Dynamics and PID control

Sigurd Skogestad
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Process dynamics

« “Things take time” A”ﬂT b

® Step I"GSpOﬂSe (response of output y to step in input u):
— k = Ay(«)/ Au — process gain
— 1 - process time constant (63%)
— 0 - process time delay

Ay()

Time constant t: Often equal to residence time = V[m3]/q[m3/s] (but not always!)

* Dynamic model: Can find t (and k) from balance equations:

Mass/energy [kg/s; J/s]: % Inventory = Inflow - Outflow

Component [mol/s): % Inventory = Inflow - Outflow + Gen. by reaction|

— Rearrange to match standard form of 1st order linear differential equation: 7—%% = =y -+ ku




Example dynamic model:
Concentration change in mixing tank

nventor

Assume constant V [m3]

Assume constant density p [kg/m?]
Assume, c (in tank) = ¢ (outflow) [mol A/m?3]
Assume no reaction

qr [m¥/s] \Vi q [m¥/s]
e c

Mass balance  Component balance

Inflow Pqr [ka/s] CrQr [molA/s]

Outflow pq [ka/s] cq [mol A/s]

Inventory pV [kd] cV [mol A]

(“state variable”)
Balances:
Mass d{st‘i) =pqr —pq [kg/s]. pV constant = ¢ = qp
Component: d%z =cpqr —eg  [mol A/s] j}_-:{_q‘/% — ,c+\_}/.CF

4 k

Response of linear first-order system

Standard form*: Ti][; = —y+ ku,.
Initially at rest (steady state):  y(0) = yo.
Make step in u at ¢ = 0: JANTS

Solution: y(t) = yo + (1 - e_t/r) &Ly
Ay(t=00)

& Initial slope crosses final value at t = © {time constant) — S
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Remember for first order response:

1.Starts increasing immediately (would reach new steady state after time 7 if it kept going)

2.Reaches 63% of change after time 7.

3.Approaches new steady state exponentially (has for practical purposes reached new steady state after about 47)

FA tiorc gonoral standard Zorm for Tmear systems 5 the state space form (i
leviation variable s _ A+ Bu, y=Ca+Du, 2(0)=0
Our case: A=-1/1,B=k/r.C=1D=0




Feedback control

Control systems elements:

Valve l

Hot water I/%'\I T T Card in computer
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d Lines are signals ("information”):

Process

y = controlled variable (CV)
Eﬂ ym = measured CV

ys = setpoint (SP)

® ¥ e =vys—ym = control error

i u = manipulated variable (MV)

o g
L |

Ym

Block diagram of negative feedback control

C = Feedback Controller = ?




Feedback controller

Measurement
Ym
Controller |_nput (Mv)
Algorithm: u = !
Setpoint f(Ys~Yrm)
Ys
FIGURE §
Simplest controller algorithm: On/off controller. i

=T
Problem: cycles et | AN SN A == s v

100
u=Q (heat)|
% SIGNAL TO
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0

TIME

Industry: Standard algorithm for SISO controllers: PID
Industry: Standard for multivariable control: MPC (model predictive control)

- - o
Hjelp til a velge varmeprodukter
Vart kjz=re lille land her oppe i nord har tradisjonelt vart med mye sne og kulde - og er det fortsatt. Riktig
valg av oppvarming er viktig bade med tanke pa stremregning og innemilja.

Ideell innetemperatur

Vi har etter hvert vendt oss til en hey inne- temperatur, gjerne opp mot 25 grader. Vi tilbringer det meste av vér tid innenders, og
derfor er inneklimaet viklig. Undersekelser har vist at mennesker rives og fungerer best nar innetemperaturen er mellom 19 og 22
grader. Ved heyere te; i i i i mi i a holde sa jevn
temperatur som mulig] Beha benytter elekironiske termostater med proporsjonalregulering pa sine miljgovner | Det vil si at
termostatene er megef noyakiige med Kon Tid mellom inn- og UTkobling av varme- elementene De ef 1akiisk sa noyaktige som +/-
0,3 grader ved 20°C

Temperatur (°C)

24

24 P TRy

20 5 ~ P \\ - \\ 2 Innstilt temperatur
18 L% 3 Elgkironisk termostat

" Mekanisk termostat

Tid

Prinsippskisse for termosiatregulering
Mechanical thermostat = On/Off-control (cycles)
Electronic controller (thermostat) = P-control (should give small offset)




PID controller

» Proportional control (P)

e
Ve

SN
u:u0+Kc<ys_y)

Input change (u-u,) is proportional to control error e.
K, = proportional gain (tuning parameter)
Uy = «bias»

Problems proportional control:
1. Get steady-state offset (especially if K, is small)

Offset (%) e 100% k: process gain

I+ Kk K.: controller gain
2. Oscillates if K, is too large (can get instability)

P-control of typical process
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Initially at steady-state (y=y,=0). Change setpoint to y,=1 at t=1.




* Fix: Add Integral action ()
* Get Pl-control:

¢ e(t)d
ult) = u + Koe(t) + K, 0 =0%

I

7, = integral time (tuning parameter)
e =y, —y (control error)

Note 1: Integral term will keep changing until e=0 = No steady-state offset

Note 2: Small integral time gives more effect!
(so set 7, = 99999 (large!) to turn off integral action)

Note 3: Integral action is also called «reset action» since it «resets» the bias.
«Update bias ug at every At»: u(t) = uo(t) + Kee(t)
where ug(t) = ug(t — At) +57‘IA—”6(1‘,)
N’

old up

Add also derivative action (D):
Get PID controller
[/ __,? "M

_, 1 de(t)
u(®) = o + Kele(®) + /0 e(t)dt +p=2)
Au

P:Normal

P-part: MV (Au) proportional to error

This is usually the main part of the controller!

I-part: Add contribution proportional to integrated error.
Integral keeps changing as long as e#0
-> Will eventually make e=0 (no steady-state offset!)

Possible D-part: Add contribution proportional to change in (derivative of) error

Can improve control for high-order (S-shaped response) and unstable processes, but
sensitive to measurement noise




Many alternative PID
parameterizations

This course:
u(t) = g + Kele(®) + 2 [§ eyt + mp?D]

Alternative form :
u(t) = ug + Pe(t) + I [§ e(t)dt + DI
P=K, I=Kctm, D=Kcp

Also other:
Proportional band = 100/K,
Reset rate = 1/ 1

NOTE: Always check the manual for your controller!

Digital implementation (practical
in computer) of PID controller

Continuous (not possible in computer):

K. [t
u(t) =ug + T—/ e(t)dt+Kce(t) + K.p dz(tt)
I Jo
N

a(t)

whara 71(+) — hiac tarm with intacral acrtian includad

Introduce:

At— samnlino time

At= sampling time

k=current value (at time t)

L _ 1—nravinne valuia (ot +ima + — A+)

v B PLbVlUuD vauiuuv \(A/ll viiue v H(//
Discrete (digital) approximations :

de{t) . ex—er_1

iy — a1 ae ags L Koo, A4

tp = U(t) = Up-1 + et
Conclusion: Digital PID implementation

oy ., L Koo, LK o CRTCR—

Wi L et L SR Al
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PID controller tuning

de(t)
dt

1 gt
w(t) = ug + Kele(t) + = / e(t)dt + I8
77 JO

Ay

3 tuning parameters:

1. (Proportional) Controller Gain: K.
2. Integral time: 77 [9]

3. Derivative time: 7p [s]

Want the system to be (TRADE-OFF!)

1.

Fast intitially (K, large, tp large)

2. Fast approach to steady state (t, small)
3. Robust / stable (OPPOSITE: K, small, 7, large)
4. Smooth use of inputs (OPPOSITE: K, small, tp small)
Tuning of your PID controller
|. “Trial & error” approach (online)
(a) P-part: Increase controller gain (K.) until the process
starts oscillating or the input saturates
(b) Decrease the gain (~ factor 2)
(c) I-part: Reduce the integral time (t,) until the process
starts oscillating
(d) Increase a bit (~ factor 2)
(e) Possible D-part: Increase 1y and see if there is any

improvement

Very common approach,
BUT: Time consuming and does not give good tunings: NOT recommended




Il. Model-based tuning (SIMC rule)
Y/

* From step response obtain
— k = Ay(«)/ Au — process gain
— 1 - process time constant (63%)
— 0 - process time delay

k = Ay(«)/ Au

Ay()

* Proposed SIMC controller tuninegs
Ke= 3T
¢ = RET0
71 =min(7,4(¢+ 9))

= desired response time with control (tuning parameter!).
-~ Choose 1. = 6 (delay) for "tight" control
Choose 7. > 6 for smoother control (but K. > M)

Ymaz
7p : normally 0 (may try 7p = m= 2nd order time constant (e.g.
response time measurement), but should then get new = and 8
based on 2nd order response)
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Example SIMC rule

u(t)

« From step response Aﬂ Vi
— k=Ay(») Au=10C/1 kW =10
— 1=0.4 min (time constant)
— 06=0.3 min (delay)

Ay(e)

* Proposed controller tuninEf

Select 7. = 6 = 0.3 min (" tight” control):

— _ 1 04 _
Ke = 1759 = 1003403 = 0-967 |
T4 (1 + 0)) = min(0.4,2.4) = 0.4min
0.4 03403

=

Simulation PID control

. Setpoint change at t=0 and disturbance at t=5 min

Well tuned (SIMC): Kc=0.07, taui=0.4min

Too long integral time (Kc=0.07, taui=1 min) : settles slowly

Too large gain (Kc=0.15, taui=0.4 min) — oscillates

Too small integral time (Kc=0.07, taui=0.2 min) — oscillates

Even more aggressive (Kc=0.12, taui=0.2 min) — unstable (not shown on figure)

o=

1.8

16

Output (y) "
121
setpoint
08

oal |

04t ]

021

L L L L I L I L I
Q 1 2 2 4 5 G 7 2 9 10

Time [minl

10



Comments tuning

1. Delay (0) is feedback control’s worst enemy!

» Try to reduce it, if possible. Rule: "Pair close”!

2. Common mistake: Wrong sign of controller!

Controller gain (K,) should be such that controller counteracts changes in output
— Need negative sign around the loop ("negative feedback”)
— Two ways of achieving this:

— (Most control courses:) Use a negative sign in the feedback loop. Then
controller gain (K,) should always have same sign as process gain (k)
— (Many real control systems:) Always use K_ positive and select between
"Reverse acting” when process gain (k) is positive
— because MV (u) should go down when CV (y) goes up
"Direct acting” when k is negative

. WARNING: Be careful and read manual! Some reverse these definitions (wikipedia used to do it, but | corrected it)
© Oct. 2009: http://en.wikipedia.orgiwiki/Controller_(control_theory)

3. |ntegrating (((SlOW))) ProCesSs. ifthe response is

not settling after approximately 10 times the delay (so 7/0 is large), then you
can stop the experiment and approximate the response as an integrating
process (with only two parameters, k’ and 0):

Au
e At
5}
SIMC-settings (using k' = k/7):
Ke=24+-1_
c— ]’C’Tc—i_e
71 = 4(7c + 0)

11



Example: Similar to shower process

F T .
AT ‘

=100s -

Lfeay

Q oo g Fel®
7=20s pLL
I’

.

Step disturbance (d)

To Workspace4

Sum1

Transport
Delay (pipe)

Tank

To Workspace3

T

!
& =]
Clock

To Workspace

To Workspace1

Simulink model: tunepid1_ex1

Note: level control not_explicitly included in simulation (assume constant level)

o C
1

I
=40

1]
—
-n

Disturbance response with no control

d=Tr ;

°  Looong pipe

/

u

Q

Q

=1 H
6=100s JO L/Lf‘jl
A% = \.,_ -

7=20s

y=T

Open-loop

o
3

Ke=0; taui=9999; % no control
Y%start simulation (press green button)
plot(time,u,time,T time, T1), axis([0 800 -1.5

1.5])

Temperature

/
!

f
[

/

o

£
5

'
i

—u
—T

7Tf

|
N
/’/T
|

|

|

|

|

|

|

|

|

|

3
(53]
o

200

400

Time, [s]
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ERYe

P-control
y =
and error we find it to be K, = 1.13. d=
P Controller Kc=0.5 P Controller with critical gain
1.5 15
1 - 1 > 2
// \\ — / | 7\
05 / R | [ an
e v ‘ Offset|| 2 %% I % f % J
T 2 / v/ ]
o 2, /
5 \L/‘\—/_W 5 /" / i \
~ 05 1 ® o8l — /
—a - /
1 —T| A —T,
— T,
-1.5 ‘ - = i L . n
0 200 400 600 80 15 200 400 800 800
Time, [s] Time, [s]
= F T
/l\ A
L
v JO T I \’IL" /]
TC )€ Rt

plot(time,u, , axis([0 800 1.5 1.3])

SIMC PI control

11) SIMC PI tuning rule with 7, = § = 100. u= Q
=T
K. = (1/k)11/(7c + 6) = 20/200 = 0.1; 77 = min(71,4(7 + 6) = 20 y
d=T,
Pl Controller
15
1 \
R
/
o 05 { 1
E f N
g | -
g 0 N —————  No offset
5 N
Faost [—u] N\
T N
1 T \-\f
| 200 400 600 800
w F T

\

? Pl-control
1 button)
axis([0 800 -1.5 1.3])

plot(time,u time, T time, T




SIMC PI with smaller T

15 . . ;
1l d=Tg
.f/ %\\\
f Ny =T
o 057 / \"\x\\<—15100 ]
= | 8 e
o > | \ i 52
[ | : ——el
2 ) g
o
F 05} .
qF .
1.5 L gt |
0 200 400 600 800
Time, [s]

Recommend: 7,=delay #=100s because it is more robust and gives no overshoot in u

Measure also T,: Cascade control is much better

d=Tg F T,
/F\ A i
- L e )
u= OLD | \LC /]
v T Mg
Slave controller »L:
(inner loop) =1 e
TOs T.

Master controller
(outer loop)

Cascade Controller

15
u
1t — T H
7Tf
05} T

Temperature
o

Inner loop (T0): tauc=10
Outer loop (T): tauc=105

= -1r
Kc2=0.1; % inner loop with tauc2=10 -1.5 = : 2
Ke=0.119; taui=25; % outer loop with tauc=105 o] 200 400 600 800
sim(tunepid1_ex1_cascade’) %start simulation ;
plot(time,u,time,T.fime, Tf,time, T0), axis([0 800 -1.5 1.5]) Time, [s]

14



K5, 11 Nov. 2016

The experimental setup

This is the «Whistler»

y=T [C] (at top)
u=Q [0-1] (at bottom)

First we did a step response experiment
where u was increased from 0 to 1 (manual
vontrol). The temperature y=T increased
from 20C to 54C (new steady state). This
gives k=68. The dynamics are quite slow
because it takes time to heat up the glass. ,
0=5s, 1=120s

From this we obtained the model
parameters and SIMC tunings (with
1,=6=5s)

We then put it into automatic andf increased
the setpoint to 70C. The input (u=Q)
increased immediately to max=1, and we
should then have stopped the integration
(«anit windup») but we had forgotten to do
this and this is why you can see that u=Q
stayed at max=1 even after y=T has oassed
the setpoint.... Not so good... but
eventually we see that itr was working well.

This can be confirmed by Ida who was the
ONLY student who stayed behind to check
how things went. Thanks, Ida!

Thanks to Tamal Das

Thanks to Ida

The model. Step response: k=68, 6=5s, 1 =120s

:H’»‘/\HK‘

2 ()'[LUA/\ \\ (

The controller. SIMC

(with 1,=0=5s): K,=0.2, t,=40s

15



The closed-loop response

Ja, reguleringen virket etter hvert! - noe Ida kan bekrefte

g g
b

Temperature [Celsius]
2

&
T

3
e

1ax=1'
]
- - -
-7 (The input is a bit noisy
2" becayse of a noisy
; ] temperature measurement,
Load but it works!)
0
min=0
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