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Abstract 

A systematic development of the analysis, design, and testing by simulation of a 

closed-loop speed control of separately excited dc motor drive system is described in this 

paper. The motor controlled armature voltage is supplied from a three-phase fully 

controlled bridge converter. Closed-loop control is analyzed by using transfer function 

techniques and the necessity of an inner current control loop is demonstrated.  

Designs of both a proportional and proportional-integral controllers are outlined by 

using transfer function technique. A soft starting concept is used to reduce the value of 

starting current. The feed forward loop is used to reduce the effect of load torque 

disturbances. The speed and current responses are also presented for load and no-load 

cases. 

 

 

 
 الخلاصة

 

تحلٍل وتصوٍن وأختباس بالوحاكاة لٌظام الحلقت الوغلقت للسٍطشة على سشعت ًظام سىاقت هحشك تٍاس هستوش رو 

أحاسة هٌفصلت تن وصفها فً هزا البحج. فىلتٍت الحشض الوسٍطش علٍها تن تجهٍزها عبش هحىل قذسة هتٌاوبت الى قذسة 

 ً الطىس جسشي.هستوشة حلاح

ًظام السٍطشة بالحلقت الوغلقت تن تحلٍله بأستخذام تقٌٍت دالت التحىٌل وتن بٍاى الحاجت الى حلقت تٍاس داخلٍت.  

بٍي بأستخذام تقٌٍت دالت التحىٌل. لتقلٍل تٍاس بذء التشغٍل تن أستخذام هفهىم  PI-والوسٍطش P-تصوٍن كل هي الوسٍطش

د. حلقت التغزٌت الأهاهٍت تن أستخذاهها لتقلٍل تأحٍش الأظطشاباث التً تحذث بسبب الحول. بذء التشغٍل الٌاعن أو الوتذس

 أستجابت التٍاس والسشعت للٌظام تن تخبٍتها لحالتً الحول وبذوى حول.
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1. Introduction 

DC drives, being easy to control, are widely used in many variable-speed drive systems 
[1]

. Open-loop operation of dc motors may not be satisfactory in many applications. However, 

if the drive requires constant speed operation the firing angle has to change to maintain a 

constant speed. This can be achieved in a closed-loop control system. A closed-loop system 

generally has the advantages of greater accuracy, improved dynamic response, and reduced 

effects of disturbances such as loading. When the drive requirements include rapid 

acceleration and deceleration, closed-loop control is necessary. In a closed-loop system even 

the drive characteristics can be modified. Thus, the system can be made to operate at constant 

torque or constant horsepower over a certain speed range. Circuit protection (current limiter) 

can be provided in a closed-loop system 
[2]

. In this paper the response of closed-loop system 

and control design studied by using transfer function techniques. The necessity and 

significance of the control loops and different parameters are shown. For simplicity and ease 

of understanding, the system is reduced to the lowest possible order by neglecting some 

smaller time constants. 

2. Closed-Loop Control system 

The basic block diagram of close-loop control system is shown in Fig. 1. The error 

)(sw  used to control the armature voltage. The applied armature voltage is controlled using a 

three-phase fully controlled bridge converter. If the appropriate firing control technique 

employed a linear relationship between the control voltage Ec  and the armature voltage Ea  

can be obtained, therefore the converter behave essentially as a power amplifier with a linear 

voltage transfer characteristic 
[3-5]

. If the small delay time associated with the converter is 

neglected, then 
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Fig. 1: Basic block diagram of a closed-loop speed-control system 
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2.1. DC-Motor Transfer Function 

The speed control of the separately excited dc motor is relatively easy, because the 

separate excitation. Consider a separately excited dc motor with armature voltage control, as 

shown in Fig. 2a. The voltage loop equation is 

dt

di
LiRee

a
aaaga                                                                                                                   (2) 

Where 

wke ag                                                                                                                                   (3) 

The torque balance equation is 

dt

dw
jBwT T L                                                                                                                        (4) 

Where 

ik aaT                                                                                                                                    (5) 

In the Laplace domain, equations (2) through (5) can be written as 

)()()()( ssss IsLIREE aaaaga                                                                                               (6) 

)()( sWs kE ag                                                                                                                         (7) 

)()()()( ssJWsBWssT T L                                                                                                        (8) 

)()( ssT Ik aa                                                                                                                            (9) 

Thus, from equation (6) 
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Where 
R

L
a

a
a  =electrical time constant of the motor armature circuit. 

From equation (8) 
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Where 
B

J
m  =mechanical time constant of the motor. These relationships are shown in 

block diagram form in Fig. 2b. 
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Note the feedback loop present in the form of the back EMF. This provides the moderate 

speed regulation inherent in the separately excited dc motor 
[1, 6]

. From Fig. 2b the change in 

speed )(sW  due to disturbances in applied voltage )(sEa  and load torque )(sT L  can be 

expressed in the following expression. 
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If we neglect the load torque term, from equation (12) 
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If  ma   (which is almost always the case), then  a  can be neglected, and the expression 

simplifies to 
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Fig. 2: Development of motor transfer function. (a) Separately excited dc motor 
model. (b) Functional block diagram (c) Simplified functional block diagram 
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Where 
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From Fig. 2b 
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Therefore, from equations (13a) and (14) 
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Thus the motor can be represented, for the purpose of analyzing it for armature voltage 

control, as two blocks as shown in Fig. 2c. The gain constants km , k f  and k d  shown in Fig. 

2c are as follows. 
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2.2. Closed-Loop Speed Control 

Several types of speed controllers are possible, two of the more common ones are 

proportional (P) and proportional-integral (PI) 
[7]

. First a proportional controller is used. From 

Fig. 3, the total transfer function is 
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Where k S  is proportional controller constant. 
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The current response to a step change in input W r  is 
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Fig. 3: Speed-control loop 
 

The transient over current is undesirable from the standpoint of converter rating and 

protection. An input changes in W r  results a transient over current, this sudden change in 

current which decays slowly according to equation (18). The previous analysis reveals that it 

would be better to limit the current to maximum allowable value. This limiting can not be 

using the configuration of Fig. 3 where the motor voltage is controlled by the speed error. 

Any attempt to clamp this speed error will limit the motor voltage.  
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If armature losses are neglected, clamping the speed error will limit the speed, but not 

the current. However, a current limit can be implemented if we first construct an inner 

current-control loop using the clamped speed error as the current reference 
[2, 6]

. 

2.3. Closed-Loop Current Control 

The inner current control loop is shown in Fig. 4. In this figure the gain of the current 

controller is k I , which here is assumed to be a proportional controller. A current feedback 

signal can be getting via a current transducer (sampling resistor) in the armature circuit. The 

gain of the current transducer is k r . From Fig. 4 the transfer function is 
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From equations (19) and (20b), it appears that a pole-zero cancellation is possible, 

resulting in no overshot or time delay. Then; 
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Because I a  is directly related to I r , a limit on I r  will effectively limit the current. This 

inner loop can now be incorporated within the speed-control loop, using the clamped speed 

error as the current reference I r . The implementation of this scheme is shown in the block 

diagram of Fig. 5a. The block diagram can be simplified, by using expression (21) and by 

neglecting the nonlinear clamping, to the diagram in Fig. 5b. Referring to Fig. 5b, 
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While equation (23) is not very different from equation (17), the expression in the 

former equation is only true while I a  is less than the limiting value. If, during acceleration or 

load changes, the speed error is large such that I r  is clamped at the maximum value I r


, the 

current is limited to a maximum value IkI rICa


ˆ . 
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3. Design of Speed and Current Controllers 

3.1. Proportional (P) Controller 

The parameters and constants of a separately excited dc motor that used in the closed-

loop speed control of dc drive are described in the Appendix. The clamping value of I r  is 

chosen to be 3A. The feedback gains k r  and k t  assumed are fixed at these values given in the 

Appendix. The proportional controller parameters k S  and k I  for speed and current 

controllers are chosen on the basis of steady-state error considerations, where 

)()(
0

1

1
)(

sHsG
s


  

 For the current control loop 

kkksG mcIs



)(

0
, and ksH rs




)(
0

 

Thus 

kkkk rmcI
I




1

1
)(  

 

  
+ - 

)(sW r  

 

)(sW  

 

)(sW  
k S

 

k t  

)(sEck c

 
  

+ 
- 

)(sII r

k r  

)(sI a

)1(

)1(





d

mm

s

sk



 

)(sEa

)1(  m

f

s

k


 

 

(a) 

3 Φ ac 

k c

 

Fig. 5: Proportional speed control with inner current-control loop.      
(a) Functional block diagram. (b) Simplified functional block diagram 
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Where )( N  is the desired steady-state speed error. For 0.25% error, 407.19k S . The 

system response is getting by using MATLAB package. Fig. 6 shows the current and speed 

responses of the system when the current and speed controller are proportional type 

controller, with reference speed 120rad/s. 

 

 

 

 

 

                                    (a)                                                                     (b) 

Fig. 6: Response of proportional control to step change in speed reference            
(a) Current response (b) Speed response 

 

3.2. Proportional-Integral (PI) Controller 

To eliminate the steady-state error and to reduce the forward gain required, the 

proportional speed controller is replaced by a PI-type controller. The proportional plus 

integral type of controller has been used to achieve good dynamic and steady-state response 
[8]

. The new controller transfer function is  ssS ssk /)1(  . The resulting block diagram is 

shown in Fig. 7.  
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The controller gain k S  and its pole )/1(  s  can be designed from the consideration of 

damping and natural frequency. The overall transfer function becomes 
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The characteristic equation of the system is 
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For damping ratio of 0.707 and natural frequency is 10rad/s, both the gain k S  and the 

time constant  s  can be calculated. 
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Then the PI-controller transfer function is ( s/)160.12(720.1  ) 
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The simulation response for a PI-controller step change in speed reference is shown in 

Fig. 8. 

 

 

 

 

 

                                    (a)                                                                     (b) 

Fig. 8: Response of PI-control to step change in speed reference (a) Current 
response (b) Speed response 

 

4. Soft-Starting Concept 

According to equation 3, at starting, the back EMF is equal to zero because the speed is 

zero. Since the armature circuit resistance is small, then the armature starting current is very 

large and may be damage the converter switching device.  

To reduce the dangerous of starting current a soft-starting concept is used. In this 

concept the armature voltage is increased in small steps over a short period at starting to 

ensure that the starting current in allowable values.  

Fig. 9 and Fig. 10 are shows the system response with soft-starting technique by using 

proportional and proportional-integral controllers respectively.  

It's clear from the current response that the starting current with this technique is less 

than without using soft-starting technique, but the transient speed response is slow down. 
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Fig. 7: Speed-control loop with PI-controller. 
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                                    (a)                                                          (b) 

Fig. 9: Response of P-control to step change in speed reference with soft-
starting technique (a) Current response (b) Speed response 

 

 

 

 

 

 

                               (a)                                                           (b) 

Fig. 10: Response of PI-control to step change in speed reference with soft-
starting technique (a) Current response (b) Speed response 

 

5. Step Increasing and Decreasing of Reference Speed 

If the motor reference speed increase, the speed error  w  increases. This in turn changes 

the firing angle of the converter, and thus increases the motor armature voltage Ea . An 

increase in the motor voltage develops more torque to increase the motor speed to reach 

approximately to the reference speed. Fig. 11 shows the speed and current responses for step 

increasing in the reference speed, while Fig. 12 shows the system response for decreasing 

reference speed case. 

 

 

 

 

 

                               (a)                                                           (b) 

Fig. 11: Response of PI-control to step increasing in speed reference (a) 
Current response (b) Speed response 
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                               (a)                                                          (b) 

Fig. 12: Response of PI-control to step decreasing in speed reference (a) 
Current response (b) Speed response 

6. Load Torque Disturbance 

In some applications a load is suddenly applied to the motor, therefore the effect of such 

load torque disturbances is considered now in two cases. 

6.1 Proportional (P)-Controller 

Fig. 13a shows the complete block diagram for the speed loop with proportional speed 

controller. If changes in the reference speed W r  are neglected, an expression for the current 

can be written in terms of the speed change )(sW . From Fig. 13a 
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The block diagram then simplifies to that shown in Fig. 13b. Thus 
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The current response from equations (28) and (30) is 

)(

)(

)(

)(

)(

)(

s

sW

sW

s

s

s

T

I

T

I

L

a

L

a   

         





















)()(1

1

1

2

1
k

s
k

k
tmtm

a s




                                                                                       (31) 

This also shows a similar second-order response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 is the system response with proportional control to a step change in load torque. 

It can be seen that the response is second-order and that there is steady-state change in speed 

and current.  

6.2. Proportional-Integral (PI)-Controller 

The controller transfer function designated by k S  in Fig. 13a is replaced by the PI-

transfer function  ssS ssk /)1(  . 

(b) 

  Ka  
sJB 

1
 

+ 

- 

)(sW  

 

)(sI a

 

 

)(sT  

 

)(sT L  

 

 
)1(  tr

tS

sk

kk



 

Fig. 13: Effect of load torque disturbances.                                                          

(a) Functional block diagram. (b) Simplified Functional block diagram. 
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Where 
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From Fig. 13b, for the PI-controller, 
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Now, from equations (33) and (34), 
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Fig. 15 shows the system response with PI-controller due to a step change in load 

torque. The transfer function in equation (33) has a zero at the origin. Therefore, there will be 

a no steady-state speed change for a step-change in load torque; this is shown in the Fig. 15b.  

 

 

 

 

 

 

                               (a)                                                          (b) 

Fig. 14: Response to step increase in load torque with P-control (a) Current 
response (b) Speed response 
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(a)                                                          (b) 

Fig. 15: Response to step increase in load torque with PI-control (a) Current 
response (b) Speed response 

To reduce the dynamic speed variations of the dc motor due to the step change in load 

torque, a feed forward scheme is presented as shown in Fig. 16. In this scheme the required 

current I L  to compensate the disturbances effect of load torque is added to the reference 

current. The load current is computed as following. Since 
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Fig. 17 shows the response to step increase in load torque with PI-controller and feed 

forward loop. 

 

 

 

 

 

 

 

 

 

Fig. 16: Speed control of dc motor with feed forward loop 
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(a)                                                              (b) 

Fig. 17: Response to step increase in load torque with PI-control and feed 
forward control loop (a) Current response (b) Speed response 

 

7. Conclusion 

A closed-loop speed control of dc-motor system has been described. The closed-loop 

control technique is used instead of open-loop technique to increasing the accuracy, improved 

the dynamic response, and reduction of the effects of disturbances such as sudden loading. A 

transfer function technique is used to design the controller parameters. The current limiter is 

used to limit the armature current to some maximum allowable value (3A). The simulation 

response of the system is found for speed proportional-current proportional and speed 

proportional plus integral-current proportional controllers. The steady-state error is reduced 

by using PI-speed controller.  

The overshoot of current greater than rated current is prevented by using soft-starting 

technique, but in this case the response of the system is slower than without soft-starting. The 

response of the system for step increasing and decreasing of reference speed is getting, and 

found that the output of the system )(SW  is tracked the reference speed )(sW r . An improved 

response is achieved by using a feed forward loop with load torque case. The operation at a 

constant speed and control of speed over a wide range can be easily performed. 

[[[ 

8. Appendix 

The parameters and constants of a closed-loop control system for a separately excited dc 

motor drive are listed below: 

 

8.1. DC Motor (180v, (1/3)hp, 3300rpm): 

 4Ra   : Armature circuit resistance 

 5.0Rs   : Sampling resistance 

mHLa 80   : Armature circuit resistance 
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J=0.0025Nms
2
/rad : moment of inertia of motor and load 

B=0.001 Nms/rad : Viscous friction of motor and load 

AI a 1.2   : Rated current of motor 

radvsk a /514.0  : Back EMF and torque constant 

 

8.2. Parameters and Constants 

msa 20 , sm 5.2 , sd 04187.0  

vAk d /00372.0 , Asradk f ./514 , radsvk t /.08.0  

374.85k c , 2k IC , Avk r /)5.0/1(  
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