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Abstract: DC motors have been widely used in many 

industrial applications. Speed control is a common 

requirement in industrial drives in the presence of varying 

operating conditions i.e. load disturbance, parameter 

uncertainty, measurement noise etc. Conventional 

controllers with fixed parameters have not been successful 

for real time applications because of the drift in the plant 

operating conditions. Adaptive techniques are best suited 

for these situations. The controllers have been considered 

without modeling of final control element (FCE). In 

practical applications, the effect of dynamics and 

nonlinearity of FCE affects the performance of the system, 

so it is necessary to consider these for a dependable 

simulation study of the drive performance. The overall 

system becomes non-linear due to the dynamics of 

converter used as FCE. In this study a new approach is 

being used, first the transfer function of the buck converter 

is obtained by considering a small linear region near the 

operating point, then using overall transfer function of 

buck converter and dc motor, the PID settings are obtained. 

Now fuzzy logic is used to update these settings on-line 

corresponding to the changes that may occur in system 

operating conditions. For more close to actual performance 

evaluation PWM controlled buck converter, used as FCE 

has been simulated using sim-power system library of 

MATLAB. The comparative results are presented with PID 

and fuzzy adaptive PID control strategies implemented, for 

both types of control situations i.e. tracking speed control 

and the strength of approach is demonstrated. 

Keywords-DC drives, fuzzy logic, PID controller, buck 

converter, state space averaging model and small signal 

model of converter 

 

I. INTRODUCTION 

The fuzzy logic is used to update these settings on-line, 

corresponding to the changes that may occur in the system 

operating conditions. This configuration of controller has 

also been observed to have robust performance against 

parameter variations and uncertainties. The comparison of 
results are presented with PID tuning by Zeigler-Nichols 

approach [23] and proposed fuzzy adaptive PID control 

strategy, for both types of control situations i.e. tracking 

speed control and load disturbance rejection. 

The overall concept can be understood with the help of the 

block diagram of the control scheme presented in fig 1. 
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Fig 1.  Block diagram of the control of buck- converter- 

driven -dc motor 

 

A. Design and Modeling of Final Control Element 

In this section design equations and transfer function model 

of final control element (buck converter) are described. 

 

B. Buck Converter Design 

Output equation of the buck converter in terms of the input 

voltage and duty ratio of the switch is given as: 

V = DVd  
The design of buck converter is based on the output voltage 
(V), maximum allowed ripple in the output voltage or 

capacitor voltage (△Vc), load current (I0) and maximum 

allowed ripple in the inductor current (△IL). Based on these 

the values of the buck converter parameters (i.e. inductor and 

capacitor used in the buck converter) can be obtain as 

following. 

The value of inductance will be: 

L =
D ∗ Vd ∗ (1 − D)

f ∗ ∆IL

 

The capacitance can be calculated as: 

C =
D ∗ Vd ∗ (1 − D)

8 ∗ L ∗ f 2∆Vc

 

For Continuous Conduction of the converter there must be a 

check, which can be performed by verifying the values of 

inductance and capacitance. i.e. 

L >
(1 − D)R

2f
;                     C >

(1 − D)

16Lf 2
 

 

C. State space Averaging Model of Buck Converter 

The circuit diagram of a buck converter is shown in the fig 2. 
In state space averaging model both the modes of operation 

(i.e. switch ON mode and OFF mode) are considered and an 

averaging model is developed so as to take both modes in 

consideration. 
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Fig 2. Buck Converter circuit diagram 

 

D. ON mode: 

When switch is ON, the diode behaves like an open circuit. 

The circuit configuration will be as shown in Fig 3. The 

inductor is in series with the source. The dynamic equations 

can be written as: 

Vd Vc (t)
V (t)

+   eL   -

+

-

iL

 
Fig 3. Buck Converter circuit diagram in ON mode 

 

L
diL

dt
= Vd − vc  

 
diL

dt
=

1

L
Vd −

1

L
vc       (1) 

 

C
dvc

dt
= iL − iR 

 
dvc

dt
=

1

C
iL −

1

RC
vc     (2) 

So the state space form in the ON mode of the buck converter 

will be: 

 
i  L
v c

 =  
0 − 1

L 

1
C − 1

RC 
  

iL

vc
 +  

1/L
0

 vd  

 

x = A1x + B1u 
 

y = v = vc = C1x =  0 1 x 
 
E. OFF mode: 

The diode behaves like a short path when switch is in OFF 

mode and the input source appears disconnected from the 

circuit. Fig 4 shows the circuit diagram of the buck converter 

in OFF mode. The dynamic equations in this mode can be 

written as: 

Vc(t) V(t)

+   eL   -

+

-

iL

 
Fig 4. Buck Converter circuit diagram in OFF mode 
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diL
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= −vc  

 
diL
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= −

1

L
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C
dvc

dt
= iL − iR  

 
dvc

dt
=

1

C
iL −

1

RC
vc           (4) 

So the state space form in the OFF mode of the buck 

Converter will be: 

 
i  L
v c

 =  
0 − 1

L 

1
C − 1

RC 
  

iL

vc
 +  0

0
 vd  

 

x = A2x + B2u 
 

y = v = vc = C2x =  0 1 x 
Let the duty ratio of converter be d. Then 

A = A1d + A2 1 − d  

B = B1d + B2 1 − d  

c = C1d + C2 1 − d  
 

In case of buck converter 

A = A1 = A2 =  
0 − 1

L 

1
C − 1

RC 
  

 

B = B1d =  
1/L

0
 d 

 

c = C1 = C2 =  0 1  
 

F. Small Signal Model of Converter: 

Using small signal model of the converter the input transfer 
function and the control transfer can be obtained. Here we 

are controlling the converter output voltage by varying the 

duty ratio, so the control transfer function has to be obtained. 

By using the control transfer function of the converter for 

small changes, the gain settings of the PID controller can be 

obtained. In this range the converter can be considered 

linear. 

x = Ax + Bu 

x =  A1d + A2 1 − d  x +  B1d + B2 1 − d  u     (5) 
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y = cx 

v =  C1d + C2 1 − d  x     (6) 

 
Considering small perturbations in duty ratio and input 

voltage, as: 

d = D + d ;          vd = Vd + vd  
Hence, 

 x = X + x  and v = V + v  
Under steady state condition, 

X = AX + BVd = 0 
By putting these values into equations (5) and (6) with 

assumption that the products of perturbations are neglected, it 

is possible to obtain 

x  = Ax + Bvd + Fd  
where 

F =   A1 − A2 X +  B1 − B2 Vd  
 

v = cx +  C1 − C2 Xd  
and, Control Transfer Function: 

 
v (s)

d (s)
= c sI − A −1F 

For Buck Converter it would be: 
v (s)

d (s)
=

Vd /LC

s2 +
s

RC
+ 1/LC

 

 

G. Converter Control Transfer Function: as the rated voltage 

of dc motor is 220V, the converter output has to be 220V, 

and duty ratio has been chosen 0.5 so that the energy stored 

in the inductor can easily be transferred to load and hence no 

saturation effect; normally the range of duty ratio is 0.3 to 

0.75. 

Vo=220V; Vd=440V; f=10KHz; D=0.5  

Inductor design: (Let small variation in output current 
ΔI=0.05 Amp) 

L =
DVd 1 − D 

f∆I
=

0.5 ∗ 440 ∗ 0.5

10 ∗ 1000 ∗ 0.05
= 220 mH 

Capacitor design: (Let ΔVc=0.5 Volts) 

 

C =
DVd 1 − D 

8Lf 2∆Vc

=
0.5 ∗ 440 ∗ 0.5

8 ∗ 220 ∗ 10−3 ∗ 100 ∗ 106 ∗ 0.5
 

 

C = 1.25μF 
 

IFL=P/V=746/220; R=V/IFL=220/3.4;

 R=64.7Ω 

For continuous conduction: 

L >
(1 − D)R

2f
= 1.6175 ∗ 10−3  H 

 

C >
(1 − D)

16Lf 2
= 1.42 ∗ 10−9 F 

Hence a converter transfer function is: 

 

v (s)

d (s)
=

1.6 ∗ 109

s2 + s 12.4 ∗ 103 + 3.6 ∗ 106
 

H. DC motor Transfer function: 

For the separately excited DC motor model considered for 

study as in fig  

ia
if

v

E
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La Lf

Rf

vf

+

-

+

-

+

-

ωm

J

B

TL

 
Fig 5 separately excited dc motor 

The modeling of dc motor has been done in chapter 3 and 

same motor parameters are considered. Transfer function is: 

ωm s = v
(K/Ra)

J  s2τa + s  1 +
τa

τm 1
 +

1

τm 2
 
       

 

II. FUZZY-PID CONTROLLER FOR DC MOTOR 

The fuzzy logic is used to update these settings on-line, 

corresponding to the changes that may occur in the system 

operating conditions. This configuration of controller has 

also been observed to have robust performance against 
parameter variations and uncertainties. The comparison of 

results are presented with PID tuning by Zeigler-Nichols 

approach [23] and proposed fuzzy adaptive PID control 

strategy, for both types of control situations i.e. tracking 

speed control and load disturbance rejection. 

 

A. Design of fuzzy logic based PID controller 

Fuzzy logic is a problem solving technique in control system 

which uses if else logic. Fuzzy concept was introduced by 

Professor L A Zadeh [28]. This concept is based on partial 

set membership rather than crisp set membership. Adaptation 
of this logic is used here for online tuning of PID and has 

been given a name, fuzzy logic based PID controller. Fuzzy-

PID has been widely used in the research due to its 

advantages over conventional PID controller 

 

B. Fuzzy Rules:  

Tables (1-3) show the fuzzy rule tables for incremental 

changes to be made in controller parameters dKp, dKi and 

dKd for online updation during transient periods. The 

philosophy of generating these rules for fuzzy-PID can be 

different according to the requirement; here these rules have 

been created by considering the concept given by Kha and 
Ahn [27], in which the rule surfaces are given for PID 

tuning. A total of 49 fuzzy rules have been used in the 

simulation. Each rule uses an If – Then logic of the following 

form: 

If E is NL and ED is NL then dKp is PL, dKi is NL and dKd 

is NL. 
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Using these rules the fuzzy rule tables have been developed. 

The inputs of the fuzzy logic are the speed error (E) and 

derivative of error (ED). Using these inputs and after 

applying the fuzzy rules, it gives three output dKp, dKi and 
dKd. These three outputs are used to update the original PID 

gains online. 

Table 1: Fuzzy rule table for change in Kp 

E\ED NL NM NS ZE PS PM PL 

NL PL PL PL PL PL PL PL 

NM PS PM PM PM PM PM PS 

NS ZE ZE PS PS PS ZE ZE 

ZE NL NS ZE ZE ZE NS NL 

PS ZE ZE PS PS PS ZE ZE 

PM PS PM PM PM PM PM PS 

PL PL PL PL PL PL PL PL 

 

Table 2: Fuzzy-rule table for change in Ki 

E\ED NL NM NS ZE PS PM PL 

NL NL NL NL NL NL NL NL 

NM NM NL NL NL NL NL NM 

NS PM ZE NM NL NM ZE PM 

ZE PL PM PS NL PS PM PL 

PS PM ZE NM NL NM ZE PM 

PM NM NL NL NL NL NL NM 

8PL NL NL NL NL NL NL NL 

 

Table3: Fuzzy rule table for change in Kd 

E\ED NL NM NS ZE PS PM PL 

NL NL NL NL NL NL NL NL 

NM ZE NS NM NM NM NS ZE 

NS PS ZE ZE ZE ZE ZE PS 

ZE PL PL PM PS PM PL PL 

PS PS ZE ZE ZE ZE ZE PS 

PM ZE NS NM NS NM NS ZE 

PL NL NL NL NL NL NL NL 

 

III. SIMULATION RESULTS 

The results below provide the comparison between the two, 

PID tuning approaches – the classical ZN method and the one 

using proposed fuzzy- adaptive approach. The motor has 

been started at no-load then full load has been applied on the 
motor (at 0.5 sec) and motor is allowed time to attain the 

rated full-load speed.  

 

A. Set-point tracking control 

+5 % and -5% step changes in reference speed have been 

applied to test the performance of controller for set-point 

tracking control. The results are presented for both PID 

controller settings, on the same graphs for better comparison 

of   

a) Change in speed (fig 6) 

b) Input power to the unit (fig 7) 

c) Change in duty-ratio of buck-convertor (fig 8) 
d) Voltage at the input to armature (fig 9) 

e) Electromagnetic torque developed (fig 10) 

 

 
Fig 6 Motor Speed when ±5% step change in ref is applied at 

1 sec 

 
Fig 7 Motor input power when ±5% step change in ref is 

applied at 1 sec 

 
Fig 8 Duty ratio when ±5% step change in reference is 

applied at 1 sec 

 
Fig 9-Motor input voltage when ±5% step change in ref is 

applied at 1 sec 

 
Fig 10 Electromagnetic torque developed when ±5% step 

change in ref is applied at 1 sec 
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It is observed from the above set of results that, in for each 

performance variable fuzzy-PID approach provides a much 

improved performance. To present a quantitative comparison, 

the time- response specifications for case – 1 i.e. rise time, 
settling time, overshoot and mean squared error are shown in 

Tables 4. 

TABLE 4: Performance for set-point tracking for ± 5 % 

change in reference 

Performance 

indicators 

with   ZN- 

based  PID 

with  

Fuzzy-PID 

% 

improvement 

Rise Time 0.0176 0.0143 18% 

Settling 

Time 
0.0623 0.0456 26% 

% 

Overshoot 
22.39 16.04 28% 

MSE 0.4634 0.3415 26% 

 

IV. CONCLUSION 
It becomes necessary to consider the final control element 

when the practical study of any system has to be performed. 

The controllers for DC drives have been simulated and 
results have been shown. In this paper work control problem 

have been discussed. It is clear that the final control element 

changes the system dynamics and non-linearity also affects 

the system response in each case. In this regard it can be said 

that the study about to control any plant is incomplete and 

incorrect if we neglect the final control element (FCE). The 

advantages of fuzzy logic have been used with the PID 

controller, which makes the controller more robust and it 

provides good performance measures. Control of dc drives 

has been studied with realistic controller and results show the 

effect of FCE. Later fuzzy adaptation has been used to tune 

the PID gains in real time or online, which improves the 
performance of the drive and the control effort has been 

within maximum allowable range. The improvement in the 

performance has been achieved due to change in the PID 

settings when the system is running. 

 

V. NOMENCLATURE 

D = duty ratio of the converter 

Vd = converter input voltage 

f = switching frequency of the converter 

△IL = peak to peak change in the inductor current 

△Vc = peak to peak change in the capacitor voltage 

C= capacitance of the capacitor used in the converter 

L= inductance of the inductor used in the converter 

A1=system matrix when switch is ON 

B1= input matrix when switch is ON 

C1= output matrix when switch is ON 

A2= system matrix when switch is OFF 

B2= input matrix when switch is OFF 

C2= output matrix when switch is OFF 

A= overall system matrix 

B= overall input matrix 
c= overall output matrix 

x=state vector 

y=output vector 
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