First-order Transfer Function

First-order scalar system:

dz(:) =axz(t) +bu(t)

y(L) =cz(t) + du(l)

Laplace transform:

sx(s) — a(t = 0) =axz(s) + bu(s)
(s — a)x(s) =z(t = 0) + bu(s)

2(s) = (s —a)~ " (@(t = 0) + bu(s))

z(s) = (s — u,)_l x(t = 0)+

+ (s —a) L bu(s)

with zero initial condition z(0) := 0 the trans-
fer function results:
N _y(s)
9(s) o)
_n(s)
T d(s)
Fraction of two polynomials in s:
d(s) =s—a n(s) =ds—+ bc—da

=c (s— (1,)_1 b+ d

Transfer function g(s):

- Effect of forcing system with u(t)

- IMPORTANT!!: g(s) is independent of u(s)!!!
- Fraction of two polynomials

General Transfer Matrix

General system with n differential equations in
n state variables z(t) (where z,u,y are vectors
and A, 3, C, D are matrices):

dzit) =Aa(t) + Bu(®)

y(t) =Cz(t) + Du(t)
Laplace transform with zero intitial condition,
2(0) = 0,u(0) = 0 (deviation variables):

sl x(s) =Ax(s) + Bu(s)
(s — Ayx(s) =Bu(s)
2(s) = (sI — A)~! Bu(s)
Get y(s) = G(s)u(s) where transfer matrix is:

G(s)=C (sI—A)'B+D

Here
dj (sI — A)
T Ay 1=0@s 7 A)
(s ) det(sl — A)
where det(S1 — A) =
d(s) = ans”® + ap_1s" 1+ - +ays+ap
is a n'th order polynomial in n,

The n roots (generally complex) of the polynomial d(s)
are the same as the eigenvalues of the state matrix A,
and are known as the «poles» of the system
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Poles and zeros

* Transfer functions G(s) of linear, time-invariant networks of first-order
systems are ratios of two polynomials in s (Laplace variable)
= G(s) =n(s)/d(s)
* Polynomials have roots
root in denominator, d(s)=0: G(s) — o "pole”
root in numerator, n(s)=0: G(s) > 0"zero”
* Roots & dynamics
— Zeros are responsible for shape of response
* Zeros in right half plane (RHP): inverse response
— Poles roots determine stability and fast or slow dynamics

* Complex poles (=eigenvalues): Oscillations
* Poles in right half plane (RHP): Unstable

Example transfer function

Time constant form:

) = ——Istl e — e ilf s =1
g(s) = AtrlerTlJ(Tlgsfll with k= AT =200 = 10,m=1

Pole-zero form:
4 s+0.5 . G 5—z
8= St e — * e

with &' = 4/5,
zero z — —1/T = —0.5,
poles (or eigenvalues): p1 = Ay = -1/ =01, pyo =X =—-1/mp =—1

) Figure 1 I=Tk5)
Fie Edt ven It Took Desktop \idow e B

ODEdS[s[Ra09eL - [2|08(ad

Step Response

-

S
25 /

Amplitude




Initial and final values for step
response

* Consider response y(t) to step of magnitudeM in input
* Transfer function g(s)
* Deviation variables for y(t) and u(t)

Steady-state gain: (oo) = ¢(0)

Initial gain: ( D) - g( )

+
Initial slope: % = limg 00 S9($)
Proof: Note that y(s) = g(s)
Final value theorem: lim;_, oo y(t) = limg_,0 sy(s) = limgs_,q Sg(s)% =g(0O)M
Initial value theorem: lim;_,q y(t) = lims 00 sY(s) = g(oc0) M
Initial value theorem: lim;_,q4'(t) = lims_,o0 S(sy(s)) = lims_ o0 sg(s) M
Initial value theorem: lim; o™ (t) = lim,_ o0 8" (sy(5)) = limy_s00 s"g(s) M

Dynamic step response of some
systems
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g1: First-order system (k=2, 7=10)

Amplitude

Step Response

s=tf('s')

gl =2/(10*s+1)
step(g1,50)
axis([0 40 -0.2 3])

u(t)

u [ gi(s)=1|v
— 2 N
iS+

¥y = KM(1 - ™)

_k_
Ts+1

g(s) =

Steady-state gain:

Initial gain: ¥ (U

:'1(00)

—()=

Initial slope: ¥ Sg ) — limy_y e sg(s) =

(0) =

k

k
T

15 20

Time (seconds)

25

30

35 40

KM

g2: Larger time constant (7=12)
...gives slower dynamics

Amplitude

Step Response

s=tf('s')
gl =2/(10*s+1), step(g1,50)
axis([0 40 -0.2 3])' hold on,

EWIEEY

g2 =2/{12*s+1),step(g2,50)

10 15 20

Time (seconds)

25

30

35 40
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g3: Larger steady-state gain (k=2.2) s=tf('s')

gl =2/(10*s+1), step(g1,50)
axis([0 40 -0.2 3]); hold on,

g2 =2/(12*s+1), step(g2,50)
g3 =2.2/(10*s+1), step(g3,50)

Step Response

Amplitude

1 ! ! 1 ! ! 1
0 5 10 15 20 25 30 35 40

Time (seconds)

g4: Integrating system =0.2/s s=tf('s')
gl & g4: Same initial response (slope = 0.2=k/7) gl =2/(10*s+1), step(g1,50)
axis([0 40 -0.2 3]); hold on,
Step Response
3 g2 =2/(12*s+1), step(g2,50)

g3 =2.2/(10*s+1), step(g3,50)
g4 = 2/(10*s+0), step(g4,50)
g4=0.2/ a3

—
8

Amplitude

0 5 10 15 20 25 30 35 40

Time (seconds)
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Integrating system, g(s)=k’/s

* Special case of first-order system with =00
and k=0o but slope k’=k/7 is finite

e g(s)=k/(7s+1) =k/(Ts)=k'/s
» Step response (u=M): y(t)/M = k’t

g5: Integrating system with time delay s=tf('s')

gl =2/(10*s+1), step(g1,50)
axis([0 40 -0.2 3]); hold on,
g2 =2/(12*s+1), step(g2,50)
g3 =2.2/(10*s+1), step(g3,50)
25 g4 = 2/(10*s+0), step(g4,50)
gh g5 g5 = 2*exp(-5*s)/(10%*s), step (g5,]

Step Response

Amplitude




Step Response

g6: Unstable system (e.g., exothermic reactor):
Note: Sign change in denominator d(s)

3

25

Amplitude

05

g6
unstable

,g4

-~ Integrating system:
on the limit to unstable

Oops... Negative sign in d(s)...

stable

Unstable!

20
Time (seconds)

25

40

I«S-shaped» 2nd order responses

g2, g3, g4) made from two first-order systems in series

Step Response

gl =2/(10*s+1), step(g1,50)

g2 = 2/[(10*s+1)*(10*s+1)], step(g2,50
g3 = 2/[(5*s+1)*(5*s+1)], step(g3,50)

25

g4=2/[(10*s+1)*(2*s+1)], step(g4,50)

System: g3
Time (seconds): 21.9

Amplitude

G(s)=

K

(rs+1)(7,5+1)
N
0 5 10 15 20 25 30 35
Time (seconds)
71_43_’"1 o Tze---.’.f'rz
y(t) = KM (1 e o L

40
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2nd order (S-shaped) approximated as
first-order plus delay
gl(s)=K*exp(-0s)/(ts+1)

gl =2/(10*s+1), step(g1,50)

g2 = 2/[(10*s+1)*(10*s+1)], step(g2,50

g3 = 2/[(5*s+1)*(5*s+1)], step(g3,50)
Step Response gl =2/[(10*s+1)*(2*s+1)], step(g4,50)

3

25

System: g3
Time (seconds): 21.9
i

Amplitude

K
y GE)r——————
(r,st1)(7,5t+1)
0 5 /0 15 _ 20 ] 25 30 35 40
ime (seconds) g~ T2/2
Approximated as first-order with delay, (using half rule): g2 5
3 2.5
Half rule: 6 =~ 7,/2 ‘gm ]

2nd order responses
Special case (g2): 7,=7,=7

gl =2/(10*s+1)
g2 = 2/[(10*s+1)*(10*s+1)]

Step Response

3

25

98%

639 /

Amplitude

First-order
)= KM(1 - &™)

269

05

/ss%_/-_—’-;%

(96% at t=67)

59%

Second-order with 7,=7,=7
Critically Damped (£ = 1)

yn=KM [1— (1 +i)e_i”jl (4-50)

tzir t=471

20 25 30 35 40

Time (seconds)
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gl =2/(2*s+1), step(g1,50)
g2 = 2/(2*s+1)2, step(g2,50)
From n identical first-order systems in series g3 = 2/(2*s+1)"3, step(g3,50)
3 Stop Response g4 = 2/(2*s+1)14, step(g4,50)
g5 = 2/(2*s+1)A5, step(g5,50)
g6 = 2/(2*s+1)"6, step(g6,50)
g7 = 2/(2*s+1)A7, step(g7,50)

n’th order responses:

25

Amplitude
.

05|/ /

0 5 10 15 20 25 30 35 40
Time (seconds)

General 2nd order system

K _ K
’s*+28rs+1 T(s—A)(s—-4)
Roots (poles, eigenvalues): | _ gyl

’ T

G(s)=

¢ <1 underdamped (oscillations)
¢ =1 critically damped
¢>1 overdamped (no — oscillations)

Special case: Two first-order in series (overdamped, ¢ > 1):

K K
G(s)= = 5
(zst1)(z,5t1) 17,8 +(7, +17,)st1
Two —real — poles : §=u21

2,

T =417,

A==1/1t,4=-1/1,




o]
|
(V)
)
o
©
i
&)

K
G(s)m=F—— 7T — gl
et -1 T e
1.2 T | T ] Ll I 1 I T
1.0 = |
£=1.0
0.8 1.5 B
y .0
KM 0.6 2
Lfor:t, =1, =1,
0.4} -
=%= 2.125 for:7,=3,7,=1/3
0.2} A% 13.08f0ri,=6,0,=1/6 | -
0 1 | 1 | 1 | 1 1 1
0 4 8 12 16 20

t
T

Figure 4.9 Step response of critically-damped and overdamped second-order processes.

T=417,

Underdamped (Oscillating) second-order systems ({<1)

K

G(s)=
) s’ +2Lts +1

Corresponds to complex poles

Process systems:
Oscillations are usually caused by (too) aggressive control

Example 1: P-control of second-order process, k/(7y s+1)(7, s+1)
* Oscillates (¢<1) if Kk is large (see exercise)

Example 2: Pl-control of integrating process, k'/s
* Need control to stabilize
* Oscillates (¢<1) if Kk’ is small (see derivation SIMC PID-rules)

06.09.2017
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s=tf('s")
zeta=0.5, tau=1
g = 1/[(tau*s)"2 + 2*tau*zeta*s + 1]

Step Response

14 step(g)
1.2 P g=
/ ™~ 1
il / -~ | .
/’ sA2+s+1
, 08
] >> pole(g)
E 0.6
ans =
0.4 ’/ﬁ
-0.5000 + 0.8660i
02 -0.5000 - 0.8660i
/
/
ol
0 2 4 6 8 10 12

Time (seconds)

G(s) = “#
TsT+2Cts+1
Wr—f-ger T T T T T T
1.4 — —
0.4
1.2+ )
0.6

1.0
n . 0.8
ah, W 0.8 —
whd 2
% 06 J’(I)=KM{1_—B_§’” cos( 1-¢ r)
< 0.4} o adha
(&) § o= sin(-m-l—ir)]} (4-51)

0.2 Vi1— 'gf T

0 L | 1 l i l ! ! ! |
0 4 8 12 16 20
t
T
Figure 5.8. Step response of underdamped second-order processes.
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Zeros

g(s) =n(s)/d(s)
Zeros: roots of numerator polynomial, n(s)=0
Example, g,(s)= (3s+1)/(10s+1)(s+1). Zero: s=-1/3

Problem for control if n(s) has coefficient with different signs (positive
zeros in the right half plane (RHP). Give inverse response.

— Example, g,(s)= (-3s+1)/(10s+1)(s+1). Zero: s=1/3

T

Oops... Negative sign in n(s)... Inverse response!

Gls) =
s +2Cts +1
[g<1
y
I
0 L%
— I
Q !
i
: | -
t ¢ 2
= =R . . Small T
&) N
Time to first peak: 1, = V1 - 2 (4-52) t =1t
P
Oversh})bc:—t: 0S8 = exp(—wi;f\fl - 2;1) (4-53) 0S=exp(-17)
=a
Decay ratio: DR = (05)* = exp(—2nl/V1 - {3)
e 27T (34) P=2
Period: LT 4-55 o
VI= e
Zeros

06.09.2017
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Zeros

Zeros

Zeros are common in practise
Occur when there are several «paths» to the output.

—> —> Y
8,(s)
All coefficients positive: LHP zero
Example 1. @i(s) = ﬁ; G(s)= &
2(s+ 1)+ 0:3(10s+ 1) = 5.3 2175+
g(s) = I L ) o B € [ M )
Example 2 gi(s) = 1052+1; %2((8)1>=oi3(5(1)+;)31 Y ‘l Sign change: RHP zero = Inverse response
_ s+ S+ = 0:59s+ 1
oS = ot &= Hmrmnen - ety S
= _03 . - _2 ——
Examp|e 3 9i1(s) = i ot 2(92(15;) ;3% Y 4 3
- = 2(s*1)] 0:3(105+1) _ 4.7 11:3s+1 g <
a(8) = g1 + @ = “osrner— = 1 fos s 3, 7
A iUV
[ 7
Note; Overshoot since 11.3>10 1 ;2
0%/
0‘
0 5 10 1 25 30 35 40

5 20
Time (seconds)

Zeros

Step Response

e i 0:59s+1
—o(s) = 1T 6sr 7 ?;1)

RHP-zero with «time constant» -0.59: Similar to delay of 0.59.

5 10 15 20

Time (seconds)

06.09.2017
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Zeros
Step Response
3
gl =2%(3*s+1)/[(10*s+1)*(s+1)], step(g1,50)
) g0 = 2/[(10*s+1)*(s+1)], step(g0,50)
) g2 = 2*(-3*s+1)/[(10*s+1)*(s+1)], step(g2,50)
2 P —
15 T
1. - —
gl LHPZSKE yay %(8) = osriyee ™
g0 Nozero g1(s) = (3s+ 1)go(s)
05|/ %(s) = (i 3s+ 1)go(s)
0
g2: Sign change for coeffcients in n(s) (RHP zero): Inverse response
-0.5
0 5 10 15 20 25 30 35 40
Time (seconds)
Zeros

Simple Inverse response example (RHP zero: «competing effects where slow wins»).

Physical example electric heater: Increase hot water flow when Q is constant. u = g, y = T (see below)

Step Response
sf ]
s=tf(‘s’)
25 gl=1
g2 =2/(10%s+1)
g=gl-g2
2 ans =
10s-1
150
10s+1
3
2
3
<
0.5
g=gl-g2,
0
05
-1
0 5 10 15 20 25 30 35 40

Time (seconds)

06.09.2017
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Zeros
Example LHP zero: Note no overshoot here (since T=3.33 < 7=10)
Step Response
sl
2.5
gl=1
2 g2 =2/(10*s+1),
e 1+ —2 = 3333s+1
o 10s+1 ~ Y 10s+1
E
<
0.5
U
-0.5
-1
0 5 15 20 25 30 35 40
Time (seconds)
Zeros

Ki1,s + 1)

G(s) =

3

2
)
KM

4]

-1

{15 + (75 + 1)

10 15 20

Figure 5.3 Step response of an overdamped second-
order system (Eq. 53-14) for different values of 7, (1) = 4,

T2 l}.

(5-14)

06.09.2017
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Zeros

— _kiy ko = (a8t 1 - Sj Z
G(S) (;1s+1+ {28+ 1 (¢18+ 1)(¢2s+ 1) kz,a(us+1)(z,zs+1)

\ k, : “slow” effect (1, > 7,)

k = k,+k,
i = Kazztkou
Zero at z=-1/7, kit ke
Im(s) z=-1/7,
z Z
& x—6 o Re(s)

z,: RHP-zero (7, <0)
— Inverse response = Competing effects (k’s oppsite signs) where slow wins (|k,|>]k,|)
z,: Zero at origin (z,=0, 7,—00)
— Competing effect with same magnitude (k,=-k,)
— Steady-state gain is zero
z3: LHP-zero close to RHP (7, > 7,. approx) e
— Overshoot = Competing effects where fast wins
z,: LHP-zero far from RHP (7, < 7,. approz) )
— No overshoot = Effects in same direction (k, and k, same sign) g3 Stp espome of novrsamned st
n=1

ystem (Eq. 5-14) for different values of 7, 7y = 4,

Transfer function of PID-controller

16



Examples of dynamic model
structures

RHP-zero (inverse response)

w¢ [kg/s] = const.

. Ty=10C = const.
Electric heater

— D) /'\7\/%08 Th4>. y=TIC]
u=w,, [kg/s] 70C Mix  40C

=const.

Response in y=T to a 10% step increase in u=wy =0.1:
41.5C1
40C “l\z?s_ B
38.5C/ \¥

Two effects: 1) Direct effect of mixing: g,(s)=15 a(s)
2) Indirect effect of changed T,: g,(s) =-30/(20s+1

06.09.2017

17



Model derivation

Electric heater

d;=w, [kg/s]
d,=T,

g

x=T, y=TI[C]

Mix

u=wy, [kg/s] ] \
d,=T, dy=Q [W]
1. Model. Assume:

Mass m [kg] in heater constant
cp constant

3. Nominal steady-state data:
To = 10C; Ty = 70C; T = 40C
wh = We = 1kg=s;m = 20kg

06.09.2017

Energy balance heater + mixer: S'l’e§| . 1070 - gp
dmeelo) = wyop(Toi Th) + Q = s e
T = WaThtweTe ¢ = m=wg = 20=1= 20
We W C= i = 05
2. Linearize: "TV°T"TV" 101 40
y=¢T;x=¢Thiu=¢w D= ="—=1
(% = x+ ku
y= (T:Z(_J;ED“ 4. Transfer function:
k= g y(s) = G(s)u(s)
L=m7v/§h G(s) = CL§%3+D
C= = 0:520s§01 +1 15
TE T® [ i S+
D= =i 155

Zero at O (no steady-state effect)

Bypass (10%)
u=awlkg/s]
D

Electric heater 10C
w[kg/s]=1=const. ;= 22 T, y=TIC]
T,=10C

] 70C  Mix 64C
Q(w]

=const.

Response in y=T to a step decrease in bypass fraction from 0.1 to 0.05:

67C
64C
Two effects: 1) Direct effect of mixing: g,(s)=-60 gs)=g1+ g =
2) Indirect effect of changed T,: g,(s) = 60/(22s+1) i 60222%1

18
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Model derivation

Bypass, u = a w [kg/s]

X
Electric heater 10C
w[kg/s]=1=const. ;= 225 T, y=TI[C]
T,=10C=const. 20C Mix 6ac
/Q (W] \
1. Modd. Assume: 3. Nominal steady-state data:

Mass m [kg] in heater constant
cp constant

To = 10C; Ty = 70C; T = 64C
w = 1kg=s;®= 0:1;m = 20kg

Energy balance heater + mixer: Sil’&_“:ﬂi - 1070 - epe
dmelod = (17 @wer(Toi Th)+ Q T et
T=(1i T+ &, ¢ = Mo, 2 S =
C=(1j &)= 09
2. Linearize: D=(Tgi Tf)=i60
y=¢T;x=¢Tu=®
¢ = x+ku
y= C>$n+_ TQu 4. Transfer function:
k=i e y(s) = G(s)u(s)
{ = m=wp, G(s)=C_sk+1+D
C=(1; &) = 0:92887.; 60
D= (151 T9) 2ol

= 60(zprri 1)= i 60555

Summary poles and zeros

G(s) = n(s) / d(s)=k’(s-z,) / (s-p1)(s-p,)..
* Example: G(s) =4 (3s-1)/(s%+s-2),
Get: k'=12, z,=1/3, p;=-2 p,=1

* Poles p (=eigenvalues of A)
— Determine speed of response, exp(p*t)

— Negative sign in d(s) = p, in RHP: unstable, exp(p,*t) — oo
(NEED control)

— P complex: oscillating response
* Zerosz
— Determine shape of response

— Negative sign in n(s) = z; in RHP: inverse response (BAD for
control)

19



Skogestad Half Rule*

OBTAINING THE EFFECTIVE DELAY ¢

Basis (Taylor approximation):

e P x1—0s and e = =~

Effective delay =
“true” delay
+ inverse reponse time constant(s)

=+ half of the largest neglected time constant (the “half rule”)
(this is to avoid being too conservative)

+ all smaller high-order time constants

The “other half” of the largest neglected time constant is added to 7
(or to 7 if use second-order model).

* S. Skogestad, “Simple analytic rules for model reduction and PID controller
design”, J.Proc.Control, Vol. 13, 291-309, 2003 (Also reprinted in MIC)

Step Response

Example 1 -

The second-order process o1

1 Time {sec)

g(](S) = (

1s +1)(0.6s + 1)

with

k=1 7 =1+06/2=13 0=0.6/2=0.3;

06.09.2017
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Step Response

[#R=8

[SXS3 o

e o

O

Original 2" order

Amplitude

Example 2

4
£ 05
IR 1st-order+delay (half rule)
=L
o4
2.3
.z
2
0 L L 1 L L L
o] 5 1 1.5 2 25 3 a5 4 45
Time [3ec)
s=tf('s')

g=(-0.1*s+1)/[(5*s+1)*(3*s+1)*(0.5*s+1)]
g1 =exp(-2.1%s)/(6.5%s+1)
g2 = exp(-0.35%s)/[(5*s+1)*(3.25%s+1)]

step(g,g1,82)
, Step Response
-
08 //
Y4 Original (third-order with inverse response)
06 J First-order approx. using half rule
/'/ Second-order approx. using half rule
0.4 / - Step Response
'/ 0.3
0.2 // 03
04/ g o2
0.2 01
0 5 10 15 20 25 0 B
Time (seconds) 008 =
|

15 2 25 3 35 4 45
Time (seconds)

06.09.2017
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Example 3. Integrating process

go(s) = m
Half rule gives

g(s) = % with 6 = 3¢
Proof:
Note that integrating process corresponds to an infinite time constant
Write , ’

90(8) = Tls(i:?;]s«Fl) = (T1.S‘+f)(:1393+1
and then apply half rule as normal, noting that 7, + 232 == 7y:

}{’T-le_I%&"' _ k.'e_:‘ﬂc’

) where 7 — o

9(5) = (,-IJFI%LL)S o s

Approximation of LHP-zeros

To make these rules more general
- (and not only applicable to the
> 5 c " choice 1,.=0): Replace 6 (time
Tui?'fc for Ty ; Tug;/ﬁ/ (RUI( Tl.) delay) by T, (desired closed-loop
Tos +1 Ty for Tp 7/‘{7 To (Rule T1a) response time). (6 places)
0 = for % Ty > 7 (Rule T1b)
s+ 1 To/ 70 for 7y > Tpy > ;;E’Tc (Rule T2)

) for 7 & min(ro, 561 3Ty (Rule T3)
Example E3. For the process (Ezample 4 in (Astrom et al. 1998))
B 2(15s + 1)
T (208 + 1) (s + 1)(0.15 + 1)2
we first introduce from Rule T2 the approzimation
155 +1 155
~—=10.75
20s+1  20s ?
(Rule T2 applies since Ty = 15 is larger than 50, where 0 is computed below). Using the half rule,
the process may then be approrimated as a first-order time delay model with
0.1 0.1

k=2-075=15 0=01+ =015 n=1+-=105

9o(s) (13)

or as a second-order time delay model with

k=15 ﬁ:%:n,ms; n=1 1'-1:(].1—}—(2—1:0'15

1, = desired closed-loop time constant

06.09.2017
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“Going the other way”

Amplitude

Approximations of time delay

Example: Step response of first-order system plus delay

Step Response

1 ——
0.8
0.6
04 T
7
05 e s=tf('s')
' 2 theta=1
0 / g0=exp(-theta*s) % time delay. theta
0 gl=-theta*s +1 % RHP-zero. —Ts+1, T=theta
02f 3 g2=1/(theta*s+1) % first order, tau=theta
3 = (-theta*s/2+1)/(theta*s/2+1) % Pade-approx
-0.4 h=1/(s+1)
1 step(g0*h,g1*h,g2*h,g3*h)
06 axis([0 5 -1 1.1])
-0.8
-1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time (seconds)

Example of oscillating system:
Pl-control of integrating process
(level) with small K. (and/or small 7;)
a(s) =

) =

1
ofs) = Ko(1+ L)

s
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Closed-loop response

Closed-loop response to disturbance d at input and setpoint change
Y= Tl Tl
Pl-control of integrator:
1 - rrs41
gls) = 5 e(s) = K ==
Get

e TIS d4 Re(rrs+1)
Y= it Keriat K & T Trat Korrat K, s

With 7 = 1, K, = 0.25:
B . 0.95(s41) B 4s (s+1)
Y= r0mer0 20 T Tp0 20 Ye ~ 71 o 1% a2 a1 Yt
N et

h(s) T(s)
Notes:

e Steady-state gain h(0) for disturbance transfer function h(s) is zero (he-
cause controller has integral action)

Steady-state gain T'(0) for setpoint transfer function T'(s) is 1 (because
controller has integral action)

¢ Denominator is on form 7252 +27(s+ 1 with 7 =2 and ( =0.25 < 1, so
there will be oscillations with period P = 27T

Initial response (¢ — 0) to disturbance is the same as with no controel
(his) = 1—_5; — g(s) when s — oc since g(s)e(s) — 0 (which is the case
for all real systems))

Step

denominator coefficient must be a vector. The output widt)
I number of rows in the numerator coefficient. You should

ToWorkepseed g coefficients in descending order of powers of s.
Stey
— Parameter.
+ nums) =
b denis) ¥ Y Numerator coefficients:
SUM Yranster Fent Sigr| LTI System To Workspace?

Simulink, tunepid4

=1 Function Block Parameters: Transfer Fenl T

—Transfer Fcn

The numerator coefficient can be a vector or matrix exprd

Denominator coefficients:

> l:l |[ 0.01%tauitaud taui 0]

Absolute tolerance:

Scope
— &
To Workspace > u State Name: (e.g.. 'position’)

To Workspaced | i

J Cancel Hell

06.09.2017

24



06.09.2017

Pl-control of integrator (level control). G = 1/s, taui=1. VARY Kc
NO DELAY, theta=0

2.5 T

%tunepid4
s=tf('s')
theta=0
{ | g=(1/s)*exp(-theta*s) % integrating
20 B taud=0
AN taui=1
\ Kc=0.5 % oscillations (Kc*k'*taui = 0.5 < 4)
/ sim tunepid4; plot(Tid,y); hold on %

; \ Kc=0.25 % more oscillations (Kc*k'*taui = 0.25 < 4)
/ \ sim tunepid4; plot(Tid,y,'red');
Kexl// \ SN

e | o~ Kc=1 % less oscillations (Kc*k'*taui = 1)
i / N A M—J \ g / sim tunepid4; plot(Tid,y,'green');
f N N4 ’ hold off

0 5 10 15 20 25 30 35 20 Conclusion: Get “slow” oscillations|

T T if controller gain is too small

Input disturbance at t=20
Setpoint change at t=0

Pl-control of integrator (level control). G = 1/s, Kc=1. VARY taui
NO DELAY, theta=0
1.8
16 | ‘ i
141 taui=0.5 ““\\ ]
/ \ / |
12 | [ '\\ taui:z ‘ 1 : N
e i \
A Szt \ P
% L/
o8 / | Conclusion.
06 / | Kc=1, taui=4 looks OK
lf (no oscillations)
0.4 i
|
0.2 N
0 s L : s ‘ ‘ ‘ Conclusion: Get “slow” oscillations|
0 5 10 15 20 25 30 35 . . )
T if integral time is too small
T Input disturbance at t=20
Setpoint change at t=0
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Can also get oscillation if we
have time delay and use large K.

g S) == %6_95 |
c(s) = K, (1+ =)

TrS

Pl-control of integrator (level control). G = 1/s, taui=4
ADD DELAY, theta=1

4 T T T T T T T
%tunepid4
35 4 s=tf('s')
theta=1
3 | g=(1/s)*exp(-theta*s) % integrating with delay (le
taud=0
taui=4

| Ke=1 % Too high Kc.
% -> “fast” oscillations because of delay!!
< sim tunepid4; plot(Tid,y); hold on %

4 Kc=0.5% OK
LN sim tunepid4; plot(Tid,y,'red');

L Ke=0.25 % Too low Ke.
% -> “slow” oscillations from integrator
sim tunepid4; plot(Tid,y,'green');

hold off

30 35 40 Comment. SIMC-rule would give,
Kc=0.5, taui=8

Input disturbance at t=20

CONCLUSION
Kc too small (Kc=0.25): “Slow” oscillations (integrator not stabilizg

SJtpoint change at t=0

Kc too large (Kc=1): “Fast” oscillations (because of time delay)
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