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Abstract:  This paper shows another way to deal with speed control of DC Motor. Two nonlinear controllers, one of sliding mode 
control and the other Fuzzy gain scheduling PID, characterize another control structure. Essentially, in this configuration 
procedure, the SMC and Fuzzy gain scheduling PID controller have been consolidated by a switching system which is chosen by 
the Fuzzy supervisory system. The sliding-mode controller acts essentially in a transient state while the fuzzy gain scheduler PID 
controller acts in the steady state. The new structure epitomizes the favorable circumstances that both nonlinear controllers offer: 
sliding-mode controllers provides the fast rise time and fuzzy gain scheduling PID controllers lessening the chattering in the 
steady state. The simulation results show that utilizing the new hybrid SMC fuzzy gain scheduling PID controller gives "better" 
system response as far as transient and steady state are concerned when compared with the SMC or fuzzy gain scheduling PID 
controller’s applications. The controller parameters are tuned with the help of fuzzy logic. 

Index Terms— sliding mode control SMC, Fuzzy gain scheduling based control FGSPID, hybrid control, DC Motor. 

I. Introduction 

Traditional control plan like PID Controllers is 
viewed as the standard control structures and fuzzy 
controllers have situated themselves as a partner of 
established PID controllers on the same prevailing 
part at the information rich range [1]. PID controllers 
are intended for linear system and they give an ideal 
cost effective system. On the other hand, the presence 
of nonlinear effects confine their performances. 
Fuzzy controllers are effective connected to nonlinear 
system on account of their knowledge based 
nonlinear characteristics to accomplish smooth 
control during switching. Hybridization exploits the 
helpful sides of both classifications. Normally 
different hybrid controller structures have been 
emerged in writing [2], [3]. A fuzzy switching 
strategy between fuzzy controller and ordinary PID 
controllers is utilized to accomplish smooth control 
during switching [4]. In a few applications, these two 
control structures are consolidated by a switch [5], 
[6], [7]. Another scheme of combining SMC and PI-
like FLC with the help of expert Takagi-Sugino type 
inference mechanism shown in literature [8]. 

DC motors are widely used in robotic and industrial 
equipment where high accuracy is needed. In some 
cases the uncertain conditions encounter the DC 
motor control to some difficulties. D.C motor is 
considered as a SISO (Single Input and Single 

Output) system which has speed characteristics and is 
compatible with most mechanical loads [9]. By using 
terminal voltage control method a D.C motor can be 
controlled over a wide range of speed. The main 
drawbacks of the linear control approach are the 
sensitivity in performance to the system parameters 
variations and inadequate rejection of external 
perturbations and load changes. To face these 
problems, variable-structure control based 
approaches, such as sliding-mode control (SLMC), or 
fuzzy logic based control (FLBC), have been recently 
applied to the control of electrical drive systems. 
SLMC has been shown to be an effective way for 
controlling electric drive systems. It is a robust 
control because the high-gain feedback control input 
cancels nonlinearities, uncertainty parameters, and 
external disturbances. On the other hand, this control 
strategy offers some drawbacks associated with the 
large torque chattering that appears in a steady state, 
which may excite mechanical resonance. 

Fuzzy-logic, first proposed by L. A. Zadeh, has 
recently received a great deal of attention. The easy 
way of defining a fuzzy controller by rules with an 
obvious physical meaning has helped to expand this 
control technique. When it is applied to control 
nonlinear systems, this nonlinear control strategy has 
shown better results than classical controllers do. 
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This paper presents a new hybrid fuzzy sliding-mode 
controller for the speed regulation of a DC motor. 
SLMC mostly acts in a transient state, providing a 
fast dynamic response and enlarging the stability 
limits of the system, while the FGSPIDC acts mainly 
in steady state to reduce chattering. Hybridization of 
these two controller structures gives idea quickly to 
endeavor the valuable sides of both classes. If we 
compare this approach to a classical SMC controller, 
steady-state performance is enhanced. 

II.DC Motor Model 

DC motor represents the simplest DC drive system. 
Fig. 6 represents the structure of the electrical circuit 
of a DC motor. 

 

Fig 1. DC Motor Model 

The motor dynamics are governed by two coupled 
first-order equations with respect to armature current 
and shaft speed [10]: 

       � ���� = � − �	 − 
��         
      ���� = ��	 − ��………………………..(Eqn.1) 

Where, L represents the armature inductance, R the 
armature resistance, i the armature current, ke the 
back EMF constant, w the shaft angular velocity, J 
the moment of inertia, B the coefficient of viscous 
friction, km the motor torque constant, u the terminal 
armature voltage. The plant used in simulations is a 
DC motor given with (1) and the following parameter 
values: 

 L = 0.001 mH, R = 0.5 ohm , 

J = 0.001 kgm2, km = 0.001 Vsrad-1, 

ke = 0.008 NmA-1, B = 0.01 Nmsrad-1.  

The demand is that the shaft angular velocity should 
track a desired trajectory. 

Let �∗(�) represents a desired velocity and � = �∗ −� tracking error. If we choose the variables �� = � 
and  �� = �� as state space variables, then the system 
can be described with the following equations: 

��� = �� 
��� = − �

� �� − ���� !"� �� − ��"� � + �$% + �
� �$� +���� !"� ��…………………………………...( Eqn.2) 

For the second order system, we can characterize 
switching function as: 

& = '�� + �� = '�� + ��	� ……      …….….. (Eqn.3) 

' Shows a positive constant. 
III. Sliding Mode Control 

The design of a variable structure sliding mode 
controller consists of two phases: 

I. Sliding (switching) surface design so as to attain 
the desired system response, like the stability to 
the origin, when forced to stay on the surface. 

II. Selecting feedback gains of the controller so that 
the closed-system is stable to the sliding surface. 

While in sliding mode the system shows the 
following characteristics. In particular: 

I. The system is not affected by unmodeled 
uncertainties. 

II. The system dynamics is represented by a reduced 
set of differential equations.  

This technique is known as the order reduction and 
very helpful in designing variable structure sliding 
mode controllers [11] [12]. 

In order to derive the sliding surface for SISO, 
consider the system in its controller companion form, 

�� =
)*
**
+ 0 							10 							0 0 		… 					01 					… 					0⋮ ⋮0 0−01 −0� 					 ⋮ … 					⋮0 … 					1−0� … −023�45

55
6
� +

)*
**
+00⋮0145
55
6 �(4) 

The aim is to find a control signal such that given a 
desired state �∗, the tracking error �∗ − � maintain 
to zero even the, model uncertainties and unmodeled 
disturbances, present [11]. With the tracking error 
defined as: 

� = �∗ −�……………………………( Eqn.5) 

Let the sliding surface be: 

&(�) = 7�……………………..……..( Eqn.6) 

= 87� 7� … 723� 19 :��⋮�2; 
= 7��� + 7��� +⋯+ 723��23� + �2 

= 0…………………………………….….( Eqn.7) 

To avoid loss of generality, assumed that 72 = 1. If 
this was not the case, divide both sides of 7� = 0 by 72 ≠ 0 to ensure that	72 = 1. So, above equation is 
written as:  

�2 = −7��� − 7��� −⋯− 723��23�……...( Eqn.8) 

Now combine the equations of the plant model and 
that of the sliding surface. First note that 

��23� = �2…………………..………….…..( Eqn.9) 
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Hence it can be written as  

��� = �� 
��� = � 
⋮ 

��23� = −7��� − 7��� −⋯− 723��23�…..( Eqn.10) 

Or, equivalently in matrix form, 

>� =
)*
**
+ 0 							10 							0 0 		… 					01 					… 					0⋮ ⋮0 0−7� −7� 					 ⋮ … 					⋮0 … 					1−7? … −723�45

55
6
>…( Eqn.11) 

Where, > = 8�� �� … �23�9@   
These are the n-m to n-1 first-order reduction 
differential equations of sliding mode. The roots of 
the following equation shows the poles. 

A23� + 723�A23� +⋯+ 7�A + 7� = 0 …..( Eqn.12) 

The system response is depends on the chosen values    7�, 7�, ⋯ , 723�	 of the switching surface. 
The sliding surface for this system can be represented 
as 

&(�) = 87� 19� = 0…………..………( Eqn.13) 

Or, equivalently, 

7��� + �� = 0………………………..…….( Eqn.14) 

The dynamics of the system in sliding are described 
by 

>� = −7�>,…………………………………( Eqn.15) 

For stability select   7� > 0. 
In order to attain the controller objective such that to 
drive the pant state to the sliding surface and 
maintain it on the surface for all time, a generalized 
Lyapunov approach is used[11]. 

 D = 0.5&�………………………………( Eqn.16) 

The system should be stable, the sufficient condition 
is  

− �
�� G�� &�H = &&� < 0………………….…( Eqn.17) 

We consider the controller structure of the form 

� = �±��� + �±��� +⋯+ �±2�2………...( Eqn.18) 

Where ��± are the feedback gains to be determined so 
that the condition 77� < 0 is satisfied. To determine 
so that the feedback gains, we substitute u, given by 
above equation, into the expression 77�   and utilize to 
get 

&&� = &87� 7� ⋯ 19�� 
= &(7���� + ⋯+ 723��23�� + �2� ) 

= &(7��� +⋯+ 723��2 + �2� ) 
= &(7��� +⋯+ 723��2 − 01�� −⋯− 023��2 + �) 
= &(7��� +⋯+ 723��2 − 01�� −⋯− 023��2 +��±�� +⋯+ �2±�2)……………….……..( Eqn.19) 

Rearranging the terms yields 

&&� = &��K−01 + ��±L + &��K−0� + 7� + ��±L + ⋯+&�2(−023� + 723� + �2±)………………..( Eqn.20) 

To satisfy the condition (17) 

&��K−01 + ��±L < 0, 
&��K−0� + 7���±L < 0, 

⋮ 
&�2(−023� + 723� �2±) < 0………....( Eqn.21) 

A possible choice of gains that leads to satisfaction of 
the attractively to the surface condition, 77� < 0, is 

�� < −|01|				N	&�� > 0, 
�� > |01|				N	&�� < 0, 

⋮ 
�2 < −|023�| + |723�|				N&�2 > 0, 

�23 > −|023�| + |723�|				N	&�2 < 0….( Eqn.22) 
The following controller gains also can be used: 

��± = −(|01| + O)&	PQ(��&), 
⋮ 

�2± = −(|023�| + |723�| + O)&	PQ(�2&),…( Eqn.23) 

Where O > 0 is a design parameter. The larger the 
value of O the faster the trajectory converges to the 
sliding surface. 

IV.Fuzzy Gain Scheduling of PID Controller 

Gain scheduling is a technique where PID controller 
parameters (gains) are tuned during control process, 
using the fuzzy rule base system. Fuzzy controller 
can be used as a part of control loop or as a 
supervisor. In gain scheduling scheme fuzzy 
enhances the performance of PID [13]. 

In this, a fuzzy supervisor with two inputs-three 
outputs is used to change the controller parameters as 
per the changing operation conditions and need of 
plant. The input variables are error and change in 
error and the outputs are 
R�,	
��	 	and  
��. The 
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overall scheme is shown in Figure 2.

 

Figure 2 PID control system with Fuzzy gain 
scheduling 

The PID parameters are tuned by using fuzzy 
inference, which provide a nonlinear mapping from 
the error and derivative of error to PID parameters. 

The fuzzy logic control has four basic components 
[14]: 

I. Fuzzification: This converts input data into suitable 
linguistic values. As shown in Figure 2, there are two 
inputs to the controller: error and rate change of the 
error signals. The error is defined as:                                                    

�(�) = S(�) − T(�) = �∗ − �………….... (Eqn.24) 

Change in error is defined as it follows: 

∆�(�) = �(�) − �(� − 1)………………..… (Eqn.25) 

Where r (t) is the reference input, T(�)is the output, �(�)	is the error signal, and V�(�) is the rate of error. 
The five input trapezoidal and triangular and four 
output triangular membership functions of the fuzzy 
self-tuning are shown in Figures (3) and (4). For the 
system under study the universe of discourse for both �(�)and V�(�) are normalized in the range [-1,1], and 
the linguistic labels are Negative High(NH),Negative 
Low(NL) , Zero(ZO), Positive Low(PL), Positive 
High(PH), and linguistic variables for 
R�,	
��	 	and  
��	are  Zero(ZO), Low(L), Medium(M), High(H) 
and normalized in the range[0,1]. 

 

Figure 3: Membership function for �(�)and V�(�) 

 

Figure 4 Membership functions for 	
R� 
��	0QW 
�� 
II. Rule Base: Fuzzy PID controllers are knowledge 
based systems, so rules are formed based on what 
type of time response is desired from the system. 
These rules are framed based on experience of 
operator [15][16]. The parameters	
R� 
��	0QW 
�� 
for proposed controller are determined by a set of 
fuzzy rules as: 

If  X(Y) is Z[  and cX(Y)  is	\[  then ]^_  is  `[ , ]a_  is b[  and ]c_ is d[ j=1, 2, 3… m and m, is the 
number of rules 

Here, ef, �f 	 gf, hf 	0QW	ifare fuzzy sets of the 
corresponding sets. The membership functions for 
these variables are shown in Figures (3) and (4). 

The gains	
R� 
��	0QW 
��of PID controller are so 
chosen to achieve a fast rising time, smaller 
overshoot and no steady state error for the system. 

Figure 5 represents the desired time response. The 
time response is divided in three parts: below set 
point, the error is positive and above set point the 
error is negative and around set point error is nearly 
zero. In accordance with this response, the rules must 
be written. Initially, i.e. around a1, when error is 
positive, a big control signal is required to achieve a 
fast rise time. The PID controller should have a large 
proportional gain, a large integral gain and derivative 
gain is zero when a big control action is required. 

 

Figure 5 unit step response for controlled system 

Therefore rule around a1 written as follows: 

If  X(Y) is jk  and cX(Y)  is	lm  then ]^_  is  k , ]a_  is k  and ]c_ is ZO 
Now, around b1, when error is nearly zero, a small 
control signal is needed, otherwise a large over shoot 
occurs i.e. 	
R� is small, 
�� is small and 
�� should 
be large. So, the rule for this case is as follows: 
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If  X(Y) is lm  and cX(Y)  is	nk  then ]^_  is  o , ]a_  is o  and ]c_ is H 
By following the same procedure, the others rules can 
be written, which is summarized in Table (1, 2 and 
3). 

Table 1: Tuning rule for 	
R 
 

 

 
 

 

 

 

Table 2: Tuning rule for 	
�  
Ce/e NH NL ZO PL PH 

NH H M ZO L L 

NL H M ZO L H 

ZO H H H H H 

PL H H L M H 

PH H M L M ZO 

Table 3: Tuning rule for 	
� 
Ce/e NH NL ZO PL PH 

NH ZO H H H L 

NL ZO H H M M 

ZO L L H L H 

PL L H H M M 

PH L H H H L 

 

III. Defuzzification: Finally the defuzzification 
process converts the fuzzy output into crisp control 
signal [17][18]. The mostly used defuzzification 
method is ‘center of gravity’ or ‘center of area’: 

�(Qp) = ∑ r(rs)rstsuv∑ r(rs)tsuv …………………. (Eqn.26) 

Where �(�f) member ship grade of the element �f, �(Qp)		is the fuzzy control output, n is the number of 
discrete values on the universe of discourse. 

V. Fuzzy Supervisory Hybrid Control 

A fuzzy supervisory system is used to calculate the 
value	�. However, SMC controllers are better able to 
control and gives fast dynamic response but the 
drawback associated with them is chattering in steady 
state.   Hence, to reduce this chattering a fuzzy 

supervisory hybrid system, as shown in Fig. 6, was 
developed to utilize the advantages of both SMC 
controller and FGSPID. Fig. 7 shows a switch 
between the SMC and the FGSPID controller, where 
the position of the switch depends on the value of �.The outputs of the SMC controller and the FGSPID 
controller are then multiplied by both the values 1 − � and  �. 1 − � and   �	are the deciding factors 
of the blending part of the switching mechanism 
[6][20]. These factors help in deciding the best level 
of contribution by each controller action for overall 
best performance keeping in view that higher control 
action should produce faster system response. 

wxyz$�� = �. w{|} + (1 − �)w~�{��� 
or wxyz$�� = �. w~�{��� + (1 − �)w{|}  ……( Eqn.27) 

It is obvious that, when the error and its derivative 
with respect to time in absolute value are large, the 
hybrid system applies the SMC, which has a fast rise 
time and a small amount of overshoot, to the system 
in order to correct the position with respect to the set 
point. When an error and its derivative with respect 
to time in absolute value are small, the hybrid system 
shifts control to the FGSPID, which has better 
accuracy near the set position & reduces the 
chattering which is caused by SMC. 

Fig. 8,9,10 shows the supervisory fuzzy inference 
machine. The membership functions are triangular 
ones for input and output. Definitions of symbols are: 
Positive Big (PB), Big (B), medium (M), small (S) 
and zero (Z). 

Rules for supervisory system are defined by table 4, 
for example, a rule in the table 4 can be stated as 
follows: “If absolute value of error is zero and 
absolute value of the derivative error is zero, then � 
is positive big.” Once the value � is obtained the final 
control action, is determined by (27). 

 
Fig. 6 Hybrid Control Simulink Model 

 

Ce/e NH NL ZO PL PH 

NH L H H M L 

NL L M H M L 

ZO L L M L ZO 

PL L M M M L 

PH L H H M B 
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Fig. 7 Switching Mechanism Simulink Model 

 
Fig 8 Membership functions for e 

 

 
Fig 9 Membership functions for ce 

 
Fig 10 Membership functions for � 

 

Table 4: Tuning rule for � 
Ce/e Z M L 
Z PB B M 
M S S Z 
L Z Z Z 
 

VI. Results & Dicussions 

First simulation employs sliding mode control in the 
relay control form: � = w1&PQ(&) 

Fig. 7 shows the simulation results for the step 
reference input. 

The results that high-frequency control switching and 
the chattering problem.  

Second simulation was performed with FGSPID 
control, the results shows that during steady state no 
chattering is there. Simulation results are shown in 
fig 8. 

Third simulation was performed with the Hybrid 
fuzzy-sliding mode control based on SMC & fuzzy 
gain scheduling controller. Simulation parameters are 
the same as in the first case and the simulation results 
are given in Fig. 9. Tracking precision is about the 
same but the real improvement can be noticed on the 
control signal discontinuities and levels. Chattering is 
suppressed, also. 

Fig 10, shows the sliding surface of SMC and hybrid. 

VII. Conclusion 

A novel design methodology that mix the SMC and 
the FGSPID controllers in an intelligent way is 
presented in this paper. Thus a new intelligent hybrid 
controller has been achieved. A switching & mixing 
mechanism that depends on the value of k, which the 
output of fuzzy supervisory system is presented. 
Simulations carried out shows that the new hybrid 
SMC-FGSPID controller have provided ‘better’ 
system responses in terms of transient and steady-
state performances when compared to pure SMC or 
the pure FGSPID controller applications.  

Table 5. Performance comparison of SMC, FGSPID 
and Hybrid 

 Tr Mp Ess 
SMC 2.5 0 0 
FGSPID 10 0 0 
Hybrid  3 0 0 
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                Fig 7. (a) Control Signal                                       (b) Step Response Using SMC  

  

                  Fig 8(a) Control Signal                               (b) Step Response Using FGSPID Controller 

 

                Fig 9(a) Control Signal                                 (b) Step Response Using HYBRID Controller 

               

           Fig 10 (a) Sliding Surface for SMC                         (b) Sliding Surface for HYBRID Controller 
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