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Robust Constrained PID Control
DCO: Robust Design of Pl, Controllers

prof. Ing. Mikulas Huba, Ph.D.
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Dynamical Class 0 (DCO)

O

DCO includes all controllers that ideally have monotonic
setpoint step responses both at the plant and at the controller
outputs

By speeding up dynamics of these transients they converge up
to rectangular steps

Pl, controllers belong to the simplest controllers of DCO

They are fundamental controllers: it means that in the
nominal case (without nonmodelled dynamics) their output
may be arbitrarily speeded up (up to rectangular steps at the
controller, or plant outputs), i.e. they fulfill conditions:

* % 3
* *
* *
* * i
"X !gf i< E?r wj
E KA UNIE




0 = Fundamental Controller of DCO
O

* For the closed loop poles

—0 <o, <oy <0

* the normalised setpoint responses corresponding to zero initial
conditions and to a step w(t)

)_/(ai ,t)z y(ai ,t)/W(t)

* satisfiy conditions

1> (e, t)> ¥(ay,t)>0; Vt>0;

limy(e;,t)=1; i=1or2

t—o0
E ** UNIE ? I I j
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Fundamental Controllers of DCO
© =
* Similar importance as the Mendelejev Periodic Table of elements in chemistry

* DCO represents the first row of the Table of fundamental PID controllers and
includes controllers that are fully linear

Dominant dynamics

Dynamic !' K |Ke Ks Kse_TdS Ksl+ KsZ [K Ksz ] —Tds Ks Kse_Tds
class | action s+alfs+a |s+a, s+a,||s+a, "sia s*+a,5+a,|S+a,5+a,
0 N [FF| FF)l FF[] FF FF FF FF FF
Y [ T Pi[ Pl [ PP __PID PFPID PID PFPID
i N|-| - | P]| PP P-P PrP-P PD PrPD
Y- - [ PI[ PPI[ P-PI PrP-PI PID PrPID
5 N -] - | - - - - PD PrPD
y -1 -1 - - - - PID PrPID

FF = static feedforward control

Pr = predictive (dead time) controllers

11.3.2011
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* The core structure for the setpoint following in DCO is known as:

Static feedforward control

w
— 7 VUK ;’O >f—>0_’ K >

INVESTICE DO ROZVOJE VZDELAVANI



* A measurable input disturbance can be compensated by a
counteracting signal at the controller output

Static feedforward control with compensation of the
input disturbance

—_—> —> > >
Mo [Q /ff_’OT ‘
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* A nonmeasurable input disturbance can be
reconstructed by a Disturbance Observer

Static feedforward control with reconstruction and

compensation of the input v disturbance
W u N y
of 1K, F—O— f - > K >
+ 4 + Uy
\'4
Vi 1
Tss+1
-vuf l 1 v T
O< —O—
+ K, Testl ym T O

11 N1 1 Eflﬁr {HHI[I]y
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0, l,-controller — equivalent structure
O
* The generic structure with the Disturbance Observer

may be transformed to an equivalent structure with
explicit I-controller & ideal prefilter

W u
1 1 +
o Tis+l O—> — K

+ A KO Tfs +

Omitting prefilter = filtered response continuous for t =0

It will be denoted as Fl, controller = | controller

" Ef Wli
* *
* *
* * =i
LS j
E SKA UNIE
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Pl, and Prl, Controllers
O

|, controllers are based on the simplest plant
approximation by a gain (memoryless plant)

By approximating the plant dynamics by a time
constant, or by a dead time it is possible to derive Pl
and Predictive |, (Prl,) controllers

Both approximations corresponds
to evaluating the Average
Residence Time by measuring e.g.
the integral area over the setpoint
step response

=

Rl
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Pl, Controllers
O
Static feedforward control

Extended possibly by prefilter (time constant 7)) to
achieve continuous control changes after setpoint steps
(increased robustness)

Two different generic schemes for reconstruction and
compensation of input, or output disturbances with
disturbance filter T;

Compensation of dominant loop time constant

Use of the parralel plant model (IMC like structure), or of
the inverse plant model (Disturbance Observer structure)

Monotonic signals at the plant input and output

il




generic tTundamental structure

Static feedforward control +
+reconstruction & compensation of input disturbance +
compensation of dominant time constant

B
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o @ Pl,-IM regulator (s inverznym modelom)
vychodzia fundamentalna struktura
Static feedforward control +

+reconstruction & compensation of input disturbance +
compensation of dominant time constant

v

g

e
v

Vv
W 1/K0 u + Yo
Tos+1 ] f

-

QD
\ 4
)
\"4

Close to serial structure
of industrial Pl controllers

11.3.2011




Pl,-IM : Equivalent structure with prefilter

® =
Controller with equivalent
prefilter v
7 u
" X 1 Tus+ ' °
N >O—> K
M—l)(ﬂo%l) + & KO TS + l
Vs 1
T,5+1
Y1

— the most frequently used structure in literature
- Tp=Tf => filtered control continuous for t = 0 — controller

with error acting on | only
BERER; 17 e |
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Controller with equivalent

prefilter
Vv
W u Yo
T:s+1 1 Tios+1 +
S 1 | —(O—> = K >
TfS+1 T105+1 + & KO TfS + l
Vi 1
T,5+1
Y1

—ommitting prefilter numerator = use of prefilter with 7 =T,
in the generic structure

INVESTICE DO ROZVOJE VZDELAVANI



Static feedforward control +
+reconstruction & compensation of input disturbance +
compensation of dominant time constant

w

generic tTundamental structure

1/Kq

- IT’( )—p|
r Tss+1l T o4

A

Vi

Structure equivalent
to simplified prefilter from previous slide

INVESTICE DO ROZVOJE VZDELAVANI

u N yO
T ’
+ U, l

1 1
Teis+1 T, 5+1
_Cguf 1 T103+1 Y1 +
) < ( ><_
+ Uyt Ko Tss+1 Vi + 5

** ] ‘PHUHI
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***** Ll 8
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Prefilter 7,=T, Yo(s) K(L+T;s)L+T,s)
P Fuo (S): = >
W(s) KT Tus?+(KoTq +KTpo s +K
l+7: pl\l+7 p) T T K
FWO(p): ( 2f X - 1 p=T108 , 'Z'l :—1 , ’Z'f :—f ’ K':_O
KT:T1P +(m'f +l)p +1 N T10 T10 K
w u N Yo
>O— f O— K >
+ n_ + ua l
v
\'i 1 1
TfS+1 T]_ S+1
: 1 U [ Teeet| e

Ko Tes+1 Yin + 5

N Eflﬁr {lHU[I]y
INVESTICE DO ROZVOJE VZDELAVANI awmorsih uie L ,




| = K@L+T
Prefilter T,=T, E (s)= Yi(s) _ _ 2( +T,5) .
W(s)  (L+T,5) KT, T,52 +(K T, +KTo s+ K|
1 T T K
le(p): 2 ; p=T108;2'1=—1;z-f:_f;K:_0
KT:T,P +(Kz'f +1)p +1 | 0 T, K
W L_ Yo
P f »>O— K >
+ K + Uy
\ 4 v
V¢ 1 1
Tf S+1 T]_ S+1
-\%)Ef 1 Tyestl i+
+ Ko, Tsstl Yo T S
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Static feedforward control+
+reconstruction+compenzation of output disturbance -
2DOF IMC structure with T, and T,

W 1 %
¢ —>(O— 1K > — >
Tos+l | + % ° /r 1 T, s+l 7O

v, Ko
T105+1
1 e +
Usable also for T,=0and T, =0 Tis+d vt ym T O

INVESTICE DO ROZVOJE VZDELAVANI



Pl,-PM : Equivalen structure

® =
Controller with equivalent prefilter
\"
WX 1 Tios+1 ¥ o
> — > — K
DL+ T Ky (TS T |
Vi 1
T,5+1
Y1

— structure most frequently used in literature

= T,=T; => filtered control continuous for t = 0 — controller

with error acting on | only
E KNIE gf I ... ;w E 20
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1+7,p _ 1
KT, T, P° +(Krf +1)p +1°

KT, T, p° + (Krf +1)p +1

T K
P=TyS; 7= 7y = Tk =—2
10 Tlo I \/ K
W u N Yo
O f e K >
+ n_ + ua
\'4 \ 4
Vi 1 1
TfS+1 Tl S+1
A [ et Vb

2 Eflﬁr {lHU[I]y
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o8

Analytical tuning - aperiodicity border

—\x7s +1),/\k7¢ +12—4Krfrl
(ere +2)+ e, +1)

KT;Tq p2 +(Krf +1)p +1=> P, =

2KT; Ty
Aperiodicity border : (mf +1)2 —4KT; T = OI
W u + Yo
, O > f >(_) > K >
+ 4 + Uy

v v

Ve 1 1
Tss+1 Ty _S+1
- 1 Ut 1 Ti08+1 V1 +

N Eflﬁr {lHU[I]y
INVESTICE DO ROZVOJE VZDELAVANI awmorsih uie L ,




o @ PP of the Pl,-IM controller (+prefilter):

Generating Performance Portrait — first two steps:

1. Mapping properties in 3D with variables (K,Tl,l'f) — over grid
of defined points

2. Visualisation of observed properties:

® TV orTV,values for plant input and output,
e maximal overshooting for outputs y, and y,,
e deviations from monoticity for input u and outputs y,, v, ,

e |AE values for outputs y, and y, etc.

Colors used for denoting areas with amplitude deviations not
exceeding defined values, integral deviations shown by contours

in 2D planes, e.g. for rf:const.

11.3.2011 Rk Ll FE
At . —wj 24
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24

15

045

T1 n—1 0

F'IU Step Response: MonCOvershooting Control y0

05 1 15 2 25 3

Monatonic Control y0 & o

TTETLLL Ll

s 7 z
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ra
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Fly Step Response: NonCvershooting Control y0

Monotonic Contral y0

IAED levels

s 7 z

INVESTICE DO ROZVOJE VZDELAVANI

MNonOvershoating & Maonotanic Control y1

05 1 15 2

TV levels

""-t--.-----.%-----....uu-----

e
045 1 15 2

1AET levels

&
3
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o @ Uncertainty sets of the Pl, controller

Interval loop parameters

K E<Kmin’Kmax> , Cx = Kmax /Kmin >1; Tl E<-|-1min’-|-1max> Gt :Tlmax /Tlmin >1;

Uncertainty box UB in the plane of interval parameters (k,T,)

in a section through the 3D space (k,t,,7) for t=const

T T
T1o

12-: )
K ' ' T

Koin T Koo T K

min “1max max “1max . .

UB:{ } K =—2
Kmin » T1min K max T1min

For one interval parameter we get horizontal or vertical
uncertainty line segment in the plane of parameters (k,7,) in a
section through the 3D space (k,7,,7;) for t=const

11.3.2011
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o & Uncertainty sets of the Pl, controller

Sweeping the parameter space for minimal mean IAE, €=0.02

Sweeping in 3D space of parameters (k,7y, 7))

P, Step Response, Monotonic Gontrol T.=2T, Fly Step Response, Manotonic Cantral T.=T,,/2

1 1.2 1.4 1.6 1.8 = oo 3 25 o8 3 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.8 2.8 3
= O =0

Illustration of possible sequence of found values for T=const

Ko=2.108; T,,=1.819; IAE,,,,=0.027; IAE =1.764; IAE, .. =5.04

Omin Omean Omax

Ko=2.461; T,,=1.897; IAE,,,,=0.084; IAE =0.643; IAE, .. =1.22

Omin Omean Omax

11.3.2011 Rl Ef Iﬁr Ll ‘
EVROPSKA UNIE il LT
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[T Ij

L N

Ti=0.5"T10,K0O=2.0601, T10=2.7983, Tiw0=11.5298 Ti=0.6T10K0O=2.0601, T10=2.622, Ti+0=10.8032

11 T

0.4 i

03 I I I I I I I 03 1 I 1 I I I I
a a

TF=0.97T10,K0=2.0801, T10=2.4667, TIH0=10.1633 TI=0.9T10,K0=2.0801, T10=2.3287, Tf0=9.5047
11 T T T

T TTTEI T T 11 T T

* %
* *
* *

* *
* g

s 7 z
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o & Pl,— output y,, 2D portrait, K,=K_

The fastest transients correspond to T;/T,, 20and T,/T,, 21
Optimal tuning for €=0: T./T,, 20a T;=T,,,

2

1.5

Tfﬂ-1 0

0.5

Min value of
T;depends

on the
disturbance
response e

11.3.2011
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\ }6
: inriuence or uncertainty in 74

K=K,, parameter T, and different tolerated deviations

Sensitivity may be decreased by working with lower T, and by
accepting larger deviations (increasing €)

F'ID, Tp=Tf; Influence of Uncertainty in T1, =10 F'ID, Tp=Tf; Influence of Uncertainty in T1, ==0.1
L I 2 Rl [
e T/, =001 5 5 | 5 | 5 s T/, =001 | . . . |
S RSO0 O U NS NSO NN <SSO BT RS . o Pl S50 S S S SR S
e T/ 702 3l e T/ 702 LJ _________________________________
g H s TJT, =05 1JJ JJ ________ 4 s TUT, =0.5
e /T, =1 e T/ =1

-x =T, ST o=l AT

T “max min T "max’ min

B = Eflﬁr : J[mumy
INVESTICE DO ROZVOJE VZDELAVANI EVROPSKA UNIE N ; |




Influence ot the uncertainty in I,

Decreased sensitivity on the uncertainty in determining the
dominant time constant T, (for the |, denoted as T,) is for the PI,

controller well to see for MO transients (€=10)
Sensitivity decrease by decreasing T,— always restricted due to

non-mOde”ed dynamics Pl,, T_=T,; Influence of Uncertainty in T, ,s=1IZI':5

_Tf.lfT1D=D.D1 ' : ' : ' '
I,+T,. T, Uncertainty Influence, 0% Overshooting Tuning BH = T¢'T1g™0 ] """" ‘
18 ! ! T ! ! ! _Tf"rT1U:D'2

gH =TT, =05 _:_JI__JI_ JI_JI__JI

— Tf.'fT1D=1

o™ amax’ ' amin

[TTITTT

=] w
5 .

INVESTICE DO ROZVOJE VZDELAVANI |



e uncertainty in T,

Sensitivity on uncertainty may be decreased by increasing tolerated

deviations (€=0.1)

For Pl, much more than for |,

________________________________________________

l,+T,. T, Uncertainty Influence, 10% Cvershooting Tuning Ply. T,=T: Influence of Uncertainty in T, , =01
/ ! ! ! ! ! ! !
: : : : : e TT 0.0 : : : : : :
s /T, =02
s T T, =05
5 —T T |

—-F o = T - I:T=T1 maxﬂ1 min

a_

amax  amin
* X : ‘E
* *
w x
* *
* 4o
EVROPSKA UNIE U? I i : i I &
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o & Pl,— output y,, 2D portrait, K,=K_

The fastest transients correspond to Tf/T10 =0, not strongly
depending on T,/T,,
Optimal tuning for e=0: T./T;, 20and T,=T, .,

y1-MO

Min value of

05 1 1.5 2
T;depends T17T1o
y1-M0O & u-MO
on the
disturbance
response
05 1 1.5 2
T, T
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0, Pl,— controller + FOPDT plant

O

Nominal for T./T,y= 1 a Ky =K ., T¢is tuned as for I-controller

max

Optimal tuning for interval parameter T, and output y, is solved

in 4D (or in 3D for K, =K, . ?) space
Yo(s) K@+Tyse ™
FWO(S): - ~Tys ~T4s
W(S)  KoT Tys? +(KoT; +Ke T, b+ Ke ™
p—
(1+2'1 p)
F —
wolP) kT T pletP -I-(K‘T P +1)p +1
LN

11.3.2011




0, P10 — controller + FOPDT plant

O

Nominal for T./T,y= 1 a Ky =K ., T¢is tuned as for I-controller

max

Optimal tuning for interval parameter T, and output y, is solved

in 4D (or in 3D for K, =K, . ?) space
E (s)- Y, (s) _ Ke oS |
W) KT Tys% + (KT + Ke T+ Ke T
—
1
le(p)_

11.3.2011
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T1”‘ID

=

w

Pl,— controller + dead time

Pl, Step Respanse: MonOvershoating Gontrol 40

T.=0.01, T =0.1, K=1, T =1

Monotonic Gontral yO

& ] =] 10 12 14
|AED levels

al
l-— 0.8 as

18

o

b
v

I

s
@
w
=
]
n

Shift to larger values KOKand T1o

11.3.2011
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® Pl,— control: disturbance compensation
@

Pl Disturbance Respanse: NonOvershooting Gontrol y0 NonCvershooting & Manotonic Control y1

0.5 1 1.5 2 2.5 3

Manotonic Control yO T levels

a4

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

|AED levels IAET levels

11.3.2011 ]
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Pl,— control: disturbance compensation

F'ID Disturbance Response: NonCwershooting Control w0

ManCwershooting & Monotanic Sontrol w1

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

Maonotonic Gontrol wO T levels

1
0.5 1 1.6 2 2.5 3 0.5 1 1.5 2 2.5 3
|AED levels |1AET levels

11.3.2011
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Conclusions
O

There exist two types of Pl, controllers guaranteeing
monotonic transients at the plant input and output —
these correspond to reconstruction & compensation
of input and output disturbances

Both may be derived from the static feedforward
control extended by a prefilter and by observer
based on the paralel model for output disturbances
(IMC like structure) or inverse model for input
disturbances

44



Conclusions
® =

e Both structures show some important differences,
e.g. for the IMC structure the DO time constant may
be chosen as T=0, for the inverse model it must be
T>0 (realization condition).

e Both structures may be studied by the Performance
Portrait method.

* This may be used for optimal controller tuning both
in the nominal as well as robust case

11.3.2011

45



%@

* [tisto remember that different optimal tuning
corresponds to the setpoint step and to the
disturbance step

* The resulting tuning must balance these mostly
contradictive requirements

e Setpoint steps may be modified by using prefilter —
mostly with tuning T =T,

INVESTICE DO ROZVOJE VZDELAVANI



Conclusions
® =

* Higher quality requirements (lower tollerated
deviations from ideal shapes) increase the sensitivity
on parameter uncertainty

* Well tuned PI, controller guarantees lower sensitivity
to parameter uncertainty than the simpler 1,!!!

 However, remember increased noise sensitivity that
represents the main limitation in using Pl control

11.3.2011
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