Analysis and Design of Linear
Control System -Part2-

Instructor: Prof. Masayuki Fujita



o6th Lecture

10 PID Control (pp. 293--313)
Keyword : PID Control, Ziegler—Nichols’ Tuning

11 Frequency Domain Design

11.4 Feedback Design via Loop Shaping (pp. 326--331)
Keyword : Lead and Lag Compensation



Basic Feedback Loop
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P(s): Process  C(S): Feedback block
(F (s): Feedforward block)

. Output error

I' : Reference signal

d : Load disturbance . Control variable

N : Measurement noise . Process output
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. Measured signal
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________________ Controller _;
1} .
e=r—y Fig. 10.1 (a)
de 1 de
u=~ke-+ kij e(r)dz + kg “qr =K (e_l_T_.I e(z)dz +T, EJ
K, : proportional gain (10.1)
K. :integral gain T : integral time
K, : derivative gain T, : derivative time

C(s) =Kk, AL kS (10.4)
S
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Fig. 1.17

Based on a survey of over eleven thousand controllers in the refining,
chemicals and pulp and paper industries, 97% of regulatory controllers
utilize PID feedback. [L. Desborough and R. Miller, 2002]



Response of the process output to a unit step

1.5F | . . 1.5¢ | ki
= AN = LA <
g 0.5F g 0.5F .
e T s
EGUU EG%J EOUUR}
° fmer C Timer O timer
(a) Proportional control (b) PI control (c) PID control
: : Fig. 10.2
e : —~ /~ integral gain
Ero_portlonal gain k. increases - — _

error dbecreases is aliminated K, increases
Ut_” but | more damped
\.more osciflatory / \_more oscillatory /




Zliegler — Nichols’ Tuning (1942) (Step response method)

Vi AT T T — K 1 t de
u= kp(e+T—joe(r)dr+Td Ej

(10.1)

Type  k, I, I
= -t
| pP1 0.9/a 3r
(a) Step response method
Flg 10.7 (a) PID 1.2/a 27 0.5r
7 . time delay (a) Step response method
alt : steepest slope Tab. 10.1 (a)
From a unit step response
K - .
P(s) = e (10.10 K : steady state value
1+sT K /T :slope

alt=K/T a=Kz/T



Zliegler — Nichols’ Tuning (Frequency response method)

_1_ Im P(iw) 1 de
| L=k P(s) Y zkp(e+?j e(z)dz +T, Ej

= .
C Re P(imw) L : )
N @> N o Type K, T, T, (10.1)
P 0.5k,
| PI 04k, 08T,

PID 0.6k, 057, 0.125T,

(b) Frequency response method
Fig. 10.7 (b) (b) Frequency response method Tab. 10.1 (b)
A 17

Stepl Integral and derivative
gains are set to zero S

StepZ Increase proportional gain k_ N
until the system starts to oscnlate -

Step3  From fig. 10.7(b) w, is the frequency / which
L =k P(s) intersects the critical point— T_ =27/ o,

Relay Feedback

K, =11 / \
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[EX. 10.4] Atomic force microscope in tapping mode

— Photo ”) Laser

P (S ) — /s
diode Hy .
STn (S _I_ 1) ij: _,._:-.='-="="=::===1I Cantilever
T Sample
Ty = 2nm¢ ~ 0.251 | S]] e o
_ _ =| Amplifier Controller —s={ Amplifier

(¢ = 0.002,n = 20)

Deflection reference 4

Ziegler — Nichols’ Tuning (1) Schematc g
Fig. 3.14 (a)
[m=217'n=048]
Pl Controller u= kp(e+T_l.j e(z)dz +T, %j (10.1)
k, = 0.4k, = 8.68 |
Type k, T; Ta
T, = 08T, -0.384 r
- k = —~ 231 PI  04k. 08T,
PID 06k 05T, 01257
Many VerSIOnS (b) Frequency response method Tab. 10.1 (b)



- Nathaniel B. Nichols (1914-1997) -

*B.S

e An
Mic
* An

e Born in Michigan

degree from Central Michigan University in1936

* M.S degree from the University of Michigan in1937

Honorary Doctor of Science degree from Central
nigan University in1964

Honorary Doctor of Science degree from Case Western

Reserve University in1968

Professional _
Automatic control, automatic radar tracking

Fire control computers, power-driven servomechanisms
Industrial process controllers ,spacecraft attitude controls

Well known for Ziegler [ =R KXDEFC, EZEE

e Zlegler and Nichols PID tuning

FADWFPRENZIXHMNTEBATLND

* Nichols chart (created to facilitate the calculation of
Closed-loop frequency response in Aerospace Corporation)



M B . The control variable reaches the actuator limits
i g —l |
r e U y
—O—— %, j)‘:—‘f’ C
‘ Ly S —> Outp_ut is saturated
—1} Figure 10.1 (3 The integral term and the
mm) controller output become
1@?4 very large (windup)
N |
©oem T Fig, 1,17
Anti-Windup Add extra feedback path
;"' 1+;If = Fas . :
o e, :error signal
=roy e O e - e, = 0 mmm) No saturation

Y
K

VN j _~~2_||When the actuator saturates, the signal
! . | & Is fed back to the integrator in such
Extra feedback s a way that e, goes toward zero

path

Controller output is kept close to

Fig. 10.11 AL
the saturation limit



Implementation

Filtering the Derivative

11 1-frequency sig.
" \easurement noise

|deal derivative > | ;WW sl
Error 0; AL lM” ﬁW\
PastPresen;hture —_— I'_m L JI : ’
A&’A N con oo hin E
“ Nl; [dB]
k,s —=>k,s/(L+5sT,) 20logk, /T,
~_Low-pass filter
Filtering ideal controller 20logk, |-----

1
14T, +(sT,)*/2

L_ow-pass filter

C(s) = k(1+ 1I_I+T sj

Weighting  peak can be avoided
dr

3 variations

(1

0.13)

=k, (Br—y)+k I;(r(r) —y(r))dz +k, (y -

/3 : reference weight 7 : setpoint weight

VT, T, [rad/s]



Computer Implementation

U= kp(ﬂl’ — y)+ K. j;(r(r) — y(r))dr+ K, (— dyj 1

dt j(@+5sT,)
(- y) el
:> P(tk) - kp(ﬁr(tk) o y(tk)) i L1 ~ kp ]@ - / L pe) -
K [ (@)~ y(0))d= H@[ H Ler
B 1(t0) = 1(4) +khe(t,) + - (sat() -) Al

Fig. 10.11

t

h :sampling time T =h/k, :anti windup term

. _dy 1
N dt ) @+sTy)

T, kd -
—> D(tk)=mr><tkl)—m(y(tk) y(t 1))

_ _ (from backward difference)
Time — Delay, Smith method



Feedback Design via Loop Shaping
Basic Feedbagk L_oop

_____________________________

Controller  Process ] |
_aol s b e ROU‘“ AN\

10" 10 10 10
——— e ————— Freq w [rad/s]

r ei ik i u X (a) FrequenCy response (L(S))
: K : P(S) Fig. 11.8
i—» k,S i gm =2-5

““Controler e ¢on =30 —60
Fig.10.1 (a) s, =0.5-0.8

PID Controller




Lag Compensator and Pl Controller nole: —b, zero:—a

S+ a corner freg.: a,b
C(s)=Kk . !
(5) s+Db S (break point)

b <a:Lagcompensator b =0 — PI controller
40
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L R i P i i [ A i

RS i i i bbb i i b 1

[dB]

_ oot Imprové tracking performance

|C(jw)]

b a

[deg]

£C(jw)
|
@)
D

Pl controller |

b a Freq w [rad/s] F|g 11.9 (b)
Frequency response (C(s))




Lead Compensator and PD Controller nole: —b, zero:—a

C(s) =k S+a corner freg.: a,b

(11.12) _
s+Db (break point)

a <b: Lead compensator a =0 — PD controller

— L i PDicontre A

o | 2 Tead compensator

................................

|+ Improve phase margir

a Freq w [rad/s] Flg 11.9 (a)
Frequency response (C(s))



Lead and Lag Compensator

C(s) =k S+a, || S+a,
s+b, |\ s+b, a, <b
ead compensator + Lag compensator a, > b,

[dB]

20

«~—PID— .« Conditional Stability

B :5‘ : ’ e Integral Windup
3 JlLagi Y1 « Derivative Factor, etc.
= bz dar by Derivative has a high gain for high
g T | freg. signals — Filtering
5 T T K,S
3 Lead k,s —> —F¢
Q - o 1+ sT,
Freq w [rad/s] k /k
Frequency response (C(s)) T, = dN , N=2-20
Alternative: (Ideal Controller) + (Noise Filter)
K. 1
e.d. C(s)=| k, +—+Kk;s
9 C(5) ( s ij2/232+Tfs+l



Lead compensation
Higher-order lead compensator

(s+a)"

(s+b)

higher-order lead compensator can provide larger
phase lead than 90°
20—

C(s)=Kk a<b

| Fréq w [rad/s]

Frequenacy respotﬁse (C(s))



[EX. 11.5] Atomic force microscope Iin tapping mode

(§ 3.5, Exe. 9.2)
Photo i Laser

- = Cantilever
N P
LS ample
Sweep Pugzn B
generator | v | drive -

—| Amplifier p—=|Controller == Amplifier

Detlection reference

Fig. 3.14 (a) Schematic diagram (b) AFM image of DNA

system dynamics (dynamics of the vertical motion)

P(s) = a(l—e )
st(s+a)
a=_~_lw, =1 r=2nzlw, =0.25

¢ :damping ratio @, : undamped natural frequency




[EX. 11.5] Atomic force microscope in tapplng mode

System dynamics

alL-e )
st(s+a)
Integral controller

C(s)=" k=83
S

P(s) =

Phase margin: ¢, = 0°
Pl controller

K,S+Kk
Cpi (S) —

S
» improve phase margin (by k)
On =45

k, =35

» bound on the crossover frequency -270L ..
@, = 4lradis] <12 - L& — 4 8[rad/s]

0.25

r—
—_—
o,

dlsturbancl@ éttefrmatltm :(

Freq w ra

40 R

/‘}fk /SOZ)

-90}

3
CE
==
N

-130

102 10

T
Freq w [rad/s]
Fig. 11.10 (a) Loop shaping



[EX. 11.5] Atomic force microscope Iin tapping mode

System dynamics P1 controller
| e C (s) K,S+K
alt-e) (9)-
P(s) = : S
sz(s+a) k=83 k,=35
A
sensitivity | (M1 2) WT1<31 25) | ,
310 .0 5 | 3 ......complementary
> / = \senaltlwty
10" : 10" -2 0 2
1072 10° 10° 10 10 10
Ioad Freq o [rad/s] Freq w [rad/s]
C. . - 10 :
sensitivity 1o’ o ‘CS‘ 6 3.5
s = I jLC noise
A : A -1 I
= = 100 |5 P sensitivity
107 10° 107

Fig. 11.10 (b)

Gang of Four Freq w [rad/s]

Freq o [rad/s]



[EX. 11.5] Atomic force microscope Iin tapping mode

Integral controller Pl controller

) c - kys+k
C,(s) =~ (8=
S k=83 K,
2 |

Feedforward

: ! E I - L

? v i 1 i it i ‘l

] 1 : . 3 ° Ty = t

i LA ] 1 . 1 1

15 S L S -

- [ 1
I 1 1 !

! b ¥ L i 1 1 '
[] 1 1 1

Closed system with C,

(2 Degree of | " Closed system with C.; |
Freedom) T T T A
0.5-
% 5 4 6 : 10
Time t [s]

Step response

=3.5



o6th Lecture

10 PID Control (pp. 293--313)
Keyword : PID Control, Ziegler—Nichols’ Tuning

11 Frequency Domain Design

11.4 Feedback Design via Loop Shaping (pp. 326--331)
Keyword : Lead and Lag Compensation
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