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 This paper proposes a scheme to improve regenerative ABS technology that 

already exists today by adding accommodation faults to the control system. 

The nominal control algorithm used is a sliding mode control so that system 

nonlinearities can be handled properly. The proposed method then is called 

sensor/actuator fault tolerant sliding mode control system. In designing the 

proposed control, there are two stages, namely estimation of faults, as well as 

the active mechanism for reconfiguring controls. Estimation of faults is done 

by using proportional-integral (PI) observers based on extended state space 

equation. Whereas the control signal reconfiguration is done actively by 

replacing measured output with their estimates and compensating for control 

signal using the actuator fault estimate. The simulation shows that the control 

system based on the proposed algorithm produces better dynamic 

performance than the sliding mode control (SMC) without fault tolerant 

feature. Furthermore, the system provides inherent characteristic for dealing 

with a minor fault in the hydraulic actuator. 
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1. INTRODUCTION  

One important component in the electric vehicle (EV) is the braking system. The modern braking 

system used to current passenger vehicles is the anti-lock braking system (ABS), because this system can 

prevent the wheels on the car from being locked when there is emergency braking or sudden braking, so that 

the car stopping distance will decrease and maneuverability will increase [1]. This system can greatly 

improve vehicle safety in extreme conditions because ABS can maximize road tire friction while maintaining 

a large lateral (directional) force that ensures vehicle control [2]. For a variety of road conditions, there is an 

optimum slip ratio that maximizes the friction coefficient on all road conditions [3]. Therefore, a suitable 

control strategy is to maintain the slip ratio value to remain in the optimal and safe working range of the 

braking system. In general, the control purpose of the ABS is to set the wheel slip ratio to its optimum  

range [4-6]. 

In EV, some ABS systems using mechanical braking (friction), also use regenerative braking in 

order to save electricity as described in [7]. This system known as regenerative ABS can increase vehicle 

efficiency. The study results showed that the energy storage achieved by this system ranged from 8% - 25% 

of the total energy used by vehicles, depending on the regulatory cycle and control strategy [8]. Hence this 

technology has been applied to many kinds of EV. Tur et al. [7] and Mizarei et al. [9] have proposed 
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regenerative braking strategies and control methods during normal and sudden braking events, without 

discussing the ABS scheme in their research. 

Regenerative braking system is superior to hydraulic braking in terms of accuracy, speed of 

response and ease of measurement. However, since regenerative braking system is constrained by many 

factors such as motor speed, state of charge and battery temperature [10], while friction braking system is 

still used as a complement. Therefore, it is necessary to develop a braking strategy that coordinates the 

regenerative torque of the motor and the friction torque of the hydraulic unit, as proposed in [7]. Furthermore, 

in recent years, advances in actuator technology have led to electro-hydraulic and electro-mechanical braking 

systems that are capable of continuous modulation of braking torque [2]. Therefore, research on ABS control 

systems equipped with regenerative braking is a very relevant system to be developed. 

ABS control is fairly complicated. The main obstacle that arises when designing ABS control is the 

nature of nonlinearities and large uncertainties. A number of advanced control approaches have been 

proposed for ABS, such as fuzzy logic control [10], neural network [11], adaptive control [12], sliding mode 

control [13] and other intelligent controls. Along with the development of ABS technology that uses 

electrical components, the chance of errors also increases. In addition, for ABS technology that still uses 

friction braking (hydraulic) systems other than regenerative braking, mechanical components such as valves, 

pumps and electric motors in fact have a failure intensity that exceeds electronic components [14]. In this 

case, no matter how good the control system is, the nominal control system does not have the ability to 

guarantee the continuity of the whole system during a fault event in its components, such as sensors and 

actuators. Though the demand for system reliability is very high on ABS related to security issues, passenger 

safety remains to be a mandatory feature that must be fulfilled, and the reliability of the regenerative ABS 

system must also be high. Faults that occur, such as in the ABS control system, namely faults in the solenoid 

valve and speed sensor must be accommodated so that the system continues to work in a safe area. Therefore, 

it is necessary to build a control system that is able to accommodate the occurrence of faults (with a certain 

level of error) known as fault tolerant control (FTC).  

The advantage offered by FTC technology on regenerative ABS is an increase in system reliability 

at an economical cost because it does not add any hardware components other than software repair. However, 

the study results of FTC for braking systems in particular are very few. One of the findings of the literature 

study is reported by Swaroop et al. [15] who suggested that the impact of the failure of the braking system 

(sensors and actuators) on electrically controlled vehicles is to inhibit the vehicle's ability to slow down. They 

used two sets of failure detection filters (each for sensors and actuators) to detect a failure, and observers to 

reconfigure control signals. Although impact of model inaccuracies, detection error and presence of noise 

have not been discussed, this scheme is for speed control system, rather than slip control system (ABS). In 

addition, the use of filter sets makes computational load large even though the system must be realized in 

real-time, so the time interval between the input and output signals of the system must be reduced  

as much as possible. 

This paper discusses the development of a regenerative ABS - a combination of regenerative 

braking and mechanical braking - which is equipped with the FTC scheme. Here the slip control system was 

studied to produce the right braking response despite faults in the sensor and actuator components. The 

proposed scheme is only based on observers so reduces load computation. It was applied to simulations using 

a quarter car model. 

 

 

2. RESEARCH METHOD  

A quarter car model is the one of vehicle modeling method by considering only one wheel as shown 

in Figure 1. It has three forces influencing its movement when braking occurs, namely aerodynamic 

resistance force (Fa) and the braking force (Fx). The equation of the horizontal motion of the car due to the 

two forces is: 

 

−(𝐹𝑎 + 𝐹𝑥) = 𝑚𝑉̇ (1) 

𝐹𝑎 = 𝑐𝑎𝑉2  (2) 

𝐹𝑥 =   𝑚 𝑔 (3) 

 

with: 

𝑐𝑎  = aerodynamic constant  g = gravitational acceleration (m/s2) 

V  = vehicle speed (m/s)  m  = one-wheel mass (kg) 

 = coefficient of road surface friction  R = wheel radius (m) 

The wheel rotation motion model is given by the equation: 
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𝐹𝑥 𝑅 − 𝑇𝑏 = 𝐽̇ (4) 

 

with:𝑇𝑏  = braking torque (N.m)  J = moment inertia of one wheel (kg.m2)   = angular speed of wheel 

(rad/s) 

Road surface friction coefficient (𝜇) could be modelled by the magic equation given by Pacejka and 

Bakker [16]: 

 

𝜇(, 𝑉) = [𝐶1(1 − 𝑒−𝐶2 λ) − 𝐶3]𝑒−𝐶4 λ𝑉 (5) 

with  

𝐶1  = the maximum value of friction curve  𝐶4  = wetness characteristic value 

𝐶2  = the friction curve shape    = slip ratio 

𝐶3  = the friction curve difference between the maximum value and the value at λ = 1 

 

The slip ratio represents the difference between the velocity of the tire circumference and the 

relative speed of the vehicle against the road surface, which can be expressed in terms of (6): 

 

𝜆 =  
𝑉−𝜔𝑅

𝑉
 (6) 

 

When there is a very strong braking, it can generally cause wheel lockup which means ω = 0, so  

λ = 1. The condition of wheel lockup can extend the stopping distance and cause loss of control towards the 

direction of motion. Increased wheel slip causes a reduction in tire friction coefficient, . Therefore ABS is 

needed to limit slips to prevent locking on the wheels. 

Thus, the control system used on ABS must adjust the amount of braking torque produced by both 

braking systems. The algorithm for determining the distribution of both systems is shown in Figure 2, which 

is a modification of that by Guo et al. [17]. When the braking pedal is stepped on, the controller produces the 

required braking torque value, Tbr The condition of the vehicle, when braking starts to be active, will 

determine the available braking torque of the motor, Tmavail. If the required braking torque is smaller than the 

available braking torque of the motor, then only regenerative braking is activated, ie the motor braking 

system is run to produce the same braking torque as Tmf = Tbr If the braking torque required is greater than the 

available braking torque of the motor, then the motor braking system is run to produce its full capability Tmf 

= Tmavail; and the hydraulic braking system is also activated to produce the demand hydraulic braking torque 

Thf = Tbreq − Tmf. 

 

 

 
 

Figure 1. Forces on a quarter car wheel [7] 

 

 

The regenerative ABS system works by adjusting the braking torque to keep the slip ratio value in 

accordance with the setpoint. Braking torque that works on regenerative ABS systems is obtained from the 

braking torque of the motor and hydraulic braking torque as given (7): 

 

Tb = Tm + Th  (7) 

 

Available motor braking torque, Tmavail, can be calculated by (8): 

 

𝑇𝑚𝑎𝑣𝑎𝑖𝑙 =  
𝑇𝑚𝑚𝑎𝑥 𝑖 𝑘⍵𝑚  𝑘𝑠𝑜𝑐 

𝜂𝑡
 (8) 

where: 
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Tmmax = maximum motor torque; i = transmission ratio; ηt = transmission efficiency 

kSOC = weighting factor in the state of charge of battery, the amount of which is determined by: 

 

ksoc = {
1

10 (0.9 − SOC)
0

 SOC ≤ 0.8
 0.8 < SOC ≤ 0.9
 0.9 < SOC ≤ 1

 (9) 

 

𝑘⍵𝑚  = the weighting factor due to the low electrical force (voltage) generated when the rotation speed is low, 

can be expressed as [17]: 

 

𝑘⍵𝑚
= {

0
(⍵𝑚 − 50)/50

0

 ⍵𝑚  ≤ 50 rad/s
 50 < ⍵𝑚 ≤ 100 rad/s

 ⍵𝑚 > 100 rad/s
 (10) 

 

Furthermore, the dynamics of the motor braking system can be modeled as a first-order system [18]: 

 
𝑇𝑚(𝑠)

𝑇𝑚𝑓(𝑠)
=  

1

𝜏𝑚𝑠+1
 (11) 

 

with  m being the motor torque time constant. 

Hydraulic braking torque is generated by fluid pressure which has first-order dynamics system. So 

that the dynamic equation of the hydraulic braking system can be written as (12) as given by  

Paulinus et al. [19]: 

 
𝑇ℎ(𝑠)

𝑇ℎ𝑓(𝑠)
=  

1

𝜏ℎ𝑠+1
 (12) 

 

where  h = the hydraulic torque time constant. 

The controller produces a control signal in the form of the required braking torque value, Tbr A block 

diagram of this control system is shown in Figure 3. The control algorithm used is sliding mode control 

(SMC). SMC has been chosen as it is known for its robustness against unmodelled dynamics, parametric 

uncertainties and external disturbances [20]. The equation of the sliding surface is the setpoint error, i.e. 

 

𝑆(𝑡) = 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡(𝑡) − (𝑡) (13) 

 

 

 
 

Figure 2. Distribution algorithm of braking torque 
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Figure 3. The block diagram of control system for regenerative ABS plant 

 

 

In order to generate a control signal, this study uses constant rate reaching law described by Liu and 

Wang [21], which is written as follows:  

 

𝑆̇ = −𝜀 𝑠𝑔𝑛(𝑆) − 𝑘𝑆 𝜀 > 0, 𝑘 > 0 (14) 

 

with  and k being called sliding gain and error gain respectively; while signum function (sgn) is defined as: 

 

𝑠𝑔𝑛(𝑆) =  {
1
0

−1
 
𝑆 > 0
𝑆 = 0
𝑆 < 0

   (15) 

 

Next, the equation of the control signal in the from of required braking torque is given by: 

 

Tbreq = Tbeq + Tbhit  (16) 

 

Tbeq is the estimate of the equivalent control input which can be obtained from (17) 

 

𝑇𝑏𝑒𝑞 =  𝑅𝐹̂𝑥 − 
𝐽𝜔̂

𝑚̂𝑉̂
(𝐹̂𝑥 + 𝐹̂𝑎) (17) 

 

with 𝐹̂𝑥 dan 𝐹̂𝑎 being estimation values of friction and aerodynamic force respectively, from equation (2) and 

(3). Both these estimates contain the uncertainties happened in the mass of vehicle, m, which changes with 

the number of passengers and the luggage weight; as well as in the friction coefficient, , depending on road 

surface condition.  

The ranges of variation of m and  are set as 𝑚𝑚𝑖𝑛 ≤ 𝑚 ≤ 𝑚𝑚𝑎𝑥 and 
𝑚𝑖𝑛

≤  ≤ 
𝑚𝑎𝑥

. This study 

considers the estimated values of these parameters respectively as the mean value given as 

 

𝑚̂ =
𝑚𝑚𝑎𝑥+𝑚𝑚𝑖𝑛

2
 ̂ =

𝑚𝑎𝑥+𝑚𝑖𝑛

2
  (18) 

 

Tbhit is the hitting control signal to satisfy sliding condition despite uncertainty on the dynamics of 

Tbeq, so the controller will perform much robustly. The hitting control signal is defined: 

 

𝑇𝑏ℎ𝑖𝑡 =  
𝐽 𝑉̂

𝑅
 [𝜀 𝑠𝑔𝑛 (𝑆) + 𝑘(𝑆)] (19) 

 

where 𝑠𝑔𝑛(𝑆) is defined in (15). 

 

In the ABS system, there are two sensors used, namely wheel speed sensor and vehicle speed 

sensor. Both measurements determine the calculation of the slip ratio of the vehicle. Thus, faults in these two 

sensors can cause a deterioration in the response of the control system. Although SMC is a robust controller, 

sensor faults that can be accommodated by this controller are of limited value according to the specified level 

of uncertainty. This study proposes an observer approach to provide estimates of the true output value for 

SMC. Here there are three PI observers which are connected as shown in Figure 4. 
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The proposed observer is built based on the plant model. For wheel speed estimation, (4) is used in 

the model. The demand braking torque can be obtained by knowing the control signal, while the friction 

force Fx is not known. Therefore, Fx is considered a disturbance and must be estimated besides the wheel 

speed sensor fault. Thus, observability condition cannot be fulfilled if both disturbances are estimated. In this 

study, Fx is chosen as an estimated variable, for two reasons. First, Fx is needed to estimate vehicle speed as 

will be explained in the next paragraph. Second, the sensor fault in a wheel can be considered as 

perturbations of wheel inertia, J, in which J is smaller than the vehicle mass, m, [22], thus the impact of this 

uncertainty is not large. The observer algorithm for estimating Fx is built using proportional – integral (PI) 

structure as explained in the work by Tsai et al. [23], that is PI compensator employed in the closed-loop 

observer stage. Hence, the PI observer can be used to estimate both the true value of system states (by means 

of proportional gain, Kp) and disturbances (using integral gain, Ki). The observer for estimation Fx is using 

the observer equation given below: 

 

𝜔̇̂ =
1

𝐽
(−𝑇𝑏 + 𝑅𝐹̂𝑥 + 𝐾𝑝𝜔(𝜔𝑚𝑒𝑎𝑠 − 𝜔̂))  (21) 

𝐹̂𝑥
̇ = 𝐾𝑖𝜔(𝜔𝑚𝑒𝑎𝑠 − 𝜔̂)  (22) 

 

 

 
 

Figure 4. The structure of the proposed observers 

 

The observer for vehicle speed estimation is built by referring to (1). In order for sensor fault of 

vehicle speed fsv appears in the state equation, then an augmented state provided by Indriawati et al. [24] is 

used: 𝑧̇ = 𝐴𝑧[𝑉𝑚𝑒𝑎𝑠 − 𝑧]. 
Next the proposed observer is then developed based on augmented state space model with PI 

structure. The prevailing observer equation is: 

 

𝑉̇̂ =
1

𝑚
(−𝑐𝑎𝑉̂2 − 𝐹̂𝑥 + 𝐾𝑝𝑣(𝑧 − 𝑧̂)) (23) 

𝑓𝑠𝑣
̇ = 𝐾𝑖𝑣(𝑧 − 𝑧̂) (24) 

𝑧̇̂ = 𝐴𝑧(𝑉̂ + 𝑓𝑠𝑣 − 𝑧) + 𝑓𝑠𝑣
̇  (25) 

 

The regenerative ABS braking system involves two actuators, namely a hydraulic actuator and a 

motor actuator [25]. However, because the braking torque of the motor is much smaller than the hydraulic 

braking torque, the impact of the motor braking actuator fault is not as significant as the impact of the 

hydraulic braking actuator fault. Therefore, in this study, only the fault of hydraulic actuator is considered. 

Actuator fault can be considered as an interference that appears in the state equation. Thus, estimation of 

hydraulic actuator fault fah is done in the same way as the estimation of friction force Fx, but using a 

hydraulic system dynamic model or (11). The observer equations are:  

 

𝑇̂ℎ
̇ = 𝑇ℎ𝑓 + 𝑓𝑎ℎ + 𝐾𝑝ℎ(𝑇ℎ − 𝑇̂ℎ) (26) 

𝑓𝑎ℎ
̇ = 𝐾𝑖ℎ(𝑇ℎ − 𝑇̂ℎ) (27) 

 

The fault tolerant scheme proposed in this study consists of two ways, each to overcome a sensor 

fault and an actuator fault. To overcome a sensor fault, the state estimation results of the observer are used to 

replace the measured results. Thus, SMC receives information about the true state that occurs in the vehicle - 

not the wrong measurement results. Whereas to compensate for actuator fault, the estimation of actuator fault 

is used to correct the control signal Thf through a subtraction operation. Overall, a fault tolerant scheme 

changes the structure of the SMC system (see Figure 3) to the one as shown in Figure 5. 
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Figure 5. The block diagram of active fault tolerant SMC for regenerative ABS plant 

 

 

3. RESULTS AND DISCUSSION  

To demonstrate the effectiveness of the proposed design of active fault tolerant SMC for 

regenerative ABS, the computer simulation is developed. In this simulation, the type of faults is bias fault and 

the assumed road condition is a high friction road (dry asphalt). The parameters of the regenerative ABS 

system under study are given in Table 1. The desired slip ratio is 0.2. The initial vehicle velocity was set 16.7 

m/s (60 km/h), thus the initial wheel speed velocity was 50.6 rad/s. The parameter values of the controller are 

 = 0.1 and k = 20. 

The SMC can prevent vehicle skid as shown in Figure 6 and Figure 7. These figures are evaluated 

under the nominal conditions (no fault) at times before 0.3 s, and after that, faulty condition, namely 

hydraulic actuator fault of -200 N.m for Figure 6 and vehicle speed sensor fault of 2 m/s for Figure 7. As can 

be seen in these figures, the active fault tolerant SMC (AFTSMC) yield marked anti-slip performances under 

nominal and faulty condition, while the SMC cannot follow the setpoint anymore under faulty condition. The 

AFTSMC keeps the slip ratio at the setpoint value thereby improving braking stability and passenger 

comfort, even for the simultaneously occurred faults as described in Figure 8: the hydraulic actuator fault 

starts at time of 0.3 s, and continuing the vehicle speed sensor fault occurred at time of 0.4 s. Futhermore, 

there is no transition time for AFTSMC to accommodate the sensor fault and less 0.1 s for AFTSMC to 

return the response back to the setpoint. This indicates that the proposed scheme does not require large 

computational time. 

Figure 9 shows the wheel speed and vehicle velocity with the AFTSMC-based ABS and the SMC-

based ABS for the same case of Figure 8. As can be seen, the proposed SMC try to stop the car quickly and 

the variation of the vehicle velocity with the AFTSMC is similar to the nominal controller (without faults). 

The performance of the ABS with the AFTSMC is far better than the ones with the SMC. Comparing to the 

SMC controller, the AFTSMC one produces faster stopping. This is because the braking torque of the 

AFTSMC continues to grow until the vehicle stops, while the braking torque of the SMC decreases, as seen 

in Figure 10. Furthermore, the braking torque of the SMC is more sensitive to the faults (at 0.3 s for the 

actuator fault and 0.4 s for the vehicle speed sensor fault) than one of the AFTSMC. This proves that the 

AFTSMC is more robust against actuator and sensor faults. 

 

 

Table 1. Parameters used in the simulations 
Symbol Description Value 

𝑚 mass of the quarter vehicle (kg) 342.5 

J wheel rotational inertia (kg.m2) 3.5 

𝑅 wheel radius (m) 0.33 

ca aerodynamic constant 0.2921/4 

Tmmax maximum motor torque (Nm) 150 

i transmission ration 4.1 

ηt transmission efficiency 0.95 

h the hydraulic torque time constant (s) 0.01 

m the motor torque time constant (s) 0.005 

C1 the maximum value of friction curve 1.029 

C2 the friction curve shape 17.16 

C3 the friction curve difference between the maximum value and the value at λ = 1 0.523 

C4 wetness characteristic value 0.03 
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Figure 6. Comparison of the slip ratio responses for single actuator fault case 

 

 

 
 

Figure 7. Comparison of the slip ratio responses for single vehicle speed sensor fault case 

 

 

 
 

Figure 8. Comparison of the slip ratio responses for simultaneously actuator and sensor fault case 

 

 

 
 

Figure 9. Comparison of the speed responses for simultaneously actuator and sensor fault case 

 

 

 
 

Figure 10. Comparison of the braking torque for simultaneously actuator and sensor fault case 

4. CONCLUSION  
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This paper deals with application of fault tolerant control scheme in SMC system for regenerative 

ABS technology. This scheme improves the conventional SMC approach with fault-tolerant capabilities to 

prevent electric vehicles from slipping in many general steering situations. Braking is simulated to occur 

regeneratively and also mechanically, if needed. In this case, the controlled variable is the slip ratio by 

manipulating the braking torque. Three PI observers which estimate the friction torque, the vehicle speed 

sensor fault, and the hydraulic actuator fault have been employed in this proposed scheme. As shown in the 

simulation results, the proposed anti-slip system offers an effective performance in maintaining the driving 

stability under probable fault condition. Therefore, the steering safety of the electric vehicles will be further 

improved in the near future. 
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