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Chapter 6. Sliding Mode Controller Design for

Electromagnetic Brake

In this section, we simulate the vehicle system model described in

chapter 2 and design a sliding mode controller for electromagnetic braking.

The controller is designed to maintain the wheel slip at a given value.  The

vehicle braking control system is simulated using the Matlab  (Mathworks,

1990) SIMULINK tool, especially S-function.

6.1. Anti-Lock Brake System

An anti-lock brake system is a feedback control system that modulates

brake pressure in response to measured deceleration of the wheel in order to

prevent the controlled wheel or wheels from becoming fully locked.  

Typically, anti-lock brake systems consist of the following parts (see

Figure 6.1):

1. wheel speed sensors: usually electromagnetic components that provide a 

digital signal with a frequency proportional to the wheel rotational velocity.

2. electronic control unit (ECU): electronic device containing computing 

function.

3. brake pressure modulator: electro-hydraulic or electro-pneumatic device for 

reducing, holding, and restoring pressure to brakes, independent from the

brake pedal effort applied by the driver.  For electromagnetic brakes, a brake

pressure modulator is not necessary.  Unlike regular friction brakes which

have mechanical actuation, electromagnetic brakes can be controlled by
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electric current.  Therefore, electromagnetic brake torque can be modulated

through the exciting current directly.  A regular friction brake system contains

a series of nonlinearities.  For  example, the vacuum booster contains

deadzones, spring preloads, and nonlinear fluid flow dynamics, but the

pressure modulator has to be implemented through the vacuum booster.

The electromagnetic brake can use electric current modulation directly.  The

complexity of controlling the brakes through the vacuum booster can be

avoided.  On the other hand, a pressure modulator can also be used in an

electromagnetic brake system if we select to use the brake pedal to control

the brake torque instead of the control switch.  But this alternative is not

recommended because unneccessary nonlinearity it brings into the system.

4. wires, relays, hydraulic tubing and connectors complete the installation by  

     linking major components together.

The signal from the sensor is fed to the signal processing unit of the

control unit.  The control unit monitors the brake pressure (or exciting current)

modulator to modify the brake torque.  

The ability of the anti-lock system to maintain vehicle stability and

steerability, and still produce shorter stopping distances than those from a

locked wheel stop, comes from the shape of the µ λ−   (adhesion coefficient

versus wheel slip, see chapter 3) curve for the tire road interface.  The effective

coefficient of friction between the tire and the road has the optimum

performance when wheel slip is at about 0.1-0.2 (unitless), and has the worst

performance at 100% slip (locked wheel).  An anti-lock brake system attempts

to keep the wheel slip at the optimum value so that the wheel can still generate

lateral and steering forces as well as shorter stopping distances.  The

performance of an anti-lock system is directly related to how well it can hold

wheel slip in the ideal range.
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For an electromagnetic brake system, pressure modulator can be

substituted by exciting current modulator.  The modulated exciting current

modifies the braking torque applie to the transmission line.

Figure 6.1. Schematic of anti-lock brake system.

6.2. Sliding Mode Controller Design for Electromagnetic Brake System

The dynamic equation of the whole vehicle system can be written in state

variable form as described in Chapter 3.  

& ( ) ( )x f x b N1 1 1 1= − + µ λ (6.1)

& ( ) ( )x f x b N b T2 2 2 2 3= − − +µ λ (6.2)

The system dynamic equations in terms of wheel slip for deceleration can be

written as & ( ) ( ) ( ) [ ( ) ] ( )
λ

λ λ µ λ
=

+ − − + + +1 1 1 2 2 2 1 1 3

1

f x f x b N b N b T

x
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by assuming that the electromagnetic brake systems are modeled into a single

nonlinear mapping between the pressure at the brakes and the brake torque

generated on the vehicle. In our simulation, it is assumed that the brakes are

controlled by a foot pedal and pressure modulated by pressure modulator.  To

simplify the simulation, the dynamics for brake systems are modeled as a first-

order system:

&T
Kb Pb T

=
−

τ
(6.4)

where T denotes the braking torque generated, Kb  denotes the brake gain or

“brake effectiveness” (e.g. Kb =100 psi/m/s/s denotes that for a pressure of

100 psi, one obtains a deceleration of 1 m/s/s), Pb  is the brake pedal pressure

and τ  is the rise time characteristics of the brake dynamics.  For a regular

friction brake, τ  usually has the value of 150-200ms (Dragos, 1996), where

time constants (τ ) are caused mainly by the times needed to fill the calipers,

booster spring pre-loads, and the reaction washer hysteresis.  Due to different

working mechanisms, the time delays for electromagnetic brakes also come

from solenoid response time and the response time of the exciting current.  It is

assumed that an electromagnetic brake has similar dynamic timing

characteristics to a regular friction brake.  

By taking the derivative of (6.3) and substituting (6.4) as &T , a dynamic

equation can be written as:

&&λ = +f bu (6.5)

where
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b
b Kb

x
= 3

1τ
(6.7)

Based on this model, a control law described in (4.15) and (4.16) can be used

here for the sliding mode controller.  

6.3. SIMULINK and S-function

SIMULINK is a program for simulating dynamic systems.  As an

extension to MATLAB, SIMULINK adds many features specific to dynamic

systems while retaining all of MATLAB’s general purpose functionality.  To

facilitate model definition, SIMULINK adds a new class of windows called block

diagram windows.  In these windows, models are created and edited

principally by mouse-driven commands.  After defining a model, one can

analyze it either by choosing options from the SIMULINK menus or by entering

commands in Matlab’s command window.  Built-in analysis tools include

various simulation algorithms.  

Whenever one creates a SIMULINK model, a new function, called an S-

function, becomes available in MATLAB.  This function defines the dynamics of

the model.  It is used by the integration, linearization, and trim routines to

determine the dynamics of the system.  An S-function behaves like any other

MATLAB function.  It has the calling syntax

sys el t x u flag= mod ( , , , )
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where t, x, and u are the time, state vector, and input vector, respectively.

“Model” is the model name, and flag controls the information returned in sys.

The flag options available in SIMULINK are

flag=0 S-function returns sizes of parameters and initial conditions.

flag=1 S-function returns state derivatives dx/dt.

flag=2 S-function returns the discrete state x(n+1).

flag=3 S-function returns the output vector y.

flag=4 S-function returns the next time interval for a discrete update.

Each of these flag options corresponds to something one needs to

know at different times during the simulation.  S-functions can also been

created by writing an M-file (Matlab text file), and the M-file can be transformed

into a block by using an S-function block.  The models are simulated using

numerical integration.  Each of the supplied integrators (simulation algorithms)

defines the calculation ability of the model, which is the S-function used to

provide the derivatives of all the states in that model.  The block calculates its

derivatives based on the current time, its inputs, and its states.  The resulting

derivative vector is returned to the integrator, which uses it to calculate a new

state vector.

In this simulation, an S-function is generated as an M-file (see

Appendix).  The state variables are x1  (vehicle angular speed), x 2  (wheel

angular speed) and T  (braking torque).  The state derivative equations are

(3.8), (3.9), and (6.4).  The initial value of x1  and x 2  are set to let initial wheel

slip ( λ =
−x x

x

2 1

1
 ) equal 0.2.   The initial brake torque is set to be zero and

there are four outputs altogether.  Among them, x1, x2 , and λ  are recorded in

the workspace for the purpose of performance evaluation.  The output control

brake torque (the fourth output) is fed back as an input to the block at the next

time step (see Figure 6.2).  
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Figure 6.2. Block diagram of the simulation function.

The vehicle model described in Chapter 4 is used for simulation.  The relevant

parameters for the vehicles are listed in Table 6.1.

Table 6.1. Vehicle model parameters

Vehicle mass (Mv) 1000 kg

Radius of the wheel (Rw) 0.31 meters

Wheel inertia (Jw) 0.65 kg m2

Normal tire force (Nv) 2287 Newton

Wheel numbers (Nw) 4

Simulation of the SIMULINK models involves the integration of sets of

ordinary differential equations. The Runge-Kutta fifth order algorithm is used for

solving the state variable equations.  The fundamental idea involved in this

algorithm is to obtain an expression for yn+1 which coincides up to terms of a

x1  (angular speed)

x2 (vehicle speed)
T (brake torque)

λ  (wheel slip)

            S-function
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certain order in h with the development of yn+1  in a power series in h.  Runge-

Kutta methods allow higher order Taylor series expansion in a concise way

and then usually outperform the other methods for the highly nonlinear and/or

discontinuous system such as the vehicle system in this application.  

6.4. Simulation Result

Figures 6.3 through 6.6 show the results of simulations for which the

initial and desired values of the wheel slip are 0.02 and -0.12.  Different road

conditions have been simulated by using different µ p  and λ p  in the function

µ λ
µ λ λ

λ λ
( ) =

+

2

2 2
p p

p
.  Simulations are performed on a dry concrete road

( µ p =0.8, λ p =0.2)  and slippery road ( µ p =0.2, λ p =0.15) (Kachroo 1994) to

show extreme road conditions.  Figure 6.3 shows the simulation performed on

a slippery road, and Figure 6.4 shows the simulation performed on dry

concrete. We chose nominal road conditions for control design purposes such

that the adhesion coefficient and wheel slip peak values would be the average

of the values for extreme conditions.  Figure 6.5 shows the simulation

performed on a nominal road ( µ p =0.5, λ p =0.175). All figures show good

wheel slip tracking in spite of modeling errors in the parameters (we assumed

10% estimation error on b and f in the simulation).   Figure 6.6 shows the

simulation result on the vehicle decelerating along the dry concrete road during

the first second, along the slippery road during the next second, and along the

nominal road during the third second.  Every time the road condition changes,

the controller output is quickly changed to compensate.  Based on the

simulation result, the controller performance is satisfactory.   Figure 6.7 shows
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the comparison of  deceleration performance between systems with and

without wheel-slip control mechanism.  For the system without wheel-slip

control, constant pedal pressure is applied.  It can be seen that the system with

wheel-slip control decelerate much quicker than the system without wheel slip

control at the same period of time.

6.5. Conclusion

Sliding mode controller gives satisfactory results for this application of

vehicle braking control.  Desired wheel slip value for maximum deceleration

can be achieved in a very quick time on different road surfaces.   
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Figure 6.3. Simulation Result on Slippery Road
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Figure 6.4. Simulation Result on Dry Concrete Road


