)—c343))
& T Az
(27)

where 4, . 4, and 4, are three slip ratio constants to be chosen to
estimate ¢, ¢, and ¢;. According to [6]. the three constants can be
chosen as 0.6, 0.5 and 0.1. p(4,), u(4,) and u(4,) are the coeflicients of
friction at the respective slip ratios.

Robust Wheel Slip Ratio Controller

In this paper. the main objective of the robust slip ratio controller is to
deal with the modelling errors and provide the overall maximum
braking torque required for the ABS under given road conditions.
According [1] - [3]. the dynamic models of a quarter-vehicle can be
rewritten as:

A= f(X)+ bu(t)
(28)

y=A
(29)

where

FX) = == {21 - 20 - mg|u@) + A0 - DE WE (o)}

"-”1.1':5}
(30)
1
b =
wyl(t)]
(31)
U.(t) = T:Erh(t)
(32)

where T, 1s the the total required braking torque for the ABS to track
the optimal shp ratio under related road condition. In order to improve
the optimum shp ratio tracking, an optimal predictive control (OPC)1s
used n this paper. The main 1dea 1s explamed as follows [3]: The wheel
slip of the next time At + h) 1s first approximated by truncating the
Taylor expansion up to the first order term:

A(t+h) = A() + heé(t) + A(D)]
(33)
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where i denotes the predictive period; e(t) = A(1) - A (1), A [1) 15 the
desired slip ratio which is equalto 4, . For reducing the slip

tracking error with the mmimum control effort, a cost function 1s
designed as follows:

J == [ACE +h) = Aa(t + B)]? + > Tpu(t)?

=1y[e(t) + h(f(X) — A4(1)) + hbu(t)]? + 5 Tou(t)?
(34)

where 1, > 0, r, > 0 are weighting factors. In real applications, f{.Y')
and b 1s hard to be acquired. For controller design. their estimated
values f(X) and b are used. The optimality for the cost function is
obtained by using &J/cu = 0, then:

hb

u(t) = = [e() + R(FX) — ()]

(33)

where 5 = 7,/1,;

To deal with estimated error. robust controller 1s used in this paper. In
the following. the design of a robust controller 1s introduced. First,
some assumptions are presented [3]:

Assumption 1

The parameters of uncertainties have known bounds, which vields:

IFCOI < {a’B(D)

(36)
where
T — |far 8 mgr
= [m r 7 ]
(37)
T _ . |[plA) =AY ] | mld)
'3 (t) - [lmﬂ(t)(l le | eap(t) |mu(£JH
(38)
(=¢=]/]
(39
Assumption 2
Control mput is assumed to be bounded:
Fon -4 <p
(41

where P is a positive constant,

Assumpftion 3

The estimated error between f(X) and f{X) is assumed to be bounded
by a positive constant ‘P

[FX - fol <y

(41)

Now we define £ = hb/(h%b? + n). In order to ensure the stability.
selecting a Lyapunov function candidate as:

V(D) =3 (A1) — Aa())?
(42)

Its time derivative:

V(e) = ee = == +el(g— 1) (FO) = ) + (FX) = FX)]

(43)

In order to ensure V(t) < 0, wheel slip tracking error should be
limited to a bounded range between +[hy + hP(1/&bh — 1)] In
order to reduce the tracking error, it should make § = bh. Then,
wheel ship tracking error converges to £hy, For a certain road
condition, the target slip ratio is a constant, so A, = 0. then (35) can
be written as:

(44)

From above analysis, the wheel shp tracking error will be limuted to a
bounded range between +hy. To make the tracking error converge to
zero, a feedback compensation term u, 1s designed:

e s .
ult) = —e+=
(43)
then derivative of Lyapunov function (43) can be wntten as:
V() = —=o +e[f(X) +urado]
(46)
To ensure V(&) < 0 we select:
urq = —a@"B(t)sgn(e)
(47)

where ¢ denotes the estimate vector set of a. It consists of the
estimate vehicle parameters with each element d.>a >0.And the
control mput can be written as:

u(t) = —#e —878(t)sgn(e)

(48}
where:
g i == ﬁlj
(45

8T(t) = [wZ|1— A lp(D)(1— )| [uD)] ]
(30}
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Then, the overall maximum braking torque required for the ABS
under given road condition is calculated based on (48).

BRAKING TORQUE DISTRIBUTION
STRATEGY

The whole structure of vehicle braking system is shown n Fig.2. The
role of each part will be introduced as below. First, based on pedal
command, driver’s braking mtentions can be identified by the fuzzy
system which 1s introduced in Section 2. The supervisory slip
controller 1s used to calculate the total required braking torque for the
ABS to track the optimal slip ratio under related road condition.
Based on equation (48), total required braking torque can be
calculated. The supervisory slip controller can work on two different
states based on driver’s braking mtentions. When driver’s braking
mtention 1s emergency braking, the supervisory ship controller will be
directly used to control whole vehicle brake system. When driver’s
braking mtention is normal braking, the supervisory slip controller
will monitor the vehicle's slip. In this case, it 7, <7 . the
supervisory ship controller will be directly used to control whole
vehicle brake system. If 7, > T, , the brakng torque will track T ;.
Based on SOC and wheel speed, motor and battery can provide the
maximum available braking torque (7 ) of RB system through
equation (11). Based on driver’s braking mtention, 7, . T, and 7
torque allocator 1s used to allocate braking torque to HB and RB
systems. The details of torque allocator will be mtroduced n the next
paragraph. HB actuator and RB actuator are used to impose braking
torque to vehicle and make vehicle stop.

=

avail®

Brake _ : i
intention -| Supervisory f >
slhip Wy
|. controller .: ‘
Thdb | - Thb
L Tcb

VehicleEtire

|
: — HB Actuator li -

Torque | | \ .
intention miodel

:' Allocator ‘_‘ = =
ﬂ : ; [ RB Actuator
Brake ’ |

intention Trdb - Tro .

e S

Cmd ‘{ Driver” s

Tavial

Motor& L Ww
Battary |

Figure 2. Whole structure of the braking control svstem.

When the brake action is taken. the overall required braking torque of
whole vehicle system (7', ) should first be calculated. T, 1s the sum
of the desired HB torque (7, ;) and the desired RB torque (7, ): T’ , =
T, .+7T,. T, 1sdetermmed based on pedal stroke, change rate of the
pedal stroke, driver’s braking intention and supervisory slip controller.
Its value can be divided mto the following three situations. It dniver’s
braking intention 1s emergency braking. supervisory slip controller will
be used to control whole brake systemand 7, willbeusedas 7, :

T ., =T, . 1fdnver’s braking mtention is normal braking and 7, <

T, ;. in this situation, the overall required braking torque will track
command braking torque: 7, =T, . I driver’s braking intention 1s

normal braking and 1,>71,.1T, wllbeusedas? ,: T , =T , Then,

T . 1s allocated to HB actuator and RB actuator,

ot

We design a brake torque distribution strategy based on following
principles; during emergency braking, braking performance 1s more
important than energy recovery. And during normal braking,
distribution strategy should pay more attention o energy recovery.
The strategy 1s: In emergency braking. 1f 7, <7 . RB system can
meet the required braking torque of whole brake system. So only RB
system works: 7', =T . . In this case, Brakig performance can be
guaranteed and energy recovery is maximized. If 7, =7 .. RB
system and HB system will work together and HB system 1s used to
track 7, . T, , =1 ,.the RB system 1s used to elimmate the error
between 7, , and 7, caused by slow dynamic characteristics of the
hydraulic system and other uncertain factors. In this case, although
energy recovery 1s not maxumized, braking performance can be
guaranteed. This 1s in accordance with the principle of emergency
braking. In normal braking. 1t 7_, <7 .. RB system can meet the
required braking torque of whole brake system. So only RB system
works: 7, =T ., . Inthis case, Braking performance can be
guaranteed and energy recovery is maximized. If 7, =7 . RB
system and HB svstem will work together. Based on the principle of
energy recovery 1s more important than braking performance n
normal braking. Braking torque can be assigned as: 7, =7 _ . T, ., =
T =T

o averil”

NUMERICAL SIMULATIONS

Simulation studies are conducted to validate the effectiveness of the
proposed approach in this section. Some parameters of the whole
braking system are: m=75kg, J=1.7kg-m?, f = 0.003Ns"/m*. The HB
torque 1s imited to 400 Nm. The maximum braking torque of RB 1s
100 Nm. The desired ship model 1s defined as [13]:

Ay + 102, = 104,
(51)

where /4_can be calculated by three point prediction method. For
comparison purpose, two conventional distribution strategies, named
Strategy 1 and Strategy 2, respectively, are also applied in emergency
braking. Strategy 1 1s to make the HB torque ( 1, »)equal to the total
required braking torque (7 ,) calculated by the supervisory shp
controller. The small deficiencies caused by the slow dynamic
charactenstics of the HB system and other uncertain factors will be
compensated by the RB system. On the other hand. for improving the
energy recovery efliciency, Strategy 2 1s to make the HB system not
work until the total required braking torque exceeds the maximum
torque that the RB system can provide.

In the simulations. the proposed strategies. Strategy 1, and Strategy 2
are tested under two different road conditions. First, the vehicle 1s
running on a wet asphalt road surface with an initial speed of 30 m/s
and an mitial battery SOC value of 0.5, When pedal stroke is 70% of
the maximum pedal stroke and the emergency braking is applied. the
vehicle speed and wheel speed for the proposed strategy are shown n
Fig.3. It can be seen trom Fig. 4 that the proposed strategy well tracks
the desired slip ratio. Fig.5 shows the whole change process of SOC
during braking. Other two strategies’ simulation results are
summarised in Table 2. Second. the vehicle 1s running on a snow road
surface with the same initial speed of 30 m/s and mitial battery SOC
value of 0.5. When pedal stroke 1s 70% of the maximum pedal stroke
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and the emergency braking 1s applied, the vehicle speed and wheel
speed for the proposed strategy are shown in Fig.6. It can be seen
from Fig.7 that the proposed strategy also well tracks the desired slip
ratio. ['ig.8 shows the whole change process of SOC during braking.
Other two strategies” simulation results are summarised mn Table 2.

From Table 2. we can see that the proposed distribution strategy
combines the advantages of Strategy 1 and Strategy 2. When
emergency braking 1s applied on a snow road surface, the required
braking torque is small and the RB system can satisty the required
braking torque. In this situation, the proposed distribution strategy 1s
same to Strategy 2. where all the required braking torque 1s provided
by the RB system. Strategy 1 1s different from the proposed distribution
strategy and Strategy 2 that most of the braking torque 1s provided by
the HB svstem and the RB system 1s only used to reduce the
deficiencies between the required braking torque and the HB torque. So
the proposed distribution strategy and Strategy 2°s energy recovery 1s
higher than Strategy 1's energy recovery. Because the regenerative
system 1s used 1n all three strategies and the maximum braking torque
of RB system 1s bigger than the required braking torque, three
strategies almost achieve the same stop distance. Under the
comprehensive comparison, proposed strategy and Strategy 2 are better
than Strategy 1. On wet asphalt road surface, the required braking
torque 1s bigger than the maxmmum braking torque of the RB system. In
this case, the proposed distnbution strategy 1s same to Strategy 1. For
improving braking performance, the HB system starts to work at the
beginning of braking in the proposed distribution strategy and Strategy
1. However. for Strategy 2, the HB brakmg system starts to work until
the RB system’s braking torque reaches to 1ts maximum braking
torque. So the braking distance of Strategy 2 1s longer than the
proposed distribution strategy and Strategy 1. Although Strategy 2’s
energy recovery 1s higher than the proposed distrnibution strategy and
Strategy |’s energy recovery, the braking performance should be the
priority to be considered in emergency braking. So in this situation,
proposed strategy and Strategy 1 1s better than Strategy 2. From above
simulation results, we can see that proposed strategy combmes the
advantages of Strategy | and Strategy 2.

Table 2. Comparison of Stopping Distance and SOC

Velocity (rad's)
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Figure 3. Vehicle speed and wheel speed with proposed strategy when driving

on wet asphalt road Surface m emergency braking.
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Figure 6. Vehicle speed and wheel speed with proposed strategy when driving
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To further validate the effectiveness of the proposed approach. the
braking action is now operated as normal braking when the vehicle is
driving on wet asphalt road surface. The pedal stroke are given as
20% and 50% of the maximum pedal stroke, respectively. The
simulation results are seen in Fig. 9 and Fig. 10. From the simulation
results, we can see that the mixed braking torque output of the RB
system and HB system can well track the required braking torque.
From Fig.9, we can see that when the required brakig torque 1s
lower than the maximum braking torque of RB system. only the
regeneration system works. When the pedal stroke 1s 50% of the
maximum pedal stroke, the required braking torque 1s 144, 7Nm. In
this situation. the required braking torque is bigger than the maximum
braking torque of the RB system. and the regeneration system and
hydraulic system will work together. From I'ig. 10, we can see that
the output torque of the RB system 1s 100 Nm and the output torque
of the HB system 1s 44.7 Nm. These simulation results confirm the
performance of the proposed distribution strategy.
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Figure 9. Various parts of the braking torque when pedal stroke s 20%0 of the

maximum pedal stroke on wel asphalt.
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Figure 10. Vartous parts of the braking torque when pedal stroke 1s 50% of the

maxuninn pedal stroke on wet asphalt.

In another situation, driver’s command braking torque exceeds the
maximum braking torque that road can provide. For example, on
snow read surface, the overall maximum braking torque required for
the anti-lock braking svstem (ABS) 1s about 50 Nm. When pedal
stroke 1s 50% of the maxmmum pedal stroke. driver’s braking
mtention 1s normal braking. However, command braking torque 1s
144.7 Nm and 1t 1s bigger than the maximum braking torque that road
can provide. In this case, the supervisory slip controller will work. As
shown 1n Fig.11, the mixed torque of HB and RB will not track the
command torque. Supervisory slip controller will work and make
wheel ship track the optimum ship ratio, as shown n Fig.12.
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Figure 11. Various parts of the braking torque when pedal stroke is 30% of the
maximum pedal stroke on snow road,
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Figure 12. Wheel slip ratio when pedal stroke 1s 50% of the maximum pedal

stroke on snow road surface.

CONCLUSIONS

In this paper, a fuzzy system 1s used to identify driver’s braking
mtentions. Command braking torque can be obtained based on
driver’s braking intention and a pedal simulator. A three-pomt
prediction method and a robust wheel slip controller are used to
calculate the overall maximum braking torque required for the ABS.
Based on driver’s braking intentions, the battery state of charge
(SOC), road condition and vehicle status, a new torque distribution
strategy 1s proposed. Simulation results demonstrate that the proposed
torque distribution strategy 1s able to obtamn the shortest braking
distance 1 emergency braking. In normal braking, supervisory ship
controller can well monmitor wheel slip. When command braking
torque 1s smaller than the braking torque required for the ABS,
proposed torque distribution strategy 1s able to well track the
command braking torque and obtain as large as possible energy
recovery. When command braking torque is bigger than the braking
torque required for the ABS, supervisory slip controller will work and
make wheel slip well track the optimal slip ratio.
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