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Compensator/Controller
(adding pole and zero to system
for improvement of steady state error
and transient performance)
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I Dynamic Compensator

Q In standard control problem considered for root locus, the controller is a pure scalar gain. Such a
controller 1s also called a static compensator or proportional regulation/control.

O The word dynamic describes compensators with noninstantaneous transient response. The transfer
functions of such compensators are functions of the Laplace variable, s, rather than pure gain.

* For example, the parallel version of the PI controller and PD controller are:

Integral (I) o K,
K,
&
' R(s) + O C(s)
Proportional (P) Plant —>® = K| G(s) B
R(s) + 475 C(s) B
Ky P G(s) >

FIGURE 9.8 PI controller FIGURE 9.23 PD controller
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I Ideal Integral Compensation (PI)

O A compensator with a pole at the origin and a zero close to the pole is called an ideal integral compensator.

;Lﬁﬂ&k#l

Compensator ~ Plant

: Compensator Plant
Gain Plant R(s) + K A e Cls) p
R C 3 s = o R(s) + K C(s)
ﬂt(%—» K >  G(s) C(S)= — —»(%}—» (Ss+ a) > G(s) .
jo
jo A
A
s-plane
s-plane
- - - -
—0,-0,—- 05— 0, % (2k+1)180°
—§,— 6,— 0; = (k+ 1)180° )
(@) ~0,-6,— 03— 0, + 6, = (2k+1)180°
FIGURE 9.3 Pole at A is a. on the root locus without compensator; b. not on the root locus with ()

compensator pole added; ¢. approximately on the root locus with compensator pole and zero added

EE160 Fall’25 lec4 5 CJH



Ideal Integral Compensation (PI)

ShanghaiTech University
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O PI compensator is possible to eliminate steady state error

PROBLEM: Given the system of Figure 9.4(a), operating with a damping ratio of 0.174, SOLUTION: We first analyze the uncompensated system and determine the location of the
show that the addition of the ideal integral compensator shown in Figure 9.4(b) reduces dominant, second-order poles. Next we evaluate the uncompensated steady-state error for a
the steady-state error to zero for a step input without appreciably affecting transient unit step input. The root locus for the uncompensated system is shown in Figure 9.5.
response. The compensating network is chosen with a pole at the origin to increase the jo

system type and a zero at —0.1, close to the compensator pole, so that the angular A
contribution of the compensator evaluated at the original, dominant, second-order poles gl
is approximately zero. Thus, the original, dominant, second-order closed-loop poles are
still approximately on the new root locus. 0694 +j3.926 ¥ - ja
K=164.6
Gain Plant s-plane
R(s) + E(s) 1 C(s) 45
. | T +D)(s+2)(5+10) > Il
- 100.02°
Il X X | | | X X \ > O
(@) -11.61 10 -8 -6 -4 ) \—1 0
Compensator Plant =2
R(s) + EG) | K(s+0.1) . 1 Cs) X = Closed-loop pole
X s - (s+1)(s+2)(s+10) o X = Open-loop pole
- -4
®)

FIGURE 9.4 Closed-loop system for Example 9.1: a. before compensation; b. after ideal integral

: FIGURE 9.5 Root locus for uncompensated system of Figure 9.4(a)
compensation

EE160 Fall’25 lec4 6 CJH



Ideal Integral Compensation (PI)

O PI compensator is possible to eliminate steady state error

—0.678 +3.837
K=1582

X ' '

-11.55 -10 -8 -6

X = Closed-loop pole
X = Open-loop pole

2.0
1.8
1.6
j4 1.4
1.2
s-plane 10

0.8

c(1)
T T T T T

0.4

100.02 02

N BEART

ShanghaiTech University

Ideal integral
compensated

Uncompensated

FIGURE 9.7 Ideal integral

! ! | . compensated system response

0

¥Fourth closed-loop
—j2 pole at — 0.0902

FIGURE 9.6 Root locus for compensated system of Figure 9.4(b)

10 15 20 and the uncompensated system
Time (seconds) response of Example 9.1
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I Lag Compensation

O Lag compensation is similar to the PI compensation but has
a nonzero compensator pole to the right of the compensator
zero, and it adds net lag to the transfer function phase.

O When the pole-zero pair is close to the origin, we have:

* Transient response does not change a lot.
* The value of K does not change a lot.

R(s) +

 Steady state error constant is multiplied by a factor of z. /p.,

i.e., Ze
K, =K, >K,
c
Jjw Jw

3
|_— | _——

\%P(
s-plane
o

S~ S~

(@) (®)

FIGURE 9.10 Root locus: a. before lag compensation; b. after lag compensation

R(s) +

“ N
LENER
TARER Y

@ ..

ENBEART

0 = zero angles — > pole angles
= ZL(S = ZL (s +p;)
i=1 =1

iTech University

Gain Plant
E(s) . (s+z)(s+2z) - CGs)
S5+ s +py) - - - -
(@) Kzizp-+-
KVO - o o o
Compensator Plant P1pP2
E(s) | K(s + z.) (s+z)(s+29) - C(s) N
(s +po) S(s+p)(s+py - -
®) v = Kuze)(z)
B —
" (ppr )W)
(s +2)
G =
c(s) G+0) o

FIGURE 9.9 a. Type 1 uncompensated system; b. Type 1 compensated system; ¢. compensator

pole-zero plot
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I Lag Compensation =

Root Locus

T T T T T T ‘\‘ J: ?ﬁ *“4 & k ‘)%‘l'
Response mysys #¢/ ShanghaiTech University
Gain 351
15} Pole -1.52. + 5.01i
QO Let’s revisit the problem of a very large 3 | S b
error constant specification. g .l i e i
. - o
O Can you use lag compensation to meet 5 0 R
the error constant specification? g 5f
. .9 10 F
0 Use Matlab to assist: | n
>> G = (s+5)/s/(s+6)/(s+7)/(s+8) 20}
>> rlocus(G) 25 ' ' ' ' ' ' ——
-35 -30 -25 -20 -16 -10 -b 0 5 10
Real Axis (seconds™)
Gain Design to Meet a Steady-State Error Specification
R(s) + <o E(s) K(s +5) Ce) PROBLEM: Given the control system in Figure 7.10, find the
% s(s + 6)(s + 7)(s + 8) value of K so that there is0.1% error in the steady state.

FIGURE 7.10 Feedback control system for
Example 7.6

SOLUTION: Since the system is Type 1, the error stated in the
problem must apply to a ramp input; only a ramp yields a finite
error in a Type 1 system. Thus,

e(oo)=i=o.1%

X (7.55)

EE160 Fall’25 lec4
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Root Locus

I Lag Compensation

165

Q Candidate lag compensator is 1o}

T T T T T T T

Response mysys
Gain 351

Pole -1.52 + 5.01i
Damping 0.29
Overshoot (%) 38.6
Frequency (rad/s) 5.24

v

Before compensated

>> s=tf(s’); (s+5)/s/(s+6)/(s+7)/(s+8) &
>> alpha=100; p=0.001; C = (s+p*alpha)/(s+p) i ’
>> alpha=100; p=0.001; C = (s/(p*alpha)+1)/(s/p+1) |
>> rlocus(C*G) £
15
O Velocity error constant is set to 1000. 20}
* Error constant is calculated to be K * 5/ (6*7*8) * alpha =
* We have K = 672 and check stability using Routh table
K _ (K Z] Z2 R )(ZC) 20T Response: untitledl
(e )P ter - R
g 10} ©.001 s + 0.0001 Overshoot (%) 385
-g ---------------- Frequency (rad/s) 5.15 | /
2 b 0.1 s + B.6ev1 £
: _/
3 0 ”7\
s L
-l C (s/(p*alpha)+1)/(s/p+1)
ol w1th C(0)=1

EE160 Fall’25 lec4
Real Axis (seconds™)

Imaginary Axis (seconds™)

10

-30 -25 -20 -15 -10 -b 0 5
Real Axis (seconds™)
Root Locus
25
207 Response untitled1
C = Gain 350
151 Pole -1.6 + 4.93i
o T 0 | Damping 0.29
10 Overshoot (%) 38.6
_________ Freguency (rad/s) 5.15
5 s + 0.001 /. :
0 s
Sl A
10
ol (s+p*alpha)/(s+p)
w1th C(0)=alpha
20 F
_25 1 1 L L 1 1 ] 1 >
-35 -30 -25 -20 -15 -10 -5 0 5 10

Real Axis (seconds™)



I Lag Compensation

PROBLEM: A unity feedback system with the forward transfer function
K
s(s+7)

is operating with a closed-loop step response that has 15% overshoot. Do the following:

wf&i@ﬂﬁk#l

24 3 . A a
Voo Ze/ ShanghaiTech University
Jrreca o

G(s) =

. Evaluate the steady-state error for a unit ramp input.

a

b. Design a lag compensator to improve the steady-state error by a factor of 20.

c. Evaluate the steady-state error for a unit ramp input to your compensated system.
d

. Evaluate how much improvement in steady-state error was realized.

ANSWERS:

d.

b.

EE160 Fall’25 lec4 11 CJH
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Ideal Derivative Compensation (PD)

O A compensator of a zero is called an ideal derivative compensator.

jo
- jeo ju) A
& = O. - ] »
T —3 + j6.874 N 4 J7 ‘/7
X7 K =51.25 il - j7 g =04
- 7e s =04 - Jj6
£=o0.4a - Js - ja s-plane n ]6
[ | = ~2.437 +j5.583 15
—0.939 + j2.15 17 - 72 K: A 4 =7 4
T e 1 ' 3.3 3 ~1.869 + j4.282
] 1 ~ - j4 s-plane
hird b IV 113.6 — J P
B, — [yt : : = - - {4 s-plane =
6 -5  —a -3 -2 1 -1 o 7 X:(‘(‘I 71 i - - ¥ - ! ©
X = Closed-loop pole X = Open-loop pole . 473
oo foop pot @ . @) X 173
Jeo = =0t Ja>
17 —3 + j6. - 97 ) | 4
S K‘; 5V|(.22;74 1 e 42 j2
£ =o0.4a - Jjs s . X
[ || O Third 11 Third RL i
3 7 pole \'1 13.6° pole \'1 13.6
—0.939 +/2.151 o == 1 LV2 Ly M) V2 V2 > O 1 AVIRVA\ 1 AV > O
K =23.72 Jz s N N i/ N N = NT N\ N =
,rhilrd *_K'l N A ;a -6 -5 -4 -3 -2 1 -1 0 -6 -5 -4 -3 -2 1 —i 0
pole 3. f .
s = —a TS e o il . . P | N X =Closed-loop pole X = Closed-loop pole
e i Wogn S i S ° X = Open-loop pole X = Open-loop pole
@ X = Open-loop pole ()
@> (d)

FIGURE 9.15 Using ideal derivative compensation: a. uncompensated; b. compensator zero at —2;
c. compensator zero at —3; d. compensator zero at —4

EE160 Fall’25 lec4 13 CJH



I Ideal Derivative Compensation (PD)

O A compensator of a zero is called an ideal derivative compensator.

TABLE 9.2 Predicted characteristics for the systems of Figure 9.15

N EERBEAT

7 45 ShanghaiTech University

Uncompensated Compensation b Compensation ¢ Compensation d
K K(s+2) K(s+3 K(s+4)
R (s+ D)(s+2)(s + 5) 5+ s +2)(s +5) G+ (s +2)(s+5) G+ (s +2)(s+5)
Dom, poles A Zero at —2 Zero at —4 Uncompensated
K 195 Zero at —3
¢
@y, 1.00 -
%0S
T = 075
‘ T
TP
5. 0.50
e(o0) I
Third pole L FIGURE 9.16
Zero 0 1 , i _ -Uncomp§nszs{ted system an(.:l
Cotnments 0 1.5 3.0 4.5 ideal derivative compensation

Time (seconds)

solutions from Table 9.2

EE160 Fall’25 lec4 14
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Ideal Derivative Compensation (PD)

PROBLEM: Given the system of Figure 9.17, design an ideal derivative compensator to
yield a 16% overshoot, with a threefold reduction in settling time.

R(s) + E(s)

K

s(s + 4)(s + 6)

C(s) -

FIGURE 9.17 Feedback control system for

Example 9.3

—1.205 +;2.064
K=4335

SOLUTION: Let

us

first

evaluate

the performance of the

uncompensated system operating with 16% overshoot. The root locus
for the uncompensated system is shown in Figure 9.18. Since 16%
overshoot is equivalent to { = 0.504, we search along that damping ratio
line for an odd multiple of 180° and find that the dominant, second-order
pair of poles is at —1.205 +;2.064. Thus, the settling time of the
uncompensated system is

£ =0.504

-7.59 -7

FIGURE 9.18 Root locus for uncompensated system shown in Figure 9.17

% ' X
6 -5 -4

X = Closed-loop pole
X = Open-loop pole

Jj3

s-plane

4 4
s —_ — =
Cw, 1205
£=0.504 Desired
compensated

-3.613 +6.193 dominant pole

Uncompensated
dominant pole
—1.205 +j2.064

N BEART

ShanghaiTech University

jo

A

it

1 J6

J5
A s-plane
J3

J2

X = Closed-loop pole

X L X 1 X | 1 L
-759-7 -6 -5 -4 -3 2 \fl
X = Open-loop pole

Jj1
\‘ 120.26°
» O
0

_ " 13320 w,=+/1.204>+2.0642>=2.3895

FIGURE 9.19 Compensated
dominant pole superimposed
over the uncompensated root
locus for Example 9.3

EE160 Fall’25 lec4
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Ideal Derivative Compensation (PD)

4

R(s) + E(s) K

s(s +4)(s + 6)

T

C(s) .~ = Ca)n

4

——=——=173.32
1.205 3320

FIGURE 9.17 Feedback control system for

Example 9.3

ZLO)=20O+2)— 200 +4) (O+6)=180°
= /(04 2)=180°+ OO +4) (O+6)=95.6°

w, =1/1.204>+2.064> = 2.3895

jo
6.193 ¢=0.504 i
———— =tan(180° — 95.6°) : 17
3613 —-c Desired
-3.613 +6.193 compensated 1
dominant pole J
o = 3.006.
— 15
- Jj4  s-plane
- ]3
Uncompensated . .
dominant pole —1.205 +j2.064 4 j2
- ]1
95.6° \'120.26°
L Vs | X% ! ! > C
FIGURE 9.20 Evaluating the 7 -6 -5 4 3\ 2 -1 0
location of the compensating X = Closed-loop pole -0

zero for Example 9.3

X = Open-loop pole

N BEART

ShanghaiTech University

Compensated Uncompensated
1:2:F
1.0 -
0.8 -
T 06F
0.4+
0.2 FIGURE 9.22
0 i y { i { i { i Uncompensated and
0 0.5 1.0 15 20 25 30 35 40 compensated system step
Time (seconds) responses of Example 9.3
jo
A
¢=0.504 47
-3.613 +j6.193 Compensated 16
K=47.45 dominant pole J
- JS
~ j4 s-plane
- j3
- 12
4 J1
\izo.%"
H— L c
-7 -6 -5 -4 —3T 2 -l 0
-2.775
FIGURE 9.21 Root locus for

the compensated system of
Example 9.3

X = Closed-loop pole
X = Open-loop pole

EE160 Fall’25 lec4
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I Ideal Derivative Compensation (PD)

. il w, , WREE TSR R R IEE
O Here is the standard procedure I prefer: R RORIIRESE: 5 —w, (¢ + 7v/1—CF)

* Note the PD compensation is able to L
provide a lead angle of 95.6 degrees, BHEE: 14+ G(s)=0
which is a lot. K

= Gs)= s(s+4)(s+6) -
Bk s T E BT

= /G(s)=—/Ls(s+4) (s+6)=180°

WhiE s IME, SR TR A ISR ERR L .

O = FAAFE + j EAFR

— BEAMPREST- IR T, 257, SRIEHRYE CRIZSRAALDR
— YARIETIGEEINTR] T, 457E,  S8JaRYE CRIZORIEALTR
RFEFE: 1+ L(s)=0

=L(s)=C(s)G(s)=(s+ 2

—1

)=
“s(s+4)(s+6)

MR EE SRR PD 5[4 A 2 r 50 B
= /L(O)=20O+2)— 20O+ 4) (O +6)=180°
= /([0+2)=180°+ 0@ +4) (O+6)=95.6°

—1

'\4@5 ShanghaiTech University

EE160 Fall’25 lec4 17




I Lead Compensation

O An active ideal derivative compensator can be
approximated with a passive lead compensator
(i.e., adding a zero and a pole)

* if the pole is farther from the imaginary axis
than the zero, the angular contribution of the
compensator is still positive and thus
approximates an equivalent single zero.

The disadvantage is that the additional pole
does not reduce the number of branches of the
root locus that cross the imaginary axis into
the right half-plane.

Different lead compensators correspond to
different static error constants and K values.

NV EW A BRKRT

/ ) ShanghaiTech University

Desired pole “
location

s-plane

\J

Pc

FIGURE 9.24 Geometry of lead compensation
jo
A
Desired
pole

location s-plane

[
-

pC]

FIGURE 9.25 Three of the

infinite possible lead
compensator solutions

EE160 Fall’25 lec4
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R(s) + E(s) K

C(s)

TABLE 9.4 Comparison of lead compensation designs for Example 9.4

Uncompensated Compensation a

s(s +4)(s + 6)

K

K(s+5)

I Lead Compensation

Plant and compensator

s(s +4)(s + 6)

Dominant poles —1.007 =;2.627

s(s + 4)(s + 6)(s + 42.96)
—2.014 +;5.252

- K 63.21 1423
Lead Compensator Design ¢ 0.358 0.358
FIGURE 9.17 Feedback control system for o 2.813 5.625
PROBLEM: Design a lead compensator for the system of Figure 9.17 that will ;}OS §?9(7228()4) :Z;O(g
reduce the settling time by a factor of 2 while maintaining 30% overshoot. Compare the 7, 1.196 (1.3) 0.598 (0.6)
. . K, 2.634 6.9
system characteristics between the three designs. s o a%0 o 145
=038 o $Hw ke
SOLUTION: First determine the characteristics of the Desired ) % 272 (%) 986.(2)
uncompensated system operating at 30% overshoot to dcom,Peniate? 4 j6 Ty LS 0258k
see what the uncompensated settling time is. Since 30% Omman. P 5 %684 63
overshoot is equivalent to a damping ratio of 0.358, we 2014 +,5.25 15 e(c0) 0.380 DLl
search along the ¢ = 0.358 line for the uncompensated Other poles —7.986 —43.8, =5.134
dominant poles on the root locus, as shown in Figure 9.26. 1% Zero None =5
) Uncompensated
From the pole’s real part, we calculate the uncompensated dominant pole 3 | Comments Second-order Second-order
. . T & 19l
settling time as T, =4/1.007 =3.972 seconds. The 1,007 +j2.627 u e e o i
remaining characteristics of the uncompensated system K=6321 1) “Simulation results are shown in parentheses.
are summarized in Table 9.4. _
Next we find the design point. A twofold reduction in 41 Desired —y  / v 5 555
settling time yields T = 3.972/2 = 1.986 seconds, from ”\‘”0'98" ;g’nﬁi‘:ﬁﬁzﬁe i
which the real part of the desired pole location is X% ' ' >0 5.252 5
_ _ S . _ 7 6 5 -4 -3 2 4 0 s-plane ————=tan7.31
—Cw, = —4/T; = -2.014. The imaginary part is w; = o —2014
= Closed-1 1 B o™=
—2.014 tan(110.98%) = 5.252. i:go“ Fioop pole | | .
We continue by designing the lead compensator. = SESESEEEE e Clo_s[:: ° -lgjﬁosge P, = 42 96
| Arbitrarily assume a compensator zero at —5 on the real axis | FIGURE 9.26 Lead compensator design, showing X = Open-loop pole
as a possible solution. Using the root locus program, sum the evaluation of uncompensated and compensated dominant Note: This figure is not drawn to scale.
angles from both this zero and the uncompensated system’  poles for Example 9.4
poles and zeros, using the design point as a test point. The F!GURE 9.27 s-plane
resulting angle is —172.69°. The difference between this angle and 180° is the angular contribution required from the ~ Picture used to calculate the
compensator pole in order to place the design point on the root locus. Hence, an angular contribution of —7.31°is required ~ 10cation of the compensator
from the compensator pole. pole for Example 9.4
EE160 Fall’25 lec4 19 CJH



I Lead Compensation

O Here is the standard procedure I prefer:

* Note as compared with PD
compensation, the lead compensation is
able to provide a limited lead angle.

s LA AT

28 g, FZ
o #¢/ ShanghaiTech University
[

FH w, , R SRS B I S R S,
RENERIERMIIEER: s=w,(¢C+jv/1—¢?)
WHEAFE: 14+G(s)=0

K _
s(s+4)(s+6)

Bk s RRFE R

= /G(s)=— ~s(s+4) (s+6)=180°

WhiE s IME, SRS THRA A SR ESTR ..

O = RaARDS + j AR

— TEAMPREST-TINTRI T, 457, SRIEHRE CRIZSRAALDR
— YA RIETIGEINTR] T, 257€, S8 RYE CRIZSRIEALR
RHIE R 14+ L(s)=0

(s+z.) K B
(s+p)s(s+4)(s+6)

R A FEE AR PD 47| B P 2 i O B
= /L(O)=20+2)— @O+ p)— 200 +4) @O+ 6)=180°
= (04 2)— @O+ p,)=180°+ £ 0@ +4) (O+6)

=G (s)= —1

= L(s)=C(s)G(s)= —1

EE160 Fall’25 lec4
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g \45 ShanghaiTech University

I PID Control (parallel version)

O This textbook first designs PD for transient performance improvement and then designs PI for

steady state performance improvement,
* which is called proportional-plus-integral-plus-derivative (PID) controller.

* The parallel version of the PID regulator is shown in FIGURE 9.30.

—= Kjs
| X2
Y
+ K; S2—|-I<1S'|'I(2
'l K, Kis+ Ky + K352 Ky @ Ky
R(S) T Kl + G(S) C(S) - GC(S)=K1 +T+K3S= 7 = g

FIGURE 9.30 PID controller

22

CJH
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I PID Control (parallel version)

PROBLEM: Given the system of Figure 9.31, design a PID

controller so that the system can operate with ajpeak time |that
is two-thirds that of the uncompensated system at 20%

overshoot and with zero steady-state error for a step input.

- The desired dominant poles are located at

T, (2/3)(0297) 384

T @n117.13°

- Find the sum of angles from the
uncompensated system’s poles and zeros to
the desired compensated dominant pole to

be 198.37°, which suggests the PD
compensator adds angular contribution of

g =

= —8.13

198.37 — 180 degrees.
DA = tan 18.37°
Ze =355.92

Gpp(s) = (s + 55.92)

R(s) +

4oy B R BAT

ShanghaiTech University

E(s)

K(s + 8)

(s+3)(s+6)s+10)

FIGURE 9.31 Uncompensated feedback control

system for Example 9.5

jo
PD-compensated y
dominant pole —| j15.87
s-plane
18.37°
1
-8.13

_ZC

X = Closed-loop pole

Note: This figure is not drawn to scale.

FIGURE 9.33 Calculating the
PD compensator zero for

Example 9.5

£=0.456 1712

-5.415 +j10.57
K=121.5

Uncompensated

dominant pole 1 J10

- j6 s-plane

~ j4

_J2

\:7.13‘)
X X L—x—! -0
-10 -8 —6T 4 8 2 0

-8.169 -55 46

X = Closed-loop pole
X = Open-loop pole

FIGURE 9.32 Root locus for the uncompensated system of Example 9.5

EE160 Fall’25 lec4
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PID Control (parallel version)

O PD adds a pure zero that attracts the root
locus to the left the s-plane:

jo

£=0.456

PD-compensated
dominant pole

-8.13 +15.87
K=534

s-plane

-/
—
=
o
o
Q

X = Closed-loop pole
X = Open-loop pole

Note: This figure is not drawn to scale.

GPD(S) = (S + 5592)

N BEART

ShanghaiTech University

E(s) 1

R(s) +

K(s + 8)

(s+3)(s+6)s+10)

FIGURE 9.31 Uncompensated feedback control

system for Example 9.5

(3]

FIGURE 9.34 Root locus for
PD-compensated system of
Example 9.5

A PID

1.2

0.8

0.6 PD Uncompensated
0.4
0.2
0 I I I I I e
0 04 0.8 1.2 1.6 2.0

Time (seconds)

FIGURE 9.35 Step responses
for uncompensated,
PD-compensated, and
PID-compensated systems

of Example 9.5

EE160 Fall’25 lec4
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Gon(s) = (5 + 55.92) Ger(s) = 722 (

Mo

I PID Control (parallel version)

R(s) + E L~ K(s+38) C(s)
Q PI adds an integrator (pole at origin) and a _8 3]s -+ 60(s & T} i
zero, which corresponds to the slow T
transient response during the settling
ph ase. FIGURE 9.31 Uncompensated feedback control
svstem for Example 9.5

Jjo

K(s +55.92)(s +0.5) _ 4.6(s +55.92)(s +0.5)

Gp S)=
A G (s) S .

£ =0.456 A PID
“H6(s + 56425 + 27.96)

S

1.2

1.0

PID-compensated
dominant pole

c(t)

-7.516 + j14.67
K=4.6

s-plane - PD Uncompensated

0.4

0.2

! 1 1 1 !
0 0.4 0.8 1.2 1.6 2.0
Time (seconds)

Y

FIGURE 9.35 Step responses
for uncompensated,

X = Closed-loop pole

FIGURE 9.36 Root locus for X = Open-loop pole PD-compensated, and
PID-compensated system of PID-compensated systems
Example 9.5 Note: This figure is not drawn to scale. of Example 9.5
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I Lag-Lead Compensation

O Ifwe design a passive lead compensator and then design a passive lag compensator, the
resulting compensator is called a lag-lead compensator.

* Let’s go through the process via an example.

R(s) + E(s) X C(s) PROBLEM: Design a lag-lead compensator for the system of
s(s + 6)(s + 10) = Figure 9.37 so that the system will operate with 20% overshoot and
a twofold reduction in |settling time.| Further, the compensated
system will exhibit a tenfold improvement in steady-state error for a

ramp input.
FIGURE 9.37 Uncompensated system for
Example 9.6 . . jo
One idea is to use the compensator zero to cancel out a £ IR
system pole. In other words, lead compensator 4
. - i 8) d domi 1
equivalently moves the open loop pole to the left of the s- i Ny o eeE
plane, which adds net angular contribution to the transfer s-plane
. jo n
function. !
jl
- —=Fj7.003 713>
s-plane 4_)( ] ! x 1 1 I x \' > G
155" b -0 9 8 7 6 5 4 3|2 -1 o
* - c FIGURE 9.38 Root locus for  -12.41
‘ X = Closed-loop pole uncompensated system of X = Closed-loop pole
X = Open-loop pole Example 9.6 X = Open-loop pole

FIGURE 9.39 Evaluating the compensator pole for Example 9.6

EE160 Fall’25 lec4 27 CJH



N EERBEAT

/ J ShanghaiTech University

I Lag-Lead Compensation

O One idea 1s to use the compensator zero to cancel out a system pole. In other words, lead
compensator equivalently moves the open loop pole to the left of the s-plane, which adds net
angular contribution to the transfer function, as indicated by the curly arrow in FIGURE 9.40.

* Sum the angles to the design point from the uncompensated system’s poles and zeros and the

compensator zero and get —164.65°. The difference between 180° and this quantity is the angular
contribution required from the compensator pole, i.e., —15.35°.

* The lead compensated transfer function is:

Gre(s) 1977
LC\S) =
s(s + 10)(s +29.1) .
jo 7.003 B J@
A ——————— =tan 15.35° b=
b —3.588 e
—— =} j7.003 B is found to be —29.1. -3.588 :—9]'777.003 Comp_er;s;ted dominant pole
s-plane -3
S \1 17.13°
1339 -—l ey~ | I ! | I T VA ® ! it
i - —33* -30 -27 -24 -21 -18 -15 -12 -9 -6 -3 0
i ~3.588 3191
X = Closed-loop pole X = Closed-loop pole
X = Open-loop pole X = Open-loop pole
FIGURE 9.39  Evaluating the compensator pole for Example 9.6 FIGURE 9.40 Root locus for lead-compensated system of Example 9.6
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I Lag-Lead Compensation
1977

O The velocity error constant of Gic(s) = G+ 100 +29.1) is 1977 / 10/29.1 = 6.793

192.1 . 192.1
TS5+ 6)(+10) Sex10 3.201

O Now to improve velocity error constant up to tenfold, we first arbitrarily choose the lag

O The velocity error constant of the uncompensated G(s)

compensator pole at 0.01 and then places the lag compensator zero at 0.04713, i.e., Gue(s) (s +0.04713)
: : : : 6.793 lagh5) =
* which means the velocity error constant will be improved by 10/ (m) =4.713 s+ 0'01)
: o
. A
A The lag-lead compensated open loop system is:
il K(s +0.04713) c=0456
LLC\S) = -3.574 +j6.976 Compensated
A S(S + 10)(S + 291)(S + 001) K=1971 dominant pole s-plane
125 / Lead- and lag-lead-compensated
Uncompensated
1.00 |- ~——
= 075 F 117.13°
- v
0.50 FIGURE 9.42 Improvement -29.1 0.04713 0
in step response for lag-lead-
0.25 |- compensated system of 51 81 OO e
Example 9.6 ' .
0 ! ! ! ! I - FIGURE 9.41 Root locus for X = Closed-loop pole
0 1 2 3 4 5 lag-lead-compensated system of = Oipen-loqupdls

Time (seconds) Example 9.6 Note: This figure is not drawn to scale.
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I Lag-Lead Compensation

O Finally, the ramp response is examined as follows.

A
A
50k Input 5.0
45 f
40 Lead-compensated 3.(5)
B '
S 30t £ 30
S 25t 2.5
20k < Uncompensated 2.0
13 15
1.0 1.0
03 0.5
| | | | »
%0 2 3 4 5 - U
Time (seconds)
(a) FIGURE 9.43 Improvement

in ramp response error for
the system of Example 9.6:

a. lead-compensated;

b. lag-lead-compensated

Input

A

Lag-lead-compensated

Time (seconds)

()

) £ 8 BeR s

ShanghaiTech University
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Notch Filter



O Ifa plant, such as a mechanical system, has high-frequency vibration modes, then a desired
closed-loop response may be difficult to obtain. These high-frequency vibration modes can be
modeled as part of the plant’s transfer function by pairs of complex poles near the imaginary axis.
In a closed-loop configuration, these poles can move closer to the imaginary axis or even cross

into the right half-plane. jo
A
A
-pl
s-plane x|
N
mpol%’ Plant’s high-frequency poles %
o
< =0 &w)
/——-—’_> -
X7 Time

(@) ®)
FIGURE 9.44 a. Root locus before cascading notch filter; b. typical closed-loop step response
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O A notch filter is a special lag-lead compensator can resolve this issue by
adding a pair of complex zeros near the dominant open loop poles.

jo
A Q
=]
£
Q
=4
s-plane Ci
M Notch filter poles
O
s-plane Plant’s poles Notch ﬁlter zeros and
\k plant high-frequency poles Time
—X—% c *TX < >
O w
gé))
g
Q 3
(c) @)
Time
FIGURE 9.44 a. Root locus before cascading notch filter; b. typical closed-loop step response ©

before cascading notch filter; c. pole-zero plot of a notch filter; d. root locus after cascading notch filter; FIGURE 9.44 (Continued) e. closed-loop step response after cascading notch filter
(figure continues)
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PROBLEM: A unity feedback system with forward transfer function

ShanghaiTech University

"L@ﬂ&kﬁl

is operating with a closed-loop step response that has 20% overshoot. Do the following:
a. Evaluate the settling time.
b. Evaluate the steady-state error for a unit ramp input.

c. Design a lag-lead compensator to decrease the settling time by 2 times and decrease the
steady-state error for a unit ramp input by 10 times. Place the lead zero at —3.

ANSWERS:

a.
b.
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So far, we have discussed all
Cascaded Compensators



TABLE 9.7 Types of cascade compensators

Function Compensator Transfer function

Characteristics

S+ Z¢
Improve steady-state error PI —_—
s

I Summary

s+ z;

D PI and La g Improve steady-state error Lag K S,
Q PD and Lead
D PID and Lag'lead Improve transient response PD K(s+z)

- s+ 2
Improve transient response Lead =
s+p,
Improve steady-state error and PID K M
transient response S
Improve steady-state error and Lag-lead K M
transient response (5 + Prag)(s + Preaa)

EE160 Fall’25 lec4 36

1. Increases system type.

2. Error becomes zero.

3. Zero at —z, is small and negative.

4. Active circuits are required to implement.

1. Error is improved but not driven to zero.
2. Pole at —p, is small and negative.

3. Zero at -z, is close to, and to the left of, the
pole at —p,..

4. Active circuits are not required to implement.

1. Zero at —z. is selected to put design point on
root locus.

2. Active circuits are required to implement.

3. Can cause noise and saturation; implement
with rate feedback or with a pole (lead).

1. Zero at —z. and pole at —p,. are selected to put
design point on root locus.

2. Pole at —p,. is more negative than zero at —z.

3. Active circuits are not required to implement.

1. Lag zero at —zj,¢ and pole at origin improve
steady-state error.

2. Lead zero at —zje,q improves transient response.

3. Lag zero at —zj, is close to, and to the left of,
the origin.

4. Lead zero at —z, is selected to put design
point on root locus.

5. Active circuits required to implement.

6. Can cause noise and saturation; implement
with rate feedback or with an additional pole.

1. Lag pole at —pj,, and lag zero at —zy,; are used
to improve steady-state error.

2. Lead pole at —p.,q and lead zero at —zjeaq are
used to improve transient response.

3. Lag pole at —py,, is small and negative.

4. Lag zero at —Zlag is close to, and to the left of,
lag pole at —pyy,-

n

Lead zero at —zjeq and lead pole at —p),,q are
selected to put design point on root locus.

6. Lead pole at —p,.,q is more negative than lead
Zero at —Zjead-

7. Active circuits are not required to implement.
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Feedback Compensation



I Minor loop or inner loop

O For system with more than one feedback loop, typically having more than
one tuning parameter, one way to deal with it is to first reduce the number

of the loop and then design via generalized root locus.

R(s) + C(s)
= @i) " K K > G > Gys) >
—A
Minor loop
K/H,(5) |=
Major loop
s dep”"” K series
spdKSeres KSeries Load
A— A Motor Motor \ inertia
Commanded Speed Pl Commanded Current Volts . Torque |
—» Controller — Contmller ‘s

Motor Current
Speed Feedback

Figure 11-6. Cascaded Speed Control Loop

FIGURE 9.45 Generic
control system with feedback
compensation.

ShanghaiTech University
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R(s) + E(s) K, C(s)
—"®—' S5+ 5)s + 15) -

R(s) + K, C(s)
® l ®_' s(s +5)(s + 15) -

K}.S -

(»)

R(s) + K, C(s) -
s(s+5)s+15)

_T— Kfs+ %)

R(s) + E(s) K, C(s)
—_— >
s[s2 +20s + (75 + KKp|

1

FIGURE 9.49 a. System for Example 9.7; b. system with
rate feedback compensation; c. equivalent compensated
system; d. equivalent compensated system showing unity
feedback

(@)
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I Minor loop or inner loop

O Alternatively, we can design the
minor loop first.
 This will often simplify the design

process because we are often
dealing a lower order system in

Minor-Loop Feedback Compensation

R L E R

ShanghaiTech University

PROBLEM: For the system of Figure 9.55(a), design minor-loop feedback compensa-
tion, as shown in Figure 9.55(b), to yield a damping ratio of 0.8 for the minor loop and a
damping ratio of 0.6 for the closed-loop system.

cGs)

minor loop. R(s) + <> E©) K s _
= s(s+5)(s + 15)
jo Jjo
/
j20 (=06 J20 (a)
Js5 s-plane
—o0. s-plane
e jlo | j10 R(s) +: : x + 1
-10 +ﬂ§a s e < s(s+5)(s+ 15)
K;=81.25 —4.535 + j6.046 Pl
! | 143.13° K=6243 J 126.87°
1 X x V 1 | Xl ‘ | 1 > 0
20 -15 -I0 -5 0 10 20 S-10 0 10 20
-10.93 sk Kps -
510 ,jlo -
15 )
—i20 F ;
’ 20 - FIGURE 9.55

X = Closed-loop pole (minor loop)

¥ =Qpen-louppols X = Closed-loop pole

X = Open-loop pole

a. Uncompensated system and b. feedback-compensated system for Example 9.8
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I Minor loop or inner loop

PROBLEM: For the system of Figure 9.59, design minor-loop rate feedback compensa-
tion to yield a damping ratio of 0.7 for the minor loop’s dominant poles and a damping
ratio of 0.5 for the closed-loop system’s dominant poles.

R(s) + 1 Cs)
s(s + 7)(s + 10) }

™
Y

FIGURE 9.59 System for Skill-Assessment Exercise 9.4
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I Cascaded Loops

O The minor loop concept can be extended to even more loops.
* For example, the position-velocity-torque control system in a servo system.

q : :q
vl positional speed motor - >
: controller controller controller :
| motor current ~| :

! |
: speed :

i position E
! I
! |
! !

cascaded control system
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I Cascaded Loops

An Overview of InstaSPIN-MOTION and SpinTAC www.ti.com

O However, three loops are not . e—
necessarily to be the o InstaSPIN-MOTION™

(= s e e e e e e e e e e e e e e e e e e e e e e e e e e e s

tandard Texa ': gl
S , C.g., 1eXas i | CTRLsetup |
. | o : - 1
InStI'umentS (TI) SklpS the STPOSPLAN_run STPOSMOVE_run; . | STPOSCTL run :: : OoL" Iq :: I~ " HAL run |
1 1 1 d 1 1t1 SpinTAC™ |12 3| spinTAC™ o] SpinTAC™ 'Iu ‘ i 2yl P Va Vilne o ! : - ;
velocity loop during position oton | |HeTAC™ 7, SeTAC™ Ljevey) im0 o PN AT n
co nt r 01 mo d e Sedience Plan | i@l Move [ T \g‘;’x%ly a §:| oot Va | PARK Voos | M R : Driver ]
. Oy > » 14““”4 | N - —|_> -~ ” '
- FLASHRAM | ROM _— - O ) ! | s/
* The position loop uses a PD i ’_' ]
: : ; ~ .| spinTAC™ :' W A Il
control, which is equivalent | SpinTAC i . o 1
. . . Identify | - I
to a position propomonal — N N i — i
_______________ E—— || | HAL_acqAdcint |
control outer loop plus a N : ! ST | FLASH/RAM el
. . | . s lo_in B
velocity control inner loop. soscominnl | |l Y | o T e [T l
I = L lsn | 1 |
SpinTAC™ I _ 8 |y 4—{— - 4 T |
o > CPosm(:n :;.ngle <1 N : . " FAST™ ly | 0! !
ey onverter = e © 0] Software Encoder am 1| Ve | ADC
FLASH/RAM @ :apeed = N N Rotor Flux Observer | 1 CLARKE ;VD H Driver :
[Torque ‘—‘ —]'; Mator Parameters D ‘_FL“_' ! : ‘V( 1 } :
| o a | I |
: : PR St 1 |
| | |
: : ROM ! Il FLASH/RAM '
. | e, e ——-——- | [ I !
i =TT
):C; 14._ Angle | HAL_gepCompriaingles ;
> A Selection : |
|
I [ R IHQ‘ Qep :
| Driver |
! |
. . | |
Teaching Old Motors New Tricks - Part 1 | FLASH/RAM |
) oo PO .
https.//Www.youtube.com/watch.V prVZlanPO Figure 1-14. InstaSPIN-MOTION Position Control with Mechanical Sensor and Redundant FAST Software Sensor
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