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Chapter 1 

Introduction 

There exist several ways of controlling nonlinear systems. In this report 
a sliding mode and a backstepping controller are designed for controlling a 
system with a pendulum-like nonlinear behavior. The system is an astronom- 
ical telescope of which the position has to be controlled. For experiments, 
a model, with the same linear and nonlinear behavior as the telescope has, 
is available at the laboratory of the National Institute of Astronomy of the 
UNAM in Ensenada, B.C., Mexico. An Internal Model like Controller for 
nonlinear systems has been designed and tested previously. This is an IMC++ 
controller. After doing tests with the new controllers a comparison can be 
made between the controllers. A decision can be made if it is worthwhile 
to improve the new controllers and start working with them or to  keep on 
working with the IMC++ controller. 

A mathematical model of the system is needed for designing a controller. 
Therefore a description of the system and an explanation of the mathematical 
model are given in chapter 2. The control objective for the system is defined 
in the same chapter. This control objective is needed to know the demands 
the controller must satisfy. The system hzs to  be regu!z;ted abmt a constallt, 
reference position and to follow a small slope ramp. The controllers must be 
able to show robustness or to adapt in a changing and uncertain environment 
of unmodelled dynamics and parameter uncertainties. 

In chapter 3 the IMC++ controller is shortly explained and some experi- 
mental results obtained with this controller are given. In chapter 4 the sliding 
mode controller is explained. The design of the sliding mode controller is ex- 
plained first. After the design procedure some simulations are done to  show 
the influence of the different control parameters on the response of the sys- 
tem. Some simplifications are made before experiments with the sliding mode 



controller can be done. The experiments are done to show the performance 
of the controller on the model in the laboratory. 

The backstepping controller is explained in chapter 5. The first design of 
the backstepping controller is done with the assumption that all the system 
parameters are known and that ail the dynamics of the system are modelled. 
An extension is made to an adaptive backstepping controlier, which is able 
to estimate one of the system parameters, while also controlling the system. 
Both the backstepping controller and its adaptive version are implemented. 



Chapter 2 

The system and the control 
objective 

In this chapter the system that has to be controlled is introduced and the 
control objective for the controllers to be designed is given. A mathematical 
model of the system is given, which is needed for designing a controller. The 
control objective is needed to know which demands the controller has to 
satisfy to  be an appropriate controller. 

The system 

The system is an astronomical telescope of which the position has to  be con- 
trolled. The telescope is positioned with two motors. One motor is coupled 
between the telescope and a rotating frame, the other is coupled between 
de rotating frame and the ground frame. A schematic representation of the 
telescope is given in figure 2.1. A model, with the same linear and nonlinear 
behavior as the motors of the telescope have, is available for experiments. 
The linear part of the system is the viscous friction of the motor, the non- 
linear part is a pendulum-like dynamics. The model consists of a permanent 
magnet DC electromotor, driven by a pulse width modulated signal. To em- 
ulate the nonlinear dynamics of the telescope, a rod with a mass at its end 
is coupled to the shaft of the motor. The system can be described with the 
following mathematical model 

In ( 2.1) xp represents the angular position of the shaft of the motor in 
radians. xp is the acceleration term, alxp represents the viscous friction and 
a2 sin(%,) the gravitational force. u is the control input, which is directly fed 
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Figure 2.1: Schematic representation of the astronomical telescope 

to the DAC (Digital to Analog Count) register of the interface card of the 
computer controlling the system. The interface card has a digital to analog 
output, which feeds a pulse width modulated amplifier. This amplifier drives 
the motor. The input u is given in DAC counts. The output of the systexn 
is the position and is measured with an optical incremental encoder. The 
encoder generates 3600 pulses per revolution (ppr) from which 14400 ppr are 
obtained via quadrature decoding [I]. 

The values of the system parameters are determined in [I] and are given 
in table 2.1. 

1 Parameter 1 Value I Dimension 

u I I 

b / 0.2138 1 rad - D A C 1  . sp2 I 
Table 2. I: Values of parameters 

2.2 The control objective 

The control objective for the DC-motor can be divided in three parts. The 
controller must be able to control the nonlinear dynamical behavior, must 
show good performance and must have a certain robustness. The system has 
to follow a prescribed reference signal and must be able to control the system 
in an uncertain environment. In paragraph 2.1 it was already explained 



that the system is a nonlinear system with a pendulum-like behavior. The 
controller must be able to control this behavior. 

The controller has two main tasks. It must be able to regulate the system 
about a certain constant reference position. Also, it must be able to  track 
wit'* a slope ramp, ---L.: WIIICII I- ----- I I I C ~ ~ W  movirig the system with very slow, 
constant veiocity. Especiaily the constant reference positioii objective has to 
be achieved accurately. 

The model available for controlling the system consists of constant sys- 
tem parameters. In reality the parameters may be dependent on influences 
of the surroundings or the trajectory of the system. There may also exist 
unmodelled dynamics in the model. The friction is modelled as linear viscous 
friction, but might be nonlinear in practise. Amplifier saturation and dead 
zone are not modelled. So the controller has to show a certain robustness 
with respect to these uncertainties. 

The sliding mode controller and the adaptive backstepping controller are 
able to satisfy the demands mentioned above. Both controllers are able to 
control the nonlinear behavior by feeding back the nonlinearities of the sys- 
tem. The sliding mode controller satisfies robustness by using a sliding sur- 
face in the state space, the adaptive backstepping controller by state feedback 
with non const ant, adapting system parameters. 



Chapter 3 

The IMC ++ controller 

A design of an IMC-like controller, called an IMC++ controller, has been 
proposed by Alvarez and Zazueta, see [I, 2, 31. The outline of this controller 
is to see in figure 3.1. 

v 

Lyapunov v 
Plant Observer 

redesign law 

f 

IMC- 
Model Filter 

controller 

f f X 

Figure 3.1: Outline of IMC++ controller 

The IMC++ controller consists of an Internal Model Controller structure, 
a filter, an &server and a coatro! h!e& that generates an additiona,] term in 
the control law of the IMC controller. The IMC structure feeds back the error 
between the output of the plant and the output of a model of the plant. The 
filter is a second order low pass filter and has a linear structure. The control 
law generated by the IMC controller is given in the following equation: 

where ff ( x  ,, xp, x,) represents the dynamical equations of the filter, fm(xm) 
the dynamical equations of the plant model, and f y  ( y )  the dynamical equa- 
tions of an auxiliary system with variable y. The auxiliary variable y is 



defined as 
y=x ,+xf  - 2  

where x, represents the state of the model, xf the state of the filter and z the 
tracking signal. fy (y) can now be written as fy (y) = -by, with b = (bl, . . ., b,) 
such that An + b,An-' + ... + bl is strictly Hurwitz. Stability and robustness 
analysis for the IMC controiler are made with Lyapunov theory [I, 2, 31. 
The IMC controller changes into a IMCf + controller when the observer and 
the additional term v are added to the IMC structure and the filter. v is 
obtained by Lyapunov redesign, a robustifying control technique. To avoid 
the discontinuous nature of Lyapunov redesign technique, a smoothing term 
is added in the additional law. The observer is an high pass filter and is 
added to know the whole process state. The local stability of the IMCff 
structure has been shown by Zazueta [3]. 

Results of controlling the system with an IMCf+ controller are shown 
in figure (3.2) . The figure [3] with the position of the system shows that 
the system follows the desired trajectory quite well. The system reaches the 
constant reference position almost without an error, but when it has to move 
it has a delay with respect to the desired trajectory. 

-4 0 I 0.2 0.4 0.6 0.8 

time [s] 

-20 1 I 
0 0.2 0.4 0.6 0.8 1 

time 

Figure 3.2: Experimental results with IMCf + controller, a) Position, b) Con- 
trol input [3] 



The sliding mode controller 

The most important identity of a sliding mode controller is the sliding surface 
in the state space of the system. The sliding surface has to be defined in the 
design procedure. When using a sliding model controller, the system first 
reaches the sliding surface within finite time. After reaching it, tne system 
stays on the sliding surface, the system is in sliding mode. While in sliding 
mode, the system converges to its control aim. First the design of the sliding 
mode controller will be described. After that simulations are done to  show 
the influence of the control parameters on the response of the system. The 
sliding mode controller is implemented and its performance is shown. 

4.1 Design 

The design of the sliding mode controller for the system is done as it is 
described by Slotine and Li [4]. The purpose of the controller is to let the 
system follow a desired trajectory xd. With help of the desired trajectory a 
tracking error can be defined 

By using the trachng error, the time-varying surface s ( t )  can be defined as 

with n standing for the dimension of the system, which in this case is equal 
to 2. The sliding surface has to be stable to obtain a stable controller. This 
implies that in (4.2) X has to be a positive constant. The demand to let 
the system follow a trajectory xp = xd, is the same demand as remaining 
s ( t )  = 0. When s ( t )  = 0, the error will converge asymptotically to zero. To 



guarantee global asymptotic stability the control law u is chosen in a way 
that the closed loop system satisfies the following demand 

1;1 is a strictly positive constant, which guarantees that the distance to the 
sliding surface decreases along all the system trajectories. Together with the 
demand that the sliding surface is stable, that means (4.2) is stable, the sta- 
bility of the system is guaranteed. The choice for 7 depends on model errors 
and unmodelled dynamics. The control law u can be found by differentiating 
the sliding surface to the time 

S ( t )  = e + Xi! = -alxP - a2 sin(xP) + bu - xd + Xic (4.4) 

To stay on the sliding surface S ( t )  has to be equal to 0. Now a approximation 
for the control law u can be made. 

The hat on the symbols explains that it are estimations for the real values of 
the parameters and a approximation of the control law. To satisfy demand 
(4.3), an extra term is added to the approximated control law. 

The sign-function is defined as 

In (4.6) k(xp, tj has to satis@ 

With 

The term k(xp, t )  enables the controller to cope with parameter uncertain- 
ties and unmodelled dynamics. A large value for k(xp, t )  requires a large 



control effort. The sign-function in the control law is a discontinuous func- 
tion, which can lead to some practical problems. Due to the imperfections 
in the model or to computational delays chattering will occur while the sys- 
tem is close to the sliding surface. To prevent chattering, the sign-function 
has to be smoothened. This is done by usiag a sat.~iration-function and a 
bo ---- ?I----- 1 ----- ---:4-L AL:-1  --"" if, ,a 4Ln nl:,a:-- "..-$Ann 

U I I U ~ I Y  layel ,   NU L ~ ~ L K ~ ~ ~ ~ ~  y ,  CLL VUllU bllc 311Ulll5 UllaLG. The coiitro! 
law- of equation (4.6) changes into 

The saturation function is defined as 

The boundary layer thickness can be made time dependant. To guarantee 
that, when the time varying surface s(t) is outside the boundary layer, this 
surface attracts to the sliding surface, demand (4.3) changes into 

The term 6 - 7 has to be strictly negative to guarantee stability. k. can now 
be determined as 

The boundary layer thickness is tuned to represent a first order filter with 
bandwidth X and the following differential equation 

4.2 Sirnulat ions 

The simulations are done with  atl lab@. First some simulations are done 
with a sliding mode controller without a boundary layer and the discontin- 
uous control law. These simulations are done to determine the influence of 
the control parameters on the system response. An example of the response 
of the system in the simulations is given in figure 4.1. As desired trajectory 



Figure 4.1: Simulation with ideal system, a) Position, b) Control input 

a step input of 1 [rad] is used. Figure 4.1 shows clearly the chattering prob- 
len,  a large control effort is del-nanded when the desired value of 1 [rad] is 
reached. In the simulations with de discontinuous sign-function one of the 
control parameters q or X is varied, while the other is kept at the same value. 
While q is varied, X is set to 20 [s-'1 and while X is varied, q is set to 0.3. 
The time needed to reach the desired value of 1 [rad] by different values for 
the control parameters is rendered in figure 4.2. This figure shows that the 
response time is faster for higher values for q en lower values for A. The first 

Figure 4.2: Response time by different values for control parameters 

13 



simulations were done with an ideal system, the system parameters are con- 
stant and the estimation of the system parameters in de control law match 
the real parameters. To determine the influence of the control parameters 
on a system with non-matching, time-varying system parameters, the system 
parameters are made time-dependent. They can change periodically with a 
amplitude of 25% of the approximated value and a frequency of 0.16 [hTz] . 
In the new simuiations a fixed boundary iayer is used, so the sign-function 
in the control law is replaced by the saturation-function. Now the value of 
three control parameters, q, X and @,can be changed. While one of them is 
varied, the other ones are kept at the same value. The offset values of the 
control parameters are: q = 0.3, X = 20 and @ = 0.1. In figure 4.3, one re- 
sponse of these simulations is shown. The response is a lot faster then in the 

Figure 4.3: Simulation with non-ideal system, a) Position, b) Control input 

ideal case. This is due to the mismatch of system parameters, which leads 
to a larger m!ue fcr k(zp, t ) .  A !2rco bV ~ 7 9 1 1 1 0  v-L-u fnr LvL k(zp, t )  has the saxx co~trol  
results as an increase in q, which is part of it. In figure 4.4 the steady state 
errors for the step input of 1 [rad] is shown. The figure makes clear that the 
error decreases for high values for q and X and increases for a high value of 
a. High values for q and X and a low value for @ demand for a larger control 
effort, which can end in chattering. 

The next step is to make the boundary layer thickness time dependent. To 
describe the time dependency of the boundary layer thickness, the changing 
of the system parameters and the desired trajectory have to be known. The 
desired trajectory is not a problem, but the changes in system parameters are 



Figure 4.4: Steady state error for different values of the control parameters 

not available. Therefore a worst case situation is made. The maximum values 
for systems pmameters are taken to calculate k(xd) and k(xp, t)  in the control 
law, while the real parameters change periodically in the system. In figure 
4 . 5 ~  the boundary layer thickness and the sliding surface are rendered for 
the worst case situation. The desired trajectory is described by xd = sin(t). 
The sliding surface s(t) stays richly within the area enclosed by the boundary 
layer thickness. Therefore it will be better to set the boundary layer thickness 
constant with a value as small as possible for having a small error, while 
stability is still guaranteed. 

-1.5 1 I 
10 20 

time [s] 
10 20 

time [s] 

-3 1 I 
10 20 

time [s] 

Time-dependant boundary layer thickness: a) Position, b) Control input, c) 

s(t>,  w 



At the system only position measurements are available, but also the 
velocity is necessary in the controller. The velocity can be calculated with 
numerical backward differentiation or with an observer. Numerical differen- 
tiation is easier but an observer has the advantage that it also can function 
as a low pass filter. However both the differentiator and the observer make 

m the ciosed-loop control law sampie frequency dependent. ~ w o  examples are 
shown in figures 4.5 and 4.6. The figures show that when the sampie he- 
quency is chosen to low, it ends up in chattering. In the simulations a 
numerical differentiator is used, which is possible since no noise is added to 
the position measurements. 

-300 A 
1 2 3 4  

time [s] 

Figure 4.5: Response of system with a sample frequency of 100 [Hz]  

-300 I 
0 1 2 3 4 5  

time [s] 

Response of system with a sample frequency of 300 [Hz]  
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The simulations show the influence of the control parameters of the sliding 
mode controller and also the influence of the sample frequency of the position 
measurements. It is important to avoid chattering of the system. There 
are several possibilities to do so, like increasing the sample frequency or the 
boundary layer thickness a, or decreasing the control parameters .;I or A. The 
magnitude of the sai~~ple fi-eqiieficy is deperiderit of the eqiipmerit zvai!zble, 
but changing the control parameters will lead to a decrease in the controller 
performance. 

4.3 Experimental results 

In the experiments the rod and the mass are not coupled to the shaft of the 
motor. The control parameters have to be adjusted before controlling the 
motor with a load to avoid dangerous situations. In the experiments k(xp, t )  
is made independent of the trajectory or time and is set constant. The value 
of this constant, which is called k,, has to be high enough to cope with 
parameter uncertainties or unmodelled dynamics. The influence of k, on the 
system response is the same as has. The parameters used in the experiments 
are rendered in table 4.1. A low pass filter is used to have the whole state 

Table 4.1: Values of control parameters 

Control Parameter 
k, 

of the system available from the position measurements. The poles of this 
second order linear filter are placed in -2. Some experimentai resuits are 
shown in figure 4.6 and figure 4.7. The system follows the desired trajectory 
quite well. For a large reference position it seems that the tracking is almost 
perfect, but with a small reference position it appears that a steady state 
error exists. When trying to decrease the error by decreasing 4 or increasing X 
chattering occurs. The system gets unstable when k, is decreased to  prevent 
chattering. The controller does not have more freedom to decrease the error, 
it has to be increased. A possibility to decrease the steady state error might 
consist of adding an integrator to the sliding mode controller. 

Value 
500 
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Figure 4.6: Results for small reference position, a) Position, b) Control input 

0 0.2 0.4 0.6 0.8 1 
time [s] 

-80 
I/. , 

0 0.2 0.4 0.6 0.8 
time 

Figure 4.7: Results for large reference position, a) Position, b) Input 



Chapter 5 

A backst epping controller 

A backstepping controller is a controller which is, like the sliding mode con- 
troller, also based on Lyapunov design. By using backstepping some state 
variables of the mathematical model are considered as virtual control param- 
eters. Stability of the system is realized by rewriting the Lyapunov function 
every time a new parameter is added to the system. First the design of the 
backstepping controller is shown. To be able to adapt in an uncertain envi- 
ronment, an expansion is made to an adaptive controller. After simulations 
some experiments are done with both the controllers. 

5.1 Design 

For the design of the backstepping controller the mathematical model of the 
system is changed into an error model. The position error of the system el 
is defined as el = xp - xd, with xp the angular position of the system and xd 
the desired position. 

The design of the backstepping controller is designed as is done in KrstiC 
et al. [5]. The first step in the design is stabilizing the el-subsystem. In 
this subsystem e2 is the virtual control parameter. The el-subsystem can be 
controlled with the virtual control law a(el). 

A nonlinear term ~ e :  is added in the virtual control law a(el) . This nonlinear 
term takes care for a fast response when the error is large. A candidate 



Lyapunov function for the el-subsystem is chosen as 

With time derivative 

which implies global asymptotic stability of the subsystem. After designing a 
control law for the el-subsystem, a study is made to the e2-subsystem. This 
is done by introducing a new state variable z, which is defined as the error 
between the virtual control parameter e2 and the virtual control law a(el) .  

The time derivative of the state variable x is defined as 

By moving to the e2-subsystem and changing to the new state variable z, 
also the Lyapunov function of the el-subsystem has to be rewritten. A new 
candidate Lyapunov function is chosen 

With time derivative 

1 
& (el, 2) = 5 (ef + x2) 

= + z(-al(e2 + xd) - a2 sin(el + xd) - xd + bU + cle2 + 3~efeg  + el) 

With I& the control law for the control input u can be chosen to guarantee 
global asymptotic stability of the closed loop system. 

1 
U = - {-c2x - el - cle2 - 3~e:e2 + !id + al(e2 + i d )  + a2 sin(el+ GI)} 

b 
(5.9) 

This control law leads to the time derivative of the Lyapunov function 

4 %(el, z )  = -clef - ~ e ,  - c2x 2 (5.10) 

In the Lyapunov function the boundedness of e2 is not directly assured, but 
boundedness of el and x, which is a state transformation for e2, assures the 
boundedness of e2. 



5.2 Extension to an adaptive controller 

In the mathematical model of the system, the system parameters a2 and b 
are known parameters. They depend on the mass and geometric properties 
of the load of the motor. The parameter a1 is dependant of the friction of 
the shaft. It is diEcu!t to determine this pkameter accmate!;.. Therefere a 
2xtension is made to an adaptive Sackstepping controller. The conkrol law 
of the backstepping controller becomes 

In the adaptive control law Gal represents the parameter estimation for the 
friction coefficient al. A new candidate Lyapunov function has to be chosen. 

This leads to the following time derivative of the candidate Lyapunov func- 
tion. 

@a1 
I& = I& - (a1 - &I)(- + x(e2 + &)) (5.13) 

Y 

By choosing = -yz(e2 + xd), the term (al - Oal) can be cancelled out 
of equation (5.13) and local asymptotic stability is assured. V3 is a semi- 
negative function, because the new state, estimator Oal, is not represented 
in it. This implies that el and x will converge to their control aim, while 
Oal will be bounded within a certain area around its control aim, the system 
parameter al. 

Sirnulat ions 

The first simulations are done with the normai backstepping controiier. 'There 
are three control parameters that can be adjusted, cl, c2 and K. In figure 5.1 
the results of a simulation with a backstepping controller are given. In this 
simulation the control parameters had the following values: cl = 20, c2 = 20 
and K = 2. A discrete implementation with a sample frequency of 100 [Hz] is 
used. Again a step input of 1 [rad] is chosen as desired trajectory. The influ- 
ence of the control parameters is for all the parameters the same. If they are 
made large, the system response will be faster, but a larger control effort is 
demanded. The influence of K only comes into sight when a large error exist. 
To have an idea of the influence of eland c2, it is more convenient t o  choose 
K equal to  zero. The state variable z is then determined by z = clel + e2. 



I 
0.5 1 1.5 2 

time [s] 

Figure 5.1: Response with backstepping controller, a) Position, b) Control 
input 

The closed-loop system of the (ei , e2)-system is now !inex. The poles of this 
linear system can be placed by choosing values for cl and c2. 

Equation (5.14) shows that varying cl or c2 has the same result on the re- 
sponse time of the system. 

With the extension to the adaptive controller, a fourth control parameter 
is introduced, y. In figure 5.2, the responses are shown in which y = 1 
and y = 10. The controller shows good tracking, but the estimation for 
system parameter a2 does not match the real value of 12.5 [s-'1. This can be 
expected, 1- ul;La-l; A-n.. "A CL-  t,Ill; time . derhative of the Lyapunw fimctim ir, (5.13) is 
semi-negative. When the desired position of 1 [rad] is reached, the controller 
does not get new information to improve the estimation of the parameter. 
Although the control parameter dal and the system parameter a2 do not have 
the same values, the control object is complied. For a good estimation of a2, 
an input signal, which can give enough information to the controller, must 
be offered . This is a persistently exciting signal, with which only perfect 
tracking can be established with only one combination of control parameters. 



a E 0.8 - 

0.4 

0.2 

1 2 
time [s] 

I 
1 2 

time [s] 

Figure 5.2: Responses with y = 1 and y = 10, a) Position, b) Estimation for 
a2, c) Control Input 

5.4 Experimental results 

The first experiments are done with the normal backstepping controller. The 
parameters used in the experiments are rendered in table 5.1. The full state 
of the system is again determined with a linear low pass filter with both the 
poles placed in -2. Some results of the backstepping controller are given in 
figure 5.3 and figure 5.4. The controller shows quite a good performance. The 
system can follow the desired trajectory well, but a small steady state error 
keeps existing when it reaches the constant reference position. When the 
control parameters el, c2, or K are increased to decrease the error chattering 
occurs. 

Table 5.1: Values of control parameters 

Control Parameter 
C1 

Also the adaptive controller is implemented. Results of experiments with 
the adaptive controller are shown in figure 5.5 and figure 5.6. In these exper- 
iments y is set equal to 1. The figures show that using an adaptive controller 
does not improve the performance of the backstepping controller a lot. The 

Value 
20 
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Figure 5.3: Results for small reference position, a) Position, b) Control input 
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Figure 5.4: Results for large reference position, a) Position, b) Input 



existing error is just decreased a little, but less control effort is demanded. To 
improve the performance of the controller more, it is possible to expand the 
controller with an extra term to cope with the uncertain dynamics. This ex- 
tra term can be determined with Lyapunov redesign [6] or nonlinear damping 
[5] when the uncertain dynamics satisfy the demand of matched condition. 
TT7, vvnen the uncertain dynamics do not satisfy this demand the extra term can 
be determined with extended matching design 151. 
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Figure 5.5: Results for small reference position, a) Position, b) Control input 
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Figure 5.6: Results for large reference position, a) Position, b) Input 



Conclusions and 
recommendat ions 

The IMC++ controller shows good results for controlling the system, espe- 
cially when the system has to be positioned on a constant reference position. 
The results are worse when the system has to follow a ramp. The system then 
keeps being ahead of the desired trajectory. The sliding mode controller and 
the backstepping controller show opposite results. They are able to follow 
the ramp well, but an error exist when the system has to go to the constant 
reference position. 

The steady state error of the sliding mode and the backstepping con- 
troller can be decreased when the controllers are modified. The backstepping 
controller has more possibilities to be improved than the sliding mode con- 
troller. The sliding mode controller can be improved with an integrator, the 
backst epping controller with extended matching design when the matched 
condition is not satisfied or with Lyapunov redesign or nonlinear damping 
when the matched condition is satisfied. 

Another possibility for perfect tracking of the system is to couple the 
trajectory the system has to follow to a controller. This means that several 
controllers are used for the system. When the system has to go to the con- 
stant reference position, the IMC++ controller is used and when the system 
has to follow the ramp, the backstepping or the sliding mode controller is 
used. 
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