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bstract· 

motor controls are fundamental in robotics in particular. This 

udy a mathematical model the interactions some DC motor control 

lramcters such as duty terminal voltage, frequency and load on some responses such as 

Jtput by means of methodology. 

mathematical model developed was 

'his paper describes the of 

armature voltage and armature 

for DC motor drives. 

2 

motor 

control 

'fhe 

methods, namely 

feedback control 
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1. INTRODUCTION 

DC motor and DC motor drives are very essential in the field of electrical as well as 

electronic devices. DC motors are commonly used for using its rotation and rotational 

speed for various applications. But controlling its rotational position and rotational specd 

. ,- a task which is essential to be done while using it. This project is based on developing 

ifferent scheme for controlling the speed of a DC motor mainly armature controlled DC 
m otor. 

DC motor characteristics are very important to study and analyze because it reveals the 

f ctors that controls the DC motor speed. First part of the paper is analyzing the 

:h oretical modeling of a DC motor and using the equation and theoretical scheme we 

ve find out the controlling parameter. 

:_ 'Ilter part is about the control system analysis of DC motor which is the most essential 

• JIi for serving our purpose which is to get a constant speed for whatever the condition 

i - . More specifically any change in disturbance load, friction can not change the 

::- pe rating speed of the motor. To do so controlling parameter is not enough. We have to 

j � ign close loop system using different scheme and then chose the most effective one to 

';nalize our scheme. 

)r developing a close loop system first of all we used Root-Locus method. But 

2 :? p cnding on different limitation and problem we reject the process and developed an 

� ",Ilnal control system. Then we finalize our scheme using LQR control. 

7 



2. DC MOTOR 

::: " 1. Introduction 

"iectrical Machines is nowadays an our The usages of 

very But controlling the machines a very challenging factors rather 

building kind of prototypes. There are types of controlling or 

for the but paper is mainly based on control To use control 

stem analysis approach to control the speed, a vital of, a DC Motor. 

Motor control is a to be machines is used. 

electrical vehicle, robotic motoring etc. Prior to access into the control analysis it 

to analyze theory Motor. 

on theoretical overview of Dc Motor. equations 

DC Motor are analyzed here this Classification of DC Motor 

different characteristics of each DC Motors are main points which is to be 

is to 

to be 

out factors that control speed a DC Motor which is maIO 

a which is the best to control the speed is thc final 

of this section. 

-. Principle of DC Motor 

the 

motor is a 

principle 

which converts electric to mechanical Its acti on is 

when a current carrying conductor is placed in a magnetic field, it 

,�u,'��, force direction is given by F = BIL Newton. DC motors are 

shunt-wound or series-wound or compound wound. 11J 

of DC motors are excited and its armature conductors are supplied 

current from mam supply, they a tending to rotate the armature. 

8 



Armature conductors N-po le  are assumed to carry current  downwards and under 

to carry curren t  upwards, The d i rection the force is  on conductor can be found  by 

app ly ing Flem ings' Left hand Ru le. It w i l l  be seen that each conductor experiences a force F 

to rotate the armature i n  d i rection. forces collectively produce 

a torque which sets the armature rotating. 

Equations of a DC Motor 

The vol tage V appl ied across 

Overcome back e.m .fEb 

motor armature has to 

Supp ly armature drop Ia Ra 

So, V=Eb+ Ra ................................. 2.1 

This is known as vo l tage equation of a motor. Now mu l ti p ly ing both 

y Ia Ia + Ia 2 Ra ............................... .. 

= e lectrical input to armature 

e lectrical eq u i valent of mechan ical power developed in the armature 

Cu in the armature 

I 

+ 

v 

Figure 2.1: Equ ivalent circu it of a DC motor 

9 
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So, without Ill2 Ra the rest i s  converted into with in  the armature. 

It may a lso be noted that motor effic iency i s  given by the ratio of deve loped by the 

armature to i nput. It is obvious that value of as compared to V, h igher the motor 

efficiency. 

Significance of the Back E.M.F : 

When the motor armature rotates, the conductor a lso rotates and hence the flux. In accordance 

with l ocus of induct ion e.m. f  is induced i n  them w hose d irection i s  found 

by apply ing F lem ings' Right hand Rule which i s  opposit ion to the app ly vol tage. For opposite 

direction, i t  is referred to a counter or back e.m. f. [1] 

v 

Figure 2.2: Equivalent circuit including back e.m.f 

suppl y V has to d rive III the opposit ion The power requ i red to overcome this 

i s  EbIb. In the case of  ce l l ,  th is over an interval of i s  i n  to 

energy, but in the case of m otor, it i s  converted into m echanical energy. 

ill be seen that ::::: (net voltage I resistance) ::::: (V-VWRlI); Ra i s  the armature 

stance. And 

== <l>ZN vo l t  .................... ................ 2.3 

(rotat ion per second). 

i s  h igh,  IS armature current Ia accordi ng  to above equat ion i s  sma l l .  If 

IS Eb i s  l ess, hence more current flows which develop  more torque. So, i t  is found 

1 0  



acts l ike a governor  

necessary. 

i t  a m otor se l f  regu l ator so  that it  d raws as  much current as  i s  just 

2.2.3. Condition for maximum Power 

The mechan ical power developed by the m otor i s  

Pm = V III - Ia 2 RlI ............................... 2.4 

Jifferenti at ing both with respect to Ia and equat ing the resu l t  is zero, i t  gives 

(d P ml dIll) = V - 2 Ia = 0 

V = 2 Ia Ra 

V 12 = Ia Rli ....................................... 2.5 

v = Eb + laRa .................................... 2.6 

V=Eb+V/2 

\1/2 Eb ......................................... .. 

mechanica l  power developed a m otor i s  max imum when back e.m.f is  equal  to 

of the app l i ed vol tage. Thi s  cond it ion is however, not rea l i zed in p ract ice because in that 

current woul d  be m uch beyond the current to the motor. Moreover, hal f  of  input 

Id be wasted in form of heat and other l os ses (mechan i ca l  and magnet ic) into 

the motor w i l l  below 50%. [1] 
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Torque Analysis 

2.3.1. Torque 

the term torque i t  i s  meant by turn ing or  twisting moment of a force about an axi s. It  i s  

measu red  by the product of the force and  the radi u s  which acts. pu l ley of  

;ad ius r meter acted u pon by a c i rcu mferential force of F Newton which causes i t  to rotate at N 

Lp.S. 

T F x r Newton-meter ................................ . 

down by force in one revo lution x Distance = F x 

watt 

x r) x 21tN watt ............................ 2.9 

21tN = (0 i s  rad ian / angu l ar ve l oc i ty 

developed, P T x (0 watt .................................. 2.10 

� is r.p.m (rotation per m i nute), then 

T x (21tN/60) watt 

= TN x (21t/60) watt 

/9.55 watt ................................................ 2.11 

Armature Torq ue of a Motor 

jou l e  

Ta be torque deve loped by armature a motor  running at N r .p .s. Then 

watt ................................. .. 
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pully 

Figure Torque of a rotating object 

It i s  known that the power converted into mechanica l  power in the armature is 

"vaU ........................................ .. 

From equation 2 & it 

T � x 2nN Eb1a 
x = <I>ZN x Ia 

(1I2n) x <I>Zla 
= 0.159 <I>ZIa N-m ....................... 2.14 

the 

u <I>Ia .......................................... 2.15 

case of 

'urrent. So 

motor, <I> i s  directl y  proportional to Ia u", ... ,au;,,,, fiel d  windings carry ful l  armature 

ul/ .. . ........ ........ . ............. . ....... .... 2.16 

case o f  shunt motor <I> is constant, hence 

a fa ...............................• .....•......... 

Shaft Torque 

who l e  of armature torque i s  not avai lab le  for d oing usefu l  work because a amount 

is required suppl y ing iron friction losses in the motor. The whi ch is avai lable 

usefu l  work is  known as torque Tsh' The m otor output is given by 

1 3  



x 2nN watt ............ ......... . . .......... 2.18 

where N i s  

T51! = (Output 12nN) N-m-N in r.p.s 

Output in watts 1 (2n/60) 

(60I2n) x (Output I N) 

i n  r.p.m 

Tsh = x (Output  / N) . . . ..... . . . ............ .... ... .. 

difference (Ts-Tsh) i s  known as l ost torque i s  due to i ron 

2.3.4. Torque  and Speed of a DC Motor 

The of m otor i s  

'l K x (V-laRa)! <I> = K <I> ...... ................. 2.20 

-'l.nd, Ta a ...................................................... 2.21 

friction 

is seen from above that In woul d  speed but 

If  increases, motor speed m ust i ncrease rather than 

that the flu x  a motor i s  decreased by decreasi ng  fie ld  c urrent. 

of the motor. 

the armature 

the fo l l owing 

= N <1>1 d rops i nstant ly due to i n  Eb, Is i s  i ncreased u'"'"' ... .... . ,,, 

= (V-Eb)/Ra . Moreover, a smal l reduction in flu x  p roduces a large i n  armature 

the equation a <l>Ilu a smal l decrease in is more than counterbalanced a l arge 

,:rease in Ia with the that is no i ncrease in T a' 

increase i n  prod uces the i ncrease i n  motor  speed. 

from the that, w i th appl ied V he l d  constant motor varies 

as the it is poss ib le to i ncrease fl ux and at the same Increase 

provided i s  he ld  constant as i s  actual l y  i n  a servomotor. 
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2.4. Classification and Characteristics 

motor's classification and characterist ics are 

of DC motors. Because d ifferent types 

we to have an idea over the 

importance wh ile controlli ng  the 

to controll ing  scheme. So 

of d i fferent of DC motor. 

Classifications and character i st ics are given in the next sub-section . [1] 

2.4.1. Classification 

DC Motor can be classified as stated below: 

1. wound Motor (self-excited). 

2 .  S hunt wound DC Motor (self-excited). 

3. excited DC Motor 

We i n  th is  project i s  try ing  to control the separately excited DC Motor. So separately excited DC 

Motor and its character ist ics are of great importance for our purpose. 

2.4.2. Characteristics 

The characteri stics curves 

lowing equation:-

a motor are those curves wh ich show relationsh i p  between 

Torque and armature current Tal Ia 

and armature current NI III characteri stics. 

and torque i .e. NI character i stics. 

followi two equat ions are really 

CJ. <l>Ia and N K EJ <I> or N a EJ <I> 

L Cha racteristics of a series motor 

Ia characteristics: 

observed that a <l>la. In th i s  case, as field wind i ngs also carry 

1 5  
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cD a Ia up to the part of magnetic saturation. Hence, before saturation, 

Ta a wI,. and Ta a 1,.2 

.\t light load as, la and W is small. But as la increases, 'fa increases as the square of the current. 

1 1 nee, 'f alIa curve is a parabola. After saturation <D is almost independent of Ia hence 'fa a In 

Inly. So the characteristic becomes a straight line. The shaft torque Tslt is less than armature 

-.I.'rque due to stay losses. It is shown in dotted line. So, it can be concluded that on heavy loads, a 

series motor exerts a torque proportional to the square of armature current. Hence, in cases where 

·luge starting torque is required for accelerating heavy masses quickly as in hoists and electric 

-rains etc. , series motors are used. 

-
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..... 
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10 
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Armature current, I 
a 

10 

Figure 2.4: Ta Vs la Characteristics 

12 

13 characteristics: 

� now that, N fJ. Ebl W. With increased la, W also increased_ Hence, speed varies inversely as 

_:3 me current as shown in figure. 

'n load is heavy, la is large. Hence, speed is low. But when load current and Ia falls to a small 

- '.J . speed become dangerously high. Hence, a series motor never be started without some 

16 



mechanical load on it otherwise it develop speed and UU�UW'b"'U due to 

heavy centrifugal forces so produced. It should be noted that series motor is a variable speed 

motor. 
N Vs I • 

2 

A rm a tu re c u rre n t, I. 

:Figure Ia Vs N Characteristics of a motor 

T a characteristics: 

is found when 

Z 
-0 
<II 
ID 
C. 

(/) 0 

is high, torque is and 

N Vs T 
• 

4 6 8 10 12 14 16 
Armature current, 

2.6: Vs N Characteristics of a series motor 
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Chara cteristics of a shunt  motor 

Tj la ch aracteristics: 

motor, <D is to practically constant and we find Ta a . For a 

load will need a starting current, shunt motor should never stal1ed on heavy load. 

12 
-T_sh 

-Ta 
10 

a 

6 

o ""-_'--_'--_JlC. 
a 2 3 

Figure 2.7: I" Vs 

�I Ta ch aracteristics: 

4 5 8 9 10 
I 

a 

C haracteristics of a shun t  motor 

!f <D is Eb is also practically speed is also constant. 

load. 

so that on whole, there is some III The drop 

slightly more than <D 

trom 5 to 15% of full-load 

dependent on saturation, armature reaction and brush position. Hence, the actual 

curve IS drooping as shown by the dotted line. But for a practical purpose, shunt 

;;1otor is motor. is no appreciable in the of 

motor from no-load, it may be connected to load which are totally and suddenly thrown 

without any 

�1Otors are suitable for 

where on approximately constant 

In c haracteristics: 

to 

tools, wood-working 

is required. 

shunt 

and tor all 

shunt motor is as constant speed motor, so its velocity (0 is a constant parameter 

armature current Therefore, armature current Vs angular velocity curve IS 

line at theoretically. But it is not case in r eality or . Practically 

18 



velocity or with the of armature current (or words 

increase in torque demand or load). rate of change is slight as described in the 

5-

5 

z 

5 

Nvsl 
a 

-N_ll1oeri!ical 
-N_Practcal 

14 16 18 20 

2.8: Ia Vs N Characteristics of a Shu nt mo tor 

2.-L2.3. Characteristics of a sepa rately excited DC Motor 

Figu re 2.9: Equivalent circuit separately excited D C  Motor 

a separately excited motor is excited by a field current if and an armature current la, 

motor develops a back electromotive and a torque to balance load at a 

current if a excited motor is independent of annature 

1 9  



current ia of and any change i n  armature current no 

current i s  norma l ly  much than the annature CutTent. [2] 

The instantaneous  current if i s  described as-

Vr:= Rrir+ Lr(dir/dt) ......................... . . ............ 2.22 

The instantaneous armature current can be found from 

Va=Ra ia+La(dia/dt)+eg ... . . ..................... 2.23 

motor back em f, wh i ch i s  known as speed vol tage i s  

ir .................................................. 2.24 

where speed, Kv=Vo ltage constant; 

The torque  developed by motor i s  

rl-.,.n'-'I�. "'''' ''' ........... .. ........ .... .. ......... ..... . ... . .... . 

developed torq ue m ust equal to l oad torq ue 

T d=J(dm/dt)+B m+T L ............................. 2.26 

B friction constant. 

on the current. fiel d  

cond itions, the derivatives i n  these eq uations are zero and the steady-

state q uantities are 

\' FRrIr ....................................... .. 

., .. '" "',. ,. '" • "',. .. "' .  '" '" '" '" Ii '" "' .. '" '" "''' '" II '" '" '" '" "' .. ,. "  "' .. ..  ,. •• 2.28 

.. ",,, .. '" "' .... "' .. '" "''' "' .. ,. '" '" '" '" "' .. ,,"" "' .... ,.,.,. .... '" '" .... 2.29 

Kvrolr .............................. 2.30 

.. .. . ..  � . . . .. .. . . .... . .. . . . . . ... . . .. . ........ .. .. .... 2,,31 

developed IS-

T d ro ,. ,. ,.  "'.,,.,.,.,. ,. .. "',. '" '" "' .. .. .. ..  '" ,. ,. "  '" 1\ .. .. ..  '" '" "',. '" "' ,. ,. "' ''  



The between the field cunent If and back emf, is nonlinear to 

saturation. The a ,-"A\,H\..'U motor can found from 

CJ)'-= (Va-RaI)1 Kvlr . . . . . . . . . . . . ..... . . . . . . . 

2.34, we can that 

armature voltage, Va. 

Controlling field current, 

20 

10 

9.5 
---

9 

It! 
8.5 

ro 

8 

7.5 
0 

armature la. 

200 400 

200 400 

600 

600 

motor speed can be varied by 

___ Power, 

800 1000 1200 1400 1600 1800 2000 

800 1000 1200 1400 1600 1800 2000 

Speed 

:Figurc 2.10: Characteristics of separately excited DC Moto r 

for a speed less than the base the armature current and currents are 

constant to meet the demand and armature voltage, Va is varied to control 

For at the rated value and 

current is varied to control the the power developed by motor CPt! = 

remains constant. [2J 
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+ 

Figure 2.1 1 :  circu it of Motor 

The field a dc motor is "A'''I""·,,t,,·rI i n  with the armature circu i t  and th i s  type o f  motor  i s  

cal led a series motor. circu i t  i s  to carry armature current. 

quantities are, 

........................ . . .............................. 2.35 

V a=(Ra+ Rr)la+Eg 

= (Ra+ Rr)la+ KvO)Ir ... . . ................ ............ 2.36 

0)= (V ldRa+ Rr)Ia)/( KvIr) ......................... . 

B 0) + T L ....... . . .. . . . . . . . . . . .. . . . . . . . ... . . . . . . .......... 2.38 

From equation the can varied by 

current, which is a measure of the 

l i ng Armature Va. 

demand Equation 2.38 i nd icates 

motor can provide a torque at starting and form th is  reason th i s, 

common ly  u sed in traction app l ication. 

s teady-state 

a series 

motor are 

a up to the 

constant. Once the 

the armature vo l tage is varied 

is appl ied, the 

the torque is maintained 

rel at ionship fol lows the 

natural characte rist ics of the motor the power 

red a very l ight l oad, 

advisabl e  to run a dc motor without a 

constant. As the torque demand is  

speed cou ld h igh and i t  i s  not 



2.4.3. Factors Contro l ling Motor speed 

The of a motor is given by 

N • • •  " . 'III 'III .... .. .. .. .. .. ..... ... .. . ..... . .. .. ........... .. 'III 2.39 

armature c i rcu i t  res istance. 

I t  is obvious that the speed can be contro l led by vary ing-

I. F l ux or <}) ( F l ux 

2. Resistance Ra of armature c i rcu i t  (Rheostatic contro l)  

3. voltage V (vol tage control ) .  

d iscu ss ion we can say that Motor can be by contro l l ing flux 

or po le  

contro l 

app l ied 

(eq u ivalently by changing fie ld current). We can a l so use armature res istance to 

The most effective and way to contro l l ing motor IS 



3. CONTROL SYSTEM ANALYSIS 

3.1. Introduction 

A system that maintains a relationship between the output and the reference input and 

using the difference as means of control is called feedback control system. 

Feedback control systems are not limited to engineering but can be found in various non 

engineering fields as well. For instance, the human body is a highly advanced feedback 

control system. Both body temperature and blood pressure are kept constant by means of 

physiological feedback. In fact, feedback performs a vital function. It makes human body 

relatively intensive to external disturbances, thus enabling it to function properly in a 

changing environment. 

Close-loop control system 

Feedback control systems are often referred to as closed-loop control system. In a close­

loop control system the actuating error signal, which is the difference between the input 

signal and the feedback signal, is fed to the controller so as to reduce the error and bring 

the output of the system to a desired value. The term close-loop control system implies 

the use of feedback control action in order to reduce the system error. [3] 

e DC MOTOR 

K f 

Figure 3.1: A simple Close-loop System 
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Open-loop control system 

system i n  wh ich the s ignal i s  

example, wash i ng match ing i s  a open- loop 

in response to an i nput 

Soaking, washing and in  the 

operate on t ime bas i s . does not measure the output s ignal Le. the 

l iness of the clothes. 

In any open- loop system the output i s  not compared with the reference input. In the 

of d an open- loop contro l w i l l  not perform des i red task. 

Open- loop control system can be used only i f  the relat ionsh ip  the  input 

output is known and is no internal or d It i s  i mportant to note 

that any control system operates on a basi s  is open [3] 

v OJ 

DCMOTOR r--+ 

Figure 3.2: A simple open-loop System 

Close-loop versus open-loop control system 

Closed-loop contro l system makes the system response re lat ive ly  i nsensi t ive to external 

and i nternal variations in parameters. it i s  in the 

open- loop case .  

Open-l oop system IS to bu i ld system stab i l ity i s  not a m aj or 

problem. On the other hand, stab i l ity i s  a m ajor prob lem i n  the close- loop contro l  

Open-loop control i s  used in  in  which i nputs are ahead 

t ime and are no d isturbances.  Close-loop control i s  used i n  system s  

in  which unpred i ctab le d or unpredi ctable variations i n  component are 

present. 

cl ose-loop control IS h igher in cost power. To the 

required power a system, open-loop control may where app l  [4] 



3.2. S-Domain modeling of armature controlled DC Motor 

Transfer function and the block diagram of a armature controlled DC Motor is given 

below 

I.' 
'1'\0, ___ _ .... �L 1 

i'l! './.,,' J. 11I1.,1\,c 

Ls +R 

LOdd 

Figure 3.3: Block-Diagram of a Armature controlled DC motor 

Step response of armature controlled DC motor is given below 

Time Vs Speed 1.<, - -,-, --r--- --,---,---..,-----,---, 

0.5 
I .  i I 1.5 1 1.5 

Time{sec) 
I 

3.5 

Figure 3.4: Step Response of armature controlled DC Motor 

The effect of armature resistance on DC motor speed is given in Figure 3,5. 
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Speed changes due to armalJJre I1!sistance 

IllI 

IiIl 
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o N � IiIl 00 

TIme 
100 120 

Figure 3.5: The effect of armature resistance on DC motor speed 

From the above figure we can say that if the armature resistance i ncreases then the speed 

of the DC motor decreases and vice-versa. But it is not the actual case. To observe the 

actual case it is recal l ed the speed equation of the DC motor. 

N = K x (V- laRa)! <I> = K Eo! <I> 

Initially if the armature resistance Increases then the armature current decrease and 

magnet ic flux decrease at the same time. But i ncrease in armature current is greater than 

the correspond ing flux. So, the nom inator value increases and the denominator decrease 

and thus the speed increases. After a certa in  i ncreasing value of armature resistance the 

speed is decreased for the i ncrease of armature resistance. [5] 

The effect of Voltage on speed 

The speed and voltage have a proportionate relation. So, if the vo l tage i ncreases the speed 

increase and vice-versa. This phenomenon is i l lustrated in the F igure 3.6. Here i n  this 

f igure response is started after 35 second due to the i nput step signal that is  started after 

35 second. 
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on step 

I f  the 

Motor. But if 

The 

Figure 3.7. 

Figure 3.7: 

Effect on speed while varying voijage 

Time, second 

50 
I 

60 

Figure Effect Voltage on Speed 

taking consideration 

the annature an 

LalRa is smal l then there are a l itt l e  

1 
70 

on the 

on the the 

on step cn,,,r'I('''' taking in consideration is il lustrated in 

Time, second 

on step taking La/Ra in consideration 
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figure illustrates 

armature resistance 

if  armature inductance i s  very 

at the 

to stable the system. an under damped system 

is not too smal l  which the armature 

armature resistance is i ncreased damping coefficient i s  

3.3. S-domain modeling of controlled DC Motor 

Transfer function d i agram of a armature control led 

[6] 

Jc + b 

3.8: Block Diagram of Field Controlled motor 

Step DC Motor i s  

180 ------

160 ----

some 

value of 

i s  given 

Step Response of field 

Controlled DC Motor 
TI ill 100 -- - ­ill Q (fJ 
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Effect of field on step 

St�p ruponse field ,ontroUed DC molor 
2000,----,----,----,--::::::=1=='---..--, 

I f  the 

1800 

1600 

1400 

1200 . 

t 1000 ........ . .. ll. 
'" 
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Figure 3.10: 

resistance i s  

versa. I t  can be expl ained 

60 
Time, second 

120 

of field resistance on step response 

then the speed Motor i s  decreased 

the speed equation DC Motor. 

vice -

armature 

is i ncreases then the fiel d  current is decrease thus the fiel d  flux i s  decreased. So 

the the DC motor i s  can be expla ined. 

Feedback control of a DC motor with a feedback 

A circu i t  d iagram of a feedback control of a i s  given in  the 

the there i s  a feedback 

feedback control i s  u sed to 

Kf Feedback control reveal s  some 

some parameter. 

DC 

Figure 3.11: feedback network with a proportionate 

30 
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Figure 3. J I i l lustrates compar i son between a open- loop and a close l oop system. The 

settl ing of an open loop-system i s  than that a close-loop It means 

in an open- loop it  takes more time to sett l e  the output, but a close-loop 

takes less t ime to sett l e  the output. In the fol l owing figure is It i s  

the s imulat ion i s  done taking voltage source zero and d isturbance torque  O. l Nm as an 

input. s imu lat ion is done on ly  for and comparing the sett l i ng  t ime  of a 

open- loop and close-loop [ 6] 

Settling time for open-loOp system 

-
2 

Time, second 

s 
af -0.005 
1l. '" -0.000·-

-0 007 

, 
l 

0.02 

Settling time of close-loop system 

, 
0.04 0.00 

Time, second} 

Figu re 3.1 1 :  Settling time of open l oop a nd loop system 
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7: 
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Step response for close-loop and open-loop system 
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l 
2 2.5 3 3.5 4 4.5 
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5 

Step ......... .,..,'n"" ... for an  open-loop a nd Close loop System 
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Figure 3.  expl ained the comparison an open-loop and a 

open-loop has a ing time and less stab l e  outpu t  value and 

Effect of feedback on step reSI)OlnSe 

Effect of feedback gain on step response 
1.4 

Time, second 

I I 
0.35 04 0.45 0.5 

Figu re Effect of feedback gain on step res ponse 

Feedback gain a close-loop has a 

the feedback is kept increasing 

effect on 

the 

response a response. If 

keep more 

unstable output. I t  can root-locus  the system. this explanation, 

it can be said if the gain is the right of 

the s-plain and more ripp l ing is introduced in a s tab le  system pole must 

be on 

introduced in 

s-pl ain. So, if the value  feedback gain is increased, rippling is 

outpu t  as the pol es move toward [7] 

3.4 space modeling of a DC Motor 

� 

I 

T=O 
+ 

Equiva len t  of 

a a rmatu re controlled DC 

Motor 



The motor torque T is related to the armature current, i , by a torque constant K; 

T(t) = Ki(t)-T d(t) ......... ........... . ... 3.3 

Where, Td is the disturbance torque. 

Where, T d is the disturbance torque. 
The generated voltage, eb, is relative to angu lar velocity by; 

eb=K<o ....................... 3.4 

From Figure 3. 1 4  we can write the following equations based on the Newton's law 
combined with the Kirchoffs law 

L'-.�·" - ll c:�ti= k i  t' -Td!t .......... ................ 3.5 

I. t -'. Ui .I II' ,. I I. - )( <v (f I ........................... 3.6 

From the above two equations we can find out the state-space matrix as follows 

f 
-.b K: 

J / d r{'.J'/"I-1 
d I L r If! ' -}(b f' - , 

[0:,[tl]_[-1][ ] ntl 1 v" 
-

v= ,0 

Or equivalently 
-[1 

[�(Jj._ ( ! I - A- �, 
I. 

\ = [0 

L I 

KJ' 1 �'f lJ - f I ] l7> 1 - R _It} _ 1 }i c, 
L -

Thus the state space modeling matrixes are 
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.-1 

Now for 
R=2!J. 

Figu re 

1 
1 

below (tak i ng Td 

Time Vs Speed 

_j � I I 
1 1,5 3 3,5 

Tlme[sec) 

D=O 

Step Response of a rmatu re control led DC Motor using State-Space 

Mode ling 

or d i sturbance torque  is  a variabl e  a Dc motor and ch anging  in a load 

i n  eventu ally the speed of the motor. If s imu l ate the model of Dc motor 

in time 

o o 

with d i stance torque the 

Effect of Load Torque on Speed 

Time(ssc) 

versus curve wi l l  look l i ke the bel ow. 

-elY 

3.16: of Load 

on S peed 



Effect of load on of a DC molor 
12, 

�--------�-------------r-------------

disturbance 
To::: ·O,1Nm 

OJ ____________ ' , ____________ ..-f 

,------------ " 

15 

Figure 3.17: Effect of changing disturbance on 

But i f  we use a forward ga in without a feedback the 

says but the speed wi ll not remain  unchanged due to the In 

1.4, -

o,s: 

OJ) 
n, 
E 

<0,4 

--- ______ JIII .. ____ ____________ 1 

disturbance 
To" ·Q,1Nm 
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Time{sec) 

3.19: Effect of forward gain on step response 
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limeVsSpee1l 

15 
limelsec) 

Figure 3.20: Ste p Res ponse 

0.6 

01 

I o o 

limeVsSpee1l 

Figure3.21: E ffect of forward gain 

But purpose of mainta in ing the speed Motor i n  a con stant value i s  not 

constant wh i l e  varying the th i s  

d istu rbance o r  load torque. 

system cannot keep the 

So, to speed constant we have to a close-loop system along with a 

compensator wh ich can 

wh i le varying the 

To serve p u rpose 

the speed constant and other parameter value  under control 

the d isturbance torque, T d. 

we can use a simple un i t  with an 

or i ntegral con trol a long with a u n it forward gain I). 

Ii 

36 

Figure 3.22: loop 

syste m with an integral 

compensator 

15 



151 -feedforward 

11- feedback
_ 
wi rtocus I 

I 
I � 

0.5 

o -
o 

Setpoint tracking and disturbance r1!jectlon 

15 
Time(sec) 

Figure 3.23: Step Response of the above system with disturbance Torque 

Again the response of the system having a small value of k will result in a output alike 

the figure 3.24. It is clear that is not an effective on as transient time in this case is very 

large. So we have to increase the value of k. 

1.4 
I feedforward 

- feedback wI rlocus 
12 -----

o 
o 

Setpolnt tracking and disturbance reJectlon 

Tlme(sec) 

I 
10 

Figure 3.24: Effect of large value of K (forward gain) 
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As value o f  K i s  not d o i ng the task what i t  to  be This  K 
resu lts i n  a l arge trans ient t ime for wh ich the speed cannot be attain i n  stabl e  

value i n  a short t i me. we have to the value or i n  other words the val ue 

o f  Random l y  we chose a value K and s i m u l ate the circu it  to see var i at ion  

i n  step w ith a d i sturbance 

The 

0.5: 

o o 

is given below. 

SetpQlnllracklng and disturbance rejection 

- feedforward 

- feedback wi nocLls 

10 
Tlme(sec) 

15 

Figure 3.25: Effect of 

large value of 

(forward gain) 

This value  i s  not as in o utput or speed with to is not 

constant or in other words r i pp l i ng in output occurs for a val ue of K w i l l  eventual l y  

can 

in an unstab l e  our n ext task i s  t o  find o u t  a n  optimum o f  for we 

a m i n i m u m  sta b l i n g  and m in i m u m  r ipp le  o r  without r ipp le. 

To an opt i m u m  val u e  K we can use root-locus analys is .  Root-locus is an 

analysi s wh is  u sed for t h e  control l i n g  purpose a DC It i s  known as DC 
analysis of a system .  (8] 



3.5 Root Locus Method 

re l at ive stab i l i ty and the trans ient performance of a c losed-loop control system are 

d irectl y  related to the c losed- loop roots o f  the c haracteri st ic  equ at ion i n  

the s-plai n (co m p lex p la i n). I t  i s  frequently necessary to adjust one or more 

parameter i n  order to o bta i n  su itab l e  root locations. Therefore, i t  is worthwhi le to 

determ ine  how the roots of the characterist ics equat ion of a g iven m i grate about 

the as the parameter are var ied .  

root- locus method was introdu ced by Evan h as been developed and u t i l i zed 

extens ively In control engineer ing  practi ce. The root- locus technique i s  a graph ical  

method for the l ocus of roots i n  the s-p l a i n  as a i s  varied. I n  fact, the 

root-locus method prov ides the with a measure of the sens i t iv i ty of the roots of 

the system to a variat ion in the be ing cons i d ered. The root-locus techn ique 

m ay used t o  great i n  conjunction with the Routh-Hurwitz criter i on. [8] 

Analysis 

In a analy s i s  first of a l l  the po les of a system or roots the 

equ at ion the system i s  l ocated in the complex p la in  taki n g  forward gain,  1. Then 

the K is changed from zero to i nfin ity and the poles aga i n  and 

Thus contin u i ng process we get a trend of sh ift ing the poles a long an asym ptote i n  the 

complex p la in .  The val u es of K for w hich the poles are l ocated on the r i ght s ide of 

complex p l ain w i l l  an unstab l e  output and the system w i l l  unstab le.  The values of 

K for wh i ch the of system are located in the s ide of the comp lex plain wil l  

resul t  in a stabl e  system .  Among val ues of K, a opt i m u m  value of K is to fin d  

out. 

The root-locus analys i s  t h e  system w e  are tal ki n g  about i s  g iven below 
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(figure) we are clear that if 

back system in figure 3.22 
From of gain, K is . two 

the poles head the right sight of the plain and one pole head towards 

left side plain along the real axis. 

ll1crease k is not at all being 

for 

side for which 

the poles cross 

to choose a value 

of the complex 

By the theoretical 

For the calculation 

value of the IS 

to the behavior 

side but one 

be unstable. So the 

K should be 

axis. But the best way to 

which two poles merge on one 

optimum value of 

criterion' [1] 

which system remain 

by the theoretical 

toward the left side 

or system 

For 

of the VV'�UFL""'" 

pushed back to the 

can be increased until 

the optimum value K is 

or axis on the left side 

IS around 4.5. 

to 

range the 

From the simulation result it is understood that the process that we keeping the 

speed constant is 

some problems 

But this process cannot 

time or the system from 
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torque IS introduced or applied is large. Secondly the amount of speed 

(overshoot and undershoot) during the time of disturbance torque change is also very 

significant. To get a smooth and robust control we have to use some other technique to do 

what is desired. Here OPTIMAM CONTROL SYSTEM can be introduced which is 

totally based on stat-space analysis. 

3.7. OPTIMAL CONTROL SYSTEM 

The design of optimal control systems is an important function in control engineering. 

The purpose of design is to realize a system with practical components that will provide 

the desired operating performance. The desired performance can be readily stated in 

terms of time domain performance indices. For example, the maximum overshoot and 

rise time for a step input are available in time domain indices. In the case of steady state 

and transient performance, the performance ind ices are normally specified in the time 

domain. Therefore, it is natural that we wish to develop design procedures in the time 

domain. [9] 

The performance of a control system con be presented by integral performance measures. 

Therefore, the design of a system must be based on minimizing a performance index, 

such as the integral of the squared error (ISE). The systems that are adjusted to provide a 

minimum performance index are often called optimal control system. In this case, we 

will consider the design of an optimal control system that is described by a state variable 

formulation. We will consider the measurement of the state variables and their use in 

developing a control signal u(t) so that the performance of the system is optimized. [9] 

The performance of a control system, written in terms of the state variables of a system, 

can be expressed in general as 

- '  " 

= I.:' - ')0 ", . . :) ci:- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7 

Where, x= the state vector, u= control vector and tF the final time. 
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U1 X l 
Control 

u2 x2 
System 

un Xn 

Figure 3.27 : A control system in terms of input and output con trol va riable 

We are i nterested in m i n i m izing the error of the system ; therefore, when the desired state 

vector is represented as Xd=O, we are abl e  to consider the error as i dentical ly equal to the 

value of state vector. That is,  we desire the system to be at equ i l ibriu m, x = Xd = 0, and 

any deviation from eq u i l ibrium is considered an error. Therefore, in this case, we wi l l  

consider the design o f  optimal control systems using state vari able feedback and error 

squared performance indices. 

The control system we w i l l  consider is shown in figure . . . . . and can be represented by the 

vector d ifferential eq uation 

x .. 1 x {; ,tI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 . 8  

W e  w i l l  select a feedback control ler s o  that u i s  some function o f  the measured stated 

variables x and therefore 

u I" x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.9 

For exam ple, we m i ght use 

1 , · = - :: . · .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . and " . == - k 'M . . 

A l ternati vely,  we m i ght choose the control vector as 

, ::=. - .'-.: ! 

The choice of the control s ignals is somewhat arbitrary and depends partial l y  on the 

actual des ired performance and the comp lexity of the feedback structure al lowab le.  

Often, we are l im ited in the n umber of state variables avai lable for feedback, s ince we are 

only able to uti l ize measurabl e  state variab l es .  
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In our case, we l imi t  the feedback function to a l i near function so that It := where k 

i s  an mxn  matrix, therefore, i n  expanded form we have 

S ubstitut ing equat ion 3 .8 i nto equation 3 .9, we obtain 

. 1 0 

Where H is n x n  matrix  resu from the add ition of the e lement of A and 

Now, return ing to the error squared performance, the i ndex for a 

i s  written as 

J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 . 1  I 

A performance index written i n  terms two state variables wou l d  then 

f t - dt . . . . . . . . . . . . . . . . . . . . .  3 . 1 2  

state variable, X l ,  

S ince w e  w i s h  to define the performance index in  terms o f  a n  i n tegral o f  the sum the 

state variable squared , we wi l l  uti l i ze the matrix operation 

where ind icates the of the x Then the form of the 

performance i ndex, in terms of state vector, i s  

1 =  dt . . . . . . . . . . . . . . . . . . . . . .  3.13 

Considerin g  the above equation, we wi l l  l et the fina l  time of i nterest be co. To obtai n  

the min imum value J ,  we postulate the of an d i fferential so that 
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Where P i s  to be determ i ned. A symmetric P wi l l  be used to s impl i fy the a lgebra without 

any l oss of genera l i ty .  for a P Pu :::: Pji .  Complet ing the 

d i fferentiati on ind icated on  the left side of the above equation we have 

Px , . 3 . H 

Subst i tuting  3 . J  0,  we obta in  

Px .l : P .t' P I. 

PH �. 

if  we l et }(f P - P H .I = then above equation becomes 

/'x 1 

which i s  the exact d i fferentia l  we are 

Equation 3 . 1 3  we o btai n 

. L 

Substitut ing the above Equation i nto 

() . J b 

I n  the eval uation of the l i m it at t = 00, we have that the system is and 

h ence x(oo) = 0, as Therefore to m in im ize the performance i ndex J, we cons i der 

two equations 

PX J 1 7  
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I . I H 

the steps are then as fol l ows 

1 .  the 

known. 

P that sat i sfies (3 . 1 7), where H i s  

2 .  M i n i m ize J min imum of the Equation (3 . 1 8) by 

adjust ing one of more unspecifi ed system 

I 
, .  

equat ions are 

H P - PH 

, 0  I 

the performance i nd ex 

I 

Where, R is a weight ing 

3 , 2 1  

Th is index i s  

p 

when 

Then n x n  matri x  P i s  from the so l ution o f  the equation 

P - PA - P B R -t P - Q = O  . . . . . . . . . . . . . . . . . . .  . 

3 .7 . LQR (Linear Quad Regula tor) 

quadratic Regulator is an contro l of a for which performance i s  

m in im ized us ing a performance index integral eq uat ion . Th is  control I S  

appl icable t o  a l i near the of squared error is  m in i mized 



th is techn i que taking d i fferent parameter in cons ideration. 

Linear Quadratic Regu lator (LQR). [10] 

th is  techn i q ue is  named as 

Performance i ndex below is to be min im ized by th i s  

l 

Where, R i s  a scalar factor. Th is  is  m i n im ized when 

Then nxn  matrix P i s  determ i ned from the so lut ion of the equation 

- Q = O 

performance i ndex i s  often known as the q uadratic cost fun ction .  

The quadrati c  cost funct ion or performance w ith output IS  UlrIlTf-'·n as 

I 3 . 2 3  

Double feedback control  using LQR tech ni q ue 

Doub le  contro l the scheme in figure . . . . . LQR technique is the 

next task  to 

space model 

desi red output. At first we 

techn ique. 

can be written as, nO] 

\' = 

h 

j 
K 

I. 

state space model 

!1 

46 

to model DC motor state 

of a armature controHed DC motor 



Or equivalentl y  

Thus the state 

r 
_ .l 

t. ' l  ( I  

L 

model i ng matrixes are 

B= l 
t 

Jj 

Figure 3.28: LQR control Scheme of a DC motor 

i s  to find  out the state 

it .  it can be done 

state space model ing 

model ing of the DC Motor with a in tegrator i n  

dcm( J ) i s  

Then matri x  A, C 

optimum values of K .  

code, [ 1  ; tf( 1 , [ 1  

Motor. 

D and the Equation  
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we can determine 



I' ll () 

}{ p 

P PA - PB 

From the above three eq uation, first of al l the vector P i s  to out then Q and fina l l y  

K. R i s  a sca lar and i s  g iven as specified. 

Rejec tion of torque by a close-loop sys tem the vec tor K1qr 

having smal l  value 

the I S  l arge then the output some I f  the value  of forward gai n  

r ipp l ing as i l l u strated i n  3.30. i t  can a lso the analysis 

method. 

amount 

values forward 

ti me but has some overshoot 

an output that stables with a very 

undershoot whi I e  changing (or 

d isturbance torq ue). B ut 

undershoots can be probl emat ic  i n  

a fixed (or output) . overshoot or 

cases. we cannot take a 

K1qr whi l e  contro l l i ng  the speed to be constant. 

1 5  

o 
o 

-feedfolWaro 
-feedback (rIocu&) 

I 
10 12 

Time(sec) 
14 

I 
16 18 

3.30 : Rejec tion of torq ue dis tu rbance a c lose-loop sys tem 

vec tor having large value 

48 

of 

the 



If we take a s mall 

illustrated below i n  the 

purpose then will look like as 

1.5 

o 
o 

I - feedforward 

- feedback (noeus) 

- feedback (lQR) . 

TIme(sec) 
18 18 

3.31 : Rejection of Load torque disturbance by a close-loop system the 

small value 

For 

vector K1qr 
I val ues of K1qr overshoot and 

is i ncreased which can 

P."'C "'AI�t i s  l essen but the settl i ng t i me to the 

In or d isturbance 

i n  some practi ce case IS 

Rejection of Load torque disturbance by a close-loop System (LQR) for the 

optimum value of K1qr 

1 5  
. 
- feedforward 

-feedback (riocus) 

-feedback 

Setpolnt tracklng and disturbance rejection 

I 
10 12  

Timelsec) 

I 
16 

49 

I 
18 20 

Figure 3.32 : Rejection of 

Load torque disturbance by 

a close-loop system 

vector K1qr having 

optimul value 

the 



By LQR ( I  Quad rat ic  method we calcu l ate opt imum values of 

Klqr which best resu l t  to the constant. Thi s  method is  very for 

our contro l l i ng 

LQR can us a contro l l i ng  scheme wh ich is  usefu l  to 

speed wh i l e  chang ing l oad torque frequently. resu l t  is i l l u strated in the 

Conclusion:  

a constant 

3.32. 

I t  i s  noted that the proj ect is  on the control motor. characterist ics 

types of motor are i n  thi s  B ut i t  i s  given more focus on 

separatel y  excited DC motor to control the Two parts are inc luded to control the 

speed a motor such as contro l systems and e lectr ical  D i fferent parameters 

(resistance, cu rrent etc) are u sed to control speed of a motor. It i s  

o n  theoretical  Math l ab software, Root-Locus ana lys is  LQR system 

are efficient parameters to perform th i s  accurately .  
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APPENDIX A 

1 .  MATLAB for the step Response of armature controlled DC Motor 

c lear a l l  

I . , 

jm=O.02; 

Ra=2; 

b=O.O l ;  

kb=O. I ;  

num=[km ] ;  

den=[Ra*jm km];  

y=tf(num,den); 

z=step(y) ; 

p lot(z) 

t i t le(Time 

xlabe lCTime') 

y JabelCSpeed') 

2. 

c lear a l l 

c lc  

Jm= 1 

I ·  , 

Code for the step of Field control led Motor 

S2 



km=200; 

num=[km) ;  

den=[La* J m  Ra* Jm+La*b Ra*b+kb * km]; 

y=tf( num,den); 

i nspace(O, I 0 , 1 000) ; 

p lot(t,z) 

t i t le('Speed varry ing due  to i nductance va lue') 

x l abe l(Time') 

y labe lCSpeed') 

MATLAB Code of effect of Disturbance on step response 

al l 

dc 

R 2.0;  

L 0 . 5 ;  

% Ohms 

% 

= 0. 1 ;  Kb = 0. 1 ;  % torque 

0 .2 ;  

J 0.02; 

% Nm s  

back constants 

h I  = tf(Km,[L R)) ;  % armature 

= tf( 1 , [ J Kf]) ;  % eqn of  motion 

dem ss(h2) * [h 1 , I ] ; w =  

dcm feedback(dem,Kb, I , I ) ;  % 

KtT l /dcgain (dcm( l  » ;  

* I *Ya + Td) 

back emf l oop 



t 0 :0. 1 : 1 5 ; 

Td = -0. 1 * & t< 1 0); 

u [ones(size(t)) ; Td] ; 

load d isturbance 

% w  and Td 

c l  = dem * d iag([K ff, 1 ] ) ;  % add feed forward gain 

' I  nputName', { 'W _ref,'T d ' }  ,'OutputName', 'w'); 

h :=  I s im(cl ff,u,t); 

p lot( t,h,t,u ,' --') 

xJabeJCTime( sec)') 

y l abe JCAmpl itude') 

t it leCSetpoint  tracking and disturbance reject ion') 

l egendCcl\ __ ff) 

% Annotate p l ot 

l i ne([5 ,5] , [ .2, .3]); l i ne( [ I 0, 1 0] , [ .2, .3]) ;  

text(7 .5 , .25 ,  { 'd i sturbance', = l Nm'} ,  . . .  

'vertic', 'm idd le ', 'horiz' ,'t'.,,,,t"'r'·,'co lor' ,' r') ; 

4. MATLAB Code of Effect of field Resistance and Load on speed 

clear a l l  

c l c  

b=0,5 ;  

tau I e-3 ; 

tau 1 00e-3 ; 



j m= l inspace(0.5e-3 , I 1 0) ;  

for I : lengthUm) 

num 1 1  =km/U m(i)*Lf); 

num l 

den 1 1  =( 1 b/j m(i)] ;  

den 1 R/Lf] ; 

sys I I  =tf(num I I  ,den 1 2) ;  

sys  1 2=tf(num 11  ,den 12);  

sys=sys J  l * sys I 2 ;  

out I =step(sys); 

figure( I )  

p lot( out I )  

ho ld  on 

grid on 

end 

VS Load') 

for 1 : length(Rf) 

1 =km/(b*Rf(i» ; 

1 ; 

den2 1 =[tau f 1 ] ; 

J I J; 

I =tf(num2 1 ,den2 1) ;  



figure(2) 

p lot(out2) 

t i t le('Speed 

ho ld on 

on 

end 

F ie ld  current') 

MA TLAB Code of Effect Voltage on speed 

clear al l 

c l c  

syms t ;  

1 0 ; 

I : length(x) 

Rf=3 ; 

tau l e-3 ; 

tau 1 00e-3 ; 

j m= l e-3; 

num 1 1  =km/Um*Lf); 

num l 

den I I  1 b/jm] ; 

1 Rf/Lf] ; 
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sys 1 1  =tf(num I I  1 2);  

1 2=tf(num 1 1  ,den 1 2);  

sys l I I *sys 1 2 ; 

[u ,t] ,70,70,0.0 1 ); 

m(sys I 

p lo t(t,y) 

hold on 

t i t le('effect on speed wh i le vary ing 

MATLAB Code of Effect of  a rmatu re Resista nce on speed 

c lear a l l  

c l c  

1 e-3; 

3 e-3 5e-3 ] ; 

for I : l ength(Ra) 

tau=Ra(i)*j m/(Ra( i )* b+kb*km) 

num 1 =km/(Ra( i )*b+kb*km); 

den 1 J ] ; 

sys=tf(num 1 I ); 

out ] 

figure( I )  

p lot(out l )  



hold on 

grid on 

end 

tit l e('Speed changes 

xlabel(Time') 

y JabelCSpeed ') 

to armature resi stance') 

7. MATLAB Code of Step Response taking La/Ra in consideration. 

K m=50e-3 ; 

Jm= 1 0e-3 ; 

Ra=! inspeace(0 .5 ,2, 1 0) ;  

b=O.O I ;  

kb=O.O I ; 

km=200; 

num=[kmJ;  

den=[La*Jm Ra*Jm+La*b Ra*b+kb*kmJ ;  

y=tf(num,den); 

1 0, 1 000); 

p lot(t,z) 

8. MA TLAB Code for Setpoin t  tracking a n d  Load Distrubance Rejection By Root­
Locus Method 

c lear al l 

c lc  

R =  % Ohms 

L 0 . 5 ;  % 

Km = 0 . 1 ;  Kb = 0 . 1 ;  % torque and back emf constants 

Kf 0 .2 ;  % Nms 

58 



J = 0.02; % kg.mI\2/sI\2 

h I  = tf(Km , [ L  R]);  % armature 

h2 = tf( 1 , [.1 Kf]) ;  % egn of motion 

dcm = ss(h2) * [h I , I ] ;  % w = h2 * (h I *Ya + Td) 

dcm = feedback( dcm,Kb, I ,  I ); % close back emf l oop 

K ff = 1 /dcgain( dcm( 1 » ;  

t = 0: 0 . 1 : 1 5 ; 

Td = -0. 1 * (t>5 & t< 1 0);  % load d i sturbance 

u = [ones(s ize(t)) ; Td] ;  % w ref= ] and Td 

c ljf =  dcm * d iag([Kff, 1 ] ) ;  % add feed forward gain 

set( cljf, ' lnputName', { 'w _ref,'Td ' }  , 'OutputName','w'); 

K =  5 ;  

C = tf(K,[  I 0]) ;  % compensator K/s 

c l_r l oc = feed back( dcm * append(C , l ), 1 ,  ] , 1 ) ; 

H ]  = Is im(c l_ff,u,t); 

H2= I si m(cl_rloc,u ,t); 

plot(t ,H 1 ,t,H2) 

set( cl_ rloc, ' InputN ame', { 'w _ref,'Td' }  , 'OutputName','w') ; 

xlabe lCTime(sec )') 

y l abeI CAmpJ i tude') 

t i t leCSetpoint tracking and d isturbance rej ection') 

l egendCfeedforward ', 'feed back w/ rlocus','Location', 'North West') 
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9. MAT LAB Code for Setpoint tracking and Load Distrl.lbance Rejection LQR 
Method 

clear a l l  

c le  

R 2.0;  

L 

Ohms 

% Henrys 

K m  = 0. 1 ;  Kb = 0. 1 ;  % torque back emf constants 

Kf 0.2;  N ms 

J % 

h i  tf(Km,[L R]) ;  armature 

h2 = I ,[J Kf]); % eqn of mot i on 

dem ss(h2) * [h 1 , 1 ] ; % w h2 * (h 1 * Va + Td) 

dcm feed back(dem,Kb, l ,  I ); % c l ose back emf l oop 

Kff l Idcgain(dcm( 1 » ;  

t 0 :0. 1 : 1 5 ; 

Td -0. 1 * & t< I O); 

U [ones(size(t» ; Td] ;  

c l  ff d cm * d i ag( [Kff, 1 D; 

K 5; 

l oad disturbance 

% 1 and 

add feedforward gai n  

C = tf( K,[ l 0] ); compen sator 

cl r loe feed back(dcm * append (C, l ) , I , J , J ) ; 
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_aug [ 1 ; 1 , [ 1 0])] * dcm( 1 ); % add output w/s to motor model 

\(_Iqr  = l q ry(dc_ [ 1  0;0  20J ,0.0 1 ) ; 

P = augstate(dcm);  

C = KJqr * 1 , [ 1  

= P * append(C, I ); 

i nputs:Va,Td 

1 ,  J ); compensator 

% open l oop 

CL = feedback(OL,eye(3), 1 1 :3) ;  % close feedback l oops 

c l lqr = CL( I , [ 1 4]); 

H I  I s i m(c1_ff,u ,t) ; 

= I s i m(c l_rloc,u,t) ; 

= I s im(c Uq r,u,t); 

p lot(t, H  I ,t,H2,t,H3) 

x l abeJ(Time(sec)') 

y l abeJ('Am p l i tude') 

t i t le('Setpoint tracking and 

l is 

(LQR)','Location','North West') 
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