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Abstract - The contact state between the wheel and the road 

surface significantly affects automotive traction performance. On 

rough roads, differential slippage between the left and right 

wheels leads to uneven traction power, which may cause vehicle 

instability or immobilization, resulting in engine power loss.  This 

study proposes a method for managing traction power by 

controlling the ABS actuator to generate wheel slip resistance as 

required. In this paper, a cascade controller is developed to 

regulate both the speed of the drive wheels and the oil pressure in 

the wheel brake mechanism, thereby preventing wheel slip. This 

approach enables the differential to distribute power more 

effectively to the active axle, enhancing engine efficiency. 

System evaluation using Matlab/Simulink software demonstrate 
the high responsiveness of the proposed solution. 

Keywords - traction control; cascade controller; ABS actuator; 

brake control 

1. Introduction 

Controlling the traction power at the drive axle wheels 

is intended to enhance engine power utilization efficiency 

and improve the road-holding capability of automotive 

drive wheels. Recent challenges include determining wheel 

adhesion states, monitoring slip process to control and 

reduce slippage, maintaining wheel slip within permissible 

limits, and employing nonlinear predictive control 

strategies to achieve optimal slip speed [1-2]. Some studies 

utilize tire friction models, such as Pacejka or Dugoff, to 

estimate tire slip for traction control [3-4]. Additionally, 

various control methods have been developed to regulate 

wheel braking force, thereby increasing the resistive torque 

for slipping wheels to facilitate appropriate traction power 

distribution [5-6] or by combining brake resistance control 

with engine torque control [7]. These approaches primarily 

target optimal wheel slip ratio. However, the slip ratio is 

difficult to measure or estimate accurately, so most 

research has concentrated on calculation and simulation, 

often neglecting the influence of power transmission paths 

in the differential. 

The Anti-lock Braking System (ABS) is considered a 

significant contribution to traffic safety, as it is designed to 

maintain stability during emergency braking and prevent 

wheel lock-up. Wheels tend to slip and lock up when 

subjected to sudden braking or when braking on slippery 

surfaces, resulting in extended stopping distances and, at 

times, loss of vehicle stability. The integration of ABS 

enables vehicles to stop within the shortest possible 

distance while maintaining steering control. Over the 

years, numerous ABS technologies have been applied to 

traction control and vehicle dynamic stability control 

systems [8-10]. Control systems based on engine output 

torque to the drive wheels have been designed [11-12], 

wherein engine torque is regulated to achieve traction 

control objectives through throttle valve control or driver 

pedal input [10]. Other studies have utilized braking torque 

at the wheel brake mechanism to control power 

transmission from the engine output shaft to the driven 

half-shafts via the ABS actuator [8], [13-14], in order to 

manage wheel slip speed during acceleration on slippery 

roads or to efficiently transmit traction torque to the drive 

wheels [15-17]. The research on “Calculation and 

Simulation of Hydraulic ABS Controller” by Cai Jian-Wei 

and colleagues [18] established models such as the oil 

pump, intake/exhaust valves, electric motor, and 

accumulator. Experimental results from this work revealed 

the relationship between changes in hydraulic oil pressure 

and the orifice area of the intake and exhaust valves in the 

actuator, thereby evaluating the responsiveness of the 

hydraulic controller during ABS operation in vehicles.  

Based on the aforementioned studies, the content of this 

paper focuses on the design of a cascade controller for 

automotive traction power control, taking into account the 

hydraulic ABS actuator. This controller manages the speed 

of the wheels on the drive axle and regulates the brake oil 

pressure to create resistance at slipping wheels, thereby 

enabling more uniform transmission of traction power 

among the wheels on the drive axle and improving the 

efficiency of engine power utilization. Specific survey 

results are evaluated in detail to demonstrate the high 

effectiveness of the designed controller. 

2. Methodology for designing the automotive traction 

power control system considering the ABS actuator 

2.1. Development of the traction power control model 

A Proportional-Integral-Derivative (PID) controller is 

employed to regulate the distribution of traction power at the 

wheels on the drive axle. Based on the drivetrain dynamics 

model and assumptions from previous studies [16-17], the 

resulting models - engine, power transmission system, and 

vehicle motion - are represented by Equation 1, where: 

, , ,J J J Je h tr ph  denotes the moment of inertia of the rotating 

components of the engine, gearbox, left and right wheels;

, , , , ,3 4e h tr ph       represents the angular acceleration of 

the engine output shaft, gearbox, left and right half-shafts, 

left and right wheels; , , ,F F F Ff tr ph  are the aerodynamic 
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drag, rolling resistance, and traction forces at the left and 

right wheels on the drive axle, respectively; 

, , , , , ,0 3 4 21 22M M M M M M Me h f f  sequentially represent 

the output torque at the engine, gearbox, main drive shaft, 

left and right half-shafts, and the resistive torque at the left 

and right half-shaft gears. 

To ensure efficient power distribution by the 

differential to the wheels on the drive axle, it is necessary 

to calculate the wheel slip in order to control their speeds 

to be equal. In cases where the vehicle is stuck, one wheel 

may be spinning freely while the other remains stationary 

on a good road surface, preventing the vehicle from 

moving and resulting in engine power loss due to poor tire-

road adhesion. The PID controller is designed to generate 

a resistive force (brake torque) at the brake mechanism of 

the slipping wheel, helping to equalize the rotational 

speeds of the drive axle wheels [16]. Thus, engine output 

power is utilized more efficiently, and the differential 

distributes power more evenly between the two wheels. 

Figure 1 illustrates the PID controller design diagram, 

where: ,
tr ph

   are the rotational speeds of the left and right 

wheels, respectively; e  is the speed deviation of the drive 

axle wheels; p
u  is the brake torque signal applied to the 

brake mechanism as required.  
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The input signal is the speed deviation e , and the 

output signal is sent to the brake actuator to control the 

brake mechanism, generating a large brake torque at the 

slipping wheel. Assuming that the left wheel is rolling on a 

slippery surface, when a speed deviation occurs ( 0)e  , 

the PID controller outputs a brake torque signal ( )M
pd  to 

brake the left wheel, reducing its angular velocity and 

consequently decreasing the deviation to zero ( 0)e → . 

This control model is described by Equation 2, where: 

0
( )

t

tr phe t   = − 
; , ,K K K

p i d  are the weights of the error, 

integral, and derivative components, respectively. 

( ) ( ) ( )

0

t
M K e t K e d K e tpd p i d = + +   (2) 
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Figure 1. Brake torque control model 

2.2. Development of the ABS actuator dynamics model 

The dynamics model of the brake actuator describes the 

relationship between the solenoid valves, hydraulic flow in 

the circuit, and the braking process at the wheel. The 

schematic diagram of the valves and hydraulic cylinder at 

the wheel is shown in Figure 2, where: ,Q Q
s v

 are the oil flow 

rates into and out of the intake valve; ,Q Q
c t

 are the oil flow 

rates into (oil supplied to the wheel cylinder) and out of the 

exhaust valve; ,p p
s t  are the oil pressures at the intake valve 

inlet and outlet; p
c  is the oil pressure supplied to the wheel 

cylinder; pm  is the mass of the wheel brake cylinder piston; 

0
V  is the initial volume in the wheel brake cylinder; 0x  is 

the initial distance between the two pistons in the wheel 

brake cylinder; px  is the displacement of the piston in the 

wheel brake cylinder; 
bC  is the viscous damping coefficient 

of the piston and brake pad movement; K
b  is the equivalent 

stiffness of the brake pad and return spring. 
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Figure 2. The overall hydraulic circuit schematic of  

a wheel brake cylinder part 

2.2.1. Dynamics model of hydraulic valves 

The intake and exhaust valves are typically solenoid-

type, functioning as high-speed switches. When a voltage 

pulse from the brake torque controller is applied, the valve 

operates. Equation 3 calculates the displacement velocity 

of the valves in the actuator [19], where: U is the solenoid 

valve opening voltage; 0
U  is the high voltage level of the 

pulse; 0
x

v  is the maximum stroke of the valve needle; 
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xv  is the displacement of the valve needle;   is the time 

constant. 

0 0

1
v v

v

U
x x

x U 
= +  (3) 

The system operates by supplying oil flow at a certain 

pressure from the pump, with the oil pressure through the 

pump considered stable throughout system operation. 

Equation 4 determines the oil flow through the intake and 

exhaust valves when open [20], where: C
d

 is the flow 

coefficient,   is the density of brake oil, and ,A Af d  is the 

orifice area of the intake and exhaust valves. 
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The orifice area of the intake and exhaust valves during 

operation is determined by two states: closed and open. 

Equation 5 calculates the orifice area value of the intake 

and exhaust valves, where: ,A A
of od  is the fully open 

orifice area of the intake and exhaust valves. 
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2.2.2. Dynamics model of the hydraulic circuit 

From Figure 2, the oil flow in the hydraulic circuit from 

the intake valve to the exhaust valve can be determined 

using Equation 6.  

Q Q Q
v s t
= −    (6) 

Assuming the pressure at the intake valve outlet and the 

pressure at the wheel cylinder are equal, the pressure 

dynamics equation is calculated by Equation 7, where:  

 is the bulk modulus of the oil, and pA  is the cross-

sectional area of the piston in the wheel brake cylinder.  

( 2 )
20

p p Q x A
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
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+
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2.2.3. Dynamics model of the wheel brake mechanism 

Drum brakes are selected for this brake mechanism, and 

the dynamics equation is described by Expression 8, 

where: M
p  is the brake torque generated at the wheel;  

K  is the structural coefficient of the brake mechanism at 

the wheel. 
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2.3. Design of the traction power control system 

considering the brake actuator 

The traction power control system is designed with two 

control layers, also known as a cascade controller. There 

are two component controllers (Figure 3): the outer loop 

controller (Controller A) calculates the required brake 

torque for wheel braking ( )M
pd ; the inner loop controller 

(Controller B) controls the brake oil pressure ( )cp  in the 

wheel brake cylinder to ensure that the generated brake 

torque ( )M
p  matches the required brake torque calculated 

by Controller A. If there is a deviation in brake pressure

( )pe , it outputs a voltage signal U
s  or U

d  to the ABS 

actuator, activating the intake and exhaust valves to ensure 

that M
p  reaches the desired value.   
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Figure 3. Schematic diagram of the cascade controller 

 

Figure 4. Relationship between adhesion and  

slip coefficient on surveyed road types 

The traction power control system is surveyed using 

Matlab/Simulink software with the cascade controller in the 

scenario where the vehicle travels straight on a non-uniform 

road, with the right wheel moving on a good road surface 

(MD-C) and the left wheel rolling on a poor adhesion surface 

(MD-B) or a slippery surface (MD-A). Figure 4 illustrates 

the relationship between slip ratio and adhesion on the three 

surveyed road types, where: MD-C is a road with good 

adhesion ( 0.8 1) =  , with a slip ratio about ( 20%) = ; 

MD-B is a road with low adhesion ( 0.1)  , with minimal 

wheel spin; MD-A is a road with very low adhesion

( 0.001) = , with a slippery surface, with the wheel 

spinning freely ( 100%) = . When the vehicle travels on 

MD-C, the drive axle wheel speeds are nearly equal, and this 

case is not considered as the controller is inactive. Therefore, 

subsequent sections will only present survey results for MD-

A and MD-B road types. 

3. Results and discussion 

The traction power distribution control model for the 

vehicle axle was investigated using Matlab/Simulink 
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software. Manual tuning was applied, and the selected 

control parameters were set as follows: 

500, 10, 0.1K K K
p i d
= = = . The survey results indicate that 

the traction power distributed by the differential to the 

drive axle varies depending on the slip state of the wheels 

relative to the road surface. The power distribution process 

is illustrated in Figure 5, where: , , , , ,N N N N N N
e k tt tp tr ph

denote the engine power, total traction power, power at the 

half-shafts, and at the left and right wheels, respectively. In 

the case where the left wheel rolls on MD-A, the engine 

power transmitted to both half-shafts is approximately 

equal, each about 50% of the engine power. However, the 

power at the left wheel is very low, nearly zero, due to 

complete slippage (Figure 5a), while the power at the right 

wheel equals the total traction power. This allows the 

vehicle to pass through slippery regions more easily, 

avoiding engine power waste. In the case where the left 

wheel rolls on MD-B, with less slippage, the power at the 

left wheel increases, raising the total traction power to 

62.23% of the engine power (Figure 5b). 

 

a/ MD-A   b/ MD-B 

Figure 5. Traction power is distributed on both sides of  

the driving wheels 

Although the power at both half-shafts equals the total 

traction power ( )N N N
tt tp k
= = , complete slippage of the 

left wheel causes the traction torque at the left wheel to be 

zero (Figure 6b). A similar survey on MD-B shows that the 

traction torque at the left wheel increases significantly as 

slip decreases. Without the controller, when the left side of 

the vehicle boggs down ( 1) = , the wheel speed rapidly 

increases, while the right wheel remains stationary, 

resulting in the vehicle being unable to move. When the 

cascade controller is used, Controller A sends a brake 

torque signal to Controller B, which commands the ABS 

actuator to generate brake torque at the left wheel, 

gradually reducing its rotational speed to match that of the 

right wheel ( )
tr ph

 =  (Figure 6a), thereby increasing the 

power distributed to the right wheel (Figure 5a) and 

helping the vehicle quickly overcome the bogged 

(slippery) region. Similarly, when the left wheel rolls on 

MD-B, the survey results show that the rotational speeds of 

both drive axle wheels not only equalize but also reach 

higher values compared to the MD-A case. 

To evaluate the responsiveness of the controller design, 

Figure 7 presents the velocity deviation between the right 

and left wheels (e(t)) and the brake control torque ( )M
p . In 

the initial stage of power increase, the speed deviation rises, 

the brake control torque increases rapidly, and remains 

stable to ensure the deviation e(t) stays small (maximum 

approximately 0.9 rad/s). When the power stabilizes (after 4 

seconds), both speed and engine torque decrease, causing 

e(t) to decline, and the brake control torque decreases 

accordingly. The greater the adhesion coefficient difference, 

the higher the brake control torque value. 

 

a/ MD-A         b/ MD-B 

Figure 6. Angular velocity and torque on both sides of  

the drive wheel 

 

a/ Error angular velocity.      b/ Brake torque 

Figure 7. Error in angular velocity and brake torque on  

the left wheel 

The brake torque applied to the brake mechanism, via 

pulse signals from Controller B, depends on the type of 

road surface the left wheel traverses. The brake torque 

value is higher on surfaces with lower adhesion (Figure 

7b); initially M
p , it is very large (about 450 [Nm]), but 

after 4 seconds, it rapidly decreases as the right wheel 

speed ( )
ph

  increases and balances with 
tr

  (Figure 6a).  

The achieved results M
p  are due to Controller B 

sending a signal /U Us d  to the ABS brake actuator, 

generating brake oil pressure ( )cp  in the left wheel brake 

cylinder according to the pressure calculated by Controller 

A. The brake oil pressure increases rapidly during the 

initial stage, then gradually decreases after 4 seconds 

(Figure 8b). The pressure 
cp  is lower when the left wheel 

rolls on a better road surface (MD-B), resulting in a smaller 

applied brake torque and, consequently, a higher total 

traction power, enhancing the vehicle’s economic 

efficiency. The pressure deviation ( )e
p  between the 

calculated pressure ( )odp  and the actual pressure in the 

wheel brake cylinder ( )cp  is quite small (Figure 8a), 

indicating the brake actuator responds well to the designed 

controller. 
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a/ Oil pressure deviation   b/ Wheel cylinder oil pressure 

Figure 8. Oil pressure deviation in the brake cylinder 

Using the cascade PID controller to regulate the speed 

of the drive axle wheels and brake oil pressure, which 

brakes the wheel on the low-adhesion surface with a 

variable brake torque according to wheel adhesion, enables 

more uniform distribution of traction power between the 

two wheels and improves engine power utilization 

efficiency. Although this solution reduces power loss due 

to wheel slip, power is still dissipated during braking. The 

results demonstrate that the cascade controller agreeably 

distributes traction power at the drive axle wheels, helping 

the vehicle traverse complex road segments when one 

wheel is on a slippery surface. 

4. Conclusion 

This paper presents a method for controlling traction 

power in automobiles by considering the ABS actuator, 

through the development of a traction power control 

model and a hydraulic brake actuator model that accounts 

for the operation of hydraulic oil valves in the actuator, 

including models of hydraulic valves and wheel brake 

mechanisms. The proposed cascade controller is designed 

to regulate automotive traction power. The controller was 

tested on two types of road surfaces with different slip 

conditions, and the survey results show that the designed 

controller exhibits high responsiveness. Consequently, 

the traction power transmitted to the left and right wheels 

on the drive axle varies depending on wheel slip and road 

surface conditions; the greater the wheel slip, the lower 

the traction power. The total traction power increases as 

wheel slip decreases. When one wheel is completely 

slipping, the total traction power reaches only about 50%, 

contemporarily, the slip on one wheel is reduced (road 

type B), and total traction power increases to 62.23%. 

This demonstrates that traction power is distributed 

appropriately between the two wheels when using the 

cascade controller, resulting in more stable vehicle 

movement, reduced engine power wastage, and improved 

economic efficiency, especially when driving on poor or 

complex road surfaces. However, engine power loss 

occurs during braking control, so brake torque should be 

considered in controller design.  
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