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1Abstract—In this paper, the real-time position control of 

servo system is carried out using sliding mode control (SMC) 

method based on variable structure control (VSC). As DC 

Motors are commonly used in many industrial applications and 

robotics, studies in this paper have are tested on a DC servo 

system, which is designed and produced by Quanser Inc. Three 

different types of sliding mode controllers are designed for 

position control of servo system and, later, performance 

comparison of DC Motor on Servo system is made. According 

to results obtained from real-time servo system, it is shown that 

SMC method is robust against to disturbing effects, 

variabilities, and uncertainties on the systems. Outstanding 

part of this paper is that designed controllers are implemented 

to servo system in real-time with a variable loaded DC Motor. 

Moreover, this study shows that this control structure can be 

performed as high performance in the real-time motor control 

applications. 

 

 Index Terms—DC motor; Nonlinear control; Position 

control; Robust control; Servo system; Sliding mode control. 

I. INTRODUCTION 

DC Motors are widely used in angular position control 

applications, which are often encountered in industry. They 

have certain characteristics, such as high efficiency, 

successful performance, and easy controllability. Thus, they 

are widely preferred in raw steel mills, electric winches, 

robotic manipulators and many industrial applications [1]–
[3]. Precise position control constitutes a requirement in 

many servo motor applications, such as positioning of a 

robot arm from space research to a medical field [4]. In 

position control, motor’s speed and position information, as 

well as performance of the controller, and accuracy of the 

controller and response time of the system are important. 

In many industrial applications, where PID controllers are 

widely used, position control has created a major problem 

for many years [5]. Although PID controllers can be 

designed easily, they have several disadvantages about the 

robustness against system uncertainties and external 

disturbing effects. Also, they cannot be produced to get 

successful results in nonlinear control applications [4]. Even 

if a good performance characteristic can be obtained by 

classical PID parameters, when operating conditions change, 

an expected performance cannot be achieved by using PID 

controller with fixed parameters [6]. DC servo motor 
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systems have usually uncertain and nonlinear characteristics, 

which effect the controller negatively. Therefore, the self-

adjusting adaptive control or a robust control given rapid 

responses is needed [7]. 

Many different methods are proposed to control DC 

Motors and servo systems. These approaches are PID 

control, fractional order PID control [8], fuzzy logic control 

[9], linear quadratic regulator (LQR), PID control based on 

artificial intelligence [10], sliding mode control [11], and 

iterative learning control [12]. Moreover, studies on hybrid 

control methods continues. 

Sliding mode control (SMC) method is one of nonlinear 

control techniques and has some attractive characteristics, 

such as quickly response, a good transient response, 

successful adaptation to disturbing effect, and insensibility to 

change of system parameters [6], [13]. SMC can be used for 

speed and position control of electric motors [6].  

In this paper, position control of a servo system is carried 

out in real-time by using various types of SMC as a robust 

control method. Structures of SMC are designed in three 

different types, which are SMC, modified SMC (M-SMC), 

and SMC with a PID surface (PIDsur-SMC). All designed 

controllers are tested in real-time. As in the experimental 

studies various metallic weights are added to the system for 

extra loading, additionally, controller performances are 

relatively compared to each other by using certain error 

criteria. 

This paper is organized as follows. Firstly, SMC method 

and its conventional theory are decribed in Section II. Then, 

information about servo system that is performed real-time 

application is given in Section III. Also, in Sec. IV, the 

implemented experimental studies and stages are referred. 

Testing steps and discussion are presented in Section V. 

According to loading condition and international 

performance criteria, comparisons are made in the section 

mentioned above as well. Lastly, results and 

recommendations are given in Section VI. 

II. SLIDING MODE CONTROL 

The theory of sliding mode control (SMC) is based on a 

variable structure control technique proposed in 1950, which 

have been attracting researchers studying control methods 

for 20 years already [14], [15]. SMC, which shows 

insensibility to system’s parametric changes, disturbing 
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effects, and can operate under uncertain conditions, is a 

robust control method for linear and nonlinear systems [14], 

[16]. Thanks to these advantageous properties, SMC draws 

much interest in machine control applications [17]. 

Conventional SMC theory is composed of two phases, which 

are reaching mode and sliding mode as can be seen in Fig.1.  

 
Fig 1.  Phase portrait of SMC.  

The most important step to design SMC is to create the 

sliding surface. High frequency switching control signal, 

which is demonstrated in Fig. 2, moves states of the system 

to a significant surface. Therefore, this surface is named as 

sliding surface. Movement on surface is described as sliding 

mode and movement up till reaching the surface represents 

the reaching mode [18]. 

 
Fig. 2.  Sliding surface, reaching mode, and high frequency switchings.  

Main purpose of SMC is that system output arrive to 

desired system output. In other words, control signal ( ),u t  

which tracking error converges to zero or keeps to minimal 

level, is to going to be produced. States of the system 

reaches to sliding surface by passing between stable and 

unstable trajectories and, then, tracking error converges to 

zero at minimal range on the sliding surface. However, 

chattering phenomenon occurs due to high frequency 

switchings. 

SMC generates an increasing interest in robotics, aviation 

and space technologies, automotive industry, electric motor 

drives, and power converters and their controllers [1], [15], 

[16].  

The first step to design the SMC is to form the mentioned 

sliding surface. The equation commonly used for the sliding 

surface is as follows 

 

1

( , ) ( ).

n
d

s x t e t
dt




   
 

 (1) 

It is shown that sliding surface is a function, which is 

related to tracking error, namely a difference between 

reference and measurement output. In here, n demonstrates 

the degree of the system and λ is a positive number that 

represents the slope of the sliding surface. Both sliding 

function and its derivative across the sliding surface is equal 

to zero as ( ) 0s t  and ( ) 0.s t   

Control law ( )u t that is purpose of the SMC consists of 

two parts as equivalent control signal ( )
eq

u t  and switching 

control signal ( )
sw

u t ,which are shown below: 

 ( ) ( ) ( ),
eq sw

u t u t u t   (2) 

 ( ) sgn( ),
sw

u t K s  (3) 

where K is a positive number, which is selected quite big to 

suppress system’s uncertainties and unexpected dynamics, 
and sgn(.) presents signum function. Signal ( )

sw
u t  pulls 

states of the system to sliding surface while ( ) 0s t  . After 

reaching to sliding surface, switching control signal is 

switched off. Because of situation, although equivalent 

control signal is continuous, switching control signal is 

discontinuous. Block schema of conventional SMC is 

indicated in Fig. 3.  

 
Fig. 3.  Block schema of conventional SMC. 

Lyapunov function, which is expressed as 

 
21
,

2
V s  (4) 

is commonly used for sliding mode [19] and system stability 

law is obtained in (6) by using (5): 

 0 0, (0) 0, ( ) 0 ,ss s V V s      (5) 

 
.

21
,

2

d
V s s

dt
    (6) 

where , ,s s and  are described as a sliding function, its 

derivative, and a constant, respectively.  

When converge condition is described in (7), sliding 

mode condition is defined in (8):  

 , sgn( ) ,ss s ss s s      (7) 

 sgn( ) .s s    (8) 

System arrives to sliding mode if condition 0  is 

ensured. 

Although conventional SMC has advantages, such as 

robustness, it has a disadvantage known as chattering 

phenomenon [20]. Chattering phenomenon emerge from 
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high frequency switchings and sharpness in signum function. 

Even if it’s effects may not be seen much in the simulation 
studies, when real-time applications are carried out, it is 

understood that chattering phenomenon is a significant issue 

that needs to be considered. Too big control signals for 

actuators can cause problems in the real-time systems. 

Especially, it may cause breakdown or adverse effects, 

audible sounds, and heating of power circuits in the 

controlled mechanical systems [21], [22]. Additionally, 

when the real-time application is implemented, it cannot be 

achieved to infinitely fast switching assumption, which is 

basis of the general theory because of time delays and 

physical limitations [23]. 

In the literature, it is encountered with many different 

approaches to relieve the chattering phenomenon. For 

example, smoothing can be provided by changing of signum 

function or by using fuzzy logic. In fourth section of this 

paper, details are mentioned.  

III. MODEL OF THE SERVO MOTOR SYSTEM 

Permanent magnet DC Motors (PMDC) benefits for 

actuation. They are mentioned in former sections due to the 

fact that they are widely used in control systems in general. 

To express it in a simple way, Quanser SRV-02 is a rotary 

servo control system, which is designed for speed and 

position control of DC Motor. This servo system ensures a 

real-time design and enables different control algorithms to 

be tested. 

The servo system consists of a DC Motor and a gearbox. 

The servo system can turn load and load arm via external 

gears. It has tachometer, potentiometer, and digital encoder 

to measure angular velocity and position [24]. Thanks to 

different selections, it offers the users an opportunity to work 

via both analogue and digital position measurements [24]. 

Moreover, there is a possibility of adding external modules 

to servo system. Equivalent scheme of the rotary servo 

system is demonstrated in Fig. 4. Specific parametric data 

for DC Motor, gearboxes, and the others is explained as in 

Table 1 [25], [26]. 

 
Fig. 4.  Equivalent circuit of servo system. 

For the system modelling (Fig. 4), electrical and 

mechanical equations are as shown in (9)–(16): 

 
( )

( ) ( ) ( ),b

di t
V t R i t L e t

dt
    (9) 
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 (16) 

where
g

N signifies total gear ratio and g
  specifies gearbox 

efficiency. Equations for variable load torque are as in (15), 

(16). In here, l and m indicate the angle of load and 

armature, respectively.  

In the next section, sliding mode controllers are designed 

by putting in places necessary coefficients and by using the 

equations mentioned above. 

TABLE I. PARAMETERS OF SERVO SYSTEM. 

Symbols Explanation Unit 

V  Armature voltage 6 Volt 

R  Armature resistance 2.6 Ohm 

L  Armature inductance  0.18 mH 

bK  Back emf constant 0.00767 Vs/rad 

tK  Torque constant 0.00767 Nm/Amper 

gN  Gear ratio (N2/N1) 70 

g  Gearbox efficiency 0.9 

mJ  Inertia of motor 7 24.6 10 .kg m
  

mB  Viscous friction of motor 0  

_L inJ  Initial load and inertia of gearbox 7 24.83 10 .kg m
  

_L subJ  Addition load and inertia of 

gearbox 
6 24.83 10 .kg m
  

_L inB  Viscous friction with initial load 64.4110 / ( / sec)Nm rad
  

_L subB  Viscous friction with addition load 53.4110 / ( / sec)Nm rad
  

( )be t  Back emf Volt 

LT  Load torque Nm 

eT  Torque produced By motor Nm 

m  Angular velocity Rad/s 

m  Angular position Rad 

IV. EXPERIMENTAL STUDIES  

Block schema of experimental servo system is shown in 

Fig. 5.  

 
Fig. 5.  Block schema of experimental system 

In experimental study, a servo module, named as Quanser 

SRV-02, utilized digital signal processing is used. Practise 

image of rotary servo system used in this paper is indicated 
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in Fig. 6. In this figure, computer, servo control unit and 

driver, rotary servo system, initial loaded arm, addition 

loads, and the other environment components are exhibited. 

It has benefitted from a data acquisition card with amplifier 

named as Q3 Control PaQ-FW. Designed controllers are run 

computer aided and transferred to motor system via a 

software. 

In this study, analyses are made by adding monitoring in 

different levels by means of addition loads. Thanks to using, 

firstly, an initial load and, later, for loading low and high 

weighted metallic objects, three types of loading conditions 

are performed and results are analysed.  

Servo system can be modelled approximately as a first 

order system to actualize the speed control. Additionally, 

degree of the system for the position control is shown as a 

second order in [24], [25]. Transfer function of the servo 

system for angular velocity and angular position are 

described in (17), (18): 

 
( )

,
( ) 1

s K

V s s







 (17) 

 
 

( )
,

( ) 1

s K

V s s s







 (18) 

where K and are defined as steady state gain of the system 

and time constant, respectively, and their values are as in 

(19), (20): 

 
( ) 1.53

,
( ) 0.0254 1

s

V s s





 (19) 

 
 

( ) 1.53
.

( ) 0.0254 1

s

V s s s





 (20) 

If transfer function of the system converts to state-space 

model, it is obtained as follows: 
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Fig. 6.  Image of experimental system. 

A. Theory 1 – Conventional SMC 

In section II, the structure of conventional SMC is 

mentioned. Conventional SMC is a structure of control, 

which has a switching control signal with signum function as 

shown in (2), (3). Additionally, theoretical implementation 

of conventional SMC is expressed in this section. 

The equation of state for a second order system is 

generally identified as  

 ,X AX BX Cu D E        (23) 

where X is specified as a primary variable in equation of the 

state. Also, its first and second derivatives are X  and X , 

control signal u , disturbing effect ,  such as friction and 

load changing, and its derivative  are described, 

respectively. Here, A, B, and C symbolize coefficients 

obtained from state equation of the system, while D and E 

express unknown variable coefficients of disturbing effect. If 

disturbing effects in (23) are combined with a single 

variable, which is named as ,H finally, equation can be 

displayed as 

 .X AX BX Cu H      (24) 

In this study, equation of the state for position control of 

servo system can be created as in (25) by benefiting from 

(19), (20) which is a transfer function equation of the system  

 ( ) 39.3701 ( ) 60.2362 .s s u H      (25) 

While modelling in the nominal conditions, design and 

resolution are made as intended when disturbance effects is 

equal to zero. If dynamic states are analysed under condition 

0,H  namely in the nominal conditions, it is obtained as  

 ( ) 39.3701 ( ) 60.2362 .s s u     (26) 

For creating a generally form, variables A and C are used. 

Thus, a new equation form is turn into 

  ( ) ( ) , 39.3701, 60.2362s A s C u A C      (27) 

if variables are defined as: 

 ( ), ( ),y s u V s   (28) 

 

1

2 1

2

,

,

,

ref m

ref m

ref m

X e

X e X

X e

 

 

 

   
    


  

 (29) 

where , ,e e and e represents error and first and second 

derivatives of error, respectively. Besides, ref and m  are 

defined as reference and measurement position variables. 

Sliding surface and its derivative can be defined as follows: 

    1 2 ,ref m ref ms C X X C           (30) 

     .ref m ref m
s C         (31) 

If the derivative of sliding surface is equal to zero as 

demonstrated in (30), which should be equal to switching 

control signal, and, later, if (31) is substituted in (32), 

derivation of the equation of sliding surface can be obtained 
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as in (33):  

 sgn( ),s K s   (32) 

     sgn( ).
ref m ref m

s C K s          (33) 

If they are replaced in  

 sgn( ),ref ref m mC C K s         (34) 

which is expansion of (33), control signal u is produced as 

indicated below 

 
1

(39.3701 ) sgn( ) .
60.2362

ref ref m
u C C K s          (35) 

In experimental study, parametric coefficients are 

determined as K=200 and C=70. When control signal u is 

being transferred, adaptation coefficient Γ is specified as 
0.15, which can be seen below 

 * .
servo

u u   (36) 

B. Theory 2 – Modified SMC 

Signum function, sgn(s), generates discontinuous control 

on the sliding surface, and hence it generally produces 

chattering phenomenon in control input. When intended to 

chattering reduction, some modifications can be made and 

different function types can be used. In this step, a 

modification in the signum function is done and replaced a 

smooth transition nonlinear sigmoid function, which is 

indicated as follows 

 ( ) .
sw

s
u t K

s 



 (37) 

While :   and   is in the range of 0 1  . 

Moreover, it is a tuning parameter of the sigmoid function 

and   is selected suitable for following of ideal 

performance. 

Structure of control signal u  produced by conventional 

SMC is converted to a form such that 

 
1

(39.3701 ) .
60.2362

ref ref m

s
u C C K

s
  


 

     
  

(38) 

In experimental application of modified SMC, parametric 

coefficients are adjusted as K=200, C=40, and  =0.99. 

Furthermore, adaptation coefficient Γ is designated as 0.15. 

C. Theory 3 – PIDsur-SMC  

In this section of theory groups, sliding surface design for 

SMC is presented as with PID type surface [27], [28], which 

is displayed as  

 1 2 3 .s e e e      (39) 

If it is benefitted from (29) and the second derivative of 

error is replaced in (40), which is first derivative of sliding 

surface, and, then (40) is equal to zero, (41) is obtained 

 
1 2 3 .s e e e      (40) 

If state equation of system, which can be shown in (26), is 

substituted in (40), (41) is acquired. Therefore, equivalent 

control signal is defined as in (42) that edited version of 

equation: 

  1 2 3 0,
ref

e e A C u          (41) 

 1 2 3 3

3

1
.

eq ref
u e e A

C
     


       (42) 

As it is indicated in  

 ( ) ( ) ( ),
eq sw

u t u t u t   (43) 

main control signal for SMC composes of two parts, such as 

equivalent and switching control signal, which are also 

symbolized as equ  and ,swu  respectively 

Smooth saturation function [29] displayed as 

 ( ) . ( ),
sw sw

s
u t K sat


  (44) 

is used for describing swu  and, moreover, graph of this 

function is visualized in Fig. 7. 

Parametric coefficients are selected as 1 =70, 2 =10, 

3 =0.6, 8,
sw

K  and ϕ=5. Adaptation coefficient Γ is 

determined as 0.15, which is shown in (36). 

 
Fig. 7.  Boundary layer graph of smooth saturation function.  

D. Theory 4 – PID Control  

PID control is a control algorithm, which has commonly 

been used since the 1940s. PID controllers are prevalently 

used in many different specific fields like robotics, 

unmanned aerial vehicles, chemical industry, steam 

production, oil processing, motor control, and automation 

systems.  

PID controllers have a simple structure that consist of 

proportional, integral, and derivative parts. For adapting and 

determining behaviour of closed loop control system, these 

parameters should be adjusted effectively. Because of the 

PID control, successful performance is exhibited in many 

different processes and it is easy to design. This method is 

highly advantageous. There are uncertain and time varying 

system dynamics in many processes in industry. Because of 

12
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the classical PID controllers fixed parameters, they cannot 

display a good performance [7]. Thus, there is a need for a 

control structure that could cope with all situations 

mentioned above.  

Time domain representation of PID controller is indicated 

as  

 
( )

( ) ( ) ( ) ,p d i

de t
u t K e t K K e t dt

dt
     (45) 

where ( )e t is error between input and output and, also, pK , 

,iK and dK  are expressed as proportional, integral, and 

derivative gain coefficients, respectively. 

E. Performance Criteria 

In control systems, some specific performance criteria, 

which are generally used to measure and compare system 

performance, are available. In this study, the evaluations are 

carried out for three different criteria: Integral Square Error 

(ISE), Integral Absolute Error (IAE), and Integral Time-

weighted Absolute Error (ITAE). Therefore, calculation 

formulas of these criteria are expressed as follows: 

 
2 ,ISE e dt   (46) 

 ,IAE e dt   (47) 

 .ITAE t e dt   (48) 

V. TESTING STEPS AND DISCUSSION 

By determining a sinusoidal reference for position 

tracking, response of the motor system is analysed according 

to this reference position. All graphs of performed position 

tracking for designed controllers are shown in Fig. 8. 

Experimental results are obtained by considering loading 

condition and by comparing performance in point of ISE, 

IAE, and ITAE criteria, which is explained as in Table II. As 

it is understood from the graphs, computing of performance 

criteria is done for 2.5 s that period of the reference signal. 

According to Table II, the best performance is produced by 

PIDsur-SMC for all loading conditions, and, later, M-SMC 

and SMC produces, respectively. In this study, generated 

graphs indicate response of system for the first 5 s.  

 
Fig. 8.  Change of the position tracking under initial load. 

In Figure 8, position-time graph of servo system for four 

type controllers under initial load is drawn. Because of data 

is close to each other, a zoomed image is demonstrated in 

Fig. 9. It can be seen that all three different SMC controllers 

actually produce quite successful results. However, if a 

comparison is made among them, PIDsur-SMC`s tracking 

trajectory is the nearest to reference position. However, PID 

controller has the worst tracking compared the others. Also, 

according to controllers, position error of servo system 

under initial load is demonstrated in Fig. 10. PIDsur-SMC 

can track the desired reference trajectory at least error. 

Additionally, the change of the sliding surface for three 

SMC structures under initial conditions are indicated in Fig. 

11. The sliding surface interval of the PIDsur-SMC in Fig.11 

is the narrowest and nearest interval on the zero axis. 

Considering the interval of sliding surface, it can be 

mentioned that the controller displays more succeeded 

results for the narrowest range s . Moreover, the change 

of the control signal transferred to the system by different 

controllers under initial load is indicated in Fig. 12. 

 
Fig. 9.  Change of the zoomed position under initial load. 

 
Fig. 10.  Change of the error under initial load. 

 
Fig. 11.  Change of the control signal u under initial load. 

Similarly, results for controllers under low load are 

demonstrated in Fig. 13–Fig. 16. When the changes of the 

error in Fig. 14 are analysed, amount of the error is at least 

in PIDsur-SMC. In conventional SMC, error changes in a 

wide range. It is demonstrated that error for PID control is 
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more than the other controllers. Increasing error amount 

means that position tracking has deteriorated. Moreover, in 

Fig. 16, it is shown how to change sliding surface for the 

controllers. Here, the nearest movement to sliding surface is 

performed by PIDsur-SMC, but sliding in conventional 

SMC is taken place in a large scale. 

 
Fig. 12.  Change of the sliding surface under initial load. 

 
Fig. 13.  Change of the position tracking under low load. 

 
Fig. 14.  Change of the error under low load. 

 
Fig. 15.  Change of the control signal under low load. 

In Figures 17–20, results of controllers under high load 

condition are indicated. It is observed that graphs are 

composed parallely with previous results. Especially, if 

changes of error and sliding surface are analysed, 

performance comparisons for controllers can be made. Thus, 

superiority rating for controllers can be made as PIDsur-

SMC, M-SMC, and conventional SMC, respectively. 

TABLE II. COMPARISONS OF CONTROLLERS. 

Load Criteria PID SMC M-SMC 
PIDsur-

SMC 

Initial ISE 
35.72 10-

5 

6.765 10-

5 

1.108 10-

5 
0.6535 10-5 

Initial IAE 0.02754 0.01072 0.004389 0.003481 

Initial ITAE 0.1053 0.04037 0.01702 0.01302 

Low ISE 
48.85 10-

5 

7.289 10-

5 

3.405 10-

5 
1.005 10-5 

Low IAE 0.02886 0.01202 0.007467 0.004145 

Low ITAE 0.112 0.04408 0.03002 0.01531 

High ISE 
58.97 10-

5 

8.755 10-

5 

4.903 10-

5 
1.506 10-5 

High IAE 0.03091 0.01323 0.008919 0.004861 

High ITAE 0.1205 0.04928 0.03626 0.01816 

 
Fig. 16.  Change of the sliding surface under low load. 

 
Fig. 17.  Change of the position tracking under high load. 

 
Fig. 18.  Change of the error under high load. 
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Fig. 19.  Change of the control signal under high load. 

 
Fig. 20.  Change of the sliding surface under high load. 

VI. CONCLUSIONS 

In this study, three different type sliding mode controllers 

are designed for position control of DC servo system, which 

is an extremely important issue in the control systems. 

Performance of controllers are compared after implementing 

designed controllers to DC servo system under different load 

conditions. Conventional SMC is a method that produces 

chattering phenomenon. M-SMC is designed by modifying 

switching function and it relieves greatly this problem. In 

addition, it gives better results when compared to previous 

control structure. In the last control structure, an alteration is 

made in sliding surface, which is the basic building block of 

SMC. It is understood that a controller running more stable 

and better performance is generated. In experimental results, 

although it is concluded that three methods can be run on 

system real-time, it is shown that M-SMC and PIDsur-SMC 

run more stable without vibration and error. In motor control 

application, elimination of vibration is so important due to 

the fact that it may cause deterioration of mechanical system. 

In sensitive running conditions as in some robotic 

applications, uncertainties, sudden changes, time-varying 

load changes and precise position tracking, application of 

SMC method provides many advantages. 
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