Lesson 8 System Design and
Compensation Techniques

Control systems are designed to perform specific tasks. The requirements imposed on the
control system are usualy referred as performance specifications. They generally relate to
accuracy, relative stability and speed of response.

Generally, the performance specifications should not be more stringent than necessary to
perform the given task. If the accuracy at steady-state operation is of prime importancein agiven
control system, then we should not require unnecessarily rigid performance specifications on the
transient response since such specifications will regquire expensive components. We should
remember that the most important part of control system design is to state the performance
specifications precisely so that they will yield an optimal control system for a given purpose. H

In this lesson, we are going to briefly introduce the design and compensation procedure of
single-input-single-output (SISO) , linear time-invariant (LTI) control systems by the frequency
response and root-locus approaches. Compensation is the modification of the system dynamics to
satisfy the given specifications.

Setting the gain isthe first step in adjusting the system for satisfactory performance. In many
cases, increasing the gain value will improve the steady-state behavior but will result in poor
stability or even instability. Then it is necessary to redesign the system (by modifying the
structure or by incorporating additional devices or components) to alter the overall behavior so
that the system will behave as desired.

Fig. 8.1 shows the configuration where the compensator -0 G(s)
G.(s) is placed in series with the plant. This scheme is —
H(s)

called series compensation. Ancther kind of compensation is
feedback compensation. Generally, series compensation may Fig. 8.1 Series compensation
be simpler than feedback compensation.

In discussing compensators, we frequently use terminology as lead network, lag network,
and lag-lead network. If a sinusoidal input e is applied to the input of a network and the

steady-state output €, (which is also sinusoidal) has a phase lead, then the network is called a
lead network. Similarly, if the steady-state output e has a phase lag, then the network is called

a lag network. In a lag-lead network, phase lag and phase lead both occur in the output but in

different frequency regions; phase lag occurs in the low-frequency region and phase lead occurs
in the high-frequency region.
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Root-locus approach to control system design

The root-locus method is a graphical method for determining the locations of all closed-loop
poles from knowledge of the locations of the open-loop poles and zeros as some parameter
(usually the gain) is varied from zero to infinity. The method yields a clear indication of the
effects of parameter adjustment. In practice, the root-locus plot of a system may indicate that the
desired performance cannot be achieved just by the adjustment of gain. Then it is necessary to
reshape the root loci to meet the performance specifications.

In designing a control system, we may modify the original root loci by inserting a suitable
compensator G, (s) (as shown in Fig.8.1). Once the effects on the root locus of the addition of
the poles and/or zeros are fully understood, we can readily determine the locations of the pole(s)
and zero(s) of the compensator that will reshape the root locus as desired. 2 In the design by the
root-locus method, the root-loci of the system are reshaped through the use of a compensator so
that a pair of dominant closed-loop poles can be placed at the desired locations. (Usually, the
damping ratio and undamped natural frequency may be specified by the locations of a pair of
dominant closed-loop poles.) 3

The addition of a pole to the open-loop transfer function has the effect of pulling the root
locus to the right, tending to lower the system’s relative stability and to slow down the settling of
the response. [4] The addition of a zero has the effect of pulling the root locus to the left, tending
to make the system more stable and to speed up the settling of the response.

The root-locus approach to design is very powerful when the specifications are given in
terms of time domain quantities, such as the damping ratio and undamped natural frequency,
maximum overshoot, rise time and settling time.

Let us consider a design problem. The original system either is unstable for al values of
gain or is stable but has undesirable transient response characteristics. In this case, the reshaping
of the root locus is necessary in order that the dominant closed-loop poles be at desired locations
in the complex plane. Inserting an appropriate lead compensator in cascade with the feed-
forward transfer function may solve this problem.

Frequency-response approach to control system design

It is important to note that in a control system design, transient-response performance is
usually most important. In the frequency-response approach, we specify the transient-response in
terms of the phase and gain margin, resonant peak magnitude, the gain crossover frequency,
resonant frequency and bandwidth. & Although the correlation between the transient response
and frequency response is indirect, the frequency domain specification can be met conveniently
by means of Bode diagram.

Design in the frequency domain is simple and straightforward. After the open loop has been
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designed by frequency response method, the closed loop poles and zeros can be determined. The
transient response characteristics must be checked to see whether the designed system meets the
requirements in the time domain. If it does not, the compensator has to be modified and the
analysis must be repeated until a satisfactory result is obtained.

Basically, there are two approaches in the frequency-domain design. One is the polar plot
approach and the other is the Bode diagram approach. It is more convenient to work with Bode
diagram. A Bode diagram of the compensator can be simply added to the original Bode diagram,
and thus plotting the complete Bode diagram is a simple matter. i Also, if the open loop gain is
varied, the magnitude curve is shifted up or down without changing the slope of the curve, and
the phase curve remains the same.

A common approach to the Bode diagram is that we first adjust the open loop gain so that
the requirement on the steady state accuracy is met. Then we plot the magnitude and phase
curves of the uncompensated open loop. If the specification on the phase margin and gain margin
are not satisfied, then a suitable compensator that will reshape the open loop transfer function is
determined.

In many practical cases, compensation is essentially a compromise between steady-state
accuracy and relative stability. In order to have a high value of the velocity error constant and yet
satisfactory relative stability, we find it necessary to reshape the open loop frequency response
curve. The gain in the low-frequency region should be large enough to satisfy the steady-state
accuracy requirements. For the medium-frequency region (near the gain crossover frequency
@, from both directions) , the slope of the log-magnitude curve in the Bode diagram should be
—20 dB per decade. & This dope should extend over a sufficient wide frequency band to assure a
proper phase margin. For the high-frequency region, the gain should be attenuated as rapidly as
possible to minimize the effects of noise.

The basic characteristics of lead, lag, and lag-lead compensation are as following. Lead
compensation essentially yields an appreciable improvement in transient response and a small
change in steady-state accuracy. It may accentuate high-frequency noise effects. On the other
hand, lag compensation yields an appreciable improvement in steady-state accuracy at the
expense of increasing the transient-response time. Lag compensation will suppress the effects of
high-frequency noise signals. Lag-lead compensation combines the characteristics of both lead
compensation and lag compensation.

New Words and Phrases

1. compensation [kompen'sei[ an] n. M, R, RIE

2. impose [im'pauz] V. HgeeeeeenBINT, JHD, fdEeee---fRAH
3. stringent ['strindzant] adj. PP, D)

4. root-locus ['ru:t-'laukas] n. (pl. root-loci) HR L

5. indication [indi'keif an] n. fas, fRl, o, BOR

6. transient ['treenziant] adj. AW, BRI, g R )
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7. magnitude [ meegnitju:d] n. A, EE
8. straightforward [streit'fo:wad] adj. HAE T 4m
9. accentuate [eek'sentjueit] : Ina, SR
10. attenuate [a'tenjueit] V. HI 59

Jiik, &fr
Rk, AR

adj. REETR, S
13. prime [praim] n. W, HE, W

ad. FEEN, BAIN, HIEIIN,
AP, AR, FEEN
WIBE R, WIPERR, A%, TR,
R, Spelry, [
BIAWIN, PR, BER (B
SN, RN B N R R

11. approach [a'praut|]
12. characteristic [ keerikta'ristik]

>

14. rigid ['rid3id] adj.

15. transient response

16. yield [ji:Id] vt. o, A, A, A2 vil(~to)
e, JEMN, BEE
n. FEE, LI&E?.

eonG

17. time-domain

18. overshoot ['auva'[u:t] vt. Friksk, Kb HbE, B, B
vi. Wbz, 178k
n. B

19. settling time A I (1)

20. phase margin AL A 5

21. gain margin LERE VLS

22. resonant ['rezenant] adj. (1) LR iy, Wi,

SR, WU

23. perk [pa:K] vi. e, WA, RIE
Vt. Bk, T4

24. resonant perk value R I

25. bandwidth ['baendwit0] n. TG, AT T B

Notes

[1] We should remember that the most important part of control system design is to state the
performance specifications precisely so that they will yield an optimal control system for a given
purpose.

BATNAZ A, 0 R Gt i R b d F 1) AN IR 2 SE I RE LSRRG i Ik
K, EFEA BN T 4558 1 H T S R R 4

KA LRI A S A% 7F remember J5THI that [T 5| 5 I A2 528 W A), 7E1Z A

“to state...” EMNFJHMRIENA) . ERIPEIX OSBRI, ANBREHIE TR A I TE A4S
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F, TR AR 78 3 BTSRRI R 2 b, FOALZR, AR PGB R A k.
Sl 4l T ISR ITEVE S R, MR LR O DGE AN R IEE RS 2 AL AT RE
KBS T RSO FEA L, R AR S 0 (s LT ) P 2 026 PR S e 8l TR PR L3 (e 9 )
*ik,

[2] Once the effects on the root locus of the addition of the poles and/or zeros are fully
understood, we can readily determine the locations of the pole(s) and zero(s) of the compensator
that will reshape the root locus as desired.

— B E A B T AR R B N TR R R, B ATt nT LR DS i 2
AMES T KU RIAL B, DU B 3 1 AT A B T AR

Once 51 F&MRIE MY, 11 HAZSAIRGE N A) & #5015 4 . Compensator )i T 1]
that... 5| 5 &8 M\ A) & the pole(s) and zero(s) of the compensator .

[3] Inthe design by the root-locus method, the root-loci of the system are reshaped through
the use of a compensator so that a pair of dominant closed-loop poles can be placed at the desired
locations. (Usually, the damping ratio and undamped natural frequency may be specified by the
locations of a pair of dominant closed-loop poles.)

FEHIRBUE BT (i Fe SR I AME S SR R SRR AR, DU P R &¢
R S A T AR A R G, FHJE LUAG RS B AR IR G A I B TR R G X
AR AR B E . )

AR ARG, Inthe design by... /Mia L EAVERIER "G 11 so that a pair of ...
LINCYNCIEZITE

[4] The addition of a pole to the open-loop transfer function has the effect of pulling the root
locus to the right, tending to lower the system’s relative stability and to slow down the settling of
the response.

FETF AL 18 o8 80P BN — R R RS AR ) A7 HE, i) TR AR S AR AR
ENE, I H R G R SIoH

414518 The addition of a pole to the open-loop transfer function &) 71 =ik, ILLES>
4515 tending to lower.. /IRTE, FoRtERIRAS .

[5] Inserting an appropriate lead compensator in cascade with the feed-forward transfer
function may solve this problem.

FERI 7] A% 32 R 0 H3 DN —NIE 2 B AT Mg ] DU DI A 1)

4410 FTE Inserting an... /& 1) 70 ik,

[6] In the frequency-response approach, we specify the transient-response in terms of the
phase and gain margin, resonant peak magnitude, the gain crossover frequency, resonant
frequency and bandwidth.

TESR M NE T, FRATUAHAL M = SO e i IR e . Y 2 2 MO iR
A AN AT B AR AL BT AR . o

fEIX/ME)F-H1, the phase and gain margin, resonant peak magnitude, the gain crossover
frequency, resonant frequency and bandwidth %1 5l 4 /1 17 435 in terms of Ji [ (1) 515

[7] A Bode diagram of the compensator can be simply added to the original Bode diagram,
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and thus plotting the complete Bode diagram is a simple matter.

M2 88 RO 2 ] vy LA T Bt o0 S A P, DR] b e 8 P A A P AR PR )

fi) 77 and thus plotting... & —/NJE414), Hd5) 443 %01E plotting the complete Bode
diagram 1 E ik

[8] For the medium-frequency region (near the gain crossover frequency w.from both
directions) , the slope of the log-magnitude curve in the Bode diagram should be —20 dB per
decade.

A ATUBE (A 20 T 00 1 28 1) 2 B0 o HRYPILL), A AFIAZES ] b o) B30 1 28 P AR 3 N 1%
J4-20 dB/dec.

AR) AR P R A A AR A e T, I SRAE A region.

Translating Skills R aYiF%

FELN g tE Bl AR AR g, R Hcim] 0 3 A Bk (R AR R 2 R i Ll
1S 2 I ) WA b 2 U 71 1 £ - e A S e S R DV QR E P B G R NN W ]
B

1. ARRE 09 ik feik ik

(1) M 1312 & A +-— 1leleven += 12twelve

(2) M 13 F] 19 JinJi 4% -teen: = 13thirteen +7J1 19 nineteen

(3) M 20 %] 90 hnj&4ki-ty: —+ 20twenty — = 23 twenty-three
JL1 90 ninety

[EEVA- /N

FiNE] 500 five hundred

TLHNT— 561 five hundred (and) sixty-one

FT-/NF /51— 5,661 five thousand six hundred (and) sixty-one

2. FpER bk kAR ik

FPHGRBIBER I 557, 1 twelfth 12th 25+ — thirtieth 30th %=+

3. I 63 Al Y g F A Ak ik

(1) The oxygen atom is nearly 16 times heavier than the hydrogen atom.

AURFIIER LT REAA T 16 4. (WRIE 16 A n A8, #IRIE “ & nfh,
g “Hgeeee (R 20 K1 57)

(2) The diode produces 5 times mor e radiant power than that one.

X A R A T LI R 4 RO Y 5 A5 (F) ).

(3) Thewireistwice aslong as that one.

TR HL R R B R TR 1 A (0 SR twice FH n AR, BB e n £, B
“ HS ...... (j(\ %\ {é)n_l ﬁﬁ:" )

(4) The production of air-conditioners has increased three times this year.
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AAEARI P RN 2 65 (N 3 4) . (WA three FH n 380K, TR BERE “H9n
T -1 FEEE A n 5 ”)

(5) The production of air-conditioners hasincreased by three times over the previous year.

AER PR LT 3 .

(6) The production of air-conditioners has decreased by three times over the previous year.

AP R LT 3 e

(7) The production of air-conditioners hasincreased to three times this year.

AN BT 3 e

(8) The production of air-conditioners hasincreased by a factor of threetimesthisyear.

ACEAS = E N 2 5. (WA P three HI n RoR, TBAWBER “BNT n-1£5”

A R PEVEAT -

(1) reduce by 10% kb T 10%
(2) reduce to 10% kb %1 10%
(3) reduce by afactor of 10 #il/> T 9/10(sk/> %] 1/10)
(4) reduce 10 times Tk 3 /100> T 9/10)

A50%. IE. BTR FagiE ik ek
(1) &I 55

vr bhz— one seventh 34 Wz = three quarters
v4  Phrz— alone quarter V2 —4p2— alone half
4% P —4r2— four and ahalf 3% —“NH4r2 P three and four-fifths

(2) BARIIITH
2419 iy =+l twenty-four over nine
20183 \+=%r2 —+  twenty over eight three (twenty eighty-thirds)

720 2zt seven twentieths

67/200 2 8tt  sixty-seven two hundredths
(3) M.

0124 Fi—— (nought) point one two four
024 FE Y (nought) point two four

0.4 Y (nought) point four

16.789 175 mit/\UL one six point seven eight nine

(4) B im) B A .

60 AT in the early sixties

At 90 AR in the nineties of the century

20 14 90 44X (1990s, 1990's)  nineteen nineties

20054F 10 H 10 H October 10th, 2005 (10 th October, 2005/ October 10, 2005/ 10 October
2005)

Fig.7 & 71 )

14'59.38" 1 143 T Ju s = J\UF> fourteen minutes fifty-nine point three eight seconds
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5. #FMH5 . ARtk
+ k) plus/and
- 1ES) minus
X e L) times; multiplied by
+ B LA divided by/divided
= &t isequal to/equals
~ PNAE SR is approximately equal to
@) EiRe round brackets/parentheses
[] UELRS squared brackets
/ RHL dlash
65% [EF v akil 65 percent
10° RRiOPIRY il the ninth power of ten/ten to the power nine/ten to the
ninth power
10° R R DT entothe minusfive
X’ X prime
X" X second prime
Xe xsube
V2 R 2 the square root of 2
= KT AT is more than or equal to
< INF AT isless than or equal to
> KT is more than
) delta
) Phi
Q omega
€ epsilon
o< Heeeees J L A7) varies ag/ is proportional to
® omega
5mm 5 =K 5 millimeters
X—> o2 X approaches to infinity
Exercises

1. Trangdlate the following into Chinese.

(1) Generaly, we should adopt reasonable performance specifications while we are
designing a control system.

(2) We often use lead network, lag network, or lag-lead network to work as compensatorsin
control system compensation.

(3) Compensation for a closed-loop control system is essentially a compromise between
steady-state accuracy and relative stability of the system.
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(4) The substance reacts three times as fast as the other one.

(5) The students who take part in physical activities have increased to 10,000.

(6) One in five women born in 1970 has suffered from depression and anxiety in their
thirties, twice the rate of those born in 1940, the University of London has found.

2. Trandate the following into English.

(1) (IR B I R oAby, WU TR RS xS s 1 22
- SPI FP K EAD

(2) T AMz AT LAY SR R R G AW N, X RS RGBT 5 o

(3 MRER B s A2, BATE ST MG as,  DUAEAS R L K 2R A5 21
i AL o
(4) A ESE T AP 2 kG
(5) LMW I T 20%.
(6) XFILAL) [y LE 1980 “EHE NI .

Reading Material An Eye on Reactor and Computer Control

A nuclear power plant operator stared at the computer screen and yawned. As the end of a
long shift approached, he was feeling very tired as he looked at icons of pumps, pipes, and
turbines. Even so, it was till early in the reactor startup sequence. When an indication that the
reactor had gone critical appeared on the screen, the operator tried to rouse himself. There was no
need for him or anyone else to be alarmed, however. Based on the way the operator |ooked at the
screen, the computer had already sensed that he was tiring and had begun to assist the operator in
reactor control. The computer zoomed in on the displays the operator needed to monitor
reactivity and highlighted the important data. It would even be capable of assuming partia
reactor control if necessary.

At aresearch laboratory, a cognitive scientist put a diskette in her computer and studied the
screen. The data indicated that a reactor operator had been glancing at a number of widely
scattered points in a short time on the computer screen in the reactor control room. “All these eye
movements,” said the scientist, “tell me the operator is experiencing excessive mental work load.
It seems that several displays associated with reactor control must be redesigned to make it easier
for the operator to understand quickly what’s going on.”

A teenager who lost the use of both hands as a result of an automobile accident had found a
way to write again. His father bought him an “eye typewriter’——a computer that displays and
prints letters from a display of the alphabet on the screen in the order in which they are stared at.
The boy enjoyed his ability to control a computer simply by looking at it.

These futuristic scenarios suggest that information on eye gazes——the way people look at
an object——can be put to use to determine a person’s mental work load and level of fatigue, to
guide the design of computer displays to speed human processing of information, and to control
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computers. Other applications include controlling camera positions on robots and guiding an
artificia intelligence system in recognizing enemy targets.

At ORNL computer software has been developed to make possible an improved eye-gaze
measurement technology. Such an innovation could be the basis for advanced eye-gaze systems
that may have applications such as those mentioned above.

New Words and Phrases

1. yawn [jo:n] V. n. FIIGR, MR

2. turbine['ta:bin] n. R

3. critical ['kritikal] adj. fa 2, ImAn
4. scatter ['skaeto] V. I HOT, BRHEK
5. innovation [inau'veif an] n. B I

6. zoomin (BE k)UK
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