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Abstract 

ABS is an active safety system which showed a valuable contribution to ve-
hicle safety and stability since it was first introduced. Recently, EVs with 
in-wheel- motors have drawn increasing attention owing to their greatest ad-
vantages. Wheels torques are precisely and swiftly controlled thanks to elec-
tric motors and their advanced driving techniques. In this paper, a regenera-
tive-ABS control RABS is proposed for all-in-wheel-motors-drive EVs. The 
RABS is realized as a pure electronic braking system called brake-by-wire. A 
coordination strategy is suggested to control RABS compromising three lay-
ers. First, wheels slip control takes place, and braking torque is calculated in 
the higher layer. In the coordinate interlayer, torque is allocated between ac-
tuators ensuring maximal energy recovery and vehicle stability. While in the 
lower layer, actuator control is performed. The RABS effectiveness is vali-
dated on a 3-DOF EVSimulink model through two straight-line braking ma-
noeuvres with low and high initial speeds of 50 km/h and 150 km/h, respec-
tively. Both regular and emergency braking manoeuvres are considered with 
ABS enabled and disabled for comparison. Simulation results showed the 
high performance of the proposed RABS control in terms of vehicle stability, 
brake response, stopping distance, and battery re-charging. 
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1. Introduction 

Braking is a safety-critical system that has a crucial effect on vehicle longitudinal 
and lateral behaviour. Besides the primary function of vehicle deceleration, the 
braking system impacts vehicle steering and stability, which becomes vital for 
stable manoeuvrability and handling. In conventional vehicles, hydraulic brake 
actuators are used to provide the brake service. The vehicle’s kinetic energy is 
converted into heat by friction between the brake pad and wheel disc with fric-
tional brakes.  

Almost 25% of the vehicle’s kinetic energy is lost through heat dissipation 
through braking activities [1]. However, at severe braking, the wheels’ forces 
become greater than the road limit, leading to the wheels locking up and losing 
interaction with the road surface, which causes the vehicle to skid along and 
perhaps across the road. Meanwhile, the wheel’s longitudinal force is minimum, 
and the vehicle no longer responds to further deceleration requests increasing 
the stopping distance considerably. 

Losing the road-tire gripping affects not only the longitudinal dynamics but 
also the laterals. When the front wheels lock, vehicle steering is retarded and 
wheel forces become uncontrollable and the vehicle is said understeering beha-
viour. In contrast, the locking of the rear wheels leads to an undesired yaw mo-
tion where vehicle behaviour is oversteering [2]. These are the worst scenarios 
where vehicle stability and driver control are missed and subjected to a potential 
smash. 

However, the recent developments and successful application of advanced 
chassis assistance active safety systems (ACAS), such as anti-lock braking system 
(ABS), electronic stability control (ESC), traction control (TC), and torque vec-
toring (TV) enabled promising answers for vehicle safety and stability [3] [4]. 
Nowadays, different ACASs can be introduced as one integrated control solution, 
which has become a crucial part of vehicle safety [5] [6]. ABS is one of the most 
effective ACAS solutions ever introduced due to its exceptional performance 
under all road conditions as active braking.  

Recently ABS has been applied in almost all vehicle types due to its potential 
to address the challenges connected to vehicle stability, handling, and safety by 
preventing wheels from locking up, especially on slippery and μ-split roads [7] 
[8]. These advantages put ABS ahead of the standardized safety systems list with 
the eighth highest priority [9]. The ABS constantly monitors and regulates 
wheels’ acceleration within a given bandwidth by modulating cylinder pressure 
at each wheel [10] [11]. This way, wheel slip limits cannot be reached, maintain-
ing maximum wheel-road grip the given friction coefficient μroad [12] [13] [14] 
[15]. ABS always guarantees maximum wheel-road gripping for different road 
types, significantly minimizing the brake distance. However, ABS improves not 
only the vehicle’s longitudinal behaviour but also maintains lateral stability [16]. 
Vehicles equipped with ABS sustain high handling and stability at reduced stop-
ping distance which cuts down their involvement in crashes [17]. For example, 
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the braking distance is reduced by more than 4% on roads with poor conditions 
with low and μ-split [18]. Nevertheless, different studies showed higher reduc-
tions of up to 18% (4.33 m less compared with standard brakes) [19], or even up 
to 36% [9].  

The ever-increasing concerns of climate change and claims to eliminate CO2 
emissions motivated automakers to devote massive efforts and take accelerated 
steps toward developing next-generation hybrid and pure EVs. Thus, the recent 
couple of years witnessed a continuous increment in on-road hybrid vehicles 
number as a pre-acknowledgement of the upcoming EVs. With the full adoption 
of EVs, CO2 emissions can be ceased totally. The recent trends and advances in 
electrical drive technologies, namely electric motors (EMs), power electronics, 
and energy storage devices, suggest that EVs are shortly replacing internal com-
bustion engine (ICE) vehicles [20] [21] [22].  

Besides environmental protection, many other benefits are ensured by shifting 
to electrified mobility. Hybrid and EVs have a more straightforward drivetrain 
layout, fewer mechanical and hydraulic components, higher efficiency, improved 
fuel economy, electronic application of different ACASs, and realization of re-
generative braking. Furthermore, EMs are the only power source, and their tor-
que can be controlled over a wide speed range enabling seamless and efficient 
integration between different ACASs such as ABS and ESC [23] [24]. 

In hybrid and EVs, the vehicle’s kinetic energy during braking can be con-
verted into electrical energy via the regenerative braking system (RBS) [25] [26]. 
RBS provides an intelligent solution as a pure electronic brake, also called brake- 
by-wire (BBW), owing to the absence of a direct connection with the brake pedal. 
EMs work as generators at braking periods delivering electric energy back to the 
battery pack via devoted power electronics.  

Amongst all advantages, energy recovery is the most promising answer to the 
main challenges yet hinders EV mass production. Such hurdles include cost, 
range, charging time, and battery lifespan. For example, during normal driving, 
regenerative braking allows for more than 37% of the kinetic energy to be recov-
ered [19]. However, the amount varies massively depending on the driver’s be-
haviour and the driving path. In other words, the deceleration rate in urban is 
high; thus, a considerable amount of energy can be recovered, improving fuel 
consumption and extending the vehicle range [27]. For instance, the EVs range 
is extended up to 15% [28], and the fuel consumption is decreased between 10% 
- 25% in hybrid vehicles [29].  

Nevertheless, the recovered energy is hindered by two main factors, the bat-
tery state of charge (SOC) and the vehicle speed. At high SOC (80% - 95%), the 
battery management system (BMS) ceases charging for safety and durability 
reasons such as battery lifespan, temperature, and mechanical structure [21] [30]. 
Thus, the motor electromotive force (EMF) is below the regeneration limits at 
lower speeds. Additionally, energy recovery is limited by the motor/generator 
max power and the battery charging rate. If the battery SOC and motor speed 
limits are not reached, regenerative torque can be still developed but might lack 
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the vehicle deceleration requirements. However, for safety issues, the braking 
system must be reliable and always available under any conditions and respond 
to brake requests from the driver or even other ACASs like ESC. Due to the un-
availability of RBS in some cases, it must be boosted by another sustainable 
braking system.  

Currently, hybrid and pure EVs are equipped with a hydraulic ABS besides 
the RBS realizing combined brakes [31] [32]. However, ABS functions and RBS 
cannot be set off at the same time where always a trade-off between safety and 
energy recovery must be committed [33] [34] [35]. For example, ABS is not 
triggered when the brake request is within the RBS capacity as long as the battery 
can be recharged via RBS for significantly maximum energy recuperating. The 
absence of ABS is undesired in this case, especially at high-speed and severe 
braking, where ABS becomes indispensable. Nonetheless, compromising the hy-
draulic ABS adds extra cost and complexity to the control system and vehicle 
structure. Thus, this combination does not realize a fully integrated BBW system 
required for next-generation EVs.  

Besides, the wheel slip constantly changes around a critical slip value due to 
logic control used in standard on-off acceleration-based ABS; hence, the average 
longitudinal force is lower than the maximum available limit. Also, this unde-
sired oscillation creates uncomfortable vibration on the brake pedal and affects 
the total performance [36]. Though, the low control frequency of solenoid valves, 
lacks the response in transient dynamic leading to a significant delay and limita-
tion in the ABS functionality [16].  

For the previous issues, this article looks to use in-wheel-motors (IWMs) as 
RBS and replace conventional hydraulic actuators with electronic ones, namely 
electronic wedge brakes (EWB). Thus IWMs and EWBs work together to realize 
a pure BBW system with multi-actuators. With this arrangement, ABS features 
and their advantages can be implemented based on an electronic version thanks 
to precise control of IWMs and EWBs, providing a wide range of continuous 
braking torque [37] [38]. The integration between IWMs and EWBs results in a 
multi-actuator system requiring a braking strategy to coordinate and control in-
dividual actuators.  

Coordinate control is responsible for command distribution between different 
systems and activation of the suitable actuators [39]. Generally, coordinate con-
trollers of integrated RBS consist of three layers, the higher layer for target pa-
rameters tracking, the interlayer for reference coordination, and the lower layer 
for actuators operation control [40] [41]. Across the three layers, different types 
of controllers have been widely used, such as classical proportional-integral- de-
rivative (PID), optimal theory using linear quadrature regulator (LQR), nonli-
near backstepping control, robust sliding mode control (SMC), adaptive gain 
scheduling (AGS), model predictive control (MPC), and intelligent fuzzy logic 
(FL) and neural networks (NN) [11] [42]. In integrated RBS, the control strategy 
can be optimized for either maximal energy recuperation or vehicle stability and 
safety.  
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In literature, several approaches are mainly explored. Chen (2021) proposed a 
cooperative control with three layers to coordinate the operation of ABS and 
electromechanical energy recovery BBW system [13]. Subramaniyam (2021) 
presented an integrated regenerative and pneumatic braking system based on 
wheel slip control using SMC and responsive regenerative braking for an electri-
fied vehicle [43]. Tang (2022) introduced a coordinated MPC strategy of a com-
pound regenerative and hydraulic ABS for an all-wheel-drive (AWD) battery EV 
with two central motors [44]. Zhao (2019) provided a cooperative control strat-
egy for maximal energy recovery while regulating wheel slip by devoting front 
wheels for regenerative braking and rear wheels for frictional braking [45]. Mei 
(2021) proposed an adaptive fuzzy SMC for optimal wheel slip-based RBS with 
maximum energy recovery and braking stability [46]. Vodovozov (2021) pre-
sented a neural network-based blended braking allocation controller that guar-
antees maximum energy recovery using torque gradient control independent of 
the tire model [47]. Torinsson (2020) suggested an energy-efficient- based con-
trol allocation algorithm to distribute braking torque demand on the four EMs 
during deceleration [48]. Heydrich (2021) announced a blended regenerative 
and frictional BBW control for EVs with IWMs. The ABS feature was realized by 
implementing a wheel slip control based on the integral SMC method [49]. De 
Castro (2012) presented an integrated regenerative and frictional ABS control 
for EVs with IWMs. The control includes an adaptive robust wheel slip control 
layer and a torque allocator layer triggered by the brake supervisory layer [50]. 
Han (2014) proposed hierarchical cooperative regenerative braking control 
based on optimum brake torque allocation for maximal energy recovery and lat-
eral stability sustainability of a front axle drive HEV. The control system com-
prises a higher-level part dedicated to LQR-based direct yaw rate control and a 
lower-level part devoted to brake torque allocation using adaptable weighing 
factors [51].  

This paper considers blended RABS and EWB coordinate control to ensure 
maximal energy recovery while maintaining the safety and stability of all-IWMs- 
drive EVs. The control structure compromises an upper monitoring layer where 
wheels slip control takes place, a coordination interlayer, and a lower layer 
where IWMs and EWBs actuators are controlled. The remainder of the paper is 
structured as follows. Section 2 presents systems models. Section 3 introduces 
different RBSs. Section 4 illustrates the main principles of wheel anti-locking 
under ABS. Section 5 highlights the proposed blended RABS and EWB coordi-
nate control design. Section 6 reveals and discusses the results, followed by Sec-
tion 7, concluding the work. 

2. Systems Models 

The all-IWMs-drive EV structure is suggested to compromise the followings: 
four e-unit (4xIWMs, power electronics, and 4xEWBs), battery pack, accelera-
tion (braking) pedal, electronic control unit (ECU), and vehicle dynamic model 
(VDM). Figure 1 shows a schematic representation of the proposed structure. 
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Figure 1. Schematic representation of the EV structure for the proposed RABS. 

2.1. Vehicle Dynamic Model 

The VDM plays an essential role in studying and analysing the braking system 
and other ACAS. Since this work considers only normal and emergency straight- 
line braking, a 3-DOFs EV model provides sufficient information on vehicle 
motion and brake dynamics for RABS validation. Figure 2 shows a schematic 
diagram of the VDM describing longitudinal, lateral, and yaw motions with 
wheel rotations. However, the suspension in this model is considered rigid 
where pitch and roll motions are neglected, and only the front wheels can be 
steered. The equations of motion are given as follows [52]: 

( ) ( ) ( ) ( )cos sinx x y y x x
x y fl fr f fl fr f rl rrm V V F F F F F Fγ δ δ− = + − + + +�     (1) 

( ) ( ) ( ) ( )cos siny y x x y y
y x fl fr f fl fr f rl rr xm V V F F F F F F m Vγ δ δ γ+ = + + + + + −�   (2) 

( ) ( ) ( )cos siny y x x y y
z f fl fr f f fl fr f r rl rr zI l F F l F F l F F Mγ δ δ= + + + − + +�     (3) 

( ) ( ) ( )cos sin
2 2

f x x y y x xr
z fl fr f fl fr f rl rr

T TM F F F F F Fδ δ = + + − − −       (4) 

where: m denotes vehicle total mass, xV�  ( xV ) vehicle CG longitudinal accelera-
tion (velocity), yV�  ( yV ) vehicle CG lateral acceleration (velocity), γ�  ( γ ) ve-
hicle CG yaw rate (angle), zI  vehicle yaw moment of inertia, fδ  front wheels 
steering angle, x

iF  ( y
iF ) wheel i-th longitudinal (lateral) force, zM  wheels 

yaw moment, fl  ( rl ) CG distance from the front (rear) axle. Subscripts fl (fr) 
and rl (rr) indicate the front-left (right) and rear-left (right) wheels, respectively, 

fT  ( rT ) represents the track width of the front (rear) wheels.  
Finally, the vehicle sideslip angle β is defined as the angle between the ve-

hicle’s longitudinal axis and the direction of its travel concerning the CG. 
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Figure 2. Schematic representation of VDM with 3-DOF and wheels rotation. 
 

1tan y

x

V
V

β −= =                        (5) 

2.2. Tire Model 

The wheels are the only elements in direct contact with the ground and consi-
derably influence the vehicle’s behaviour. Therefore, the tire model should pro-
vide accurate longitudinal and lateral dynamics calculations. Various tire models 
have been widely investigated in the literature, e.g., the magic formula (MF) and 
the brush model. This work considers a nonlinear MF model due to its simplici-
ty and low calculation requirements. The model uses empirical parameters to 
describe the tire-road interaction at the contact point. Braking and cornering 
forces are calculated as functions of slip ratio κ and slip angle α. Empirical para-
meters can be specified based on the wheels’ vertical loads and camber angle. 
The equation describing the MF tire is given as follows [53]: 
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( )( ){ }sin arctan arctany D C Bx E Bx Bx = − − 
           (6) 

To make the model output curve symmetric concerning the coordinate origin, 
horizontal and vertical displacements are defined as follows [53]: 

vY y S= +                           (7) 

hx X S= +                           (8) 

where: y is the model output ( ),x yF F , Y is the model output after vertical dis-
placement vS , x is the model input (κ or α), and X is the input with a horizontal 
displacement hS . B, C, D, and E are the stiffness, the shape, the peak, and the 
curvature coefficients, respectively. The tire behaviour depends on these coeffi-
cients, and they vary from one road to another [28]. The wheels slip ratio (driv-
ing/braking) is given as follows: 

x w

x

v r
v
ωκ −

= −                        (9) 

The tires slip angle f rα α  can be calculated based on geometric derivation 
using wheel velocity vectors as follows [54]: 

1tan

2

y f
fl f

f
x

v l
T

v
α δ −

 
 + ϒ

= − +  
 − ϒ 
 

                (10) 

1tan
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f
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v l
T

v
α δ −
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= − +  
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α −
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=  
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                   (12) 

1tan

2

y r
rr

r
x

v l
Tv

α −

 
 − ϒ

=  
 + ϒ
 

                    (13) 

The rotational dynamics for each wheel is the sum of driving, braking, and 
wheel-road torques acting around the wheel’s spin axis, as shown in Figure 2. 
The wheel rotational behaviour can be expressed according to the following 
torque balance equation [55]: 

w w d b xI T T rFω = − −�                     (14) 

where: vx (vy) is the vehicle longitudinal (lateral) velocity, wI  denotes the wheel 
inertia, wω�  is the wheel angular velocity derivative, dT  is the driving torque, 

bT  is the wheel braking torque, and r is the wheel’s effective radius. 
Vertical load at each wheel, taking into account the load transfer due to the 

longitudinal and lateral accelerations, can be calculated as follows [56]: 
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( ) ( ) ( )2 2 2
x cg y cgx r

fl
r f r f r f f

mV h mV hgmlF
l l l l l l T

= − −
+ + +

� �
             (15) 

( ) ( ) ( )2 2 2
x cg y cgx r

fr
r f r f r f f

mV h mV hgmlF
l l l l l l T

= − +
+ + +

� �
             (16) 

( ) ( ) ( )2 2 2
x cg y cgx r

rl
r f r f r f r

mV h mV hgmlF
l l l l l l T

= + −
+ + +

� �
             (17) 

( ) ( ) ( )2 2 2
x cg y cgx r

rr
r f r f r f r

mV h mV hgmlF
l l l l l l T

= + +
+ + +

� �
             (18) 

3. Regenerative Braking System 

In hybrid and EVs, RBS converts the vehicle’s kinetic energy during braking into 
electrical energy stored in the battery pack instead of being dissipated as heat in 
conventional frictional braking [26] [44]. RBS uses EMs as generators during 
braking to harness the vehicle’s kinetic energy as electrical energy [44]. In litera-
ture, almost all RBS are realized on essential dynamic braking, which uses the 
traction battery to absorb the generated energy [28]. The recovered energy can 
effectively extend the range of EVs and reduce fuel consumption and emissions 
in hybrid vehicles. The level of fuel consumption improvement (reduced by 8% - 
25%) depends on the driving path and behaviour [29] [57] [58]. 

3.1. The Integrated Regenerative and Frictional Braking System 

Generally, regenerative torque is insufficient to brake the vehicle under specific 
conditions [16]. Also, RBS cannot be activated in various situations, for example, 
when the battery SOC is high, or the vehicle speed is below the limit of torque 
production. With these considerations, using a ceaseless frictional braking sys-
tem (FBS) with RBS is expected to cover the remaining torque. The integration 
between FBS and RBS is essential and requires a braking strategy to control both 
[59]. Depending on the integration strategy, the resulting brakes can be classified 
into two types: a blended RBS (also series or superimposed) and a cooperative 
RBS (also parallel or non-blended) [29]. The integrated braking system has three 
main modes of operation: pure regenerative braking, pure frictional braking, and 
blended regenerative-frictional braking. 

3.2. The Integrated Regenerative and Frictional Braking System 

Both RBS and FBS always work simultaneously in cooperative braking, as shown 
in Figure 3(a). The brake command is distributed between the two systems 
based on a constant ratio [58]. The FBS is permanently connected to the brake 
pedal and boosted all the time by RBS [29]. The driver’s experience with the 
amount of brake pedal depressing and travel must remain similar to in conven-
tional brake. This can be achieved by adjusting the brake pressure produced at a 
given pedal’s input. Thus, RBS can only contribute to a limited braking torque  
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Figure 3. Schematic representation of the (a): cooperative RBS and (b): blended RBS. 
 
[58]. However, cooperative braking has the advantages of simple control and high 
reliability owing to maintaining the hydraulic brake structure unchanged, pro-
viding the total braking torque alone when RBS is deactivated. 

3.3. The Integrated Regenerative and Frictional Braking System 

Blended braking is based on proper blending between RBS and FBS brake tor-
ques [29] [47]. When the demand is within EMs capacity, only RBS operates to 
meet this demand [47] [58]. However, if the brake demand is higher than the 
RBS torque capacity, FBS provides the remaining portion that is not covered by 
RBS [58]. In this strategy, the braking priority is maintained by RBS, where EMs 
operate at max power providing a significant braking torque [60]. The brake 
control must ensure that the vehicle’s deceleration is independent of its speed for 
pedal input [58].  

RBS takes precedence over FBS, especially at slow braking or low deceleration. 
When the brake pedal is depressed too fast (hard), the brake control provides 
more braking torque through the FBS for faster deceleration. Here, the brake 
pedal is separated from the friction brake callipers, enabling real electronic 
brakes, also called BBW. Control of blended braking is more complex but de-
monstrates improved performance and higher energy recovery than the cooper-
ative system [45]. Figure 3(b) shows a schematic representation of the blended 
RBS. 

4. Wheels Anti-Locking Main Principals under ABS 

The basic concept of the conventional ABS relies on regulating wheels’ accelera-
tion around a value of the maximum μroad is maintained [61]. Fortunately, for all 
road types, μroad is max within a specific range of wheel slip ratio, also called ABS 
active zone. If the wheel slip is controlled through this range, stable wheel per-
formance is guaranteed, and maximum gripping is obtained [62]. There are two 
main techniques to prevent wheel locking under ABS: a standard hydraulic ac-
celeration-based (also on-off, logic, or discontinuous) and electronic slip-based 
(also BBW, non-logic, regenerative, or continuous) [8] [9] [18]. 
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4.1. Hydraulic Acceleration-Based ABS 

In acceleration-based, the wheel slip is controlled by monitoring and maintain-
ing the wheel acceleration within a given window. The acceleration is estimated 
using the wheel angular velocity measurement and used as control feedback. The 
ECU continuously reads wheel speed sensor information to calculate the vehicle 
speed and wheel slip ratio and sends control signals to the hydraulic brake actu-
ators. Hydraulic actuators are switched on and off based on ECU control signals 
to reduce, maintain, or increase pressure, ensuring the wheel slip ratio is always 
within the ABS stable range (10% - 30%). Thus wheels never lock up, and max-
imum force transfer is realized [62] [63]. Below this range, the wheel behaviour 
tends to be more slippery (whole spinning at κ = 0%), and above this range, it 
tends to be more skidding (full skidding at κ = 100%). ECU switches between the 
three modes continuously when ABS is enabled [6]. However, with the on-off 
operation of the actuators, undesired vibrations appear on the pedal, which 
makes an uncomfortable feeling for the driver, and the brake performance is 
considerably decreased [19]. 

4.2. Electronic Slip-Based ABS 

ABS can also be implemented electronically based on wheel slip, where wheel 
slip is directly controlled by a non-logic control method. Fortunately, monitor-
ing and controlling wheel slip instead of acceleration in the hydraulic ABS allow 
for realizing a slip-based ABS, also regenerative ABS (hereafter referred to as 
RABS). Wheel slip is more efficient in controlling brake force and eliminating 
the vibration on the brake pedal [7]. The continuous slip regulation can be 
achieved via RBS, where EMs produce constant braking torque. The slip ratio 
target at which the force transfer is maintained maximum is in the range of 10% 
- 20% [64] [65]. RABS highly fits the layout and packaging requirements of fu-
ture EVs. However, RABS must be robust enough, comparable to accelera-
tion-based ABS, to handle the uncertainties generated by the rapid changes in 
the road surface [43]. 

5. The Proposed Blended RABS and EWB Coordinate Control 

Implementing ABS features utilizing IWMs and EWBs allows for obtaining an 
integrated RABS. For precise brake torque control of each system, the controller 
must be designed carefully. However, IWM and EWB actuators should intervene 
and leave seamlessly, providing continuous braking torque and a similar feeling 
to conventional brakes. The operation modes of the integrated brakes can be set 
based on specific rules. For example, when the wheel slip ratio is below 10% a 
blended braking, between 10% - 20% pure regenerative braking, and above 20% 
pure frictional braking [32]. In this work, a blended RABS and EWB coordinate 
control strategy is proposed ensuring maximal energy recovery while maintain-
ing the stability of all-IWMs-drive EVs. As shown in Figure 4, the suggested 
RABS control comprises three control layers: the high-level layer, the coordinate  
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Figure 4. Schematic representation of the proposed blended RABS coordinate control. 
 
interlayer, and the low-level layer. In the higher layer, a wheel slip control and 
brake torque ideal distribution takes place. In the interlayer, brake torque coor-
dination between the IWMs and EWBs is present, while brake actuators control 
comes up in the low layer. The following subsections describe each layer in more 
detail. 

5.1. Ideal Distribution of Brake Torque (I-Curve) 

The function of the braking system is to decelerate the vehicle quickly and safely 
while maintaining its direction under control. During the braking, the vehicle 
load is shifted between the front and rear axles resulting in an unbalanced dis-
tribution of the braking forces, and the stopping distance is considerably in-
creased [66]. A correct distribution of braking torques between the front and 
rear axles and left and right wheels have a crucial impact on brake performance 
and vehicle behaviour. The front-to-rear distribution should be calculated from 
a vehicle stability standpoint, considering that rear wheels must never lock up 
before the front ones [50]. Maximum braking efficiency corresponding to the 
shortest stopping distance is obtained through employing correct distribution 
strategies of braking torques, e.g. wheels load [58]. An effective distribution me-
thod widely used is based on the ideal-curve distribution between front and rear 
axles. Braking with a ratio below the curve means most braking is provided by 
the front axle, while values above the curve cause a significant contribution by 
the rear axle [58] [66]. The brake force required for a constant vehicle decelera-
tion is given in the following equation: 

( )b v x bf brF m g F Fα= = +                    (19) 

The coefficient of proportionality of the ideal allocation between the front and 
rear axle is given by the wheels’ vertical loads ratio: 

bf br zf zrP F F F F= =                     (20) 

Thus, the ideal braking force portion of the front and rear axles can be calcu-
lated in terms of the wheels’ vertical loads proportionality as follows: 

( ) ( )1 P 1 Pbf v x bF Pm PFα= + = +                (21) 

( ) ( )1 P 1 Pbr v x bF m Fα= + = +                 (22) 

where: bF  is the total braking force for a given vehicle deceleration, ( )bf brF F  
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the ideal front (rear) axle braking force. P front and rear axles brake force ratio 
based on I-curve distribution. 

5.2. Wheels Slip Control (the Higher Layer) 

For RABS based on wheel slip control feasibility, a relationship between IWMs 
torques and the wheel slip must exist. This relationship can be obtained by 
working out the time derivative of the wheel slip ratio and further fixing it ac-
cording to: 

( )

( ) ( )1w w
cmd x x

r f r

J JTb r F V
rL m L L

κ κ+
 
 = + −
 + 

�            (23) 

5.3. The Brake Coordination Strategy (the Interlayer) 

The braking torque reference obtained from the wheel slip control is compared 
with the driver’s brake request to realize vehicle deceleration in response to the 
driver’s command. Coordinate control is responsible for braking torque distri-
bution between the IWMs and EWBs based on the blended braking method. The 
torque distribution unit continuously reads the braking torque required and 
compares it with the IWMs speed-torque map to determine the brake torque 
portion that IWMs can provide. Then the confined reference is weighted by the 
vehicle speed and the battery SOC limiting factors, having a value between 0 - 1. 
The IWMs torque is estimated and subtracted from the total brake torque de-
mand at each wheel to calculate the torque portion of EWBs. EWBs intervene 
and deliver the appropriate braking torque part, which IWMs cannot cover (e.g., 
working in constant power area or flux weakening mode) to meet the driver’s 
demand (800 Nm), as shown in Figure 5. Thus there are three operation modes 
defined by toque allocation control as follows: 
 Pure regenerative braking: when the total brake torque demand is within the 

IWMs power capacity, given that the battery SOC and the vehicle speed allow 
for energy recovery, IWMs are only used to generate a pure regenerative 
torque, and the energy recovery is maximum. 

 

 

Figure 5. Blended regenerative and frictional torques generated by IWMs and EWBs. 
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 Blended regenerative-frictional braking: when the required braking torque is 
out of the IWMs power capacity, given that the SOC and vehicle speed fac-
tors allow for energy recovery, then both IWMS and EWBs work and gener-
ate a mixed brake torque, and the energy recuperation is SOC-dependent. 

 Pure frictional braking: when the required braking torque is within (out) the 
power capacity of IWMs, given that the SOC state and (or) the vehicle speed 
does not allow any energy recovery, then EWBs are only used to generate a 
pure frictional torque, and the energy recovery is zero. 

6. Simulation Results and Discussion 

The performance of the proposed RABS is evaluated through simulation brake 
tests done on a 3-DOF vehicle model with 4xIWMs and 4xEWBs in MATLAB/ 
Simulink. In this simulation, the battery pack is modelled as four individual 
packs for each wheel unit, allowing a high level of modularity. Two straight-line 
braking manoeuvres were performed, the low speed (50 km/h) and the high 
speed (150 km/h). Results are demonstrated and compared regarding vehicle 
speed, wheel speed, wheel torque, wheel slip ratio, and battery SOC. A thick line 
emphasizes responses for ABS enabled and a thin line for ABS disabled. 

6.1. The Low-Speed Braking Manoeuvre 

In this manoeuvre, two braking scenarios are carried out, a regular emergency 
braking with brakes partially and fully applied, respectively. 
 Regular braking Scenario (1A) 

Figure 6(1a) shows the working areas of both IWMs and EWBs to meet the 
torque demand under braking manoeuvre 1A with ABS enabled/disabled. It can 
be seen that the ABS activation period starts with brake application at 3.5 s and 
lasts until the vehicle speed becomes less than 7 km/h at 5.2 s, where ABS is dis-
abled by the control system automatically. When ABS is enabled, the RABS con-
trol switches between modes: firstly from pure regenerative braking (3.5 s - 5.06 
s), then blended braking (5.06 s - 5.2 s), and lastly, pure frictional braking (5.2 s 
to 6.25 s) at which vehicle comes to a standstill. Similarly, when ABS is disabled 
(over the whole brake period), the RABS control switches between modes: in-
itially from pure regenerative (3.5 s to 8.6 s), then blended (8.6 s - 9 s), and fi-
nally to pure frictional (9 s - 10 s) until vehicle’s full stop. Figure 7(1a) shows 
the vehicle speed and the front-right wheel speed. It can be noted that the time 
required to reach a vehicle’s complete halt is relatively short (2.75 s) with ABS 
enabled, while it takes almost two times the previous period (6.5 s) with ABS 
disabled. In other words, the stopping distance with ABS is much shorter. Fig-
ure 8(1a) shows the regenerative and frictional torques of the front-right wheel 
with both ABS enabled/disabled. When ABS is active, the IWM works at the 
highest performance, providing maximum pure regenerative torque (−800 Nm), 
which swiftly brakes the vehicle. EWB intervened only for a brief period at the 
end of the braking and provided a small braking torque. When ABS is idle, the  
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(1a) 

 
(1b) 

Figure 6. ABS status and activation periods of IWMs and EWBs in the low-speed ma-
noeuvre. 
 

 
(1a) 

 
(1b) 

Figure 7. Vehicle and front-wheel speeds with ABS enabled/disabled in the low-speed 
manoeuvre. 
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(1a) 

 
(1b) 

Figure 8. IWM and EWB torques of the front-right wheel with ABS enabled/disabled in 
the low-speed manoeuvre. 
 
IWM generates a constant regenerative torque (−200 Nm) much lower than that 
with ABS active, increasing the stopping distance significantly. Similarly, EWB 
starts at the end of braking, providing a small portion (blended torque) which 
increases until the point IWM quits, while EWB keeps working alone, generating 
pure frictional torque (−200 Nm) until the vehicle comes to a full stop. Figure 
9(1a) shows the slip ratio of the front (rear)-right wheels with both ABS 
enabled/disabled. It is noted that with ABS, the slip ratio is regulated at an opti-
mum value of κ ≈ 0.18, at which maximum μroad is maintained, allowing a max-
imum gripping force. Figure 10(1a) shows the brake forces generated by the 
front (rear)-right wheels with different ratios due to ideal distribution. Figure 
11(1a) shows the SOC for battery packs BP1 and BP3 when ABS is enabled/ 
disabled. It is evident that when ABS is enabled, the energy recovery is much 
higher than when ABS is disabled, and battery packs are recharged faster in this 
case. 
 Emergency braking Scenario (1B) 

Figure 6(1b) shows the working areas of both IWMs and EWBs to meet the 
braking demand in emergency braking manoeuvres with ABS enabled/disabled. 
The ABS is enabled on the brake pedal, hitting at 3.5 s until the vehicle decele-
rates to a speed below 7 km/h at 5.2 s. ABS is automatically disabled, and stan-
dard frictional braking begins until the vehicle’s full stop at 5.5 s. Both IWMs 
and EWBs work together when ABS is enabled to generate a blended torque 
commanded by the wheel slip controller until the vehicle reaches the standstill at  
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(1a) 

 
(1b) 

Figure 9. Front (rear)-right wheels slip ratio with ABS enabled/disabled in the low-speed 
manoeuvre. 
 

 
(1a) 

 
(1b) 

Figure 10. Front (rear)-right wheels longitudinal force with ABS enabled/disabled in the 
low-speed manoeuvre. 
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(1a) 

 
(1b) 

Figure 11. The SOC of battery packs BP1/BP3 with ABS enabled/disabled in the low-speed 
manoeuvre. 
 
5.25 s. When ABS is disabled, a blending braking mode is held, and both IWMs 
and EWBs collaborate to decelerate the vehicle to a complete stop at 5.7 s. Fig-
ure 7(1b) shows the vehicle and the front-right wheel speeds. In this scenario, 
there is a slight difference in vehicle stopping time (around 0.2 s) between the 
two modes of ABS. This difference can be related to the fact that the required 
torque (by wheel slip controller) is the same as the driver demand (full depres-
sion) in both cases. However, when ABS is enabled, the front-right wheel speed 
decreases gradually with the vehicle speed (owing to slip control). However, it 
drops steeply to zero after around 0.2 s from brake application with ABS dis-
abled, indicating a locked wheel. Figure 8(1b) shows the regenerative and fric-
tional torques of the front-right wheel with ABS enabled/disabled. When ABS is 
enabled, the IWM works below its max power providing pure regenerative tor-
que (−650 Nm), while EWB delivers the remaining portion that IWM does not 
cover. When ABS is disabled, the driver demands the highest braking torque 
where IWM works at its maximum power generating constant torque (−800 
Nm), and the EWB generates the top-up portion. Figure 9(1b) shows the slip 
ratio of the front (rear)-right wheels when ABS is enabled/disabled. ABS carries 
on wheel slip regulation at the ideal value κ ≈ 0.18, corresponding to the highest 
available 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  and the highest grip force as shown in Figure 10(1b). However, 
when ABS is disabled, the wheels’ slip limit is reached, leading to a significant 
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decrease in power transfer. Figure 11(1b) shows the SOC for battery packs 
BP1/BP3 when ABS is enabled/disabled. In this scenario, energy recuperation 
with ABS disabled is greater than that with ABS enabled. This can be explained 
in the same way as in the torque discussion, where maximum regenerative tor-
que is demanded as the brake pedal is fully depressed. 

6.2. The High-Speed Braking Manoeuvre 

In this manoeuvre, also two braking scenarios are carried out, the regular brak-
ing with brakes partially and the emergency braking with brakes fully applied, 
both with the ABS enabled and disabled. 
 Regular braking Scenario (2A) 

For high-speed regular braking manoeuvre 2A, the same discussion of ma-
noeuvre 1A is feasible with the only difference in initial speed and brake period. 
Figure 12(2a) showcases the operational regions of IWMs and EWBs to satisfy 
torque requisites during braking manoeuvre 2A under varying conditions of 
ABS activation. Notably, ABS becomes active upon initial brake application at 12 s,  
 

 
(2a) 

 
(2b) 

Figure 12. ABS status and activation periods of IWMs and EWBs in the high-speed 
manoeuvre. 

https://doi.org/10.4236/jtts.2023.133022


M. Said Jneid, P. Harth 
 

 

DOI: 10.4236/jtts.2023.133022 484 Journal of Transportation Technologies 
 

ceasing when the vehicle velocity drops below 7 km/h at 18 s, a point at which 
the control system autonomously disables ABS. When ABS is engaged, the RABS 
seamlessly transitions between distinct modes: commencing with the exclusive 
employment of pure regenerative braking (12 s - 18 s), followed by blended 
braking (18 s - 18.5 s), then pure frictional braking (18.5 s - 19 s) until the ve-
hicle achieves a complete halt. Conversely, in the absence of ABS, RABS dynam-
ically shifts between modes: initially employing pure regenerative braking (12 s - 
27.6 s), subsequently transitioning to blended braking (27.6 s - 28.1 s), and ulti-
mately resorting to pure frictional braking (28.1 s - 29 s) until the vehicle reaches 
a state of rest. Figure 13(2a) illustrates the vehicle speed and front-right wheel 
speed. Remarkably, the duration necessary to bring the vehicle to a complete 
standstill is substantially shorter (7 s) when ABS is enabled, whereas, in the ab-
sence of ABS, it is nearly 2.5 times the previous value (17 s). Thus, the imple-
mentation of ABS considerably reduces the vehicle’s stopping distance. Figure 
14(2a) elucidates the evolutions of regenerative and frictional torques exerted on 
the front-right wheel with and without ABS activation. Under active ABS, the 
IWM operates at peak capacity, supplying maximum pure regenerative torque 
(−800 Nm) to effectuate rapid deceleration. The intervention of EWB is confined 
to a brief interval towards the conclusion of braking, imparting a minor braking 
torque. Conversely, in the idle state of ABS, the IWM generates a sustained  
 

 
(2a) 

 
(2b) 

Figure 13. Vehicle and front-wheel speeds with ABS enabled/disabled in the high-speed 
manoeuvre. 

0 5 10 15 20 25 30
0

10

20

30

40

50

Time [s]

Li
ne

ar
 V

el
oc

ity
 [m

/s
]

Vehicle and Wheel Linear Velocity

 

 
Vehicle/ABS Active
FR Wheel/ABS Active
Vehicle/ABS Idle
FR Wheel/ABS Idle

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

Time [s]

Li
ne

ar
 V

el
oc

ity
 [m

/s
]

Vehicle and Wheel Linear Velocity

 

 
Vehicle/ABS Active
RF Wheel/ABS Active
Vehicle/ABS Idle
RF Wheel/ABS Active

https://doi.org/10.4236/jtts.2023.133022


M. Said Jneid, P. Harth 
 

 

DOI: 10.4236/jtts.2023.133022 485 Journal of Transportation Technologies 
 

 
(2a) 

 
(2b) 

Figure 14. IWM and EWB torques of the front-right wheel with ABS enabled/disabled in 
the high-speed manoeuvre. 
 
regenerative torque (−200 Nm), significantly inferior to its ABS-enabled coun-
terpart, thereby substantially elongating the stopping distance. Similarly, EWB 
commences its influence towards the terminal phase of braking, initially contri-
buting a blended torque that progressively ascends until the point of IWM dis-
engagement, subsequently persisting independently developing a pure frictional 
torque (−200 Nm) until the vehicle attains a complete stop. Figure 15(2a) exhi-
bits the slip ratio of the front (rear)-right wheels with ABS enabled/disabled. It is 
evident that ABS effectively regulates the slip ratio to an optimum reference val-
ue, enabling the maintenance of maximum road adhesion coefficient and hence 
maximum gripping force. Figure 16(2a) displays the brake forces exerted by the 
front (rear)-right wheels, indicating different ratios due to ideal distribution. 
Figure 17(2a) showcases the SOC for battery packs BP1 and BP3 when ABS is 
enabled or disabled. The results clearly demonstrate that ABS enhances energy 
recovery, leading to faster recharging of battery packs compared to when ABS is 
disabled. 
 Emergency braking Scenario (2B) 

Similarly, high-speed emergency braking manoeuvre 2B can be investigated in 
the same way that manoeuvres 1B is discussed with the difference in the vehicle’s 
initial speed and brake period. Figure 12(2b) illustrates the operational bounda-
ries of both IWMs and EWBs for effectively addressing the exigent braking  
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(2a) 

 
(2b) 

Figure 15. Front (rear)-right wheels slip ratio with ABS enabled/disabled in the high- 
speed manoeuvre. 
 

 
(2a) 

 
(2b) 

Figure 16. Front (rear)-right wheels longitudinal force with ABS enabled/disabled in the 
high-speed manoeuvre 
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(2a) 

 
(2b) 

Figure 17. The SOC of battery packs BP1/BP3 with ABS enabled/disabled in the high- 
speed manoeuvre. 
 
requirements during emergency manoeuvres with varying states of ABS activa-
tion. ABS engagement is initiated at 12 s upon brake pedal actuation and ceases 
when the vehicle decelerates below 7 km/h at 18 s. Subsequently, ABS is auto-
matically disabled, enabling standard frictional braking to govern the vehicle’s 
deceleration until it reaches a complete halt at 18.2 s. With ABS active, both 
IWMs and EWBs synergistically collaborate to generate a blended torque until 
18 s the point at which IWMs disengage and EWBs continue delivering the re-
mained braking torque required to bring the vehicle to a standstill at 18.2 s. 
Conversely, in the absence of ABS, a blending braking mode is upheld, wherein 
both IWMs and EWBs harmoniously cooperate producing blended braking 
torque over the period 12 s to 18.2 s and followed by only frictional brake by 
EWBs over the short final phase 18.2 s bringing the vehicle to a complete stop by 
18.4 s. Figure 13(2b) depicts the velocity profiles of the vehicle and the front- 
right wheel. Within this specific context, a subtle disparity in the duration of ve-
hicle deceleration (approximately 0.2 s) becomes evident when comparing the 
two ABS modes. This discrepancy can be attributed to the synchronization be-
tween the torque demanded by the wheel slip controller and the driver’s full de-
pression of the brake pedal, which remains consistent across both scenarios. 

However, with ABS enabled, the front-right wheel speed experiences a gradual 
reduction with respect to the vehicle speed, owing to slip control mechanisms. 
Conversely, in the absence of ABS, the front-right wheel speed precipitously 
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plunges to zero within approximately 0.2 s from the initiation of brake applica-
tion, indicative of wheel lockup. Figure 14(2b) showcases the variations of re-
generative and frictional torques exerted on the front-right wheel under ABS- 
enabled and ABS-disabled configurations. With ABS active, the IWM operates 
below its peak power capacity, delivering pure regenerative torque (−650 Nm), 
while the EWB supplies the complementary torque to compensate for the por-
tion not covered by the IWM. In contrast, when ABS is disabled, the driver de-
mands maximum braking torque, prompting the IWMs to operate at maximum 
power, providing a constant torque (−800 Nm), with the EWB supplementing 
the residual torque requirement. Figure 15(2b) illustrates the wheel slip ratios 
observed in the front (rear)-right wheels during both ABS-enabled and ABS- 
disabled conditions. ABS consistently modulates the wheel slip ratio to achieve 
an optimal value of κ ≈ 0.18, maintaining high adhesion with the road and, con-
sequently, maximizing the gripping force, as validated in Figure 16(2b). Con-
versely, when ABS is deactivated, the wheels approach their slip limits, resulting 
in a significant reduction in power transfer efficacy. Figure 17(2b) reveals the 
SOC profiles for battery packs BP1 and BP3 upon the activation and deactivation 
of ABS. In this particular configuration, energy recuperation with ABS disabled 
surpasses that achieved with ABS enabled. This can be explained analogously to 
the torque discourse, where the maximal regenerative torque is demanded in 
response to full depression of the brake pedal. 

7. Conclusions 

This paper proposes a coordinate wheel slip-based blended RABS control for 
all-IWM-drive EVs. The proposed brakes are comprised of two systems, an RBS 
represented in IWMs, and an FBS embodied in EWBs. The integrated functio-
nality of both RBS and FBS can be realized as a pure BBW allowing for a proper 
blending of braking torque. A coordinated RABS control is suggested to manage 
brake torques generated by each system, ensuring maximal energy recovery and 
vehicle stability. The control comprises three layers: a high-level layer, an inter-
layer, and a low-level layer. In the higher layer, wheels slip control takes place 
where the brake torque reference is calculated considering the driver’s command. 
This reference is distributed between IWMs and EWBs in the coordinate inter-
layer. In the lower layer, the control of both IWMs and EWBs is performed, 
where IWMs are controlled based on FOC and MTPA strategy to maximize 
energy recuperation, while EWBs are held with the LQR method. Based on the 
regenerative-frictional torque ratio, there are three modes of operation, pure re-
generative braking, blended regenerative-frictional braking, and pure frictional 
braking. The coordinate control layer switches between the different modes ac-
cording to the following: 
 Pure regenerative braking 

When the total brake torque demand is within the IWMs’ power capacity, 
given that the battery SOC and the vehicle speed allow for energy recovery, 
IWMs are only used to generate a pure regenerative torque and energy recupera-
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tion is maintained at maximum. 
 Blended regenerative-frictional braking 

When the required braking torque is out of the IWMs power capacity, given 
that the SOC state and vehicle speed factors allow for energy recovery, both 
IWMS and EWBs are used to generate a mixed brake torque energy recuperation 
is SOC-dependent. 
 Pure frictional braking 

When the required braking torque is within (out) the power capacity of IWMs, 
given that the SOC state and (or) the vehicle speed do not allow energy recovery, 
then EWBs are only used to generate a pure frictional braking torque, and no 
energy recuperation occurs. 

The performance of the proposed RABS is verified through simulation tests 
done on a 3-DOF vehicle model with 4xIWMs and 4xEWBs in MATLAB/ Simu-
link with system parameters shown in Table A1 in Appendix A. For this pur-
pose, two straight-line braking manoeuvres were performed, the low and the 
high speeds, starting from 50 km/h and 150 km/h, respectively. Two scenarios 
are carried out in each manoeuvre: regular braking with the brake partially ap-
plied and emergency braking with the brake fully applied. The braking is con-
ducted with the ABS enabled and disabled in each scenario. Results are demon-
strated and compared in terms of vehicle speed, wheel speeds, wheel total torque, 
wheel slip ratio, and battery packs SOC. Simulation results of all manoeuvres 
showed high vehicle performance under braking with the proposed RABS con-
trol. The high performance can be Figure d out by preventing the wheels from 
being locked during harsh braking, ensuring maximum gripping force all the 
time, minimizing stopping time and distance, maximizing energy recuperation, 
and extending vehicle range. 

Author Contributions 

The innovations and contributions of this work are summarized as follows: 
 Integrated blended slip-based RABS composed of RBS (IWMs) and FBS 

(EWBs) for all-IWMs-drive EV is proposed  
 The ability of simultaneous operation of both RBS and FBS benefiting from 

ABS features and regenerative braking advantages together 
 Replacement of hydraulic ABS with EWB system and elimination of its dis-

advantages 
 Realization of a full pure BBW system 

The coordinate control realizes a max energy efficiency and vehicle safety at 
the same time. 
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Considering vehicle safety through a fail-safe function of EWB. 
Extending the simulation to include a combined wheel slip when braking at a 

turn and μ-split road conditions. 
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Appendix 

Table A1. Systems parameters. 

Related System Parameter Related System Parameter 

EWB Vehicle 

Wedge 

α 0.342˚ 

Chassis 

Mv 1250 kg 

β 0.342˚ Af 2.17 m2 

μp 0.352 Cd 0.3 

Mw 0.7 Kg Lf 1.07 m 

Kcal 1.2 × 108 N/m Lr 1.605 m 

η 0.85 Twf 1.517 m 

Screw Axle 

KA 8 × 108 N/m Twr 1.505 m 

DA 1 × 104 Nm∙s/rad hCG 0.543 m 

L 0.5 × 10−3 m Ix 540 kg∙m2 

DC Motor 

RM 11.8 Ω Iy 2398 kg∙m2 

LM 0.2 H Iz 2617 kg∙m2 

JM 6.8 × 10−3 Kg∙m2 g 9.81 m/s2 

DM 5.74 × 10−4 Nm∙s/rad 

Tire 

IT 1 kg∙m2 

UM 220 V TM 1.558 Nm 

IM 1.64 A re 0.316 m 

ωM 209 rad/s Re 0.2 m 

TM 1.558 Nm μroad 0.8 

Ke ∙φ 0.949 
 

Kt ∙φ 0.949 
 

Protean Motor Parameters 
 

IWM 

Ld = Lq 1.89 mH  

Rs 0.16 Ω  

Φf 0.068 Web  

P 64  

F 0.0064 Nm∙s/rad  

J 0.0389 Kg∙m2  

ωb 1000 rpm  

In 30 A  

Vn 380 V  

Tem 500 Nm  
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