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Introduction

Predictive |, (Prl,) controller and Filtered Predictive |, (FPrl,)
represent generalization of the oldest structure for active
dead time compensation

Its simplified version was introduced in 1956 by Reswick,J.B.:
Disturbance-response Feedback - a new control concept.
Trans. ASME 1956, No.1, 153-162, so yet before the well-

known Smith predictor

Due to the omitted disturbance-observer-filter and traditional
problems related to dealing with the dead time system, it was
practically forgotten.
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Introduction

From newer publication this contribution fully disappeared
and just the Smith predictor is mentioned, see e.g.

Normey-Rico, J.E., Camacho, E.F.: Dead-time compensators: A
survey. Control Eng. Practice, Vol. 16, 4, 2008, 407-428, or

Guzman,lJ.L., Garcia,P., Hagglund,T., Dormido,S., Albertos,P.,,
Berenguel,M.: Interactive tool for analysis of time - delay
systems with dead - time compensators, Control Engineering
Practice, Vol. 16, 7, July 2008, 824-835.
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Introduction

But still, Prl, controller appropriate for the dead time
dominated stable plants represents a twin to the most
broadly used Pl controller predestinated for the lag
dominated plants

Both they correspond to the simplest 2-parameter loop
approximations (gain+time constant, or gain+dead time)
appropriate for stable plants

With respect to the broad use of Pl controllers it is to expect
that similar situation will develop also with the Prl, controllers

The crucial reason for not using Prl, controllers earlier was
absence of methods for their optimal analysis & tuning
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Dead Time and Time Constant represent basic approximations of
monoton IC IOOp dyna mICsS Different Step Responses of the FOPDT systerm with Tar:const

—Ty4s

Fusls)= -

= y T, =T, +T,
1+T,S

Compensation of Time
Constant => Pl Control

Compensation of Dead
Time => Prl Control —
forgotten up to now!
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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

Prl, controllers belong to the simplest controllers of DCO

It is a fundamental controller: it means that in the nominal
case (without nonmodelled dynamics) its output may be
arbitrarily speeded up (up to rectangular steps at the
controller, or plant outputs), i.e. it fulfills conditions:
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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)

Yiai,t)=ylei 1)/ wit)

» satisfiy conditions

1> ¥(a,,t)> Ve, t)>0; VE>0;

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

t—o0

11.3.2011
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* Dead time systems, setpoint response, delayed output y,

yl(t’al): yl(t’ 052): 0, te (O’Td)

e else

1> y(a,,t)> y(oy, t)>0; VE>T,
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0, Fundamental Controllers of DCO
o

* 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 fully linear controllers

Dominant dynamics

Dynamic !- K |Ke ™ K, Kse_Tds K + Ke [K Ke ] g Tas K, Kse_Tds
class | action s+a|s+a |s+a, s+a,||s+a, Tsia s*+a,S+a,|S+a,5+a,
N |FF| FF | FF| FF FF FF FF FF
0
Y || Pl | PrPI PID PrPID PID PrPID
1 N|-] - [ P] PP P-P PrP-P PD PrPD
Y|-| - | PL| PrPl P-PI PrP-PI PID PrPID
2 N -] - [ - - - - PD PrPD
Y -1 -1 - - - - PID PrPID

FF = static feedforward control

Pr = predictive (dead time) controllers

11.3.2011
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Continuous fort >0 Continuous for V' t
2 ‘ ‘ ‘ 2 ‘ ‘ ‘
J T=0.1,0.2,05,1,2 T=0.1,0.2,05,1,2
A l5 15
y y
1 1
Basic Controllers Filtred Controllers
0.5} 1 057
) M
0 | | | 0 | | |
0 5 10 15 20 0 5 10 15 20
> >
Parametrization by the closed loop time constant (T,=-1/a, « - closed loop
pole)

Possibility to speed up transients up to rectangular steps
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Static feedforward control with compensation
of the input disturbance

+
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Static feedforward control

W
——(O—»| 1K, > f — > K —( >
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Static feedforward control with compensation of the

output disturbance

W
—»O—» 1/K, > f —» K —>O >
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Static feedforward control with compensation of input

disturbance y
W u N y
— 1/K, »(O)—| f —s K >
+ A_ + Ug
\': 1
Tis+1
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e explicit integrator

* Omitting prefilter = I-controller = Fl, — controller

V
u
W 1 1 + y
—» Tistl [—O—> —»O—» K >
T A K TfS +
Vi
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< Pl, and Prl, Controllers

|, 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, controllers and
Predictive |, (Prl,) controllers

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

18
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Static Feedforward Control § Processtsensor

w Yo
—»| UK, K —I—>

~T;s

N GG 1 1 Y 15:

— <4

N P

Disturbance Observer
¢ By adding dead time into the DOB channel from the controller output

we get improved disturbance reconstruction
* Intuitively, one might expect optimal behavior for T,,=T, and K,=K

e Similarities with |, controller
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Process+sensor | v

w

—+>Q—> VK, -

vf

N \3;\\ 1]

D1sturbance Observer
eFiltered IMC structure (parallel plant model)

°|n a loop with the memoryless plant the input and output disturbances
are fully equivalent

e|t is enough to deal just with one structure
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o « | Core of the Prl,-controller
O,

e Similar to series implementation of the dead time
compensation (feedback around the saturation at the

controller output) reported e.g. by Astrém & Hagglund,
1995

e Uy
— 3 Kq / >
T A
e—Tds
1+T;s

11.3.2011

_Nj 21




* Special Case of Prl, controller with T=0 — low robustness

* Derived for the output disturbance (K, in the loop from
controller output & correction of the feedforward input)

Static feedforward Process+sensor+filter
w y
—»Q—> /K, |l / |
+ -
AODINOWRERNNNNN,
Vi % -
N
MMDNSN Y T4 B

Disturbance reconstruction
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Process+sensor

1/K, —:?—p

Prefilter Vs

P rry

7

M )

Disturbance Observer

e Smooth control signal step responses at t=0
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Static Feedforward Control Processt+sensor
w Yo
—p| /K, K —I—y
~T,s
K T T y |
p=TaoS; K="2174 == 7y =L é&’ TR A S
Tao Tao | Ko TrsH1 [y s 5
-
= (p) _ Yo(p) _ (Tf P +1)e d Disturbance Observer
" W (p) zc(rf p+1—e"°)+e‘fd'°

Koe"d'“(rf p+1—e‘p)

K\7; p+1—e‘p)+e‘fdp

Normalized transfer functions
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Static Feedforward Control

EEL o

1

Es+1

Prefilter

p:TdOS; K:—;Tf :—’ Td =—

Ko Tf Td

INVESTI
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Process+sensor
Yo
K —I—>
—T1,s
Irs+1
. uf 1 1 ylé:
— <
| Ko Ts 1y, o

Disturbance Observer

Normalized transfer functions




@ £Prl,: 3D Performance Portrait

Pty Setpoint Step

y-MO i-MA0
61 Layers for different ' 2 '
4.5
) Red
€=0.0

— Tf 3.4

Bt TT £=0.00001
do .

25 €=0.0001
follow numbers in 2 €=0.001
the middle at the 1.5 _
bottom of the : e=0.01
picture 0e €=0.02

€=0.05
1 2 3 4 5 1 2 i 4 g
K=K K v=5, k=61 K=K K Dark blue
g ‘P Collors corresponding to different €

=TgoS; F =
P =Tg0S; Fuo(P) K(rfp+1—e_p)+e_’dp
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@ .  FPrlg: Performance Portrait T, /T,, >0

Prly: Setpoint Step

y-MO y-M0
] &
4.4 4.5
4 4
38 34
3 3
l:% l:%
= 25 L° 25
II1‘3 II13
= =
2 —===E 2 —e==
145 15
1 - 1 e E—
04 0.4
1 2 3 4 ] 1 2 3 4 ]
=k /K T=0.02, k=1 1=k

e areas of nonovershooting (NO), or monotonic (MO) control responses shrink to narrow
strips that explains problems of the Reswick solution

ethe intuitive expectation of optimale tuning K=K is missleading — under finite
precission larger K,values must be used than K to get the operating point to a position,
where the areas of NO, or MO control are wider

eNote special periodicity !!!
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0 & FPrl,: Performance Portrait Tf/Tdo S0

Different areas of NO and MO control

ks B e Monotonic Sontrol

5 5]
4.5 B
’ 4

35
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o & Uncertainty Sets - Prl, Controllers

Interval parameters
K E<Kmin’Kmax> y Ck = Kmax /Kmin >1;

Td €<Tdmin’Tdmax>; Cq :Tdmax /Tdmin >1;

One interval parameter — horizontal or vertical Uncertainty Line

Segment in the plane (k,t,) - section of 3D space (k,7,,7))

ULS, =[kmin.7a  Kmax7al.  Kq . Ty . Ty

’ - z-d — = z-f =
ULSq :[K’Tdmin K'Tdmax] K Tao Tao

Two interval parameters - Uncertainty Box — plane of interval

parameters (k,t,) — subplane of 3D space (,7,T))

KminsTdmax  Kmax Tdmax | . Ko : . Td : . Tf
UB: , K=—, Td__sz-f -
Kmin » Td min Kmax Td min K TdO TdO
11.3.2011 : Pﬂiﬂ
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Optimal UB => |ocalizing UB into position with minimal mean
|AE value & admissible overshooting & admissible TVO values,
etc.

Sweeping 3D parameter space (k,t,1) for absolute optimum
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0 = FPrl,-Controller — UB for €=0.02
SO

Due to the parameter quantization UB may fully lay in the
area corresponding to lower value € (€=0)

Pryy-M0 Setp. Resp. =002 T=1.4761] K=25375 ) T ,,=1.9133 | 1AE =5.1267

Omean

5

4.5

Red £€=0.0 )
£=0.00001 15

£=0.0001 o

So 25

£=0.001 L ,

€=0.01 15

Light blue €=0.02
Dark blue £€=0.05

05 1 15 2 25 3 35 4 45 5
1=k K

31
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FPrl,-Controller — UB for €=0.02

Transients corresponding to UB vertices

TV1, V2, TV3, TV4
correspond to TV at

different vertices of
UB

For variable K are the
absolute values of TV at
different vertices not
transparent =»

More transparent is to
use TV, showing just
increments due to
higher harmonics

11.3.2011
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0.8

06k

0.4

Limit output and control responses

TW1=0.99995 Tv2=0.5 Tv3=0.5 Twi=099999

AET=7 B255, |AEZ=23151, IAE3=3.3151, |AE4=6.6302
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0 = FPrl,-Controller — UB for €=0.05
SO

Due to the parameter quantization UB may lay in area
corresponding to lower €=0.02 (instead of €=0.05)

Red €=0.0
€=0.00001
€=0.0001
€=0.001
€=0.01

Light blue €=0.02

Dark blue €=0.05

11.3.2011

F"rID
5

4.4

y-MO, Setp. Resp. =005 ; Tf=1; KU=2.53?5 : TdEI=1'9139 D IAE

=4.1744

Omean

05 1 15 2 25 3 35 4 45 5
=K K

L ]
* -
‘l* ** .. .
* x ° [ v
Hwk .
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0 = FPrl,-Controller — UB for €=0.05
O

Transients corresponding to UB vertices

TV3 (left down
vertex) increased
from 0.5 to
0.57707

IAE1 decreased
from 7.6298 to
6.4221

(comparing with
€=0.02)

11.3.2011

Limit output and control responses

TW1=0.99999 Tv2=05 Tvw3=057707 Twi=1

IAET=R.4221, IAEZ=1.7111, [AEZ=2.7111, |AE4=5 422

£ “-!'.l!‘ll--- ------------
L
0.4 wa?
02§
| l_llll
EEnR LI
I:I 1 | | | |
a 10 20 30 40 ol G0
U

i Ef
* *
* *
* *
LS
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0 = Example: Robust controller tuning
O
S(S): Ke_TdS , K €<Kmin, Kmax>’ Td €<Td min ’Tdmax>

* PP of FPrl, controller Kmin =L Kiax = 2 Tgmin =L Tgmax = 2

Pri:MC y, Setp., UB for e=0.02; T=1.3796; KO=2.055; Td0=1.8519; IAE1mean=5.0541 Pri: Limit responses Y,
]

55+

Sk

451 TWDmean=0 00059748 nal

5,0.(

® 3 Has it sense to deal with such simple models? ... _

o

,;f! 04 " IAET 1=6.6304, |AE12=3.3275, 1AE13=3.3203, IAE14=6.6304 4

T01=0, Tv02=0.0014, Tv03=0.0077, Tv04=0

02

11.3.2011 - Ll ‘
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11.3.2011

Sweeping Optimal Uncertainty Box UB in
3D

O

Question — how to choose parameter grid —
computation time/information size versus tuning
precision, possibility to skip optimal position

Problem — visualization of the process in 3D and
higher order spaces (high number of necessary
sections)

Note — critical tuning corresponds always to
Kmin=Ko/ Kmax

Possibility — to make the tuning analysis in 2D

36
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= Prl,-Controllers — Analysis in 2D

Simplification by specifying some loop parameters to
fixed values

Decreased computation time
Simpler visualization

Characteristics for particular uncertainties (sensitivity
to dead time uncertainty, or to gain uncertainty)

Subsequent loop analysis

_WJ 37




y-NO y-MO

1
0.8

o
t-c 0.6
04

Td/TdO Td/TdO

u-TvO y-IAE

* %
* *
* *
* *

* 4
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Single uncertain (interval) loop parameter T,

Fixed K, =K

max’

or simplified situation with K. =K

max

Horizontal ULS in the plane (7, Ty - section of 3D space (k,t,T))
corresponding to k=1
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o & FPrl, - ULS, - Uncertainty in T,

Uncertainty Line Segment in the plane (t, 1), €=0.00001&c,=3

ULSx:[Tdmin’Tf z-dmax’z-f]; K=

Ko

_:1’

K

Red
£=0.00001

€=0.0001
€=0.001
€=0.01
€=0.02
€=0.05
€=0.1
Dark blue

11.3.2011

T,/T

d do
y-IAE

L ]
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t* *t ..
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0, Sensitivity to the Dead Time Uncertainty in
O
2D
|dentified from the Performance Portrait in 2D, 200x200 points

Prl,. Infuence of Uncertainty in T, = 0.001

B

Ideally, IAE, —— Ve |
should start at O
and IAE, at 1.

m
o
=
=

_______________________________________________

——-T

0
e |AE1 E

This, however,
requires to
compute the PP
over grid of

points oOxo0

—xo =1, AT

d  dmax’  dmin

11.3.2011
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o & Prl, - ULS, - Uncertainty in T,

Nominal tuning for T./T,=11.88 & c,=1 & £=0.001

Red
£=0.00001

€=0.0001
€=0.001
€=0.01
€=0.02
€=0.05
€=0.1
Dark blue

11.3.2011

=

Ty

Tf 'II'TI:IEI

12
10

oo

L N |

12
10

RS I N &

3,r1—hr1[:l & u-MC 3,r1—hr1[:l

02 04 06 08 1 12

Td'rrdl:l

02 04 0B 08 1 1.2
Td'll.le:l

y,-IAE

02040608 1 12

Td'rl—dl:l

LY

0204 06 08 1 12

Td"l.TdEI

L ]
+* -
T .. ]
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Nominal step response corresponding to Tf/Tdo=11.88 & c~1

F’rID:Nominal Step Response

Priyis a
fundamental 1%
solution, i.e.
without 08¢ .
considering

nonmodelled
dynamics the

06 [AE=1.0211, TvO=0.0035736 7

= U

T =097419, T=11.5731

transients may AT T 1
approach step

02r i
responses both at —
the plant input N Y Lo
and Output 0 2 4 B 0 __1;?1 12 14 16 18 20
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o & Prl, - ULS, - Uncertainty in T,

ULS corresponding to T./T,,=11.88 & ¢;=3 & £€=0.05

y-MID & u-MO ¥y~
12 12
Red 10 10
£=0.00001 o 4
S S
£=0.0001 ! s
7 .
€=0.001 02 04 06 08 1 12 02 04 06 08 1 12
_0 01 Td'llel:l Td'll.le:l
e=V. WTVO ¥, -IAE
£=0.02 o LLTH
€=0.05
€=0.1
02 04 06 08 1 12 02 04 06 08 1 12
Dark blue T/ T/

11.3.2011 Rl Ll ‘
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Prl, -

O

ULS, - Uncertainty in T,

Limit step responses corresponding to Tf/TdO=11.88 & c,=3

F’rID:Limit step Responses

By choosing
sufficiently large
Te /Ty itis
possible to
achieve
arbitrarily low
TVO values,
however, on cost
of a sluggish
disturbance
response

11.3.2011

0.8+

0.4

02F

rean [AE=2 4534, mean TV0=0.057201

T =2 1565, T=25.6182

T,.=1T

dimin ' T dmax

=3

EVROPSKA UNIE il ? I I
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0, Prl0 - ULSd - Uncertainty in Td

O

Nominal tuning corresponding to T,/T,,=5.2 & c4=1

Red
£=0.00001

£=0.0001
£=0.001
£=0.01
£=0.02
£=0.05
£=0.1
Dark blue

11.3.2011

12
10

Tfﬂ—dlil
M o= m

12
10

Tf"erIZI
[ S 3|

¥q-MO & u-MO i4-MC
12
10
B
B
4
2
0204 06 08 1 1.2 0204 0B 08 1 1.2
Td'ldel:l Td'ldel:l
y, -IAE
[T
lata] 1
il
o ]
e —— o ]
0204 06 08 1 1.2 0204 06 08 1 1.2
Td'll'le:l Tdﬂ—dl:l
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° e

Nominal step response corresponding to Tf/Tdo=5.2 & c~1

Prl,is a
fundamental
solution, i.e.
without
considering
nonmodelled
dynamics the
transients may
approach step
responses both at
the plant input
and output

= }flu

0.8

0.4+

0.2F

PrID:Nominal Step Response

|AE=1.0257, TVO=0.0093109
T,,=0.97419, T,=5.0653

T=1

20
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o & Prl, - ULS, - Uncertainty in T,

ULS corresponding to T./T,,=5.2 & ¢,=3 & £=0.1

Red
£=0.00001

€=0.0001
€=0.001
€=0.01
€=0.02
€=0.05
e=0.1
Dark blue

11.3.2011

Tf'rl—dl:l

12
10

| S N .

¥y-MO & u-MO

020406 08 1 12

Td "erEI

u-Tw1

0204 06 08 1 12

Td "l'TdEI

¥y~

0204 06 08 1 12
Tdﬂ—dl:l

- IAE

T

4 Te;

020406 08 1 12

Tdﬂ-dl:l

L ]
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0, Prl, - ULS, - Uncertainty in T,

O

Limit step responses corresponding to Tf/TdO:S.Z & c,=3

F’rID:Limit Step Responses

By choosing
smaler T, /T, it
is possible to asl
achieve good
nominal tuning
and relatively

06 tnean AE=2.7844, mean TvO=0.1522 -
Tdn=2.1555, Tf=1’|.2’|£1

fast disturbance 04} T, =1.T, =3 l
response,

however, the 02r -
robustness will e
be poorer o 2 4 & 8 0 12 14 16 18
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Normey-Rico, J.E., Camacho, E.F.: Control of Dead-time Processes. Springer,

London, 2007, Example 5.6, pp.144-145

Smith Predictor for plant approximated by FOPDT model

Ls

S(S)= ( . el

Ts+1)T,5+1)T,s +1(T,5+1)  A(s)
T,=1,T,=05T,=0.25T,=0125 Le(812); L, =10

Ad-hoc tuning :

e[ Ay
L T

1

Tiz+1
T
-+
Thn.zt1
Ln
;
Tnstd

T.=T;k =1
L, =10.5> L, + T, +T,

> = _:Izl'.aw*

T™V_S

- ¥3

@4—/ ——> 2

ISE_S

wl= | wl=

I4E_S
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NR & Camacho, 2007, Example 5.6, pp.144-145
Nominal Responses of DCO

Mominal Step Response: Smith Predictor

1.8
16 Ln:1|:|.5, =10, Tn:1.5 _
SI:S:I=E_LS.I"[I:S+1:IIID.55+1:II:E|.255+1:II:D.1255+1:I]
1.4F -
1.2+ _
= 1 ""ﬁr-v—-—_—' el kel il el
=
E
P08 _
0&E+ nom |AE=12.0549, nom T0=0.32659 -
0.4 _
DE B — I_'l" =
lllll I.l
0 1 ]
] a0 100 150

-t

B8 "Crr
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o & Example SP - Uncertainty in T,

NR & Camacho, 2007, Example 5.6, pp.144-145

Badly damped Limit Responses

Limit Step Responses Smith Predictor

1.8
Reasonably large . 'f: L =8, =12, =I05,T,=15
TVO=13,48 il “ . % Sis=e ][5 +1)0.55+10.255+1)(0.1255+1)]
1.2} :Il ;“ J. A A g a 3
Both IAE and TV T niignAh a8 '{l.;_,, T
. . . L 1y ¢ f‘_l - ] B= '-.'Il FEpt X '."r:'i oy = F-
still increasing > TG LR A G ¢f£ At 3
Yool G BTG T
| e i LI
n&6 :..i _ rean AE=22.4291, mean Tw0=13.4893
\
0.4} " m—y, =8
- | aEEEE U,L:B
o2t 1 - =17
l - =12
|:| | |
a a0 100

=1

11.3.2011
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11.3.2011

< Example SP - Uncertainty in T,

As it is obvious from above simulations, SP is very
sensitive to the dead time uncertainty

Filtered Smith Predictor (NR-Camacho, 2007) basic
possibility to decrease the loop sensitivity

Results achieved by NR-Camacho will be compared
with those achieved with the Prl, controllers tuned
using the Performance Portrait (PP)
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Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

Filtered Smith Predictor + Pl controller - slower disturbance
response due to the filter

—Ls

5(s)= e _E
(Ts+1)T,s+1)T,s+1)T,s+1) A(s)
T,=1T,=05T,=025T,=0.125 Le(812); L, =10

Ad-hoc tuning o o
T,=T,+T, =15 2 P
T.=T,k. =1
L, =105> L, +T, +T,
T, =L /2

[TTITTT

=] w
5 .
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Example FSP - Uncertainty in T,

Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

Nominal Responses of DCO

Scheme may be
shown to be
equivalent to the
static feedforward
control with
disturbance
reconstruction &
compensation based
on the parallel
model (IMC like
structure)

11.3.2011

., WL

1.8

161

1.4F

1.2F

1

0.8

06

0.4

02F

ad

Mominal Step Response: Filtered Smith Predictor

L =10.5,1=10,T =1.5 4
S(sj=etS](s+1)(0.55+1)(0.255+11(0.1255+1)]
nom IAE=12.012, nom Tv0=0.04507 .
I I-IIII 1
lllll LI
| | | | | 1 1 I
o 10 20 30 40 a0 B0 /0 g0 S0 100

Ef I\Kﬁr
LS
EVROPSKA UNIE il
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Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

WE” da m ped Limit RESpOI’]SES Limit Step Responses: Filtered Smith Predictor
1.8 T . . . . T . . .

More than 20%
overshooting

Both IAE and TV
are close to the
nominal values

1EL L =8,L__=12,L =105,T =1.5 _
S(s)=e 5 ](2+1)(0.55+1)(0.255+1)(0.1255+1)]
141 .
1.2y ;‘.\ AR 1
R
= 1 -.-":: #l. * -
=
M
L] f .
]
06 ] mean AE=14.0777, mean Tv0=0.5667 .
]
0.4F Il — =5 M
I lllll I-In L:E
|:|_2— ' [ § N | '_'|".|_:12_
i ) | =1
0 A ! ! ! ! ] ! I I

a 10 20 30 40 alll B0 70 80 80 100
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Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

Filtered Predictive Pl Controller - plant approximated by FOPDT

model — filters for setpoint and disturbance responses

Ad-hoc tuning O— = L@.L‘.=

TV S

w5

ISE_S

IAE_S

‘* * *l' .
* x ..
* *
* oy K L 3
EVROPSKA UNIE b Li‘:‘
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Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

Nominal Responses of DCO Mominal Step Response: Filtered PRI
18 . . .

16} L =10.5,1=10,T =15 i
Improved TVO=0'03 Ll Sis)=e T3 (s+1)10.55+1)(0.255+1)(0.1255+1)]
and 12 .
=1 1F '-II-I. Bl
IAE=12.00 = | F
' ne _5 4
0.5 1. nom IAE=12.0047 , nom Tv0=0.031863 -
04k ]
DE I EI'I ~
J lllll LI
|:| | 1 | | | 1 | 1
0 M 20 30 40 B0 BO 7O B0 80 100

* X
* w
w* x
* *
* *
EVROPSKA UNIE i
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Normey-Rico, Camacho, 2007, Example 6.1, pp.166-169

Well damped Limit RESpOI’]SGS Limit Step Responses: Filtered PP
1.8 T T T T T T T T
More than 20% 16 i by ™12, L7105, Ty 1S 1
] S(sj=e S (s+11(0.55+1)(0.255+1)(0.1255+1)]
overshooting 1Af .
. . 12+ o, /™ .
Slightly improved L e e
= R A y Yaag
|AE and TV values = |7 :(J.’\ /
08 1 .
0.6 }! !' rnean IAE=14.0562, mean TwD=0 46391 -
i
0.4 | =8 ]
} P e ) s
0.2 j —— =12
i - =12
0 Lo | | | | ] | T T
0 10 20 a0 40 S0 B0 70 ad o0 100
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o & Conclusions - Uncertainty in T,

SP, FSP, PPl and FPPI give good nominal responses, but

* Limit Responses for uncertainty in T, have also after
introducing filters over/undershooting over 20%

e Structures of these controllers may be OK, but we
should have some tools to find controller tuning
satisfying given requirements — and this gives the
method based on Performance Portrait

 Next we will show, how this method can be used in
tuning Prl, and FPrl, controller

11.3.2011
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Uncertainty in T

T, L+1875 .

Example FPrl, -
® = P 0
Uncertainty Line Segment in the plane (t,,t;) — €=0.00001
. KO _
ULSd:[Qmm’Tf thu’ffl K K

T
T, L +1875°

T, =
TdO

4th order + dead

time system
e—Ls
S =
) (T;s +1)(T,s +1)T,s +1)T,5+1)
T,=1T,=05;T,=0.25;T,=0.125
D T, =1.875
L e <8,12>
11.3.2011

0.

1.5

%1
=
—

0.5

¥4-MO & u-MO

1.5

1

=
t“—
'_
05
2 04 0B 08 1 02 04 0B 08 1
Tdﬂdﬂ Tdﬂ-dl:l
u-TVI ¥1-IAE
14
hﬁﬂ}“ﬂﬁﬂ_ﬁﬁﬁﬁ
-
& g '
L < =
—on 1o ) /Sg ;ﬁiﬁ@$
02 04 0B 08 1 02 04 0B 08
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EVHOPSKA UNIE g I I j

61



o & Example FPrl, - Uncertainty in T,

Uncertainty Line Segment in the plane (t,,t;) — €=0.00001

T
ULS, =[rdmin,rf Tdmax,rf]; K‘Z&:l; = U _ =089, ro=——
K T, L, +1875 ' T,
Red ¥,-MO & u-MO
€=0.00001
€=0.0001
€=0.001 | |
02 04 06 08 1 02 04 06 08 f
T T T
€=0.01 u"ﬂ“:; yd -
1.5 15
€=0.02 “‘“‘3&\3
o g o o
£=0.05 s ~ =
05 /f/:oﬂw\/}‘- 05|y
£=0.1 —Sa Zmﬁi

02 04 06 08 1 02 04 0B 08

Tdrrdl:l Td'rrdl:l

Dark blue

11.3.2011 Rl Ll ‘
EVROPSKA UNIE il LT
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o & Example FPrl, - Uncertainty in T,

Uncertainty Line Segment in the plane (t,,t;) — €=0.00001

T
ULS, :[z'dmin,z'f rdmax,rf]; K'Zﬁ:l; Le<8,12>; Ty = ﬂ T ==
K L,+1.875" Tyo

Limit Step Responses F"rlD

|IAE=23.56 !
TVO0=0 0af
Low Over‘shooting > 0B} : | T = 13,6207, T.=9.9431
and TVO pald by = . mean |AE=23.5618, mean TwO=0
. O4r: S(s)=e 5 (s+13(0.55+1)(0.255-+1)(0.1255+1)]
high IAE value ; o
0.2 ,
.= =,
D' {4 | R U
u &0 100 150
=t

11.3.2011
—wj
EVROPSKA UNIE il
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0, Example FPrl, - Uncertainty in T,

O
Uncertainty Line Segment in the plane (t,,t) — €=0.05
K T, L+1.875 T,
ULS, =74 in - T k=—2=1; 7, =-9 =—
d [Tdmm Tt Tdmax Tf] K K T4 TdO L +L. 875’ Tt T

4th order + dead
time system

—Ls

e
S(S) = 0.2 III.Ifl IIIIE IIIIB 1 0.2 III.Ifl IIIIE IIIIB 1
(T,s +1)T,s +1)T,s +1)T,s +1) T w
T,=1T,=05T,=0.25; T, =0.125 y W TVD N IAE
ST, =1875 e
o 1 J o 1 ]
Le(8,12) o o S
" 05 %ﬂ/ " 05|~ —39\
&:5:&\ < o (i
02 04 0B 08 1 02 04 IIIE 0.
T,JT

d do ddEI
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Example FPrl, - Uncertainty in T,

® =

Uncertainty Line Segment in the plane (t,,t) — €=0.05
Tf

ULS, :[Tdmin'z-f Tdmax’Tf]; K=

Koy, Le(812); 7,

Lirmit

_L+1875
L,+1.875" " T,

Step Kesponses F"rlEI

IAE=19.37

TV0=0.11

Lower 7=5.99
value instead of

Tf=9. 94
guarantees also

faster
disturbance

response

11.3.2011

0.8

0.4r

0.2

iy
2

:

a

H T,,=12.3438, T,=5.9667

_: mean IAE=18.3743, mean Tv0=0.106E5

:

: S(s)e (s +1)(0.55+1)(0.255+1)(0.1255+1)]

. TFL+1.675, L =8 L =12
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IIIII u
1 1
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0, Example Prl, - Uncertainty in T,

O

Nominal tuning in the plane (t,t) — L=10, T,/ T,,=1.13

K, T, L+1875 T,

ULS, :[Tdmin’Tf Tdmax!z-f]; K=?=1; Ty =

Tqo L0 +1.875° Ty0

7, =—=113

4th order + dead
time system

—Ls

3,r1-h-'1Cl & u-M0 3:1.MC|

S(s)=( °

T,s+1)T,s +1)T,s +1)T,s +1)

2 04 06 08 1

T]_ :1, T2 = 05, T3 = 025, T4 =0.125 Tdf\?;
= B
D T, =1875 ; Y _
Le <8,12> - 4 L |
S _
. 2%\“{3‘_5 b"‘{
1 ; g ]
02 04 06 D08 1
Tdﬂ—dl:l
11.3.2011
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o & Example Prl, -

Uncertainty in T,

Nominal tuning in the plane (t,t;) — L=10, T,/ T,;=1.13

T
ULSd :[Tdminiz-f Tamax1 Tt ]1 Kz&zl; Ty = Td L+l 875 Tt :_f:113
K T, L,+1875" ' T,
Red ¥q-MO & u-MO i, -M0
£=0.00001 ; :
4 4
€=0.0001 S 3
2 2
£=0.001 TR T
02 04 0B 08 1 n2 04 EIE EIB 1
T,T T/T
£=0.01 s e
5] B
£=0.02 : \ I s 1L
— £ 3 ] P -
8—0.05 = zh\_ﬂ.d‘ \Q/:( = 5 ]
J -
=0.1 1%&% 1% f
02 04 0B 08 1 n2 04 EIE EIB
T,T
Dark blue "

11.3.2011
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9 & Example Prl, - Uncertainty in T,

Nominal tuning in the plane (rd,rf) — =10, Tf/ T,=1.13

K _ L+1.875 T
K TL+1875° T,
F"rID.NomlnaI Step Responsel
1 punm .%‘r‘;’
Dar .
= DB [AE=11.9556, TvO=0.067964 7
i T ;=11.865, T=13.4371
0.4F Sisj=e (s +1)0.55+11(0.255+1){0.125s+1)] -
T, L+1.875, L =9.99, L =10.01
02 .
I I_IIII
IIIII LI
|:| 1 1
0 &0 100 150

-t

11.3.2011 Ef Iﬁr
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o & Example Prl, - Uncertainty in T

Uncertainty Line Segment in the plane (t,,t) — T,/ T,,=1.28

T
ULS, :[Tdmin'z-f Tdmax’z-f]; K:ﬁzl; Tg = Tg L4180 7, =—-=128
K T, L+1875 ' T,
¥, MO & u-MO ¥, -MO
4t order + dead ; ;
time system 5 :
e—Ls = 2 2
S(S)z 1 1
(Tls+1)(T23+1)(T3S+1)(T4S+1) 02 04 06 08 1 02 04 0B 08 1
T,=L1T,=05T,=025T,=0125 T4 T
. v, 1A
3T, =1.875 ; =
5 4
Le <8,12> _ 4 : -
£ 3 -
=g <]
02 04 06 08 1 02 04 06 08 1
Tl.‘i'erdl:l Tl.‘i'erdl:l
11.3.2011
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o & Example Prl, - Uncertainty in T,

Uncertainty Line Segment in the plane (t,,t) — T,/ T,,=1.28

T
ULS, ={tymn s Zamer 71 ) K=&=1; Ty = Ty _ L+1875 7 =1 =128
K T,, L,+1.875 T
Red ¥,-MO & u-MO ¥, -MO
€=0.00001 2
4
€=0.0001 = =
= = ;
€=0.001 1
02 04 06 08 1 02 04 06 08 1
€=0.01 Ta'Tan TaTag
u-Tv0 ¥4-WAE
_ 5
€=0.02 ;i \ _
4 = ]
€=0.05 Sl .
" Eq—_x_“ﬂ_g "(
€=0.1 1%5 .
02 04 06 08 1
Dark blue Talao

11.3.2011
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Example Prl, - Uncertainty in T,

Uncertainty Line Segment in the plane (t,,7,) — Tf/ T,,=1.28

ULS, =[Tdmin’Tf Tdmax’z-f]; K=

K,

o=t Le(812); 74 =

T
L+1.875 T —_ " 128
L, +1.875 Ty0

11.3.2011

0ar
= 0b6r
o

04

02r

F"rID:Limit Step Responses

rmean IAE=13.8742, mean Tv0=0.2309
le:|=1 1.9697 Tf=15.3212

S(sie (s +1)(0.55+1)(0.255+1)(0.1255+1)] -
T L1875 L =6, L =12

1
a0 100 150
-= 1

L ]
+* -
‘l* ** ..
* *x [ ]
* n o .
EVROPSKA UNIE il
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9 @ Example Prl, - Uncertainty in T,

Nominal tuning in the plane (t,t;) — L=10, T,/ T,,=5.85

=
Ko g, o _Le1875. T o
T, Lo+1875° " T,

UI‘Sd :[Tdmin’z-f Tdmaxlrf:l; K =

h y,-MO & u-MO
4" order + dead ;
. ]
time system i
= 3
—Ls = 2
S(S): € 1
(T;s +2)T,s +1)T,s +1)T,5+1) L
T,=1T,=05;T,=0.25 T, =0.125 T4
u-T+1
T =1.875 5
2T 5 N
L e <8,12> i 2 _
3 _
I \f{
1 :ﬁaﬁm\%
02 04 0B 08 1
Tdﬂdﬂ
11.3.2011 —
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o & Example Prl, - Uncertainty in T,

Nominal tuning in the plane (t,t;) — L=10, T,/ T,,=5.85

T
ULS, =[rdmin,rf Ty Tt ]; K'Z&:l; T, = Ty _ L+18/5 .7, =——=5.85
K T. L+1875 ' T,
Red y,-MO & u-MO y,-MO
€=0.00001 2
4
€=0.0001 3
2
€=0.001 TN e
02 04 06 08 1 02 04 06 08 1
€=0.01 T Tan TaTan
STV 1y IAE
6 6
EZO.OZ g XD @ ) E F(/ é 1 ]
= ‘Il b ] = d -’-)\‘ ]
€=0.05 = 3 | 3L e -
] a8 o I _
£=0.1 e Vg % J
02 04 06 08 1 02 04 0B 08 |
Dark blue oo oo

11.3.2011 Rl Ll ‘
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0, Example Prl, -

O

Uncertainty in T

Nominal tuning in the plane (t,t;) — L=10, T,/ T,,=5.85

T
ULS, Z[Tdmin’z-f Tdmax’z-f]; K:&=1; |—€<8,12> y Ty = ﬂ T =—' =585
K L, +1. 875 T
Frl_Mominal Step Response
IAE=11.90 i
1 pummay
TV0=0.01 [
0.8}
Low
overshooting and 5 06 IAE=11.8979, TVD=0.012744
. . i T,,=11.865, T.=69.4399
TVO pald by hlgh 0.4r Sisl=e 5[ +1)(0.85+1)(0.255+1)([0.1285+1)]
Tf value => slow T=L+875; L =9.99, L =101
disturbance 02|
—
response | = g
"5 50 100 150
=t
11.3.2011 e I\ 3%
EVHOPSKA UNIE Ef _wj
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9 & Example Prl, - Uncertainty in T

Uncertainty Line Segment in the plane (t,t) — T,/ T,,=5.85

.
ULS, =[rys?s Tymes?e s k=2 =1; 7, =Jo - LHLBD 0 T _pgg
K T, L+1875" ' T,
y1-mo & u-M0 y1-mo
4t order + dead ; ;
time system o 4
£ 3 3
= ! 2
5(s) = : 1 1
(Ts+1)T,s +1)T,s +1)T,s+1) 02 04 05 08 02 04 05 05 |
T,=1T,=05T,=025T, =0.125 o ”lﬁé
ST, =1.875 : N /
Le(8,12) = : |
=l ZEMTJ'L& <]
1% '
02 04 06 08 1 EI III4 IIIE EI B 1

T Tan T T

11.3.2011
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o & Example Prl, - Uncertainty in T

Uncertainty Line Segment in the plane (t,,t;) — T;/ T,,=5.85

T
ULS, =[Tdmin,2'f rdmax,rf]; K=ﬁ=1; Ty = T4 = L+1.875 DT —_ " 585
K T,, L,+1.875 Tyo
Red ¥,-MO & u-MO y,-MO
B
€=0.00001 5
4
€=0.0001 3
2
€=0.001 N e
02 04 0B 08 1 02 04 06 08 1
£=0.01 T T TaTan
. u-T+1 ¥y-lAE
B —
£=0.02 c \5 _
4 = ]
€=0.05 = 3 _
- EH—'Q& h{(
€=0.1 1 gﬁﬂ&

n2? 04 0B 08 1
T,/T T,/T
Dark blue o a0 o Tao

11.3.2011 = - |
el ') _w
EVROPSKA UNIE il LT
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o & Example Prl, - Uncertainty in T,

Uncertainty Line Segment in the plane (t,,t;) — T;/ T,,=5.85

T
ULS, =[rdmin,rf rdmax,rf]; K=&=1; Le<8,12> ; Ty :LB?S T - 585
L, +1.875 T
Frl_:Limit Step Responses
IAE=13.57 ;
1..-,:,---- _-_-_--.-- -—
TV0=0.05 |
08
Low
overshooting and = 06| mean |AE=13.5664, mean Tw0=0.053595
. . i T,,=11.6176, T,=67 9923
TVO pald by hlgh 0.4r Sisl=e S (s+11(0.85+11(0.255+1)(0. 1285 +1]]
Tf value => slow TALH 875 L =8, L =12
disturbance 02|
—
response | = g
. 50 100 150
-t
11.3.2011 ]

’ Ef
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* Normey-Rico Fls)= (5+1)(0.55 +1)(0.255 +1)0.1255 +1)
and Camacho, K, €(0.812); Le(9,12)
(2007); o o
Example 6.1

H di o 3 9
Plant 08 09 1 11 12 08 09 1 11 12
u, X,

1
+—)>
K (1 T,s)

: u
- Pl 5 12 —
: \ﬁ \7{?\
Al oi® 11 2 11
o | “Fast” Loop \ 2 f‘\ o]
. — "
e Ty T TS el 10 mdt iy 10 -
5 01
o — O
11 1.

Disturbance Filter

9
0.s ns 2 0.s 0g 1 1.1 1.2
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Example: FSP Retuned for €=0.02, T,=1.0

O

—Ls
K e

FSP Fls)= (s +1)0.55 +1)0.25s +1)0.125s + 1)’

IAE=24.5; TV,=0.01 K, €(0.812); Le(9,12)

FSP y, e=0.02) T,=1; T=0.28) K=1.674; L=10.5; 1AE, (=24 5236, T, =0.010987

12
1.2t
15
1
e
08k
105 ' =
; Z 06
" 04t
95k i 0z
9 ]
0.8 0

FSP: Limit responses ¥y, g=0.02; TD=1; Tr=5.25; KD=1 574, LD=1O.5

LA

ey
L) e J
at e
e
01. B
Pyl
“ -
2
P
-
NS
:?» 4 L1 ] = =
- T
n o
L

IAE, =28.3404, |AE, =17.6531, IAE, ;=17 5548, |AE ,=28.953 4

T, =0.8578, Tv,=0.9436, Tv;=0.8856, TV ,=0.8053

1 1 1 1 1 1 1
20 40 [=in] 80 1030 120 140 160
t

L ]
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T .. ]
* *x [ ] = ’
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< Example: Comparing with FSP

Ke™
FPrl, controller F(s)= P

IAE=27.3: TV.=0.005 (s +1)0.5s +1)(0.25s +1)0.125s +1);
e K, €(081.2); Le(9,12)

‘ Recent result — simplified tuning in 2D ‘

Prl MO y, Setp. e=0.02; T=4.7358; KD=1.584; Td0=11.6935; IAETmean=27.3130
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Conclusions
O

Prl, and FPrl, controllers keep the modular character
of RCPIDC

Simpler Prl, and FPrl, controllers allow to achieve
better quality by a more straightforward tuning and
in & broader range of requirements than the more
complex Smith Predictor and its modifications (FSP,
PPI, FPPI)

The comparison was not completely fair, because
controller compensating dead time and the largest
time constant (SP->Predictive Pl) was compared with
solution compensating just dead time (Predictive |,).
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Conclusions
O
In this sense, we should compare FSP, or PPI

controllers with PrPl, controllers, but, as mentioned
already by Normey-Rico, Camacho, 2007, pp.174:

“...when the dead time is dominant the contribution
of the open-loop poles to the closed-loop response
will be small, thus their elimination will contribute
with a small increment in the speed of the
transients”

PrPI, controllers respect this fact, they compensate
just dead time and the above comparison fully
confirms its validity
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Conclusions
O,
Performance Portrait based analysis and controller

tuning represent flexible alternative to analytical
approaches

Apriori robust controller analysis & tuning attractive
especially for the traditionally bad treatable structures
with dead time like the Smith Predictor, Reswick-
controller, etc.

The traditional frequency-domain methods still represent
methods for nominal tuning offering just restricted
possibility to check robust stability

New possibility to design transients with specified
performance (overshooting, TV,, etc.)

e




Conclusions
® =

e Comparison of results will be complete just after
considering also the disturbance responses

e The new tuning procedure may be used also for
other controllers, e.g. for the Smith predictor

e |t brings shift from Laplace transform, polynomials
and frequency domain to the Computer Graphics and
Computer Geometry problems.
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