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e Stabilization of FOPDT plants with PD controller

* Model based PID, controllers for the FOPDT
plants

* PID, controllers for 2nd order plants
* Conclusions
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o @ Input Disturbance Compensation

* PI,-IM Transfer functions a, =a; Kso — K

K.K, +a 1 T 1 1.
stKK.+a 1+T,s' " KK,.+ta Q

T.T K
FVO(S):( (S+a)Tf W K S f'w' s

F(8)=

T sfieT,s) (8) =52 @L+T,s)L+T,s)

F,o(0)=0; F;(0)=0

* Nominal stability condition T>0, T,>0, KK +a>0

* Disturbance response has pole of the setpoint response
+ pole of the Disturbance Observer

e |IM = Inverse Model
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o @ Output Disturbance Compensation

* Pl,-IM Transfer functions (uncertain case)

(T s+1)0K,

Fuls)= | - ;
w(S) KsonS2 +[K3Tf(Q—aO)+ KTia+ KSJ+ K.Q
S(S+a)Tf KSO
I:vo(s): K T 2 [ i :
ST 2+ KT, (Q-a,)+K,T,a+K, |+K.Q
T.K.K
|:vi(s) Sf R

) Koo TS + I.KsTf (Q_ 8, )+ KoTra+ Ksj+ KSQ;

F,(0)=1; F,(0)=0; F,(0)=0

* Increased robustness of the setpoint responses for
prefilter with T =T,

11.3.2011




o @ Output Disturbance Compensation

* Pl,-IM Transfer functions (uncertain case)

 (5)- (T s+1)0K, |
T KT S KT (Q-a, )+ K T,a+ K, |+ K.Q
s(s+a)T; K
|:vo (S): K T > | ' :
JTis2+ KT (Q-ay)+K,T,a+K, |+K.Q
STf KsKsO
|:vi (S): 2 - - :
K T8 +|K. T, (Q-a,)+K,T,a+K,|+K.Q

* Robust design parameters K,/K,, a, a,, 7,0

* Positioning 2D UB corresponding to (K,,/K,, a) in 5D
(remaining coordinates are a,,T, Q)
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P controller + observer for input disturbance with
inverse model (a=a,=0)

Disturbance Observer
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| © @ [ Meximal Sensiiviey M, S

Maximal sensitivity M, = equal to radius R of a circle
with centre in critical point (-1, 0j) toughing the Nyquist
curve of the closed loop system S(jw)
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NO MO and 1P areas, Tp=0

I I I I I
' ' M_={1.2,1.416,1.8. 2022}
_________ =% Mo overshooting y |

"= Monotonic y
m= _Ine pulse u
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Pl, controller —region 1P is convex, optimal point lying at its

border!

PI,]: 1P Control Area

IAE, . =4.12
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=y, 10%u
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Comparing with the parallel Pl controller/2D

Comaring Robust Pl and F’I,I Controllers
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P controller + Disturbance Observer with
compensation of dead time Td

DTIM = Dead-Time + Inverse Model in Disturbance

Observer
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o @ Input Disturbance Compensation

* PI,-IM Transfer functions

d, =a, KSO:KS’TdO:Td

(KKg +a)e™

F(s)= (

s+ K. Kee™ +a)’

(s + a)(l— e " 45T, )

Fo(s)= (

F,(0)=1

s+ K. Kee ™ +afl+T,s

 F,,(0)=0; F,(0)=0

) , Fu (S):

K

S

S+a

F

VO

e Setpoint response has poles of simple P-control

* Nominal stability condition for T>0 are the same as

for the P controller

e Full robust design — 7D parameter space

11.3.2011
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Analytical Construction of PP

e Critical and optimal gains (aperiodicity border)
Kiin <K <Koy 5 K=KgK Ty

K

max —

Ty
Sian

A=

Td COS Td .

Sian

74 €(0,712)U (7] 2,7)

Kmin =—A=-

aly

K

opt

=€

—(1+aTy)

11.3.2011
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Critical and optimal gains




9 & Pl,-DFF-DTIM controller

P control + dynamical feedforward + disturbance observer with
inverse model and compensation of dead time T,

0 K Stabilizing l. )
: A + P-control Plant
W u,: u 4+ X4 +
: + 1+ + Ke_TdS
. Kp S
; : sta | +
: Primary | _Kw |: K |o-7.s] Disturbance
: Ky _|_a 1 R i Qe
: Loop o]t Observer
: o : E
: 1 L +
: A » e_Td()S A : A :—é‘ S Q <_.
L X=7 V' L -4 4 " X0
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o @ Input Disturbance Compensation

* Pl,-IM Transfer functions a,=a; K,=K_, T, =T,

(KK, +a™ e T 1

(5) (s+K.K,+a) T,s+1 " KK,+a
. —Ty4s
() SraRoeT ST g K
(s+ KSKRe‘dS+aX1+Tfs) S+a

F,(0)=1; F,(0)=0; F;(0)=0
* Nominal setpoint response without T, in
denominator

* Nominal stability condition for 7>0 are the same as
for the P controller

e Full robust design — 8D parameter space
11.3.2011 3‘*“"& .,-' Pﬂlﬂ
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Conclusions 1

Modular controller pack enabling extension from the
simplest controllers not considering nonmodelled
dynamics up to generalization of Smith Predictor

Controller Tuning based on the Stability/Quality
analysis of simple P controller

Separate tuning of the setpoint and disturbance
response

Enabling unified treatment of both stable, integral
and unstable FOPDT systems

Setpoint response reasonably improved against
parallel Pl control
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* Measurable output disturbance compensation

KR — (Q_ao)/ KSO

/

INVESTICE DO ROZVOJE VZDELAVANI

[TTITTT

=] w
5 .




o @ Output Disturbance Compensation

e Disturbance reconstruction & compensation

Vo
Plant
Ur X L+ Vn
_/- —H Kg
S +a +
e
i Disturbance Filter Model + i
Prefilter o) N $<Y>
PI,-PM, or |1+T:s[ © Disturbance Observer :
Pl,-IMC Vi
Plant
W U, X + Y
| K,
st+a +
................ T i
KvO -'< )
Pl,-2PM sta, |49

11.3.2011 - Ll
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o @ Output Disturbance Compensation

* PI,-PM Transfer functions
1 1 1 a,=a; K,=K

S

FW(S): ! TW = — ;
1+T,S KKz+a Q

ST K
F = vW_ - F (s)=—>F
VO(S) 1+TWS VI(S) S+a VO

F.(0)=0; F,(0)=0 (fora = 0)

* nominal stability condition K,K.+a>0

* but, already in the nominal case with step input
disturbance, there is:

* a permanent steady state error for a=0 and
e unstable input disturbance response for a<0
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Output Disturbance Compensation

® =
* PI1,-PM Transfer functions (uncertain case)
Y(s) _ K, (s +a, ) .
Fo(s)= ,
W(s) K. (s+a,)Q+K,s(s+a)
Y(s) sK,,(s+a) |
Fio(8)= ,
V. (s) K. (s+a,)Q+K,s(s+a)
(S) SKsKsO
F .
a(8)= V. s) K (s+a,)Q+K,s(s+a)’

( ) ( ) 0; Fvi(o):O

* Does not hold for F,a a=0, a,=0
* Increased robustnes for prefilter with szl/a0
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9 & Analytical Tuning ver. PP for K =K

As)=s"+(Q, +a)s+Q a,

Aperiodicity
Border
(Q, +a)
— a'O
4

r

11.3.2011

-0.2

-0.4

-0k

0.8

Fl-IMC, u-1P & y-MC L2=0.1, k=1

a=(C2+a)*/(400)

0.1 02z 03 04




o8

Pl -MCO, 1P, L2=4.095, k=2

For increasing

values the

Aperiodicity

Border givesno

significant

information 0.4
Ok
0.8

ay=(C2+a)"/(402)

0.1
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Localizing
Uncertainty Line
Segment for
uncertain a

ae(-0.9,0.9)

INVESTICE DO ROZVOJE VZDELAVANI

Pl -G, u-1P & y-ME, L1=80,

k=21




Sprungantwiorten des Regelkreises nach Bild 7, KSD:KS:’I , aD:D.?
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O

KSO

= <0.05, 2>

K =

S

ae(-0.9,0.9)
a, =0.7;Q, =380

Localizing UB
for variable a
and K,

> g

£= 2%
k=K /K, <1
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PP for uncertain a and K,

Fl,-IMC, 1P

(=80, a,=07

T
"""""""""""""""""""""

||||
"""""""""""

................
1 1 1 1

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

----------------

1 1 1 1
'''''''''''''
.................

_________________
1 1 1 1

-----------------

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

.................
________________
|||||

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

.................
1 1 1 1
_________________
.................
-----------------

1 1 1 1
""""""""""""

1 1 1 1
""""""""""""
_____________
...........

_______

B K 3 B 3 B ¢ %1 [ ¥ 3 B |

..............................
|||||||

_______________________________________
..............................
-------------------

1 1
"""""""""

T--

L ]
* -
‘t* ** .. .
* * ° i
EVROPSKA UNIE il L T




11.3.2011

< Output Disturbance Compensation

It is enough to use the measured output for disturbance
reconstruction

The same transfer functions may be derived for the Pl1,-2PM
controller — both solutions are equivalent

Basic Problem: Integral and Unstable Plants

It is not possible to stabilize two parallel unstable plants by a
single input (divergence of the output disturbance
reconstruction error)

Divergence of the output disturbance equivalent to
a constant input (load) disturbance — computer overfloat
problem

Well known within the Internal Model Control (IMC)
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+* -
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< Output Disturbance Compensation

Basic Problem: Integral and Unstable Plants
First solution:
Choosing a,>0 even if a<0

Effect of the imperfect approximation may be reduced
by robust tuning procedure

Basic question: how far does the imperfect
approximation influence the achievable performance?

Response possible by the Performance Portrait
method
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< Output Disturbance Compensation

Basic Problem: Integral and Unstable Plants
Second solution:

Modifying the output disturbance reconstruction for

unstable plants | dy dx
y=X+V,;V, =C0nNst =>— =

From the plant model dt dt

kzl[KSu—dX} =1{Ksu—dy}
a dt a

Modified reconstruction algorithm
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< Output Disturbance Compensation

Basic Problem: Integral and Unstable Plants

Second solution: Control Scheme

Modified output disturbance reconstruction for
unstable plants — disturbance observer filter

Close to the input disturbance reconstruction

4
WKSO] Vo
w Ml + u e X - Y
_e’ K, S—i-sa +
L s RS SSSONNN ~rrorrorr-- SRR
i | Ko/a, | Modified Output

\',‘0 ; Istl Disturbance Observeré

: > +
S+ Sty




9 @ Output Disturbance Compensation

* |n general, output disturbance equivalent to a
constant load disturbance is not constant

e Usability Check: Loop transfer functions

1 1
F,(s)= Ty = 3, =a; K,=K
sT,T,(s+a) sT. T, K.

Fuo (S) - (

1+T,sIL+T,s) ;
F.(0)=0; F,(0)=0 (fora=0)

VO

F, (S) = (

1+T,sIL+T,s)

* Integral case should again be approximated by a,#0 —
but now it is possible to choose also a,<0

11.3.2011

sy
i




9

< Output Disturbance Compensation

P1,-2PM Transfer functions (general case)

F (5)= Y(s) K, (T,s+1)0 |
TTW(s) K Tis(s+a)+ K (14T, (Q-a,)s+K.Q'
F (s)= Y(s) _ s(s+a)K,,T, |
OV () K Ts(s+a)+ K [1+T,(Q-a,)s+K.Q’
F (5)- Y(s) sK_ KT,

V.(5) K,T,s(5+a)+ K @+T,(Q—a)f+K.Q

)
F,(0)=1; F,(0)=0; F,(0)=0

* This holds also for F,and a=0, a,=0, but the

11.3.2011

reconstruction formulas are not defined
Increased robustnes for prefilter with 7 =T,
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0, Output Disturbance Compensation

O

e Qutput disturbance reconstruction & compensation (parallel
model — IMC like structure — Smith predictor)

KR :(Qr _ao)/ KSO

Prefilter

: Vo

a,/Kso Plant Yo
u U, X +
+ Kse—];ls
Kr
+ S +a +
Model i |Model & Dead Tim

Ks i _T K —

—|—0 < A > Ksoe - A /\’6
> T : S K

11.3.2011

Disturbance Observer
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Conclusions 2
O

Two classes of model based Pl controller from the
dynamical class 1 were introduced and compared

The IMC like structures with parallel plant model
seem to be simpler (no disturbance filter is strictly
required), but they are limited just to controlling
stable plants and the disturbance filter is also here
welcomed due to improved robustness

Solutions with Inverse Model seem to be more
universal (no problems with control of unstable
plants).
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O

Pl1,-DFF-DTIM controller

P controller + dynamical feedforward + observer for input
disturbance with IM and compensation of dead time T,

11.3.2011

A

xP:yP

Primary
Loop
O

v GS

)’.m.»-

Stabilizing
P-control y

di o
Plant
Kse—TdS
sta | +

O¢Tns|  Disturbance
Observer




O

Pl1,-DFF-DTIM controller

P controller + dynamical feedforward + observer for input
disturbance with IM and compensation of dead time T

11.3.2011

Primary

Loop

. Stabilizing
. P-control

A _
Xp = Vp

e—TdOS

A—
y=Ww,

Disturbance
Observer

ot




0, PI1-DFF-DTIM controller
o

P controller + dynamical feedforward + observer for input
disturbance with IM and compensation of dead time T

. Stabilizing ,- )
P-control Plant
x, |4
+ K¢ T,s
sta | +
Disturbance
Observer
_-é‘ s+a, |‘ ®
+ KSO Q
i}
1 -
11.3.2011 1+TfS ey (]




0 & Pl,-DFF-DTMPM controller
©

P controller + dynamical feedforward + observer for output
disturbance with MPM and compensation of dead time T,

MPM = Modified Parallel Model

ao/ K;O Vi
Ko
Ko Modified Output
s ta, < KR a, 1,5 +1 Disturbance Observeré

Vof 5; | (S‘|‘Cl0) > .
+ g + | - L a, 1s+1
_’ e_TdOS ................................................................. ]
) < 1

11.3.2011




® PI1-DFF-DTMPM controller
Ao

P controller + dynamical feedforward + observer for output
disturbance with MPM and compensation of dead time T

- MPM = Modified Parallel Model

_|_

Modified Output :
Disturbance Observer:

1 (sta,)
a, 1 s+1

e)

11.3.2011




» . Analytical Construction of PP

* Critical and optimal gains (aperiodicity border)
Knin <K <Koy 5 K=KgK Ty

Critical and optimal gains

T4 B 74 COS Tq .

K A=

SInz Sinz
74 €(0,712)U(7z/2,7)

max —

c,
Kmin — _A — _aTd ?
K — e—(1+aTd)

opt

11.3.2011
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Basic Questions

Is it not possible to design nominal dead-time
compensator with parallel model for reconstruction
and compensation of an output disturbance of pure
integrator?

s it not possible to control unstable plants with aT <-1
Is it not possible to improve the disturbance response?
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Modifications of SP for IPDT Systems
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o @ Stabilized SP (SSP)

Modified SP by Matausek and Micic, 1996

Stabilizing P-contraler‘

11.3.2011
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Stabilized SP (SSP)

O

Modified SP by Matausek and Micic¢, 1996

 Transfer functions

11.3.2011

dy, =4a, KSO:KS’TdO:Td

—Ty4s —Ty4s
Fw(s)— K.Kp€ e 1

— = = T —
(s+K.,K,) T,s+1 " KK,

KK
Tys
(o)= BEKK KK ™) g K
(s+KSKRe dSXs.+KF,KS) S
F.(0)=1; F,(0)=0; F,;(0)=0for KyK, >0
K. =1/(K.T,e)~1/(2K T, )

Ropt




* |IM has dist. response independent from Tw

1.8¢ 3
Ks=1

1.6 25k
a=0

1.4
Td=1

1.2
Kp=3 1 1.5
Tw=0.33 ” s =1
Tf=0.2 06 0.5
vi=0.5 0.4 0
KR=KRopt 0.2 0.5
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> ©

» Stabilizing P-controller of SSP compensates input disturbances
(black)

 Stabilizing P-controller of P1,-DTIM is active just during

transients
Ks=1

Kp=3
Tw=0.33
Tf=0.2
vi=0.5

KR=KRopt

vir,vor

14

1.2

1ﬁ

0.8

0.6

0.4
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0 = Generalized Stabilized SP (GSSP)
O

Generalization of
solution proposed by Matausek and Micic¢, 1996

11.3.2011




Generalized Stabilized SP (GSSP)

® =
Generalization of solution by Matausek and Micic, 1996
* Transfer functions a,=a; K,=K,, T, =T,
—Ty4s —Ty4s
|:W(S):(|<S|<F,+a)e e . 1

(s+KK.) T+l " KK,+a
“Tys
)= Cral K (G rak ), () K
(s+K.Kee™ +a)s+ KK, +a) S+a
FW(0)=1; FVO(O)zO; Fvi(O):Ofor KoK, +a>0
Krope = &Xp (=L +aT, ) /(K,T, )

11.3.2011
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* |IM has dist. response independent from Tw

1.8¢ ; ; : 2.5

KS=1 1.6~ 2 —— :\':|/IPM
lllll PM
a='0.5 14 15k
Td=1 Lar 1
1 -

Kp=3 > s 0.5

0.8~
Tw=0.4 0

0.6
Tf=0.2 04 0.5
vi=0.2 0.2 -
KR=KRopt % % 0 20 30

** * ** :
* * ..
* *
* 5K A 3
EVROPSKA UNIE b LE
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e Stabilizing P-controller compensates inp.dist.

Ks=1
a=-0.5
Td=1
Kp=3
Tw=0.4
Tf=0.2
vi=0.2
KR=KRopt

vir,vor

2¢

1.51

0.5

INVESTICE DO ROZVOJE VZDELAVANI

ukKR

1.2 L
IM
1| mmnem vpM | S
lllll PM :
0.8‘ -
;
0.6 2
[ ]
v
]
0.4 H
N

0.2 ’ \ i
0 -

L
L 4
0.2 LY J
L
v 3
04 ¥
06" : : :
0 10 20 30
t

***** :
L]
. y
* 4o
EVROPSKA UNIE i




TTTITTT

* |IM has slightly better disturbance response

- 14, L L as
—s B
Td=1 i i B
A
Kp=3 | . 15
Tw=0.286 o |
Tf=0.2 04 T s
vi=0.2 02 :::LT;M L
KR=KRopt % 1 2 a0 °° 20 20

** * ** :
* * ..
* *
* 5K * 3
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e Stabilizing P-controller compensates inp.dist.

Ks=1
a=0.5
Td=1
Kp=3
Tw=0.286
Tf=0.2
vi=0.2
KR=KRopt

vir,vor
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Conclusions 3

O

Several alternatives for constructing P-controlllers
with dynamical feedforward for integral and unstable
FOPDT plants

All of t
contro
contro

All of t
on the

nem keep the disturbance observer+stabilizing
ler structure — important for constrained
— no windup

nem guarantee no influence of disturbances
output in steady states, but internally they are

different

All of them keep poles of simple P-controller with
FOPDT plant — easy tuning of stabilizing controller

However, transients after disturbance steps are
different — the same will hold for robustness
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Linear pole assignment PD-controller

Vi Vo
u u —TS X y
W e w S d
" K +sK - E— K e o
a
+ |- R D + + U ~sta +

4 T (2+29Tq0)
u=Kqe+K,—+u, ; K, (A+a,T, e ,
KSOTdO
—(2+a,Tq0) T
UW—iW;KD—e : D_KD_ do
s0 KsO KR 4'+a0Td

INVESTICE DO ROZVOJE VZDELAVANI
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Conclusions 4
o

Introduction of D-action can ideally double the
admissible negative product aT, from -1 up to -2

* This, however, holds just for ideal PD controller

11.3.2011

without filter in denominator, so the real extension
will be less and depends on the signal quality
(measurement noise)

Due to this it is also not realistic to think about more
advanced controllers with higher order derivatives of
control error
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PID,-controller
o

Loop approximation with the second order dominant
plant

Stable time constant is located in the feedback (e.g.
the sensor dynamics)

Gives reliable results also in the case with this time
constant in the feedforward path (e.g. the actuator
time constant) — however, just for the DC1

Optimal solutions for such configuration are already
from DC2




o & Windupless PID, Controller

P alK
W e
Kr
+ +
Vi 1 L
(T, s+)(T,ys+1)| Tis+1
v %56
+ % un

1 s+a Ts+1
K, Trs+1 T s+1
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< Advantages of Pl, and PID, controllers

Do not need Anti-Windup
Tuning of lower number of parameters,
Convex regions of MO and 1P control

Optimal nominal point may be included in US — less
steep quality decrease

Simple performance portrait generation
Modular structure
Simple compensation of dead time T,

Possibility to use more complex filters (increased
filter properties, increased robustness)




