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Introduction

@ Performance monitoring is very important, in general, as it plays a key
role in saving costs related to maintenance and unexpected stops of the
process operations.

@ This is especially relevant nowadays in the Industry 4.0 paradigm.

@ The performance assessment of (low-level) feedback controllers is, of
course, the basis for a general architecture.

@ Once it is realized that the performance can be improved, it is very useful
to provide a new tuning for the controller parameters.

@ Itis important to have procedures that use routine operating data.
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Deterministic and Stochastic performance

Performance assessment techniques are generally divided into two
categories:

@ stochastic performance monitoring, in which the capability of the control
system to cope with stochastic disturbances is of main concern (works
that fall in this class mainly rely on the concept of minimum variance
control);

@ deterministic performance monitoring, in which performances related to
more traditional design specifications such as set-point and load
disturbance step response parameters are taken into account.
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Set-point following task

%

@ The main idea is to evaluate the set-point response of the control system
and, if the performance is not satisfactory, to retune the PID controller
appropriately.

@ |In order to assess a control performance, a benchmark, which represents
the desired performance, has to be selected so that the current control
performance can be evaluated against it.

@ For this purpose, the set-point following performance achieved by the PID
controller designed according to SIMC tuning rule can be employed.

@ In this context, the estimation of the process transfer function is essential
(indirect method).
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Skogestad's “half rule”

The largest neglected (denominator) time constant is distributed evenly to the
effective dead time and the smallest retained time constant.

2 —8Bgs
P(s) = :
(=) [Li(Tios + 1) ‘

where the time constants are ordered according to their magnitude (namely,
Tig > Tao > - -+ ). 1hen, a first-order-plus-dead-time (FOPDT) transfer function

s obtained by setting

T T
T=T1c+—|—$, 0 =t + _ED—I—ZT{@.

et -

Note that the sum of the time constani(s) of the process and of the dead time
remains the same.
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PID controller

The series (interacting) form is considered

C(s) = K, (T'*'H 1) (Tas + 1)

TI'S

but the other forms (ideal, ISA, parallel) can be also derived by applying
suitable conversion formulae.

Obviously the derivative term has to be filtered (this issue will be neglected
hereafter).
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Pl controller tuning

With respect to the set-point following task, the Pl controller parameters can
be effectively selected by applying the Internal Model Control (IMC) paradigm
where the desired closed-loop time constant is chosen to be equal to the
process dead time, namely by selecting

-

K, ——
P 2ul

Ti —= T.
By defining as T, the sum of the time constant and of the dead time of the
process, hamely,

To =7+6.

it is trivial to verify that

2pK,

To=7+60=T;+
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Desired closed-loop transfer function

The SIMC tuning rule aims at achieving a closed-loop transfer function (this

can be easily ascertained by approximating again the delay term as
e % =1—0s)
¢

Fls) = I +C(s)P(s) Os+1

for which the step response integrated absolute error is

IAE = / le(r)|dt = 2A6.
0

where e(r) = r(r) — y(r) and A is the amplitude of the set-point step.
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Estimation of process parameters - dead time

The apparent dead time #,, of the system can be evaluated by considering the
time interval from the application of the step signal to the set-point and the
time instant when the process output attains the 2% of the new set-point value
A, namely, when the condition y > 0.02A occurs.

Actually, from a practical point of view, in order to cope with the measurement
noise, a simple sensible solution is to define a noise band NB (whose
amplitude should be equal to the amplitude of the measurement noise) and to
rewrite the condition as y > NB.
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Estimation of process parameters - DC gain

The process gain ;. can be determined by considering the following trivial
relations which involve the final steady-state value of the control variable u:

K > A
lim u(r) — p/ g(r)dr —

and therefore we have
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Estimation of process parameters - time constant

The determination of the value of T, can be performed by considering the
following variable:

ey(t) = pu(t) — }-’(T).

By applying the Laplace transform and by expressing « and y in terms of » we
have

Ei(s) = wU(s) = ¥(5) = ST RG)

which can be rewritten as
1K, (Tis + 1)

Euls) = Tis(ts + 1) + uKy(Tis + 1)e=9% (s +1) = 7)),
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By applying the final value theorem to the integral of ¢, when a step is applied
to the set-point signal we finally obtain

. f
lim,_, 4 oo [, €u(v)dv

= lim Sﬂ pK, (Tis+1) (Ts+1)—e=?
— s—0 s T;‘S(TS—I—|)—|—;,LKP(T!-5_|_1)€—95 S
' | —e”® Ts+1)—1
= A limg_o {% + %}
=A#+71)

= ATy.

Thus, the sum of the lag and of the dead time of the process can be obtained
by evaluating the integral of ¢,(r) at the steady-state and by dividing it by A.
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@ The sum of the lag and of the dead time of the process can be obtained
by evaluating the integral of ¢, () at the steady-state (which does not
depend on the PID parameters) when a step signal is applied to the
set-point and by dividing it by the amplitude A of the step.

@ |t is worth noting that both the value of the gain and of sum of the lags
and of the dead time of the process are determined by considering the
Integral of signals and therefore the method is inherently robust to the

measurement noise.
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Performance assessment

For the purpose of assessing the controller performance it is worth
considering the following performance index, named Close-loop Index CT:

2A0,,
Iy le(t)|dt

In principle, the performance obtained by the control system is considered to
be satisfactory if C1 = 1. However, it has been found from a large number of
simulations that, from a practical point of view, the controller can be

considered to be well-tuned if CI > CI; with CI; = 0.6.

Cl =
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If the performance provided by the controller turns out to be unsatisfactory,
the Pl controller has to be retuned. This can be done easily by setting

o TO - 9}?1
P 206,
Ti — TO — ﬁm
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Application example - flow control loop
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Application example - flow control loop
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Application example - flow control loop
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Application example - flow control loop

14:20 14:22 14:24 14:26 14:28

PB =500, T;=60 = [AE =7.585
Om =198, pn=3.125, Ty =58 = CI=0.35
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After the retuning

Via R B e TRy e | M hakk Ca bk Ay ke
WA "III'I A A .'i|. ""‘IL.-"" Y, U ".'ﬂ.l'."ﬂ"-.-'l'-,.l"'-.,-' ‘-__."l|,' v '-,-."'r'|||r N |,|'||____I. WAL A ~.-f|,l"..l L LA
UL VAR TR P g

14:38 14:40 14:42 14:44 14:46

( '0
=
D

?

Antonio Visioli (University of Brescia) Performance assessment and retuning IFAC WC 2020 21 /41




Load disturbance rejection task

The retuning procedure can be employed also by evaluating a step load
disturbance response. It is assumed that the load disturbance is a step-like
signal and that the time instant of its application is known. Then, its amplitude

Az can be estimated as:
K, [~
Ag = —— e(t)dr.
Ii Jo

Then, the process gain can be estimated as:

I;
Ky |y (u(t) + Aq)dr

p=Ag
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Finally, the determination of the sum of the time constants of the process can
be performed by initially considering the variable

V(1) = p(u(t) +d(1)) —y()  (d(t) = Aq).

and then by calculating
Kp o0 t
/ / v(&)dEdt.
LiAa Jo  Jo

Ty =
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Retuning for load disturbance rejection

The desired transfer function between disturbance and output is selected as

Y(s) T (1+s6/2)ses?

D(s) K, (1+s7.)°

where 7, is a design parameter: a sensible choice is 7. = #, which represents
typically an effective trade-off between robustness and aggressiveness.

By modelling the process with a FOPDT transfer function in which the main
lag is 7 = Ty — 0, and by choosing 7. = #,,, the resulting tuning formulae are

B 287y — 416,,

K. —
! 27 16y

T 4 QT(} — 9}71
O (11T — 196,,)

28T0 — 4]9”;

Ta =
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Performance assessment

Since the ideal closed loop transfer function has only real poles, its response
exhibits no oscillations and no overshoot, provided that 7. has been chosen
higher than #/2 (i.e., 7. > #/2). Hence the integrated absolute error (IAE) can
be compared with the absolute value of the integrated error /E, which is equal
to A,;7:/K,. Thus, a performance index for the load rejection task (LRPI: Load
Rejection Performance Index) can be easily defined by replacing K, 7; and T,
with the values suggested by the tuning formulae.

27A 62

LRPI = .
42Ty — ) f[ T)‘df

It should be equal to one for a well-tuned controller.

Antonio Visioli (University of Brescia) Performance assessment and refuning IFAC WC 2020 25/ 41



Recovering of set-point following task

The closed-loop transfer function for set-point step change results

(T,'Td52 + Tf5+ 1) (1 + g) _ 50

Fls) = (1 + s7¢)° ¢

Thus, by adopting a two-degree-of-freedom PID controller, it can be reduced
to a simple FOPDT. In fact, by filtering the set-point with a transfer function

cTiTy5% + bT;s + 1
TI'TdSZ + T,'S + 1

H(s) :=

two additional zeroes are available. By choosing to place both of them at — 1,
the following values of the parameters » and ¢ can be obtained:
20 T 1

h— " o= _
7 T AT, T 8
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By including in the set-point filter H(s) an additional lag equal to §, the overall
transfer function between the set-point and the controlled variable results

E)—SQ

| + s7,

F(s)=H(s)F(s) =

for which the step response integrated absolute error is

LAE::J/
J0

where ¢(r) = r(1) — y(r) and A; is the amplitude of the set-point step. Therefore
the set-point following performance can be evaluated by the following SFPI
iIndex (Set-point Following Performance Index):

e(1)|dr = 2A,6.

2A,6
e(r)|dt

SFPI =

I
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lllustrative example - 1
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lllustrative example - 2
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Summarizing

The approach is based on the following steps:

@ select a benchmark: tuning rule and corresponding integrated absolute
error;

@ evaluate a step response and estimate the process model;
@ compare the obtained integrated absolute error with the benchmark one;

@ if the performance can be improved retune the PID controller by applying
the benchmark tuning rules with the estimated model.

This can be applied for either set-point following or load disturbance rejection
task.
The estimation of the model is performed by exploiting the final value theorem

and the integrals of signals and it is independent from the current PID
parameters.
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Unified dead time compensator

d
r - : i Y
= F(s) [~p—= Cls) [T === P(s) T~

L G;:-I'rj,} -E:’-Imj —=i]

— ‘L Fu(s)

This control scheme can be used for different processes with large dead times

9

@ self-regulating processes
@ integral processes
@ unstable processes
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Unified dead time compensator - FOPDT processes

d

N Efs) +FH C(s) F—b— P(s) -

~ Guls) | eL= 1=

‘ Bl Fofs) |— K,
P _ —Lys
(8) = 77 7°
Tis +1
C(s) = K,— Ts Ti=Tn, K,=T/(KuT,)
Trs+1)(F1s+1 .
Fr(s) = = (TDS}—E— 1)2 ) B =Tu[l — (I _Tﬂfﬂﬂ)lf’ LF"'ﬂlﬂm] F(s)=1
g —Lms I +s8;

H,(s) = [T, Hy(s) = Py(s) [l i ST.})?E Lins
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Estimation of the parameters

A
K= K,T
per oo
es(t)dt
T(2To — Bi + L) Jo™ er(®)
where
1 A,
E:(s) = — — Y{(s).
7(s) F(s) s (s)
and
1 e
T = A_sfg e,(t)dt — L
where

e,(t) = Ku(t) — y(1)

A similar procedure can be applied also in the presence of a step load
disturbance when the time instant of its occurrence is known.
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Unified dead time compensator - IPDT processes

. . ¥V
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Estimation of the parameters

K= 45
Jo u(®)
and -
[ Jo eilt)dt
A
where

eu(®) =K. /ﬂ (v — (1

Also in this case similar procedure can be applied also in the presence of a
step load disturbance when the time instant of its occurrence is known.
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Unified dead time compensator - UFOPDT processes

d
I . 3 ¥V
L) [ C b P(s) ¥,
o Guls) [ el —:Jj‘
‘ é" Fois) — K,,
—L5
Prls) = 57

Tis + 1
C(s) = KP*TT K, = (T, 4+ 2Tp)/(KuT,) Ti=T,(2+T,/Ty)
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Estimation of the parameters

K = - A,
p -
e (1 )t
KpKn(2To — 81 — 2T, + Ly + Ti) — T, Jo er(1)
where .
F(s)As
Ef{.ﬁ'} - Fr(.'j'}? — Y(S)
and
l -
I'=_L— A_St/[]‘ Ea.—a.—(r}df
where

e (t) = —Ku(t) — y(1)

Also in this case similar procedure can be applied also in the presence of a
step load disturbance when the time instant of its occurrence is known.
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Performance assessment

For set-point step response:
IAEg, = Ap(Tr + Ly).

For load disturbance step response:
IAE 04 = KAy |:2Tl} + Ly, —T1,+ Tm(] — Tﬂ/Tm}EE_L”'-’ET”'}

for FOPDT processes,

KmAd

IAE 00 = (L2 + 4L, Ty + 2T3)

for IPDT processes, and
IAEjp0d = KipAg IZTD + Ly + Ty — Tm(l — TD/'JT;H}EELWJEH] -

for UFOPDT processes.
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Implementation
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Experimental results - level control
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Experimental results - level control
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Experimental results - level control
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Cascade control

—.S'E"f

pje
gj(s)

P;(s) = j=1,2

'a €]

4’_?_' )

1, €o s >

9 _é V32 Vi
>_(Tj » O —3 P » P; >

3

Tis+ 1 Taos+ 1
Ci(s) =K
1) F"( Tos )(T£15+])
Ths+1 Tos + 1
Cos) = K [ =2 2
2(5) PE( Tas )(nger])

Note: P, can be also non self-regulating.
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Parameters estimation

The gains can be estimated as:

T,‘]A 5 TE'EAJ.'

oo 1 H2 = oo
Kpi Jo e(t)dr pKp o ea(r)dt

while the sum of the lags and of the dead time for the primary loop can be
estimated by considering

H1 =

v(t) = puy (1) — i (1)

and by determining

T — :
o / ﬂzKp?

For the secondary loop:

T = 1 [ Cw()dr where  w(t) = paus(t) — ya(o).
J 0
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Non self-regulating processes

V(1) i= p [Dm uy (2)dt — y1(2)

= A T
1 — 5 .
Kot [y~ [y ei(v)dvdt
1 - T;‘::
Ty = — v(t)dt — .
. As t/[j ( } P'-EKP'}_’

TinA,
11 Kpo fﬂ fﬂf’;_r v)dvdt

e e

H2 =
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Tuning - secondary controller

Kp H;:_rfz B > Aa

—

1= ? Tt — 12, T - -
TS -2 } 27200+ 6y)

where
\> = max {0.256>, 0.27>}

With these parameters the inner loop transfer function results (by employing a
first-order Padé approximation):
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Tuning - primary controller

Denote as G(s) the process seen by the primary controller, given by the series
of G»(s) and P;(s). Its transfer function can be written as:

M1 _(a.
G(s) := Ga(s)Pi(s) = Oos T (s 1)3 (62+61)s
Then,
Toy — 8
Kpi = #IE;H +;}-. Tin=To — 01, Ta = A,
where

=0+, AN =080.

For integral processes:

1

= T Ty =Tor — 0 + X2

Ky

where, again,
A =0,
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Performance assessment

With the proposed tuning, we have:

/ ey (1)dr = AsTi = As(\ + 6) = 2A,6.
Jo 11 Kpi

Thus, a performance index can be defined as

. 2{‘51_3'9
Jo~ ler(n)ldr

J
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lllustrative example

E,—ES E—D.ﬁa‘
Pi(s) = L Pys) =
&)= A marny 20

Initial tuning:

Ky =01, Ty=50, Tay=2 Tj=0.02
Kp=1, Tp=2 Tpn=0 THh=0

After the estimation of the process parameters, the tuning formulae give:

K, =0.079, T, =979. Ty =0.098

Ky, =0.467, Tp=0.252, Tp=0.22
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The value of the performance index is improved from J = 0.19 (IAE,, = 65.82

and IAE; = 97.60) to J = 0.78 (IAE;, = 13.34 and JAE; = 7.45).
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Conclusions

@ Simple methods for the estimation of the process transfer functions
starting from routine operating data can be applied to different kinds of
processes and control structures.

@ The estimation procedures are mainly based on the integrals of signals
and therefore they are inherently robust to measurement noise.

@ The performance achieved by a controller can be achieved by comparing
it with the desired one, which does not necessarily means the “optimal”
one, as the robustness (and control effort) of the control system has to be
taken into account.

@ The overall retuning methodology is flexible, as different tuning rules and
different thresholds for the retuning of the parameters can be selected
depending on the control requirements.

Antonio Visioli (University of Brescia) Performance assessment and retuning IFAC WC 2020 39/41



References

@ M. Veronesi, A. Visioli, “Performance assessment and retuning of PID

controllers”, Industrial and Engineering Chemistry Research, \Vol. 48, pp.
2613-2623, 20009.

M. Veronesi, A. Visioli, “An industrial application of a performance
assessment and retuning technique for Pl controllers”, ISA Transactions,
Vol. 49, pp. 244-248, 2010.

M. Veronesi, A. Visioli, “Performance assessment and retuning of PID
controllers for integral processes”, Journal of Process Control, Vol. 20,
pp. 261-269, 2010.

M. Veronesi, A. Visioli, “An automatic tuning method for multiloop PID
controllers”, Proceedings 18th IFAC World Congress, Milan (I), August
2011.

M. Veronesi, A. Visioli, “Simultaneous closed-loop automatic tuning
method for cascade controllers”, IET Proceedings - Control Theory and
Applications, Vol. 5, No. 2, pp. 263-270, 2011.

M. Veronesi, A. Visioli, “Performance assessment and retuning of PID

controllers for load disturbance rejection”, Proceedings IFAC Conference
on Advances in PID Control, Brescia (l), 2012.

Antonio Visioli (University of Brescia) Performance assessment and retuning IFAC WC 2020 40/ 41



References

@ J. E. Normey-Rico, R. Sartori, M. Veronesi, A. Visioli, “An automatic

tuning methodology for a unified dead-time compensator”, Control
Engineering Practice, Vol. 27, pp. 11-22, 2014.

M. Veronesi, A. Visioli, “Automatic tuning of feedforward controllers for
disturbance rejection”, Industrial and Engineering Chemistry Research,
Vol. 53, No. 7, pp. 2764-2770, 2014.

J. L. Guzman, T. Hagglund, M. Veronesi, A. Visioli, “Performance indices
for feedforward control”, Journal of Process Control, Vol. 26, pp. 26-34,
2015.

M. Veronesi, A. Visioli, “Deterministic performance assessment and
retuning of industrial controllers based on routine operating data:
applications”, Processes, Vol. 3, pp. 113-137, 2015.

R. D. O. Pereira, M. Veronesi, A. Visioli, J. E. Normey-Rico, B. C. Torrico,
“Implementation and test of a new autotuning method for PID controllers
of TITO processes”, Control Engineering Practice, Vol. 58, pp. 171-186,
2017.

M. Veronesi, A. Visioli, “Process parameters estimation, performance
assessment and controller retuning based on the final value theorem:
some extensions”, 20th IFAC World Congress, Tolouse (F), 2017.

Antonio Visioli (University of Brescia) Periormance assessment and retuning IFAC WG 2020 a1 /44



