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|mportant Components of Feedback Control Systems

Disturbance

Input | Reference | *+ + . Output
—Pb » Controller —»| Actuator Plant P B
Sensor &
Vin
V
2 Output .
sensor

Figure 6-1 Block diagram representation of a general feedback control system.

« Reference sensor (or input sensor)
*  Qutput sensor

* Actuator

« Controller

* Plant (the component whose variables are to be controlled—normally a dynamic
system as described in Chap. 2)
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8e uUniversity



OP AMP (Operational Amplifier)

« O|=0lH= 2 dZHMAHEEE

o
_>\‘-‘>'\.\ + - P +
S o—+ —>
- v, I
_” + il i2 )
+ _-/-- l i 2 l ‘{'J
3 _.‘/_/’ Ot —

B .
I_:_ op amp 2] t}& 3 27| %

(a) (b)

2% 3.5 op amp: (a) 3 27|35, (b) A AF. Vin = Vi1 — Vi2

« H|BHM = (noninverting input, v;,), BHS 21 = (inverting
intput, v.,), = = (output)
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OPamp 3|22 ¢

8] 3.7 o] AAYEE7] op amp 3|2 wd
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E(s) Z,(s) ~1
)= =- =

E(s) Z(s) Z(s)Y,(s)
Y (s)
Y,(s)

==2Z,(s)Y,(s)=-



TABLE6-1 Inverting Op-Amp Transfer Functions

Input Element Feedback Element Transfer Function Comments
(a) Ry R, R, .
“AAA~ “AAA— - Inverting gain; e.g.,if R, =R,, e, =~¢,
Zl = R. Z: = R: &
(b) R, ¢, a N
AN~ l_ [— - Pole at the origin; i.¢., an integration
Z =R, -' RC, s
y‘\ = .((.3
() ¢, R, (-R,C,)s Zero at the origin; i.e.,, a differentiator
VW~
4 F Z: = R:
T' = "Cl
(d) R, 1
NN~ RC, =
Z, =R, l’ Pole at with a dc gain of -R, /R,
s+ R,C zcz
Yom —l— +3C, ’
&) R G ~R, [ s+1/R,C Pole at the origin and a zero at —1/R,C;; i.e.,a Pl
2 2 23%ps 26
AN —'ww—i = g ] comtroller
| | ,“: sk Ve ([
(f) R R, 1 -1
—Eﬂfj— AAAN— ~R,C,| s+ —— Zero at s =——; 1.e., a PD controller
Z: e R\ RIC' C‘
G
¥y= l«!', +x5C,
(8) R R, - -
: -G ,..._l_ Polesats:——l—andazeroats=—l—-;i.e.,aIead
G RC, 14 G
q mm q m( 2 - E,IE or lag controller
e q = = 54
¥y =4 +iC) y= g € 2




il &I 6-1-1

K
G(s)=K, +—L+K,s
s

Proportional : LA
E(s) R,

The output voltage is

E,(s)=—[E,(s)+E, (s)+E,(s)]
Thus, the transfer function of the PID op-amp circuit is

G(s)= E (s) R, " 1
235|CHE _ E(S) Rl R‘C'S

+R,C;s
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& 2 SCHe u Figure6-6 Implementation of a PID controller.



Potentiometer

* JIAAR NUHAE 8JIH A= HE

Precions mel Shderblock with
conl comitact dual guidex

< Rosistance eletmen!

\ e Wirewound or hybed coal

) ‘ ? Housing

Thermoseting plasix

Daal gold plared e

slipring contacts

Crold plated

slipring )

Rotor n-.uh!\'d \

to shaft . g Bronze chromased
Mochanical beass bashing
hl(\‘\n l’

)

Niche!l nbhbon welded
coal serminmtion
(not shown)

Dual shder contact T L ‘
position gusdes

Solderable brass  Both lids glass Stainless steel
lerminals filled nylon shaft

Figure&7 Ten-turn rotary potentiometer. (Courtesy of Helipot Division of Beckman Instruments, Inc.)
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Figure 6-8 Linear motion potentiomenter with built-in operational amplifier. (Courtesy of Waters
Manufacturing, Inc.)
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Figure 6-9 Electric circuit representation of a potentiometer.
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Figure 6-10

(a) Potentiometer used as a position indicator.
(b) Two potentiometers used to sense the positions of two shafts.
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Figure 6-11

Block diagram representation of potentiometer arrangements in Fig. 6-10
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dc motor

Figure 6-12

(a) A dc-motor, position-control system
with potentiometers as error sensors.
(b) Typical waveforms of signals in the
control system of part (a).
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Two-phase ac

motor

Figure 6-13 ) ?
49!

(a) An ac-control system with -
potentiometers as error detectors.
(b) Typical waveforms of signals in

the control system of part (a). \ %
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Tachometers

 Electromechanical devicesthat convert mechanical energy
Into electrical energy. The device works essentially as a
voltage generator, with the output voltage proportional to the
magnitude of the angular velocity of the input shaft

EHNE=2 YEF2 K52 JI0 gl d

dc motor

“r ¢ i : POWER
> CONTROLLER [—¥ , o e (M) LOAD

\&0
do(t) (s)
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Figure 6-15

Position-control system with tachometer feedback.
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Figure 6-16 Rotary incremental encoder. (Courtesy of
DISC Instruments, Inc.)
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Figure 4-32 (p. 101)

Linear incremental encoder (courtesy of DISC Instruments, Inc.).
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Figure 6-17

Linear incremental encoder (courtesy of DISC Instruments, Inc.).
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Figure 6-18

Typical incremental optomechanics.
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Light 2 T Sensor
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Rotating Stationary
disk mask



Figure 6-19

) Typical rectangular output waveform of a single-channel encoder device

(a
(bidirectional).
(b

\T\lnlhal r||| l-channel nr\nrlnr'
I 1 ]r/ CAl 1T TCA || I \A1]

CW shaft rotation CCW shaft rotation
" l "

od bkt k Jd |

(a)

ad L 1 |
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Figure 6-20

(a) Typical sinusoidal output waveform of a single-channel encoder device.
(b) Typical dual-channel encoder signals in quadrature.
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Figure 6-22

Torque production in a dc
motor.

&b Uniform, radially.
oriented magnetic

/ flux
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Figure 6-23
Cross-section view of a
permanent-magnet (PM)
iron-core dc motor.
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Figure 6-24
Cross-section view of a

surface-wound permanent-
magnet (PM) dc motor.
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(bonded to rotating
armature iron)
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Figure 6-25
Cross-section view of a
surface-wound permanent-
magnet (PM) dc motor.

Conductors
(bonded together by
nonmagnetic materials)

Stationary flux
return path



Figure 6-26

Cross-section side view of a moving-coil dc motor.
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Figure 6-27
Cross-section view of a
brushless, permanent-
magnet (PM) iron-core dc
motor.
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L,=R71AR1¥E 2~
e, (=7
K,=971783 2%
o= F=°lA 9] A5

wm(t) = §:l Z_] Z]—Z}‘LE

= B
Bm,: z('j /‘g ﬂ}é‘ﬁ] Z':

i, (t)=armature current
R, = armature resistance
e, (t)= back emf

T, (t)=load torque

T (t)= motor torque

0, (1)=rotor displacement

K, = torque constant

¢ Magnetic
flux

L, =armature inductance

¢, (t)=applied voltage

K, = back-emf constant

¢ = magnetic flux in the air gap
@, (1) = rotor angular speed

] =rotor inertia

B, = viscous-damping coefficient



]:?l(t) = Kﬂl (Ibi(l(t)

Tm(r) = Ki ia(t)

di(t) 1 R, . I 1 R 1
. = t) ——1 (t)——e,(l = — — ——
TR L L= Ee)=7 L)1 Bs)
T, (t)=Ki(t) T (s)=K] (s)
e,()=K, 46,,(t) _ Ko, (t) E, (s)=K,s0,(s)=K, 2, (s)
dae (1) 1 1 B deé (t) X 1 1 B
m - T t"‘—T _m m @ =_T ___T ——m 6
dtz ]m '"() Im l(t) lm dt ’ m(S) ]m m(S) ]m I(S) ]ms "‘(S)
Taking Laplace
transform
o BN



SI, (s)+—iI (s)=-—E (s)——E (s)
T

1 K, Tyix)
T.(s)=K,I,(s) , 2 . l
l',.l_u_

E (s)=K/X,(s)

L+ B,

(J,s+B,)Q (s)=T, (s)=T,(s)

Q. .(s) s A, (5}

em(s)%nm(s)

L RN
K, Ayt

Figure6-29  Individual block diagram representation of Eqs. (6-31) through (6-35).
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+ Js + B, 3
O, (s)

A’.‘
E(s) LJ.s’+(RJ +B.L)s+(K,K +RB,)s

[ (5)

m

O (5)
—>

Because an s can be factored out of the denominator, the significance

of

the transfer function ®,(s)/E,(s) is that the dc motor is essentially

an integrating device between these two variables. Thisis expected
because, if e,(t) isaconstant input, the output motor displacement will
behave as the output of an integrator; that is, it will increase linearly

w

1

ith time.
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Figure 6-31 Signal-flow graph diagram of a dc-motor system with nonzero initial conditions.
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di (t) 3 7
i R“ —ﬁ . <z T - - -
at R (AT = 01
d“’;t“) = K, B, | @O [+ l(‘; e,(+ ~7 [T
dom(t) ]m Im Ll em(t) ) I O ] | 0 d
- _—dt | L 0 1 )

The state variables of the system can be defined as i.(t), w-(t), and 6.(t).
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saPAPS(RG

. = 712 43}, ohm
L, = A71#% A9 €, henry
€, = A7|Ae] Q17FH ALY, volt

a
€, = 94713¢, volt

6 = EE%2] Z1 9], radian

T = REojA 2P E3, N-m

Jp = 5310 T BHE, kg-m?

T, = 9o 5HE SRLISED Nom
Jn = RE 9 FYRANE(REZ), kg-m?

J = B30 Hal7t d2s RE 9 23} S7h BARAE, T = J/n + Uy,

kg-m* (M & 8- 4% F=x)
n =7]°jH|

&
Il

ofulz} Gl 9ol B nO2 ol
K, = SEAN(QHAOR JASEA) oS L

Kyung Hee University

&%‘mmm

RE|F 3171 425 2E 9 73512 F7F AP0, N-m/rad/sec(7]

<

J. s+ 8B,

Jy
‘Im
Sensor
£2,.(s) E, .5)
» K |—»>

Figure 6-33  Block diagram of an armature-controlled dc motor.
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L./R;= 2EQ] M7| Algaet Balul A AHe] £598 AYR47) 247} HEE 8
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Ru]m Ralm
E=
L2
Q (s)=—K‘g—E (s)——L"—T (s)
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39 ¥ & ARgsh
QO(s) = 'Q(S)ITL(S)=0 +Q(S)|v.(s)=o (5-117)
: 7 & Atk SH o(DE F317] $18). 39 ¥ E ARSskaL /A o) o}
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£ SHE 78 T, = 0(9Jsho] 813t B = 0)of] st AY vu(1) = AlVa(s) = A/slE
2831 ()= o234 2

(1) = %(1 — et/ (5-118)

o] 45 RE9 7|4 ARG T REZE B Jpd 7HAIL Fup B A vl
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WheF 2717k DRl QAR BIEAT, = D/s)E AMLH A7Hs B9 S 4
(5-118)2
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Figure 6-34 Typical speed response of
a dc motor. Solid line represents a no-
load response. Dashed line represents
the effect of a constant load on the

speed response.



DC 2H 2| =& M : Closed-Loop Response
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= Figure 6-35 Feedback control of an
armature-controlled dc motor with a
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Figure 6-36 Block diagram of a speed-control, armature-controlled dc motor.,
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AKK,,K, T —t/t,
(1) TTM,T‘-(I —e MTe) — ;m — e ) (6-53)
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o] Htk. 4714 e = R rrx = A2EY 714 Ags5oltt o] A$ Akt
Sge

AKK K, R.D
P 7 \KnKp + RaB + KKK KnKp + RoB + KKK (6-54)
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Figure 6-37 Block diagram of a position-control, armature-controlled dc motor.
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Upon varying K, we can directly change o, and indirectly change ¢£'to
achieve adesired response. For apositive K, regardless of the type of
response (e.g., critically damped or underdamped), the final value of
the systemis &, = 1, which implies that the output will follow the input
(recall we used a unit step input). Hence, the position will not increase
as in the uncontrolled system that is represented by Eq. (6-56).
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