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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.
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1. Introduction

DC drives, being easy to control, are widely used in many variable-speed drive systems
(Y] 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 ' 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
£w(s) 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 g_. and the armature voltage g,

can be obtained, therefore the converter behave essentially as a power amplifier with a linear
voltage transfer characteristic . If the small delay time associated with the converter is
neglected, then

E.(s) NV
RO 1
e ) K. E. 1)

g, Corresponds to o firing angle and v/, is the ac phase rms voltage.

Power supply

| =P DC

W, —3% fw Speed Ecyl Converter > W

Controller

Feedback

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

. dia
Eazeg+Ra|a+LaE (2)
Where
€g =Ka#-W (3)

The torque balance equation is

. dw
T—TL+BW+jE (4)
Where
T=Ka#ia (%)

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

Ea()=Eq(S)+Rala(8)+sLala(s) (6)
Eq(8)=kat-W(s) (7)
T(s) =T (s)+BW (s)+sIW (s) (8)
T(s)=Ka¢ 1a(5) 9)

Thus, from equation (6)

Ea(s)_ Eg(s) _ (Ea(s)_ Eg(s))/Ra

&) == Tosr, (10)
Where 7, = %a =electrical time constant of the motor armature circuit.

From equation (8)

W(S):T(S)—TL(S):(T(S)—TL(S))/B (11)

B+sJ 1+sz,

Where Tm:%:mechanical time constant of the motor. These relationships are shown in

block diagram form in Fig. 2b.
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(constant)
LB, J
TL(s)
X0 P LEC U (G HR i w(s)
+ 1+ STa + 1+ STm
Eq(s)
Kaf |«
(b)
km(1+STm) |a(S) _ kf '

B> "(1rs7y) | G [ VO

(c)

Fig. 2: Development of motor transfer function. (a) Separately excited dc motor
model. (b) Functional block diagram (c) Simplified functional block diagram

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 I ®. From Fig. 2b the change in
speed W(s) due to disturbances in applied voltage E,(s) and load torque T (s) can be

expressed in the following expression.

1
K E.(6)+ Ralistd 1 9 (12)

(Ka#)+RaBA+sTA+57)  (Kad)+RaBA+S W+ 1)

W (s)

If we neglect the load torque term, from equation (12)

W(s) _ ka#
Ea(®)  (ka0) +RaBL+ST)L+ST,)

(13)

If 7.4z (which is almost always the case), then , can be neglected, and the expression

simplifies to

W(s) Ka# __ka (13a)
Ea(S) (ka#)’+R.B+SR.Brn 1*S7d
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Where

- RB (13b)
" (ka#)+RB

Ka#

= (13c)
(k a¢) +Ra B

d

7d{Tm

From Fig. 2b

ka¢
W(s) A_ K ¢ (14)

[.(5) 1+sz, 1+sz,

Therefore, from equations (13a) and (14)

1.6) _ W) _1.6)
Eal® E.() W

_ kd B(l+51m) _ km(l+STm)
kadQ+szy) (L+szq)

(15)

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 constantsk,,, k; and k, shown in Fig.

2c are as follows.

B
I 15a
(ka¢)2+ RaB ( )
_kat
k= 5 (15b)
Ko =Kmk+ (15c)

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) I"). First a proportional controller is used. From
Fig. 3, the total transfer function is

W(s) _ KskekmK K1

_ _ (16)
W, () @+sztg)+kskekmkiky 1+s7y

Where k is proportional controller constant.
let

_ kskckmkf
kskckmkf kt+1

ks
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and

Td

" KsKckmk t ke+l

71

Ika kc kmkf kt>>1a then klzki and 1=
t

Also

Ia(s) _ W(S) % Ia(s) _ k1(1+STm)
Wr(s) Wr(s) W(S) kf(1+ST1)

d

T4
kskckmkfkt

The current response to a step change in input v/, is

le r (1+ S Tm) Al AZ
la(9) =T Ay
1
ks+szy) s s+/]/r1
Where
_klwr
A —kf
po=tWe e
ku'l
I a(t) _ le r |:1+ (Tm_Tl) e%ﬁ]
kf 71
11
w (s E.(5) Eai(s Km@+S7m) [ 1,(5) K+
W) + ks ke i' (I+szq) - A+szy) i
T BewMetor T

ki

A

Fig. 3: Speed-control loop

ISSN 1813-7822

7)

W (s)

(18)

The transient over current is undesirable from the standpoint of converter rating and
protection. An input changes in v, 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 !,

2.3. 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,, 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, . From Fig. 4 the transfer function is

Ky ke &5 370
la(s) " @) @+szy) (19)
O ko, s ©Wrs )
r\1 Re m(1+52'd)
Where
Kikckm
_ kikekm 19a
Kic 14k, ki kekm e
krK, Kekm+
T"“szml:k Ik Kok = o
r | C m
Since k, k; kekml
1
kmzk—r (20)
and
Tm2~ Tm L (Zoa)

krkl kckm

Also 7)) 7, , therefore

Tm2 ™ Tm (ZOb)

From equations (19) and (20b), it appears that a pole-zero cancellation is possible,
resulting in no overshot or time delay. Then;

1) !
LE:RC ~— 21
L) K™ (21)

Because |, is directly related to|,, a limit on|, 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 |,. 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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1
W(s) :ksk'ckf(1+57m) _ ke
W, (s) 1+ksklckfkt 1+sz,
(1+STm)
Where
o kskicks
2 kskicks ke +1
Tm
T2

" kskickr k+1

Forkskickskol,

1
k2~kt—k1

and

- ~_ Tm
2 kskick ke

Also, from equations (22) and (14)

1a(8) _ W(S)  1a(8) _ko(@+S7p)
W, () W.(s) W(s) Kki(+szy)

ISSN 1813-7822

(22)

(22a)

(22b)

(22c)

(23)

While equation (23) is not very different from equation (17), the expression in the
former equation is only true while |, is less than the limiting value. If, during acceleration or

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

current is limited to a maximum value | =k 1, -

3®ac
16 oY kB ke Eolgketeimy,
+ v :' (l+STd)
T DCMotor |
Kr

A

Fig. 4: Current-control loop
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W, () kn@+sza)|1,6s)| ki [WO)
+ A+s74) A+szy)
Ke |«
(a)
ew (9) 1,6) |Km@+Szy) 1.(s) Ky W
Wt s sy < G| T
kt <
(b)

Fig. 5: Proportional speed control with inner current-control loop.
(a) Functional block diagram. (b) Simplified functional block diagram

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 |, is
chosen to be 3A. The feedback gains k, and k, assumed are fixed at these values given in the
Appendix. The proportional controller parameters ks and k, for speed and current
controllers are chosen on the basis of steady-state error considerations, where

1
TLiG(OH (),

&(0)

For the current control loop
G(s)|,_,=kikekn and H(s)|_ =k,

Thus

1

& ) = kK,
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! -1
_ 8I(oo)

KeKmKr

=~k
Where g, («) is the desired steady-state current error. A practical value might be 10%, then

10-1

ki = =14.169
(2)(85.374)(0.00372)
In the same manner as k, , the speed controller gain g can be calculated, In this case.
1
Ew(w):

1+G(S)H ()|,

For the speed control loop
G(s)|,_,=kskicks and H(s)|_ =k,
L)

Cew (@)

" Kicki ks

ks

Where ¢ () is the desired steady-state speed error. For 0.25% error, k¢ =19.407. 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.

4 ! : : 150
....................... _ 1|:||:|--
1] A O T PP, R
0 S S AU : : :
: : i R P PR
4 i i ; ; i i
1] & 1 1.5 2 ] 0h 1 15 2

(a) (b)

Fig. 6: Response of proportional control to step change in speed reference
(@) 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 Pl-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 ks@+szy)/szs. The resulting block diagram is

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

damping and natural frequency. The overall transfer function becomes

ek k. 4tszd
W(s) o (sp)A+s ) (24)

W, (s) L, Kskickk((+sz)
(s )d+s7py)

1
f(l-i-Sz')
Kt ’
1 )S+ TsTm 2

Kskickr ke KsKicky ke

1+ 7,1+

For kskicks kol

W (s) A+szy)
- 25
WI‘(S) kt(1+sfs+szfsz—2) ( )
Where
- Tm 25a
2 Kskick ke (252)

The characteristic equation of the system is

52+is+ =0
T2 T27Ts
Then
2§Wn=i or r,= ,also wi= !
T2 2¢ W TsT2

Then =27,

For damping ratio of 0.707 and natural frequency is 10rad/s, both the gain k¢ and the

time constant . can be calculated.

r,=00707, 7,=0.1414 and
ks=—0"o"——=1720

B k|ckfkt2'2

Then the Pl-controller transfer function is (1.720+(12.160) /s )
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e () |ks@rszd| 1,(5) y 1.(s) | K
+ STs 1c '(l+32'm)

W(s)

Kt

A

Fig. 7: Speed-control loop with Pl-controller.

The simulation response for a Pl-controller step change in speed reference is shown in
Fig. 8.

1 . . : 150
R REEE [ CEEPPRTRS e SEERTTERREE ok 2 SU SRUTT TETPPTIN _

) I R U : : :
5':' ............ .\. ........... .. ...........

b : : :
o

-4 : ! | i i i
1] 05 1 1.5 2 1] 05 1 1.5 2

(a) (b)
Fig. 8: Response of Pl-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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2 : ; : 150
[11] ........... .......... ............
BOL e .......... .......... |
Al : : :
- . . D .
iy, i i i i 1 L
0 .a 1 1.5 2 1] 05 1 1.5 2
(a) (b)

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

2 : : : 150
L AL SRRRRRRE! (N AR, 1ogk---o- ........... .......... ............
0 : : :
BOFoee i SRR & SERTERREE _
Al ] : : :
_2 i i i 1 1 !
0 0.5 1 15 2 1] 05 1 15 2
(a) (b)

Fig. 10: Response of Pl-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 ¢, increases. This in turn changes
the firing angle of the converter, and thus increases the motor armature voltage g,. 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.

T k-] L PR TR A i
1 ] T U e SR .
B R i : : : :
Ol
4 L
N 2 4 g 7 10 0 2 l 5 8 10
(a) (b)

Fig. 11: Response of Pl-control to step increasing in speed reference (a)
Current response (b) Speed response
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4 : : : , 150
gw ...... ......... ......... ........ 4 100l
o S  — A— T ]

: : : : 50
0 S S i

o
-4 L
o 2 4 E g8 10 o 2 4 E g8 10
(@) (b)

Fig. 12: Response of Pl-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 v, are neglected, an expression for the current

can be written in terms of the speed changew s) . From Fig. 13a

_1 - . - —ktW(S)
Ia(s)_R{ ka¢ W(S)+k|kc[ krla(s)+k3( 1+Sz‘t )]} (26)
- brksfek
=- t 27
la(s)=-1 RuT ki Kok, W(s) (27)

Since k, kckskokad and k, keke) Ra

Ks ki

_RsBt 28
Krsgy O (28)

Ia(s)z_

The block diagram then simplifies to that shown in Fig. 13b. Thus

1

W(s) _ _B+sJ
TL() 1+(ka¢kskt 1
k,(+sz) B+sJ

)

1
_E(l+sz-t)
) 1 (Tm+Tt) 2TmTt (29)
k'[1+s d s kl]
Where =1+ Xa?Kskt

k,B

r
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Since kf:ka% and krz}{(lc,then k'=1+Kick ks ki

Since k,ck kskl

N (s) - -1 A+szy)
T.(5) ka¢kks Kt 1+S(z’m+lrt)+sz(rmlrt)
r k

The current response from equations (28) and (30) is

1a(5) _ 1a(s) W(s)
TL6) W(s) To(®

1

ka¢[1+s(rmi;2't)+sz(frl:1‘t't)]

This also shows a similar second-order response.

(30)

(31)

TL()

1 W(s)
B+sJ

kr(1+5Tt) +

|_' _kskt Ia(‘i Ka¢T!S) >

B+sJ

(b)

W (s)

Fig. 13: Effect of load torque disturbances.
(a) Functional block diagram. (b) Simplified Functional block diagram.

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 (Pl)-Controller

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

transfer functionks (1+sz.)/sz,.
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1
W(s) _ _B+sJ
TL() Ka?kski, 1+S7s 1
1+( K. X sz, )(B+sJ)
-5k s
_ s Ky (32)
ka¢kskt1+$r @+ Bk, )+SZTSTmBkr
) ka¢kskt ka¢kskt
Because %))1 then
W(s) —7sKr S (33)

TLO)  Katkskil+sr+s2rers

B
Where 7, = kzr;kflr(t
From Fig. 13b, for the Pl-controller,
Now, from equations (33) and (34),
12(8) _1a(5) W(s) (35)
T W(s) To(s)
1 (+sz) (36)

ket A+S7+5°7472)
Fig. 15 shows the system response with Pl-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.

4 150 :
i 100} j
: : 50 :
ol ................... S i
: : 0 :
4 L L i i
0 2 4 B g 10 0 2 4 B a 10
(b)

(a)
Fig. 14: Response to step increase in load torque with P-control (a) Current
response (b) Speed response
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4 | T T T 15':' T T
00k f---m e ........ ..................
i BOE oo
. .
1
4 1
n 2 4 B a 10 1] 2 4 B a 10
(a) (b)

Fig. 15: Response to step increase in load torque with Pl-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 |, to compensate the disturbances effect of load torque is added to the reference

current. The load current is computed as following. Since

_TE)-TuL) 1
W(s) = B l+sz, (37)
Then
TL()=T(s)-BAL+s 7, W(s) (37a)

Since |L(s):TL(S%a¢j

T(s)-B@+sz,, )W(s)

s = "

(38)

Fig. 17 shows the response to step increase in load torque with Pl-controller and feed
forward loop.

B(1+ S Tm) !

<—Ka¢<
¥ TL(9)
W, () ks@+szy) |l 1 I’(S>)Ka¢—> \ 1 | W(s)
+ STs + Ra+s L, + B+sJ
Eb(S)

| Kad
L]

il
]

Fig. 16: Speed control of dc motor with feed forward loop
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4 , : : : 150 :
. 100k P P U
] A SRR TP e TERPTT
R T S i : : : :
ol
4 :
N 2 4 E 2 10 ] 2 4 B g 10

(@) (b)

Fig. 17: Response to step increase in load torque with Pl-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 technigue 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 Pl-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 w(S) is tracked the reference speed \, (s) . 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):

R, =4Q : Armature circuit resistance
R, =0.5Q : Sampling resistance
L, =80mH : Armature circuit resistance
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J=0.0025Nms?rad  : moment of inertia of motor and load

B=0.001 Nms/rad : Viscous friction of motor and load
|,=2.1A : Rated current of motor
k. ¢ =0.514vs/rad : Back EMF and torque constant

8.2. Parameters and Constants

7a=20ms, r,=25s, r4=0.04187s
kq=0.00372A/v, k; =514rad /s.A, k,=0.08v.s/rad

k.=85.374, k,c=2, k, =(1/05)v/A
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