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Course Name: Control Systems — |
Course Code: EE503

Contact: 3L:0T:0P

Total Contact Hours: 36

Credit: 3

Prerequisite: Concept of Basic Electrical Engineering, Circuit Theory and Engineering Mathematics.

Course Outcomes: After successful completion of the course, student will be able to
CO1. Calculate mathematical model and transfer function of the physical systems.
CO2.  Analyze the linear systems in time domain.
CO03.  lllustrate the linear systems in frequency domain.
CO4. Design simple compensators and controllers for the given specifications.

CO-PO-PSO Mapping:

COs | PO | PO | PO |PO|PO|PO|PO|PO|PO|POl|PO1|POl|PSO |PSO | PSo

1 2 3 4 5 6 7 8 9 0 1 2 1 2 3
COl| 2 2 2 2 - - - - - 2 2 1 1
CO2 | 2 2 2 - 2 - - - - - - 2 1 3 1
CO3 | 2 3 2 - 2 - - - - - - 2 1 3 1
CO4 | 2 2 3 - 2 - - - - - - 2 1 3 1
Avg. | 2 |22 | 22 2 - - - - - - 2 125 | 25 1

5 5
Course Content

Module 1: Systems and their Representations 6L

Basic elements in control systems - open loop & closed loop - Transfer functions of mechanical, electrical
and analogous systems. Block diagram reduction - signal flow graphs.

Module 2: Time Domain Analysis 6L
Standard test signals, Time response of first and second order system, Time domain specifications, Steady
state error, error constants, generalized error coefficient.

Module 3: Stability Analysis and Root Locus

6L

Stability - concept and definition, Characteristic equation — Location of poles — Routh Hurwitz criterion -
Root locus techniques: construction, properties and applications.

Module 4: Frequency Response Analysis 5L
Bode plot - Polar plot - Correlation between frequency domain and time domain specifications.

Module 5: Stability in Frequency Domain 5L
Relative stability, Gain margin, Phase margin, stability analysis using frequency response methods,
Nyquist stability criterion.

Module 6: Control Systems Design 8L
Introduction to design problem and philosophy. Introduction to time domain and frequency domain
design specification and its physical relevance. Effect of gain on transient and steady state response.
Effect of addition of pole on system performance. Effect of addition of zero on system response.




Introduction to compensator. Design of Lag, lead lag-lead compensator in time domain & frequency
domain using Bode plot. Design of P, PI, PD and PID controllers in time domain and frequency domain
for first, second order systems.

Text Books:
1. Modern Control Engineering, K. Ogata, 4th Edition, Pearson Education.

2. Norman S. Nise, “Control System Engineering”, John Wiley & Sons, 6th Edition, 2011.
3. Benjamin C Kuo “Automatic Control System” John Wiley & Sons, 8th Edition, 2007.

Reference Books:

1. M. Gopal, “Control Systems-Principles And Design”, Tata McGraw Hill —4th Edition,
2012.

2. R.C. Dorf & R.H. Bishop, “Modern Control Systems”, Pearson Education, 11th Edition,
2008.

3. L J. Nagrath and M.Gopal,” Control System Engineering”, New Age International
Publishers, 4th Edition, 2006.

4, Graham C. Goodwin, Stefan F. Graebe, Mario E. Sagado, “Control System Design”,
Prentice Hall, 2003.
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ar's cruise control uses closed 100p 1CCULIEMR

TIVL G %1 7 A0 0

by observation. By contrast a ¢
servomechanism.
Uses

—_—

Position control P —
A common type of servo provides position control.

electronic in nature, using an electric motor as the primary
types of servos use hydraulics, pneumatics, or magnetic princip
negative feedback, where the control input is compared to the
system as measured by some sort of transducer at the output. Any di
wanted values (an "error signal") is amplified (and converted) and used
direction necessary to reduce or eliminate the error. This procedure is on

of control theory.

Speed control
Speed control via a governor is another type of servomech
governors; another early application was to govern the speed of wa

the constant speed propeller was developed to control engine spee
controls for gas turbine engines employ either hydromechanical or electronic governing.

Other
Positioning
navigation equipmen

trical or partially

Servosare commonly elec
nical force. Other

means of creating mecha
les. Servos operate on the principle of

actual position of the mechanical
fference between the actual and
to drive the system in the
e widely used application

anism. The steam engine uses mechanical
ter wheels. Prior to World War I1

d for maneuvering aircraft. Fuel

first used in  military fire-control and marine
t. Today servomechanisms are used in automatic machine tools, satellite-tracking
antennas, remote control airplanes, automatic navigation systems on boats and planes,
and antiaircraft-gun control systems. Other examples are fly-by-wire systems in aircraft which use

surfaces, and radio-controlled models which use RC servos for

servos to actuate the aircraft's control
e a servomechanism to accurately move the lens,

the same purpose. Many autofocus cameras also us
and thus adjust the focus. A modern hard disk drive has a magnetic servo system with sub-micrometre

positioning accuracy. In industrial machines, servos are used to perform complex motion, in many

applications.

servomechanisms were



CEfe ial Transmitter prey:
Differential ' Previgyy.
the Torqilégl shaft angle into the control cha
nechan it is worth mentioning that mey,
’

ency categories, viz.

nce and a 90 volt r.m.s. line 1o

' it of

nro cquivaler
%l ontrol synchro act a1
This Is the mn‘l « 1o add or subtrac ' Syn
§ U g differ from «

described, and er
| ) how Reso ferenc
Before describing W three e llage and re

svichros fall into on¢
5 yolt r.m.s. refere

w wl |

60 Hz reference frequency with a | | |
line signal voltage. | ' . . e o
y with a 5 volt r.m erence and a 90 volt line to line

¢ frequ

(1))
8. re

(2) 400 Hz reference frequenc

signal voltage. dan 11
i ference an

400 Hz reference {requency with 26 volts r.m.s. re

line signal voltage.

8 voltr.m.s. line to

3)

Resolvers .

nchro Resolvers) in
The Resolver is a form of synchro (Resolvers are verydonerc]hc;:llils:ll?yat L o each other
which the windings on the stator and rotor are displaced me mically 2 oits the o dal
instead of 120° as in the case of synchros. The Resolver therefore €xp

relationship betwen the shaft angle and the output voltage. _—
imi e

In outward appearance, Resolvers are very similar to Synchros and are produced in

standard Synchro frame diameters. ]

y f winding configurations

Internally, Resolvers come in many forms with a wide variety 0 ; atic
th a single winding

and transformation ratios. The simplest Resolver would have a rotor wi 1
and a stator with 2 windings at 90 degrees to each other. It would be represented as shown :n

g, 1-11.
R2 sS4
ROTOR STATOR
e s2
s1
STATOR
— @ s3

Fig. 1-11 Electrical Representation of a simple Resolver

If we assume that the rotor is excited by an AC reference voltage:

RN T WY T . o~ . a .
wal ,\r-——w-&w&—-lm a2y Sl“u)l

- o o wmy

Then the voltages appearing on the stator terminals will be:

VSinwt Sin 9
VSinwt Cos 0

Sl to S3
and S41t0S2

where 0 is the Resolver shaft angle,
These voltages are known as Resolver format voltages and will be referred to extensively

during the rest of this book.
Such a Resolver could be used simply as an angular transducer in much the same way as g

synchro transmitter.
A more complex Resolver would have two rotor windings at 90° to each other and two

stator windings also at 90° to each other. This would be represented as shown in Fig. 1-12

Chapterl ,



WHIUINE CXCIEE WL AR IR = YR Ay, LAUSTIE e REsolver Formal signals to be present
on the rotor winding terminals R1, R2, R3 and R4,

Resolvers used for angular measurement as described above are known as Data
Transmission Resolvers, and a control chain can be set up using;

a Resolver Transmitter (Symbol TX)

and a Resolver Control Transformer (Symbol RC)

These control chains are analogous to the Synchro control chains described earlier, Such a
control chain is shown in Fig. 1-13.

RESOLVER
HESOLVER TRANSMITTER CUNTROL TRANSFORMER
st s¢ s2¢ sS4
SYATOR STATOR
R S S Ry
e
- UNUSED
= B F: WINDING
- o > LEFT OPEN
[H 2 cRcult
N
ROTOR o AOTOR A
ooy m
uz? 1 Re A2 1]
UNUSED | = ! CONTROL TRANSFORMER
WINDING L, _ _ _ . ROTOR QUTPUT
SHORT

CiRcuITeo THE RESOLVEAS ARE SHOWN VIEWED

FROM SHAFT END AT 2ERO POSITION

Fig. 1-13 A Resolver control chain’

Resolvers are not available as Torque components.
Another application of Resolvers is in a computing mode, and when used for (his
purpose, they are known as Computing Resolvers. For example, a Computing Resolver has

two stator windings and two rotor windings and can be used to perform a polar to
rectangular or Cartesian Coordinate conversion.

eg. Assume that the polar coordinates of a
and an angle 0. If 0 is the angle appl
applied to one of the stator windings
stator winding being short circuited),
on the rotor will be:

point are represented by a voltage E Sin wt
ied to the Resolver shaft and E Sinw! is
as the reference voltage V|, s (the other
then the Resolver Format voltages appearing

Viiew = E Sinwt Sin 0
and vll-l‘»-l(l = E Sinwt Cos 0

These voltages will represent the C

: artesian or Rectangular coordinates of the
point.

Chapter |
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6.22

TIME -RESPOMSE AMALYSIS 1756

Since: most control systems in practice are of orders higher than two, they can be
approximated by second-order systems maintaining the same transient response  [f the
system dynamics of a higher order system can be accurately represented by a pair of
complex conjugate dominant poles, then the damping ratio

L is called the relative
damping ratio of the system.

It the insignificant poles are neglected, the transient response is not changed, but the
steady-state response is affected. The proper way of neglecting insignificant poles with the
consideration of steady-state response is to write the transfer function in time constant

form and then to neglect the insignificant poles so that the steady-state response is not
affected.

METHODS TO IMPROVE TIME RESPONSE

It is necessary for a control system to meet certain specifications regarding its perfor-
mance. This depends upon job the control system is expected to do. Generally system
pertormance can be improved by using any of the following linear control methods :

1. Proportional control.
2. Proportional Derivative (PD) control.
3. Proportional plus Integral (PI) control.

4. Proportional plus Integral plus Derivative (PID) control.

A controller is device which when introduced in feedback or forward path of a system,
controls the steady-state and transient response according to the requirement.

PROPORT:ONAL CONTROLLER

The proportional controller is a device that produces a control signal which is proportional

to the input error signal e(t). The error signal is the difference between the reference input
signal and the feedback signal obtained from the output.

Figure 6.20 shows the block diagram of a proportional control system. The actuating signal
Is proportional to the error signal, hence the name proportional control.

Error Actuating
Reference  R(s) signal signal ——‘ )
input ) K, . +| G(s) | ()
P E(s) output
H(s) =
Feedback

sional
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rin time domain is

e equation representing the proportional controlle
(622
e, (=K e(h) )
Taking Laplace transform of Eq. (6.22.1), we get
- (6.222)
£,(s)= K, Es)

The transform function of the proportional controiler is
..(6.22.3)

E(s)
K(s)= —" =
O 5=

I_?::L)P;r%f_ortional (P) controller amplifies the error signal by an amount K,. Also, the
the f;rl:';r(): of PCOr\'tro-]le'r in the system increase the forward path gai.n by amount Kp. If
Crror is r;ducpstl;ngam is increased the peak overshoot increases while the steady-s.tate
to be smalj HZn-c actual SYSt'ems both peak overshoot and steady-state errors are desnr-ed
the peak o;rersh(foat conc'llpromlsed value of the forward path gain ( Kp )is selected for Wh.lCh
these selected valuesan the steady-state. errors are within specified values. In practice,
- of forward path gain often cannot be used, because for these values

6.23 PROPORTIONAL PLUS DERIVATIVE (PD) VCO}I\AI'TROL

e, (=K, e(t)+ K, t%e(t) (6.23.1)
', the Laplace transform of both the sides of Eq. (6 23.1;, 1« y ot
E, (s)= KPE(5)+ K sE(s)
-(6.23.2)

E, (S)=(Kp +sK, ) E(s)

or

Fig. 6.21 shows the block diagram of a PD control for a second-order system.

[ mim e mimim e Em el m e L
R(s) , ! FJ(S) w? C (\,‘,

4 B
¢ S+ 20w, s

Fie /£ 21 Waock AdAiaaram of a PD control system.
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. . )
From g, 621, open loop trans(er function iy

Gls) (+)
l.(%)
(K, +5K,)) W )
’ " s 4 7_(;\(1)"51 (6.23.3)
and H(s)- 1 .

Therefore, closvd-l(}np transfer function of the system is given by
C(s) G(s)
R(s) 14 G(s) H(s)
_ (K, +sKp) o
s2 G, + Kol )s+ m,{Kj +(5.46.3)
The characteristic equation of the system given by the denominator of Eqg. (6.23.5) is
57 426w, + Kpol)s+ K02 =0 ¢ (6.23.6)
The standard equation of a second-order system is
s +26w,5+ 02 =0 +(6.23.7)
We shall compare (Eq. 6.23.6) with standard Eq. (6.23.7).

Now, 2Cw, + Ko’ =2(C+% KDwn)m" =200,

where ¢ =(§+-;—kDmn) ...(6.23.8)

Equation (6.23.8) shows that effective damping has increased using PD control. This
makes the system response slower with less overshoots increasing delay time.
Proportional derivative control will not affect the steady-state error of the system.

i ——— o e e kst g W i

PROPORTIONAL PLUS INTEGRAL (PI) CONTROL

In proportional plus Integral controllers, the actuating signal consists of proportional error signal
added to the integral of the error signal. The actuating signal in time domain is given by
t

e, ()= Ko+ K, _[e(-c) dt (624.0)

0

Here the conslants K, and K, are proportional and integral gains known as controller

parameters.
By taking the Laplace transform of both sides of Eq. (6.24.1), we get
. E(s
E,(s)= KpE(s)+ K, - -s‘)
K
or E; (s)'—-( K+ " )E(s)
5

(6242)



: ‘ _ o ir ’l) control systen
Figure 622 shows the block diagram of a prupurhun.nl plus inte pral (or I’ y \

of a second-order system

P o
1 26,8

i R

Fig. 6. i
9. 6.22 Block diagram of 4 py control system.,

From Fj
Fig. 6.22, the open-loop transfer function is

coﬁ(K +---;’)
G(S):&— ’ 2

E(s) 42 +2Lo,s

Kps+ K,)w?
or G(S)=( P 1)@,
> 260 ) .(6.24.3)
and H(s)=1
Therefore, closed-loop transfer function of the system is
(Kpst+ Kp)oy
C(s) G _ s (s+20w,)

R(s) 1+G(s) (s} | (RS K)ol

.’_ 5
s (s +‘2Qco")

or C(s) _ (Kps+ K)o o
R(s) ¢? +2Lw, 5% + K,wls-+ K, w? ~(6.24.4)
The characteristic equation is
3 2 2 2
$"+200,5" + Kpoys+ Kol =0 (6.24.5)

Equation (6.24.5) is third-order equation,

Thus, a second-order system has been changed to a third-order system by adding an
integral control in the system. Therefore, the effect of PI controller on the system
performance is that it increases the order of the system by one, which results in the
reduction of the steady-state error. The system relatively becomes less stable. Therefore

K, should be designed properly to maintain stability of the system,



525 PROPORTIONALINTEGRAL-DERIVATIVE (piD) CONTROL

A PID controller (Proportion

al plus Integral plus Derivative Controller) produces an

output signal consisting of three terms -

proportional to integr

one proportional to error signal, another one

a : ‘ , ' .

. al of error signal and third one proportional to derivative of error
signal.

The combinati : .
bination of proportional control action, integral control action and derivative

co-nlrol action is called PID control action. The combined action has the advantage of each
of the three individual control actions.

The proportional controller stabilizes the gain but produces a steady-state crror. The
integral controller reduces or eliminates the steady-state error. The derivative controller

reduces the rate of change of error. The main advantages of PID controllers are higher
stability, no offset and reduced overshoot.

PID controllers are commonly used in process control industries.

The actuating signal or output signal from a PID controller in time domain is given by

t
e, ()= Kpe(t) + K, [ e(x)dr+ KD% (625.1)
0

In the s-domain, the output signal from the controller is

E, (s)=(1<,,+5i+ K,,s) E(s) .(6.25.2)
S

Figure 6.23 shows a PID controller for second-order system. The closed-loop transfer
function of a PLD controller for a second-order system is given by

Cls) _ o (Kps” +Kps+K) (6.25.3)
R(s) [s3+(2Qm"+KDcoi)sz+Kpco,2,s+ K,(of‘l]_ A

= 4o

\ C(‘)

b
s”+ 28w, s

R(s) +( )
+

Fin AR 22

Rlnr‘\r Aiarnrarm ~f 2 DIN ~eartbrallor faor onrmmd avdor ovret onre
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’f“”(””” (l'l(’ HHH/’ ‘hf’ ‘V"(’ and o0 7 ,

i:m—::\p-l( (| For the system with the followmg transfe
the system K(s+2)
40(5+2 e J-
() G(s) H (s) (5+2) (b) Gi(s) H (s) 57 (5 +4)(s+3)
s(s+1)(s+4) ’ 30
() G(s) H(s) A (d) G H ()= 5 (s% +8s2 +16)

(s-4)(s+0.2)

Solution.

(a) The open-loop transfer function has one pole at the origin of the s-plane. Therefore,
it is a type-1 system. The highest power of s present in the denominator is 3,
therefore, it is a third-order system.

(b) The open-loop transfer function has two poles at the origin of the splane,
therefore, it is a type-2 system. The highest power of s present in the denominator
is 4, s0 it is a fourth-order system.

(€) The open-loop transfer function has no pole at the origin of the s-plane, so it is a
type-0 system. The highest power present in the denominator is 2, so it is a
second-order system.

(d) The open-loop transfer function has three poles at the origin of the splane,
therefore, it is a type-3 system. The highest power of s present in the denominator
is 7, so it is a seventh-order system.

Example 6.2 The closed-loop transfer functions of certain second-order unity feedback control
systems are given below. Determine the type of damping in the systems
IC C
@ SO _ _8 @) £ _ 2
R(s) s*+3s+8 R(s) s°+4s+2
(C) C(S) = 2 e .C.(_S_) :_4“
R(s) s%+2s+1 s) st+16

Solution. The standard form of the transfer -«nwuon of a second-order system is
. . )
C(s) o,

R(s) s* +2C0, 5+ 0]

We shall compare the given trarisfer functions with this standard form.

C(s) 8 mf,
(H) — - = 5 = ST —
R(s) s +3s+8 s* +2Cm,s+8
Therefore, o’ -8
Hence, m, - V8 =2.82 rad/s
2 Qc-;,’ 3

€= 3 .3 _ . 0.53. Since ¢ <1, the given system is undamped
- 2w, 2x282
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T'he concept
e _:ZL of analogy can pe extended to thermal and hydraulic systems
« O Q C pu ~ ~ »
Purpose of companson, Table 1 11 1llustrates the analogy between

vanous phvsica) Ssvstems

Table 1.11 Analogous Quantitics

7._”“”“.“._ «W_:.z..an._ [ Thermal [ Hydraulic Electrical
/ﬂ?ﬂd/n! :::F | (Force-current)
rﬂgh .f.EMoE:m | Heat flow & Flow | Current |
% ngular velocity | Temperature | Pressure | Voltage |
[ Spring - | Inertia | Inductance |

Inertia Capacitance | Compression | Capacitance |
_ Resistance _ Resistance _

,!E.vﬁ Resistance
1.9 Mathematical Model of a Liquid Level Sys-

tem

Fluids can be divided into two categories. 1. Incompressible 2. Compressible. If
the density of a fluid remains constant despite changes in pressure, then the fluid is
known as incompressible. On the otherhand, if the density changes with pressure,
the fluid is compressible. Practically fluids are compressible to some extent. As
far as the level process is concerned, the liquid is assumed to be incompressible.
Let us consider a liquid level system as shown J

in Fig.1.41. Let A be the cross sectional area %

of the tank and let the leve] of the liquid in the
tank be h. Then the total mass in the tank

m = pAh (1.106) !

where p is the fluid Qn:m:v\. * Fig. 1.41 A level process.
In a liquid level process A is the controlled variable. The inflow rate g; is

adjusted by a valve to control liquid level h. In a tank having a mass of fluid m,
the rate of change of mass 711 is equal to the total mass inflow rate minus the total
(1.107)

mass outflow rate. .
Le., m=pg, — pgo

Where g, and gp are volume inflow rate and volume outflow rate respectively.
From Eq.(1.106), we have 11 = m&lbls

dl
= \ialh (1.108)

-
vy

‘ Mathematical Modeling |

Substituting £q.(1.108) in Eq.(1.107) we get

dh
\:;l“ P9 = P
dh
= \»M =4q, — qg (1.109)

Let us assume that the outflow rate is proportional to the liquid level

\
. Outflow rate g, = m (1.110)

where /1 is the height of the liquid level and R is the resistance to flow through

outflow valve.
Substituting Eq. (1.110) in Eq. (1.109) we have

dh h
A— =¢q, - =

a "R

dh

A— = . —h (el
R 7 Rgq )

where RA is the hydraulic capacitance of the system. Equation (1.111) 1s the

mathematical model of the liquid level system.

Example 1.1:
Develop a mathematical model for the rwo coupled tank system shown in Fig. 1.42.

Fig. 1.42 Interacting level process.

Let hy and ho are liquid levels in the tank | and tank 2 respectively. Let us

further assume that hy > h. The mass flow rate qy is flowing from tank 1 to tank
2. Total mass m in the tank 1 = pA hy and ¢ is the mass inflow flow rate to the

tank 1.
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neet

OO0 ]
10 conuder and 7 separately, we have

when 7. 0. Gy .‘,i,,, \.,._?\ 4 ~J...,. . LIS
p(8) S8+ Bs) 4 S2H? e
Similardy when 7, )
G ‘r.;.H/ _ - z\uu 1QQ
() ST, + B) + o212 Lt
Sunilarly elimunating o(x) from Eq. (1.283) and Eq. (1.284), we have
when I, 0. Gy SW) o sH. (1.289)
2(8) S8 & Bs) + SUH2 =
Sumularly when 7, = 0
G () sl
L P . Yt I G 30 2
() LTy + Bs) + °H? (1.250)
T U

\

{3) 8 and ¢ considered seperately (b) 6 and ¢ considered together
Fig. 1.304 Block diagram representation of Free Gyro.

In a pracucal situation there is no outer gimbal. The body of a ship or an
aircraft acts as outer gimbal. Therefore the two axes (T and Ty) of gyros are
replaced by a single axis gyros. The torque 7} is input, the angle ¢ is the dis-
placement due to T ;. 6 is the angle propertional to ¢. There is no torque applied

along 7. Therefore we can neglect T,,. Considering (1 .287) and (1.289) we have
O(s) T:(s)  sHs  Hs
T.(s) ¢(s) s, +sB  sl,+DB
0s) | _H (1.291)

&(s) sy, + I

{‘
N‘ Z_._:_n_:,_:r.: Moy

In this case the input is

ngular n

[t is a hirst order system
arrcraft) and the output s 4

of outer gimbal or body of ship or
((s) is measure of ¢(s). To measure the position of an arccraft or 4
three angular measurements with respect to - axis. y-axis and =
axis gyros fitted as shown in Fig. 1305 will give three angy

sl

[hree single P
displacements. We know that % = s0(s). that 1s the angular velocuy of vehicle

N Othey N

™

or outer gimbal.

Fig. 1.305 Three Single Gyros

Dividing by s on both sides of Eq. (1.280). we get

8(s) H,
= > 2
so(s)  s*I, + sB (1.292)
In this case the output is proportional to s¢(s). that is the angular velocity of
the system. By integrating each of the three 2YTOS, we can measure the c.ﬁan
components of the angular velocity along x-axis (Roll); v-axis (Yaw) and z-axis
(Pitch) ’

1.18.2 Synchros

] AU April / May 2010

The other names for synchros are selsyn and autosyn. It 1s an o_ggamgnn
transducer that produces an output voltage depending upon the angular E,M_ :
ment. It consists of two devices called synchro trs N oprace
sts of two devices called synchro transnutter and sy nchro receiver. It

is mostly used as an error detector in control systems. The sy nehro pair
: - ) aIr measures

and compares two angular displacements and produces an output voltage whij h
is approximately linear with the angular difference. Sl
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The corresponding line voltages arc

Syncro transmutier s a basic system similar 0 a Y connected 3 phase alter- v v v V) ¥ Note :cos A — ﬂWmW
’ ) - ¢ . Ll 1,92 = Vg2 = ¥a | . LB —
nator - The stator windings are concentric coils displaced 120 apart. The rotor e K Asinwt(cos(120° + 8) = cosb) | = 2sin \.m nOv‘ 7
iv @ salient pole tvpe wound with concentric coils but excited with single phase . - in 60°| —
ac through shipnngs A schematic diagram and assembly of a typical synchro = KAsinwt[2sin(60” + 0)sinb (1.296)
transnutter are shown Fig. 1.306 and Fig. 1.307 respectively. ) .

= K Asinwt[V3sin(60° + )|

¢ synchro transmutter acts as a transformer with single primary windin S
Jibe gyoe £’ primary E Via = Vi = Vg — Vg

(rotor) and three secondary windings displaced 120° apart from each other. The

A (AN (1207 +
fiux produced by the rotor is directed along its axis and distributed sinusoidally in = K Asinwt{cos(240 %,r ?) \.noiu,uc Ho
the airgaps depending upon its anguiar position with the rotor. Therefore the flux = 2K Asinwt[sin(180" + #) sin 607
linked with the stator winding will induce an emf proportional to the cosine of the = V3K Asinwtsin(180° + ) (1.297)
angle between the rotor and stator windings. Let us assume that the ac voltage Vis = Vizor = Va1 — Vig
applied across the rotor is = K Asinwt(cos ) — cos(240° + )]
= —2K Asinwt[sin(120° + 6) sin(120”)]
Stator = V3K Asinwtsin(300° + §) (1.298)
Slip rings
When 6 = 0, V;;has the maximum value of voltage V;; = K Asin # But when
| 6 = 0 the line voltage V, is zero.
The position at which V;; has maximum value and Viz = 0is known as
“electrical zero” or reference position of the transmitter. For an input of angular
position of the rotor shaft, the synchro transmitter gives a set of three line voltages
given by the Eq. (1.296), Eq. (1.297) and Eq. (1.298) respectively. i
Two angular positions can be compared if a synchro control transformer is
connected to the output of a synchro transmitter. The output of the synchro control
Rotor

transformer is the error signal which is proportonal to the angular displacement
between the two rotors of synchro control transformer and synchro transmutrer.
The control transformer is similar in construction to a syncho transmitter except
the construction of the rotor. The rotor in synchro control transformer 1s cyhn-
drical in shape so that the airgap is pracucally uniform. Stators of both synchro

Rotor coil

Fig. 1.306 Schematic diagram of synchro Fig. 1.307 Assembly of typical syn-

ransmitier. chro transmitter. control transformer and synchro transmitter are identical and the output signal of
transmitters is given as input to the stator of the control transformer. Therefore
v (t) = Asinwt flux patterns are identical in both systems. A voltage will be induced in the rotor
of control transformer by transformer action. This voltage is proportional to the
Phase voltages induced in the stator coils 51,82and s3 are cosine of the angle between the two rotors

o e(t) = K Asinwteoso (1.299)

Vi = K Asinwt cos 8 (1.203) ()
Via = KAsinwt cos(120° + 0) (1.294) where ¢ is the angular displacement between the two rotors. When ¢ = 90° |

Vis = K Asinwt cos(240° + 6) (1.295)
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the error voltaee v cqual 1o zero. This position 1s known as clectrical zero or

reference
An assembly of a synchro error detector is shown in Fig 1.308.

|
) -— |

AC supply

Fig. 1.308 Synchro Error Detector.

Let the initial position of rotors is 90° out of phase as shown in Fig. 1.308.
Now, the error signal is e(t) = K Asinwt cos90 = 0. Let us assume that the
transmitter rotor is displaced by an angle 6 and control transformer rotor is dis-
placed by an angle a. Therefore the net angle displacement between the rotor is

(90° + 6 — a)

The error signal is e(t) = K Asinwtcos(90° + 6 — )

= K Asinwtsin(f — o) (1.300)

Fer a small angular displacement

e(t) = K A(6 — a)sinwt (1.301)

This shows that the synchro transmitter - control transformer pair thus acts as
an error detector by giving an error signal proportional to the angular difference
between the transmitter and control transformer shaft positions.

The plors of AC input to the transmitter. error and error signals are shown in
Fig. 1.309.

It is evident {rom the plots that input to the transmitter is a carrier signal , the
error (6 — a) acts as a modulating signal. The error signal e(t) is a moduiated sig-
nal. This tvpe of modulated error signals are called suppressed cziner modulated

signals

Mathematical Mode),,

——

(a) Error signal

N A AN AANN

VAVAVAVAVAVA!

(b) Modulating signal

e(t) < K(0-u) /

Modulated gl

?
<77

signal

envelope
(c) Modulated signal

Fig. 1.309 Signals of Synchros

1.18.3 Tachometer

Output
Rotor winding
Demodulator
Reference
ac supply Winding
V, cos wt

Fig. 1.310 Schematic diagram of AC Tachometer

A tac i I

. tachometer is an electromechanical device that ¢

into output voltage. Tachometers are of two ty et
ter.

angular velocity
pestac tachometer and de tachome-

T
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AC tachometer

The schematic diagram of an ac tachometer 5 shown in Fig. 1.310

atright angles to each i i
: : ach other. A sinusoidal
voltage 17 cosw t is applied 1o the reference i:a:,m. When the rotor shaft Mm

stationary the voltage on the secondary windings is zero. When the rotor shaf
rotates at ¢ radians / sec, the output voltage is Proportional to the speed %:d_wg
the output voltage is in phase with reference, the direction of rotation is m».a to c:
positive and when the output voltage is 180° out of phase the direction is said nw
be negative. Thus the output of the ac tachometer s in a modulated form and omm
be represented as

It consists of two stator :.:E_.:mm

Um(t) = r(t)sin we(t)

where r(t) is the varying magnitude of the modulated signal.

The envelope of v,,,(t) has information about the speed of rotor. Let v(t) be
proportional to speed. To obtain v(t), the output of the ac tachomet
to a demodulator. Since the output of the tachometer is proportion,
velocity. we can write

er is applied
al to angular

do(t
v(t) = 3% (1.302)

where K is the tachometer constant in v/rad/ sec.

The wansfer function of an ac tachometer is of the form

Vis) _
) = K (1.303)

DC tachometer '

A schemalic diagram of a dc tachometer is shown in Fig. 1.311.

O
1
al¢iot
|

Fig. 1.311 Schematic diagram of DC Tachomet=r.

A

Mathematical Modeling 1143

A dc tachometer comprises a tixed permanent magnet field. a rotating arma-
ture crreunrt, a commutator and 2 brush assembly. The roior 15 connected to Er.
shaft whose speed 1s to be measured. The output voltaze of the rachometer 1s
proportional to the angular velocity of the shaft. Thir

ult) = K — (1.304)

where  u(t) = Output voltage of the tachometer
b

K, = Tachometer constant (10l rad '+ -

Angular displacement

The transfer function of a dc tachometer is

Vis) . _
- = A R
59(s) K. >)

DC tachometers have many applications in control <y<t=ms

1. It can be used as angular velocity indicators.
2. It can be used to provide velocity feedback.

1.18.4 DC Servomoftors

(a) Slotted armature type - (b) Surface wound won core (¢) Swiace w unt nomagneic core

Fig. 1.312
From the control point of view, an armature voltage controlled de servomotor
is similar to a conventional de motor with fixed excitation. We obtained math-
ematical model of an armature control de motor 1 section L 130 In this secuon
let us see the constructional features of de servomotoes. Due to high residual a:..,
density and coercivity, permanent magnets (PM) are used tn the ,,f.:ZEE,.E of ,.#
servomotors. This p.operty gives u higher torque-inertia ratio and high ethiciency

"
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d.n Speed of a PM ¢ Motor 1s directly proportional to the armaure voltage at a
&ven load torque. 5 PM d¢ motor hag much more Aatter speed torque character-
1stcs than a field woypg motor which has severe armature reaction effects. There
are three types of dc servomorors. They are slotted armature type, surface wound
1ron core type ang Surface woupg flonmagnetic core type a5 shown in Fig .3]2.

(a). (b) and (c) respectively,

. kel :n.. (a) shows the siogeq armature type. Armatyre windings are placed
1 the slots similar 1 4 fonventional dc motoy Slotted armature type has large

INTU April May 2007 & 2099

- <~ﬂ <n.'

Reference
phase

-

Actuating
signal

Control Rotor

phase
Fig. 1.313 Speed Torque characteristics.

Rotor speed y

Synchronous
speed

Fig. 1.314 Schematic diagram of an AC Servo motor.

It is a two phase induction motor with little modifications. The schematic

diagram of a two phase induction motor js shown in Fig. 1.313. Ip this case
and V; are equal ip magnitude but they are 90° out of phase. Therefore the two
phase windings are producing a rotating magnetic field. The direction of rotatjon

Mathem;

he phase shift (lag or lead) between 1 and _ The r
depends upon th m etic field and so an emf is induced in i, Causing , o
in the rotating :rw_v“ rotor. Now, the rotating magnetic fie)g Interacyq With
in the short n:d::mq s L torque in the rotor 1n the direction of IOtatiop A
rotor current a1 Wm.cm”h.o .E:__ be high in the case of an inductiop Motor. ms.,_
Zo::.a:\.:a Y =~sz speed-torque characteristics. For 4 Servomooyr, line;;
e _:W:Q:—_Mwaz.&_d is required. So in the case of AC Servomotgr Smy||
%vﬁﬂmmmmmnwmw&w Speed-torque characteristics (High X/ and |oy, X/R) are
J s

0

d in Fig. 1.314. . .
nam%nwm&wm o%:n rotor is inversely proportional to the acceleration of the moyo;

To obtain good accelerating characteristics, size of the rotor is considered smg))
The rotor oro:m:.:n:.o: is usually squirrel cage or drag cup type. In a Servomoor,
as shown in Fig. 1.313, both voltages are not equal in magnitude as ‘we gy,

seen in the induction motor. The reference phase voltage is kept constant and the
ror signal. The torque of (he

control phase voltage is actuated by the actuating er :
motor is the function of the speed and error signal. That is 7}, = f(6,e). The
torque of the motor can be varied by varying the magnitude of the contro] phase

voltage. Similarly, the direction of the rotation can be changed by changing the
sign of the control phase voltage (either lead or lag).

Mathematica/ modelling of AC servomotor

by the motor is 3 function of both the speed ¢ and error
signal e. That js Tm = f(6, e) where f s a function of the speed #(t) and error
signal (control phase) e(t). By using Tavlor’s series we have,

T, a1, . :
Tn =T,0) + Zm (e(t) —e(0)) + . —2 0(t) - 6(0)) + ...
oe o) e e(0)) By fxsﬁ (1) - 6(0)) +

By neglecting higher order 12; ms and considering only changes, we have
T = K(e(t) — e(0)) — 1(0(2) - 0(0))
where

K

/H
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The equation tor ¢ hangesion with 7o minal conditione e

! e
(1 306)
We know that the mechamical relations for a mMotor 1«
I, JO 4 Bo
: Bt (1307

From Eq (1 306 and Eg (1 207) we have

Aot fO) = J6(t) + BOt)

Lapiace transform on both sides we have
Jat = Bo(s) = KE(s) — fst(s)

€ s B 7[‘ K Km

s I~ B+ [)s s(Js+B+f)  s(Toms+ 1)

A J . .
where Ami = 22~ and T, = F-7 are gain and time constant of the servo motor

respecuvey

1.186 Stepper motor

Stepper motors can be classified in two ways. One is permanent magnet type
and the oter 1s vanable reluctance type. Variable reluctance motors usually have
tree (o7 four) windings with a common terminal. On the other hand, permanent
magnel motors usually have two independent windings. A stepper motor rotates
wsteps It may vary from as large step size of 90° to as the smallest size of 0.72°.
l1s @lso possible to tum the stepper motor in half-steps as well as fractional steps
with tie help of controllers
Variable Reluctance Stepper Motor

A typical vanable reluctance stepper motor windings and its construction are
shown i Fig 1315z and Fig. 1.315b respectively. This motor rotates steps of
307 1t consists of 6 wound stator poles. Poles are grouped into three. 1 and 4
ae calied p poles 2 and S are called g. Similarly poles 3 and 6 are called r. One
end of the tuee windings are connected 1o a common terminal e. The rotor in
tus motor hias 4 teeth guade up of ferromagnetic material. When the winding p is
energised. the rowor teeth marked 7 are attracted by the poles (that is by 1 and 4).
I the cument tiroyen 4 o turned off and windings ¢ is turned on then the rotor

hip
= F
will rotate 30 degrees ¢} wise 0 ghyat the poles marked y line up with the poles
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)

and 5 This 12 becauwe at | on and poos turned off. the tecth
Yy nearest oy ﬂ{..mf. el T oar e far aw iy reetn e To rotate thrs
motar continuon |y to the three windings in sequence

the rotor e complete revalution

L ;.. v
—fF
/ 4
po— JOOTH) =
] O <
(k\ \..lw \\»
;LQQQQ.\‘I‘rrV' g - |
r o [ ..m...;\ﬂ.,,i[ O — mn\.\
Em— s o Y
=/
(a) Wmdings 1(..1: -~
Fig. 1.315 Variable Reluctarce Steccer Mctor
StepNo| | [ 2 [ 3 T4 [ 5 %7 - 3 ) y T
Coil p | ON o_nzomﬁozb_”mﬁi,;:ﬂw,?-%n N CFE OF
Coil ¢ |OFF ON | OFF |OFF | ON [OFF OFF ON % 5t ~om g
Coil r |OFF|OFF| ON [OFF [OFF ON OFF 5t N oo FE O

Rotation of stator flux appears anticlock wis

se tor a )

More number of motor poles and more numper of
tion of motors with smaller step angles.

X wise roahon of rotor

Hor feeths aflow consirng

Unipolar stepper motors

1 * e
\ _—
-~ - ﬁ.»l...///
Po— | e, =
\
qy —— /9 Eaal
= ,rum N} b
—

b ~
13) Wudiogs

Fig. 1.318 Unipolar Stepper Moo
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, stator pole 2 and 4 i e
In al umipolar stepping motor as shown in Fig. 1 316, the stator winding fBc %ﬁ_:_, .;. midway between WO rotor poles aligned with stator pole 1 is
e also possible cn a, / )
has s The wainding pp’ has o center tap a and the other winding gy MQ .:.2_\_ A A5 step two, by 15 deenergised ane bey 15 energised by keeping
& o . . ap e urn the roto, wie -
has a center tap & The center taps a and b are permanently connected to the ! ’ rin the anticlockwise direction by 90" The two coils

. . nergised at a tj es | . .
posttne terminal of the de source. If 3 1s connected (o the negative terminal of energ ‘ me gives | 4 times more

the dc source. then pole 1 becomes north pole and pole 3 becomes south pole.

Alternatively it 3 1s connected 10 the negative terminal of the de source, then Bipolar mamhbmﬁ Motors

pole 1 becomes south pole and pole 3 becomes north pole. Let us assume that

the current 1« flowing from a 10 p (p 1s grounded). Then pole | becomes north

and pole 3 becomes south. One of the south poles of the rotor is attracted by

stator pole 1. Sinularly, the opposite side of this rotor (north pole) is attracted

by stator pole 2 As a next step, bg is energised (b is connected to the positive P % .
terminal and q 1s connecied to the negative terminal) and ap is deenergised. Then

stator pole 2 becomes north and 4 becomes south pole. Stator pole | and 3 are
demagnetised. The nearest south pole 1s attracted by stator pole 2 (on the other q %q
hand nearest north pole is attracted by the stator pole 4). So, the rotor is turned
by 30° clockwise. Similarly the following sequence of energisation is followed
conunuously (o rotate the rotor.

power than previous one

(a) Windings (b) Constraczon
.H.\‘MWWI + 1 [2]374 5% [7]78T9TJw 112 Fig. 1.317 Bipolar Stepper Motor
| Wiadiag ap | ON |OFF|OFF |OFF | ON [OFF |OFF|OFF | ON | OFF |OFF|OFF
| Winding bg | OFF| ON |OFF |OFF |OFF| ON |OFF|OFF | OFF| ON |OFF|OFF )
| Winding aj | OFF| OFF| ON | OFF | OFF|OFF| ON | OFF | OFF| OFF| ON |OFF Bipolar permanent magnet Stepper motors are constructed with exactly the
| Winding b | OFF | OFF | OFF| ON | OFF | OFF[OFF| ON [OFF|OFF|OFF| ON same mechanism we saw in the unipolar motors; but the rwo windings do not
have any center taps. So it requires a circuit to reverse the polanity of the coils.
The above mentioned sequence will rotate the rotor once in steps of 30°. In Suppose the direction of current is from Pp'; then let us assume that the polanty of
the above sequence two halves of each windings are never energised at the same stator poles 1 and 3 are north and south respectively. If the direction of the couls
ume. An altemate method can be used to get more power. In that case two half are reversed as p'p, then the polarity of the stator poles 1 and 3 becomes south and
coils will be energised at a time but rotate at the same angle of 30° per step. The north respectively.

following sequence gives 1.4 times higher power for the same angle of rotation. Similarly if the direction of current is from q 1o ¢ then the polanty of stator

poles 2 and 4 becomes north and south respectvely. On the other hand. if the

| Sep [ [ 234567 HER R direction is ¢ to q then the polarity of stators poles 2 and 1§ becomes south and
i “:?_;;_ ap W %M. WMM MWMMWM.. %M.__ M.u ww‘ w_.:M %,_ ON |OFF|OFF north respectively. The operation of a bipolar motor is energisation of only one
f]..“.mﬂwqo_ﬂom..h BN o OFFOFF| N | ON [OFFTOFFT on o coil ata time as mentioned below: .

wﬂ:ﬂewﬁlgzu OFF'| ON | ON [OFF[OFF| ON mﬂo,[!uozu [ON| If the coil pp' is energised by making p as positive, then stator pole 1 will

attract south pole of the permanent magnet (6 poles) rotor. As a next step, if we

In the above sequence at step one, ap and by’ are energized. Let us assume that energise the coil g¢’ by making ¢ as positive, then the stator pole 2 will become

stator poles | and 2 are north and south poles respectively. So, one of the south north and in turn it will attract the nearest south pole. Therefore the rotor will twm

poles of the rotor 18 Jocked with stator pole 1. A point mid way between two rotor by 30° in clockwise direction. The following sequence will rotate the rotor in steps
poles 1 wirgned with stator pole 2 (aliernaty cly a nonl pole may be Jocked with of 30°. The following table shows which terminal is positive when energised.




1 v 1 11 S| 6 f N
Step No L] - b

c,_:"__ [12

R |

"ol g | ] | , ’ + | _

Colg | | I R +— :

Col g | * | ” t *
| |

3 1
Coil g |

\ 12 steps of energisation w il turn the rotor one comple

~ above 1o ] o

o Gons in permanent magnet stepper motors are bifilar motors
v yvaraos . ~ . e .

et 3ifil 1otors are a combination ol unipolar and bipol

phase motors Bifilar motors

e rotation,
and mulij-

ar windings.
a olar mode or bipolar mode.In the multiph
¢ operated cither as umpc
It can be opera

11 the windings of the motor are in a cyclic series. Only one t
3 e = ; cactio
tor. ,_ Aty in one step. This method 1s less common in practice
s podant)

1.19 Potentiometers

ase mo-
erminal changes

AU Nov / Dec 2009

Potentiometer is a simple and re-
liable device 1o measure Eno:ud._,.”u_
displacement. It is a voltage &EQ. X,
ine resistor with two fixed terminals v —
A Um B and one movable terminal M
attached 1o a movable arm as shown
in Fig 1.318. The total resistance
R 45 of the polentometer is spread

. i inearly between
m_an_ M____“M:M_W:u% Mw_._:_m.ﬂ_wuaa volt- Fig. 1.318 Linear Potentiometer
age is applied between A B, then the output voltage across hwk is proportional to
the displacement of movable arm M. The main disadvantage in this arrangement
is that the output will be affected by the load resistance connected across B M.
For better results, the load resistance across BA{ should be very high.

Let H 4 p be the total potentiometer resistance, X1 be the distance between A
and B and X y be the distance between B and M.

Movable arm

Let the load resistance be Ry, V be the constant voltage across A and B, Vp
be the output voltage, and R s be the resistance between B and M.
We have
XM

Ry = Rap X,

R

Il

Ry R
Ryl||Ry, = m;“s+ Mb

$
Mathermnatical Maodeling 1.1 |

Xy
A Xy v fian Ity X i\\«_:\ws
X XuRag + R Xt
A ,M—V Foan + It vy
Xr

Vo =V A Req — v where H., =
Req + (Rap — Ry

Note that the potentiometer can also be used to
measure angular measurements by modifying the

XuR T.\\\w\.

XvRag ~ A Xt

z,
construction as shown in the Fig 1.319. For circu. A S ¢
lar displacement the output Vj, is proportional to ..F.r e
the angle 6. et

Fig. 1.319 Anguiar Poten
1.20 Encoders tiometer
Encoders are used in control Systems to convert linear or rotational & splaceTnent
into digital code or

pulse signals. Encoders are classified 1nto two ry

. pes They mwre
(1) Incremental encoders, and (ii) Absolute encoders

1.20.1 Incremental encoders

It consists of a light source
(LED), a rotating disk, a
reference disk and a sen-
sor (LDR) as shown in mmmum
Fig 1.320. Let the disk
have holes and opaques.
Whenever the holes in both
rotating and reference disk

Fig. 1.320 Incremental encoder
coincide, then the sensor receives the light from the source. The resoluron of e
disk of the encoder depends upon the number of holes in the disk.
. . 360°
Basic resolution of the encoder =

. Annonn

Fig. 1.321 Output ot encoder
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The mathematical model for this rmass M
({r 1
where N s the number of holes in the disk If the displacement of the rotating Af d”r o dl Yy (1 308)
" / + 1 ’
conunuous, then we will pet a continuous pulse as shown in Fig 1.321. M g2 of
) Al r )
Ay LA g {ly — 0 (1 309)
Lot ky - B 7 1 JF
ssumng zero mitial condi

Mr—5
M; dt?

dink
1.20.2 Absolute encoders
. aplace transform by a
Abswolute cncoder generates a par But M; = M, = 0 and taking Laplace tra
ticular code for each positon.  For tions, we have o £ (1310)
cxample let the rotating disk have Bis[X(s) - Y(s)] = £l 31T
6 SItons : 4 4 | (1 !
i€ .), :;:,. then 11 can generate kY () + BasY (s) + Bs[Y(s) — X(3) =1
16 disunct codes for each position. By + Bg)s + k|Y(s) B1sX(s)
For this. the rotating disk has many [(Bi + Bz)s = & . B.s
tracks as the number of bits in the o Hole ’ = Y(s) = = & (1312)
code as shown in Fig 1.322. In the ® Opaque X(s) (By + Ba)s + &
present case 1t has 4 tracks, and 16 P i 1.311) we have,
) ; ; isk i Substituting Eq (1.310) in Eq (1.311)

positions This can be achieved by a Fig. Qd.unw Rotating disk in absolute ubsti gkq ¥(s) )

. X p encoder Y — . - o
4 bit number. To set a 4 bit code,4 kY (s) + BasY(s) — F(s) = 0= Fs) Bs<k

X(s) (B1+Bas+k

light sources and 4 sensors are required. By increasing number of bits, the reso-
Similarly F(s) = (Bas = £)B1s

lution may be improved.
Example 1.37: .
Find the tansfer function relating displacement ‘y’ and “z’ for the following sys- Example 1.38: ]
tem shown 1 Fig.1.323. JNTU April / May 2007 Determine the transfer function Mu for the following block diagram.
s : INTU Apnil / May 2007
Q |
— A
B, k )
B
Fig. 1.323 , ot
Seksion L
Let M; and M are two negligible masses having displacement = and y re- Fi
spectively. M, = M, = 0. Free body diagram of negligible mass Af; and Solution 'g. 1.325
A7, are as (ollows:
. , Cls) _ Trerd!
i B, 2L . R(s) 1. HG; GCuGicay
B w& - Z. " Mu_v gw B nﬁw— 2 AIV 1 s IJ... .Trnﬂh ) .wlmﬂn..%
mﬂu:v o "Q;Qu + Gy)
Fig. 1.324 \.mﬁ; L+ G Uy + I—Jﬁ..—ﬁ...



