MM®6 PID Controllers
:

Readings:

« Section 4.2 (the classical three-term controllers, p.179-196
except subsection 4.2.5);

- Extra reading materials
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What have we talked in MM5?

- Stability analysis
- Steady-state errors
-Effects of zeros & additional poles
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MMS5 : BIBO Stability

m A system is said to have bounded input-bounded output
(BIBO) stability if every bounded input results in a bounded
output (regardless of what goes on inside the system)

m The continuous (LTI) system with impuse response h(t) is
BIBO stable if and only if h(t) is absolutely integrallable

m  All system poles locate in the left half s-plane - asymptotic
Internal stability

m  Routh Criterion: For a stable system, there is no changes in
sign and no zeros in the first column of the Routh array
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m  Objective: to know whether or not the response of a system
can approach to the reference signal as time increases

m  Assumption: The considered system is stable
m  Analysis method: Transfer function + final-value Theorem

e() = lIm s(R(s) =Y (s)) = lIm s(R(s) = G (s)R(s))

=1lims(1-G(s))R(s), R(s)= 1

S g
= lim (1-G(s)) :1@ —> DC-Galn
Position-error constant K, =lim G,(s)
Velocity constant K, =1lim sG,(s)
Acceleration constant K, =1lim s°G(s)

s—>0
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M M5 : Effect of Additional Zero & Pole

o

Step Response

! ! t
. ; : s0
s
. - s2
V4 System: s5 : : : : s3
[———— ... Time(secy: 161 .. ... ... .. ... ... SN e e s 2 8 R S £ sl

Amplitude: 2.71

Amplitude: 0.84
-
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Goals for this lecture (MM©6)

m Definition characterisitc of PID control
m P-controller
m PIl-controller
m  PID controller

m Ziegler-Nichols tuning methods
m  Quarter decay ratio method
m Ultimate sensitivity method
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Control is a process of causing a system (output) variable to
conform to some desired status/value (MM1)

Reference/
Set-point

9/9/2011

System Outputs

Control Objectives

Stable (MMD5)
Quick responding (MMS3, 4)
Adequate disturbance rejection

Insensitive to model &
measurement errors

Avoids excessive control action

Suitable for a wide range of
operating conditions

(extrarepdingss Goodwin’s lecture)



Control Objectives D
m  Stable g Y,
m  Quick responding Yop Yop £ . o v., y
= Adequate disturbance rejection | r R R IR B B T
m  Insensitive to model & measur. s
errors Om =
m AVOidS excessive ContrOI aCtion Figure 12.1. Block diagram for a standard feedback control system.
m A wide operating range

 System errors can be made less sensitive to disturbance with
feedback than they are in open-loop systems

* In feedback control, the error in the controlled quantity is less
sensitive to variations in the system gain/parameters

e Design tradeoff between gain and disturbance
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Recall example in I\/II\/I5

1 B |
s+1 -
Constan Transfer Feon
—+
I — [P
I Add
0.95 |
| -
10s+1 I
I Transfer Fen 1
: |
I 10/9 9/0.95 [ o
| S I I I I I I S B S S S B e e aae e mee el
0.85
10s+1
Transfer Foen 2

m  "Speed up” the original system by using feedback (P-) control
m Eliminate the steady-state error by using feedforward gain
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Deflnltlon of PID Controllers
m PID Means:
P: Proportional (control) u(t) = Ke(t)
| : Integral (control) u(t)=T5 jt:e(f)df
D: Derivative (control) 0(0) = KT 600

m PID Control System Structure: cascade control

+ Plant .
r(t) () et *PID Controller stn) " y(b)

9/9/2011 Classical Control 10



ek
e J A

8 J : e ; -
YL )
. N AL A e e e Y st - x
| ‘w"*. - i e sl e
y W T % ol ,f‘,ﬁ:; i e
y - - e
’ . e i -~ -

PID Control: Proportional Control (1)

m Control Structure

Time Domain: u(t) = Ke(t)
UG _
E(s)

Frequency Domain : D(s) =

m Closed-loop Control System

.
r(t) O e(t) ; Plant N y(t)

____________________________________________________________

D(s)G(s) = KG(s)

Gals)= 1+ D(s)G(s) 1+KG(s)
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PID Control: Proportion
m Closed loop Control System

| Contro

e 22 G

. - et
- — T e TS

. i —
" =

- i

___________________

i 1

1

1

1

1

|

o - s =
.~ e -
L | P

-~ e B _
——

+ i
~ e(t)i _ Plant .
r(t) " ~|P-Controller: K G(s) y(t)
m Advantage: asimple controller (—amplifier)
m Disadvantages:
Steady state offset/error problem
unity  feedback Sys
(type-0, -1, -2 systems —-MM5) K —lim G (s) e -t
_ . Posoe 0 T 1+ K,
Disturbance rejection problem | 1
K, = ISILnO sG ,(s) e i
K, = lim %G, (s) :Kia
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Example Speed Controlw of a DC Motor

m \Working mechanism of a DC motor
T = K.,

e = K e Hm Shaft angle 0,,, e -\

K, torque constant i, armature current
K, electromotive force (emf) constant
m Differential equation description

Bearings
& Commutator

J O0n+bo_ = K,i,
L.i, + R,i, =v, - K_6_
simplified
30+ b+ Baleyy K
R R See FC p.47-49
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- ~T<1l
| P-Control for the DC Motor (1)
NSES P ER 2 REL S| =
g‘z" t_‘ Download motorP.mdl ___
disturbance| 10 _E
Scope
s+1 0.1s+1
Constant Gain Transfer Fen Transfer Fen To Workspace
Ready 100% | ‘odeds 7

= Poles of the original system?

= Image the step response (undamped, underdamped, critially
damped or over damped)

= Type of this original system?

9/9/2011 Classical Control
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P-Control for the DC I\/Iotor (I I)

cle

SSSSS

w.?|
Y
Q
%

o Y

L]

°|E|
v

»

M

b

Ready 10022 lodeds

Tune gain K value, what we can observe:

Q
Q

Larger gain leads to quicker response, but with larger oscillation

There is always steady-state error. This error decreases as K
value increases

Effect of disturbance is always existing in the response, which
causes extra steady-state error

The effect of disturbance can be reduced by increasing K value

introduce one more degree-of-freedom ...
9/9/2011 Classical Control
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PID Control: P Control (I)

Integral/reset time

m Control Structure T,-

Time Domain : u(t) = K (e(t) +i f e(r)dr)

Frequency Domain:D(s)_U(S) K1+ 1 —)
E(s) Tys
m Closed loop-Control System
Plant

A 4

+
R(s) »( EES) K(1+1/T;s)

G(s)

I_

K(1+-2)G(s)

D(s)G(s) _ T,s

K(T,s+1)G(s)

Gcl(s):1+D(S)G(S) 1+ K1+

1 6(s) T Ts+ K(T,s+1)G(s)

9/9/2011 Classical Control
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PID Control: P1 Con

- A f { 1_.:1 "
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S | .-Q_» o SR ek
LT Ry I =, e o e il e e
duslanid R - gy S P = 2 el e
S im N, - — -

trol (1)

/RS

- P ——
k' -

\ 4

R(s)— 0 E©)

K(1+1/Ts)

Plant
G(s)

> Y(S)

T

m  Control-loop transfer function

m  Advantages:

Eliminate steady state offset/error (why?)
Good steady-state disturbance rejection (why?)

®  How about the transient response?

9/9/2011 Classical Control
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Example: Pl- Control for the DC Motor

| ﬂélf}iﬁ“ﬂl'ﬁf_lﬁ- ®| b =

f

Download motorPIl.mdl (O ¢

Clodk i
10 |disturbance ° time

1 1 :
1 In1 Out1 » ¢ o L
: s+1 0.1s+1 :
Constant Pl Controller ! Transfer Fen Transfer Fend! To Worspace
1
E -
Scope L'
RE I
- Ready 100% | oded5 7
(1 — blik\
In1 ) Out1
Gain
1
s
UTi Integrator
F100% I I oded5 7 ime offset 0
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PID Control: PID Feedback Control (1)

m Control Structure T,— Derivative/rate time
u(t) = K (e(t) +% f e(r)d 7+ T é(t)

V) e L41s)

PO e T

m Closed loop Control System

+ o E(s Plant ‘
R(s) % Bl ka+umet Toy o 270
G, (s) = D(s)G(s) _ K(T,T,s*+T,s+1)G(s)

1+ D(sS)G(s) T,s+ K(ToT,s2+T,s+1)G(s)

9/9/2011 Classical Control 19
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PID Control: PID Feedback Control (I I)

+
R(s) () ES) K(1+1/T:s+ Tg9) Z?_Sr;t ‘ " Y(S)

m  Advantages:
Increase the damping = Improve the stability
Good transient and steady disturbance rejection

®  The most popular control technique used in industry!

9/9/2011 Classical Control 20
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* PID-Control for the DC Motor

25 T T T I T T I I I
; : : : : : - P controller

- P| controller

= PID controller

Download motorPID.mdl

0 1 2 3 4 5 6 7 8 9 10
Motor Velocity Responses
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Motor Velocity Responses to a step disturbance
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PLOT
a1 ™

File XAdsPange  Y-Avs Range

IAE=19232 SSE = 790 695 ﬁ
246 [~ ) l ! I ! | ! I ——
"g 44 = /P only — notice the offset -]
:; 42 3 P and | — offset gone _‘
E / P, | and D - best -
& 40 —— . :

30 40
:.g". 40 | | ! | ! —]
S E
4 36
2 3
'§ 32 | | | | | —
30 40

Time (sec)

http://www.expertune.com/tutor.html#InitialPID
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PID Control: Characteristic Summary

O A proportional controller (Kp) will have the effect of reducing
the rise time and will reduce ,but never eliminate, the steady-state
error

U An integral control (Ki) will have the effect of eliminating the
steady-state error, but it may make the transient response worse.
U A derivative control (Kd) will have the effect of increasing the
stability of the system, reducing the overshoot, and improving the
transient response.

CL SETTLING

RESPONSE RISE TIME OVERSHOOT TIME S-S ERROR
Kp Decrease Increase Small Change  Decrease
Ki Decrease Increase Increase Eliminate
Kd Small Change = Decrease Decrease Small Change

9/9/2011 Classical Control 24
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PID Control: General Design Procedure

When you are designing a PID controller for a given system, follow
the steps shown below to obtain a desired response.

= Obtain an open-loop response and determine what needs to be
Improved

= Add a proportional control to improve the rise time

= Add a derivative control to improve the overshoot

= Add an integral control to eliminate the steady-state error

= Adjust each of Kp, Ki, and Kd until you obtain a desired overall
response.

http://www.engin.umich.edu/group/ctm/PID/PID.htmi
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Goals for this lecture (MM©6)

m Definition & characterisitc of PID control
m P-controller
m Pl-controller
m PID controller

m Ziegler-Nichols tuning methods
m  Quarter decay ratio method
m Ultimate sensitivity method

9/9/2011 Classical Control
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PID Trial Tuning

The "by-guess-and-by-golly" method

| Enter an mitral set of tuning constants from expertence. A conservative settimg would be a gain

of 1 or less and a reset of less than 0.1,
2. Put loop 1 automatic with process "lined out".
3. Make step changes (about 5%) 1n setpomnt

4. Compare response with diagrams and adyust.

9/9/2011 Classical Control
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Zliegler-Nichols I\/Ithoé

e These well-known tuning rules were published by Z-N In
1942.

e Z-N controller settings are widely considered to be an
"Industry standard".

e Other readings/resources:

eControl Tutorials for Matlab,

e Process Control Articles, Software Reviews,

e http://www.jashaw.com/pid/tutorial/

9/9/2011 Classical Control
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Tuning PID: Quarter decay ratlo methdd (1)

u(t)=K(e(t)+% [\ e(@)dz+Toe00 D(s)—UES; K(l+%+TDs)

Zlegler-Nichols Quarter decay ratio method:

Precondition: system is stable
Open loop tuning method

B A SEAT oA gy NN : ia a '_»_ - b % % i
" ‘ 4 . . ; g ,-.‘4“‘;J ; r < :
"‘&' S ;n % v*ét- *’af 2 as S ,,,-:,»r R

v(r)
Step response: = Process rLaction curve s SlepeR =% = reaction rate
Slope rate R=K/t ,;[,\
Lag time L I "f“
fi lE
T, f
Lag

9/9/2011 Classical Control
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f}'&‘? Ziegler—Nichols Tuning for the Regulator O(s) — K(1 + 1/ 7,54+ T55).

|;f”',‘; ~ for a Decay Ratio of 0.25

(B .

AT, Type of Controller Optimum Gain

e Proportional K=1/RL

S 7,—L70.3
e PO * K—1.2/RL,

= o T,=2L,

l.'-. ‘:- | TD===O-5L

27,
B Jl 9/9/2011 Classical Control 30
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Tuning PID: Quarter decay ratlo method'(l I I)

Pratical issues in Quarter decay ratio method:
m Process reaction curve

B X % Change of control output

@ R %/min. Rate of change at the point of inflection (POI)

m D min. Time until the intercept of tangent line and
original process value

Process -

http://www.jashaw.c %
om/pid/tutorial/pid6.
html
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P
(%) '-\
Ym H i
]
|
1
0
= ‘ Time (min)
o {(a) Controller output
0 0
Time
(a) £
Y T
45 !
Xm :
Sm Slope = S - (%) 35] N i— ------------
i I ]
25+ 1 | 1
1 1 I
I i I
15 i 1 i
0 1.07 7.00
0 (4] Time (min)
Time : (b) Process reaction curve

()
Typical process reaction curves: (a) non-self-regulating

process, (b) self-regulating process.
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_ = http://www.jashaw.com/pid/tutorial/
p|d6 html

Tuning PID: Quarter decy ratio methOd(IV)

B X % Change of control output
m R %/min. Rate of change at the point of inflection (POI)
m D min. Time until the intercept of tangent line and

original process value

Gain Reset Derivative
LD,E P X/DR — —
PI 0.9X/DR 0.3/D —
PID 1.2X/DR 0.5/D 0.5D

9/9/2011 Classical Control 33



» http://www.jashaw.com/pid/tutorial/
p|d6 html

Tuning PID: Quarter dey ratio methOd(V)

v

m  Another means of determining parameters based on the ZN open loop is:
After "bumping” the output, watch for the point of inflection and note:

i min Time from output change to POI oupu
P % Process value change at POI i
R  %/min Rate of change at POI

B % Change in output

re [y

m D iscalculated:

D=Ti - P/IR
Gain Reset Dertvative
m D & Xare then used ------------ - P XDR - -
PI 0.9X/DR 03D —
PID 1.2X/DR 0.5D 0.5D

9/9/2011 Classical Control 34
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Tuning PID: Ultimate Sensitivi

Plant

R(s) +Q E(s)

| Ultimate: K,

G(s)

le P

| u

ty Method(1)

" Y(S)

Place controller into automatic with low gain, no reset or

derivative.

Gradually increase gain, making small changes in the setpoint,
until oscillations start.

Adjust gain to make the oscillations continue with a constant
amplitude.

Note the gain (Ultimate Gain, Gu,) and Reriod AUkimat

Period, Pu.)

9/9/2011 Classical Control



Closed loop tuning method

Ziegler—Nichols Tuning for the Regulator O(5)=K(1 + 1/7T;5+ T55).

Based on a Stability Boundary

Type of Controller

Optimum Gain

. Proportional

K=0.5K,
Pl K=0.45K,
T,=1/1.2FP,
PID K=0.6K,
' TJ*"‘&Pu
TD='§Pu

9/9/2011
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MMG6 EXxercise

Design a P, PI, PID controller for the following DC motor
speed control, According to quarter decay method.

Download ZN_tuning_motor.mdl
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