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When Can PID Control Be Used?

When:

» “Industrial processes” such
that the demands on the
performance of the control
are not too high.

— Control authority/actuation
— Fast (clean) sensing
* PI: Most common

— All stable processes can be
controlled by a Pl law
(modest performance)

— First order dynamics

PID (Pl + Derivative):

+ Second order
(A double integrator cannot
be controlled by PI)

» Speed up response
When time constants differ
in magnitude
(Thermal Systems)

Something More Sophisticated:
* Large time delays

 Oscillatory modes between
inertia and compliances




Seeing PID — No Free Lunch

» The energy (and sensitivity) moves around
(in this case in “frequency”)

Serious design

Log magnitude

Frequency

« Sensitivity reduction at low frequency unavoidably leads to
sensitivity increase at higher frequencies.

Source: Gunter Stein's interpretation of the water bed effect — G. Stein, IEEE Control Systems Magazine, 2003.

Another way to see P || D

+ Derivative * Integral

D provides: — Eliminates offsets
— High sensitivity (makes regulation ©)
— Responds to change — Leads to Oscillatory
_ Adds “damping” & behaviour

- permits larger Kp — Adds an “order” but

i it instability

— Noise sensitive (Makes a 2" order system 3™ order)
— Not used alone

(v its on rate change
of error — by itself it
wouldn’t get there)

- “Diet Coke of control”

- “Interesting cake of control”




PID Implementation
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PID Implementation
Non-Interacting (Standard Form)| Interacting Form (Series Form)

—l —
—H-LU—*%;% o=

c(s)=K<1+$+sTd> C’(s)zK’<1+ ! )(1+sT’d)

i ST’i
* Integral time (T;) does not * Note: Different K,T; and T,
influence derivative e T, does influence T;: interacting

+ Easier to tune manually




PID Implementation [2]

Interacting (Series) Form: Non-Interacting =» Interacting Form:

- T,>4T, | K()=K (1 + %) (1+sT'y)

l
@J.

EXSCH

1

"(s) =K'(14+— | + sT}
C'(s) =K +sT;>( +T))

~

Parallel Form:
k.
C'"(s) =k +?l+ skg

Implementation of Digital PID Controllers

We will consider the PID controller with an s-domain transfer function
U(s)
X(s)

K
= Gils) = Kp + -~ + Kps. (13.54)

We can determine a digital implementation of this controller by using a discrete
approximation for the derivative and integration. For the time derivative, we use
the backward difference rule

u(kT) = % - %(x(kT) — x[(k = DT)). (13.55)

The z-transform of Equation (13.55) is then

~ Ty = 2Lk,

1
U(z) = T T2

The integration of x(f) can be represented by the forward-rectangular integration at
t = kT as

u(kT) = u[(k — 1)T] + Tx(kT), (13.56)

Source: Dorf & Bishop, Modern Control Systems, §13.9, pp. 1030-1




Implementation of Digital PID Controllers (2)

where u(kT) is the output of the integrator at t = k7. The z-transform of Equation
(13.56) is

Ulz) =z 'U(z) + TX(2),

and the transfer function is then

U@ _ T2
Xz z-1
Hence, the z-domain transfer function of the PID controller is
KTz z—1
G = Kp + + Kp— : :
o2) = Kp+ 7+ K= (13.57)

The complete difference equation algorithm that provides the PID controller is
obtained by adding the three terms to obtain [we use x(k7) = x(k)]

u(k) = Kpx(k) + Kj[u(k — 1) + Tx(k)] + (Kp/T)[x(k) — x(k — 1)]
= [Kp + K;T + (Kp/T)]x(k) — KpTx(k — 1) + Kk — 1).

(13.58)

Equation (13.58) can be implemented using a digital computer or microprocessor.
Of course, we can obtain a PI or PD controller by setting an appropriate gain equal
to zero.

Source: Dorf & Bishop, Modern Control Systems, §13.9, pp. 1030-1

Thus: PID in the Z-Domain

« PID Control may be considered in the Z-Domain as:

T Tp(z—1
D(Z)=Kp<1+TI(ZZ_1) D(ZTZ )>

» And/or as a difference equation as:

Tp
At

2T
t

u(ty) = w(tp_1)+Kp [(1 + % + ) e(ty) + (*l -x ) e(tp—1) + %E(%—z)




PID Intuition
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PID Intuition & Tuning

« Tuning — How to get the “magic” values:
— Ziegler Nichols Methods
— Lambda Tuning
— Skogestad’s Internal Mode Controller
— MIGO / AMIGO
— (Dominant) Pole Placement
— Auto Tuning (Optimization) ...

« Although PID is common it is often poorly tuned
— The derivative action is frequently switched off!
(Why - it’s sensitive to noise)
— Also lots of “I” will make the system more transitory &
leads to integrator wind-up.




PID Intuition

de(t)
dr

Lo
ut) = K [e(:) = [ e(ds + T,

. P:
— Control action is proportional to control error
— It is necessary to have an error to have a non-zero control signal

— The main function of the integral action is to make sure that the
process output agrees with the set point in steady state

PID Intuition

de(t)
dr

u(l) = K [e(:) ¥ l? [ e(s)ds + Ty,

— The purpose of the derivative action is to improve the closed loop
stability.

— The instability “mechanism” “controlled” here is that because of
the process dynamics it will take some time before a change in
the control variable is noticeable in the process output.

— The action of a controller with proportional and derivative action
may e interpreted as if the control is made proportional to the
predicted process output, where the prediction is made by
extrapolating the error by the tangent to the error curve.




Effects of Increasing Gain

Effects of increaSI n g a parameter independently

Parameter | Rise time

K,

K;

Ky

Overshoot
Decrease Increase
Decrease Increase
LAy Decrease
change

Settling
time
Small
change

Increase

Decrease

Matlab helps with PID tuning:

G system=[???]; H=[1];

D_compensator = pidtune(G_system,

'PIDEF")

Steady-state
error

Decrease

Eliminate

No effect in
theory

6 —

CL_system = feedback(series(D_compensator,G_system), H)

step (CL_system)

Stability™!

Degrade

Degrade
Improve

if £ small

+

PID Intuition: P and PI
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PID Intuition: P and Pl and PID

» Responses of P, PI, and PID control to

8 . 1.8
6 - L Hpm |
1.4 HH =
N 12 /\ /
%; 2 - ERRT AL [\ AT e
2 H/\ Lpr 2 o oy
E o i [\J\vﬂ g os {4 U s o
< <
V 0.6 h
2 HH P
PID ‘ 04 e
-4 ‘ 0.2 #- ’ -
-6 | 0 ‘
0 1 ) 3 4 5 6 0 1 g 3 4 5 6

Time (msec)

(a) step disturbance input

Time (msec)

(b) step reference input
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Rule-Based Empirical Tuning

o Decrease Stability

o Increasing stability

o Decreases stability

 Proportional Gain Increased %:

« Integration Time is Increased #:
o Error decays more rapidly

« Derivative Time is Increased %:

+ Integration Time is Decreased ¥:

Pl Control Tuning Via Dominant Pole

r e
G (s) y
-1 |«
Imz
p, XX $
1
XK —O >
P3 21 Rez
P, X

Py = Ly + g/ T = 0+ iw
Dy = Loy - iwgy/ 1 - (2= -0-iw

This implies

L [+ 2] 600 = 0
Py

1+ [k 2] G0 = 0
Py

where G = GrGp, and G, is the transfer functio
equation is linear in k and k;, It has a solution if
is

VI-T7 Awy) + LB(w)

k(wy) = - —— .
4 V1 -1% [A(wg)? + {B(wy)?]

@, B(wy)
VT =17 [A(wg)? + Blwg)?]

Source: Advanced PID Control, Chapter 4

kl(w(l) =
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PD Control Tuning Via Dominant Pole

r
G (s) y
-1 e
Imz
A
P, x
N ) »
< >
P3 z Rez
P, X

28 = k+ ks

oy = VLT Ay + 1By
T VT-C [Awg)? + Blwy)]
(wg) = Blasy)
" 0y VIS [A(w)? + Blwg)?]

Source: Advanced PID Control, Chapter 4

PID Control Tuning Via Dominant Pole

<° X

e
G (s) y
-1 e
Imz
4
Py >
21 'Rﬂ z
P, X

’

7)) = k' + - + ks

k!
P o = ¥ i + k(-0 + I
Gy(-otiw) = k' + — (-0 + iw)
k! k!
= k- S5 - ok i[—i,f*‘ wk;,]
“n Wy

1+ [k(wp) — kfwy)] wp]Gp(-w,)
201 - 0)Gp(~wy)

ka(w,) =

Source: Advanced PID Control, Chapter 4
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Ziegler-Nichols Tuning — Reaction Rate

FPW § 5.8.5 [p.224]

(t)
/

/Slope R= é =reaction rate
K
A

¢
|
|
|
|
|

L=ty —W’{ t

lag

Table 5.2 Ziegler-Nichols tuning
parameters using transient response.

K, Tr Tp
P 1/RL
PI 0.9/RL 3L

PID 1.2/RL 2L 0.5L

Quarter decay ratio
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Ziegler-Nichols Tuning — Stability Limit Method

FPW § 5.8.5 [p.226]

« Increase K, until the system has continuous oscillations
= K|, : Oscillation Gain for “Ultimate stability”
= Py, : Oscillation Period for “Ultimate stability”

Table 5.3 Ziegler-Nichols tuning
parameters using stability limit.

K, T, Tp
P 0.5K.
PI 045K,  Pu/1.2
PID  0.6K, P./2 P./8

Ziegler-Nichols Tuning / Intuition

Tm Plim)

I/‘\
Nk

g

Re Pliw)

D

Nyquist Plot

wd g

. . 1 .
Cliay,) = K (1 +;(mRT - -—)) r 0.6K,,(1 + 0.467i)

« For a Given Point (%), the effect of increasing P,I and D
in the “s-plane” are shown by the arrows above Nyquist plot
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PID Example

« A 34 order plant: b=10, {=0.707, 0,=4
1
G(s) =

s(s+b)(s + 2{w,)

« PID:

C
b K,
Ris) —w{ | Ko+ [

. Kp=855: - 40% Kp = 370

2 x = o = oy

” [ N 0835 /o N / M| Quarter smplinde decay
g ! \ A { X
g ‘ ! \"\ / -'I I\\ . =
g | | —
< os| / | i \ // _ | \ ,/.' i

Nl | 3 7
\)h-'/ L b - ) /
0 02 04 06 08 ] 12 14 6 18 2
Time (5)
Kp = 8855 L~ 5

E| / \/
g |
& " ||l
40 —— |
" A f
% st [ {
§ 0 s E M
e “30 Tin
R

PID Example

A 3" order plant: b=10, {=0.707, ©,=4
G(s) =

s(s + b)(s + 2¢w,,)

+ Kp=855: - 40% Kp =370

. [ 1% 77“\‘{\ AR f o }
N N1/ [ 1)
< os| ; i i \ 7 ,"I \\ #F
”l‘“ 02 04 06 1.8 I‘1 ‘\' 1.4 j lln' \_/
IIlI
5 f
>
. —_— ,."I
||/
— 0 0
0 [ T
Real Axis
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PID

(Non-Linear Effects
[e.g. saturation])
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Integrator Wind-Up

Wind-Up:

A non-linear effect: motor limitations (speed, hysteresis, etc.) / saturation
When this happens the feedback loop is broken and the system runs as an open
loop because the actuator will remain at its limit independently of the process
output.

If a controller with integrating action is used, the error may continue to be
integrated if the algorithm. is not properly designed. This means that the integral
term may become very large or, colloquially, it “winds up.”

Ex: B ;_

T T > o R LS . - .

B
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An Anti Wind-Up Mechanism:

KTys

e=Yp—Y

Bl

wull
L

Actuator
model

Actuator

Next Time...

« Digital Feedback Control

e Review:
— Chapter 2 of FPW

» More Pondering??

o
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