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Identification and control using LSDP approach
applied to the PT326 blower
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Abstract—The present work focuses on the control of the nonlinear system, the PT326 blower, using the LSDP
(Loop Shaping Design Procedure) approach in the discrete case and the gain scheduling technique. First, the
system’s behavior is described by defining two operating points. In each of these latter the system is described
using the linear ARX (Auto Regressive model with Xternal inputs) model which we propose to identify its
parameters using the least squares method. Then, for each operating point the LSDP approach is exploited to
synthesize a local robust controller. Later, the global robust controller resulting from switching between the
local robust controllers by exploiting the gain scheduling technique is used to control the nonlinear PT326
blower.
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1. Introduction

The PT326 process trainer presented in Figure 1, modelset of measure$y(k),u(k);k = 1,..., M} and the set of
industrial situations when the temperature control is requir@drameterg is unknown. We construct the sequence of the
in the presence of transport delay. The process involves piedicted output:
transported and heated as it passes over a heater grid before T
being released into the atmosphere through a tube. The control y(k) = 0(k)" o(k) @
objective is to maintain the temperature of theyafit a desired  The vector of parameter is the one that minimizes the
level. Temperature control is achieved by varying the electricglliowing norm:
powerw supplied to the heater grid . The air temperature may

be sensed by using a bead thermistor placed in the flow at

M
any of three positions along the tube. The spatial separat%n_ argmax(QN) = argmax (M > (y(k) —0(k) 90(k)> >

between the thermistor and the heater introduces a transport =1 2)

delay into the system [3]. Sowe get the classical least square solution in its recursive
Generally the model identification is determining the paranform (RLS: Recursive Least Square):

eters of a mathematical model, the structure is established ac-

cording to a given criterion, the model parameters are obtaine@(k) = 0(k — 1) + F(k) ¢(k) (y(k) — 67 (k — 1) p(k)) (3)

by minimizing the prediction error between the measured OYthere:

put and the estimated output according an optimality criterion -1 _ -1 T

(e.g., least squares, mean square error, maximum likelihood), Fl)™ = Fk=1)7"+ ¢(k) (k) “)

we are particularly interested in the least squares method. Tdrel

goal is to find the best set of parameté@ravhich from a set Fk—1) ok o F(l — 1
of measurementg predicts with accuracy the output actually F(k)=F(k—1) — ( )@(TW( ) H( ) 5)
measured. Suppose that as a result of an experience we have 1+ (k)" F(k—1)¢(k)
Consequently in order to apply the RLS technique for the
% identification of the PT326 blower we propose to identify the
Fan \ "‘
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I
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4
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Fig. 1. the PT326 blower bloc diagram
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system parameters in two operating poiffthis can be done TABLE |

by app|y|ng two diﬁerent input Sequences to the System and IDENTIFICATION RESULTS OF THEPT326PROCESS TRAINER
recovering the corresponding output signals for each operating

point. Each of these latter is represented by a strictly caugal 0 [ QN |

discrete time linear system described by an ARX model [1]: [0.0512 0.0953 0.0315  0.0861 0.0944 2.9629¢—12
, 0.1139 0.1248 0.3  0.1347 0.1381] T :
na n
' , ' ' [0.1175 0.0851 0.0553  0.0553 L
y(k) = ha(h) y(k = 5) + > ho(j) ulk —3)  (6) 01586 0.1684  0.1835  0.2043]7 6-17dde
j=1 j=1

whereu(k) andy(k) are the system input and output respecd Linear Robust Controller Using
tively, na andnb (nb < na) are the model orders associated

to the output and the input respectively, and k, are the LSDP Approach
model parameters. The ARX model (6) can be rewritten asA1. Control Principle by Discrete Loop Shaping
vector form as following: The loop shaping technique [5] consists using a pre-
T compensator or a weighting filteV.(s) to ameliorate the
k)= 0" ¢ (7) performance of open loop continuous transfer functiis)
wherey is the regression vector adds the parameters vector:as illustrated in Figure 4. Typically.(s) aims to ensure a high
T gain at low frequencies (to ensure a zero static error in the
¢ =k —1)...y(k —na) u(k —1)...ulk =nb)]" (8) caseofa tracking reference) and low gain at high frequencies
and (to ensure robustness against the disturbance rejection at high

0 = [ha(1) ... ha(na) he(1) ... hy(nb)]" (9) frequencies).

In figures 2 and 3, we present the input and output signals .
used for the identification of the PT326 blower for each P Ge,sn ()

considered operating point. The used input signals are random  u(t) y®
gaussian signals. We resume, in table I, the identification V) Ge(s) H—
results for each operating point illustrated.
4 T T T T T T T T T
- 3
< ) Fig. 4. Continuous time loop shaping principle
|
o P f— E— — This techniqueprovides the commonly known shaped sys-
(o] 100 200 300 400 500 600 700 800 900 1000 .
Time (sec) tem given by:
— Gesn(s) = Ve(s)Gels) (10)
3r 4
g ) Our aim is to exploit the loop shaping technique in the
§ . discrete case to identify the discrete weighting filién z)
. vy yraAe s e associated with the discrete shaped system defined as follows:
o} 100 200 300 400 500 600 700 800 900 1000
Time (sec) VG >
Va(z) = Yeoel2) (12)

Ga(z)

For digital control of a continuousystemthe discrete loop
shaping is presented in Figure 5.

Fig. 2. First operating point input andutputsignals

input u(v)
0

u(k) i
— Vy(2)  D/A ¥ G.(s) ¥ A/D H—>

. . . I I I I I I
o] 100 200 300 400 500 600 700 800 900 1000
Time (sec)

Fig. 5. Loop shaping in the discretmse

output y(T)
&

. . . . . . . . .
(0] 100 200 300 400 500 600 700 800 900 1000
Time (sec)

2.2. Coprime Factor Uncertainty Representation

Fig. 3. Secondoperatingpoint input and output signals The discrete shaped syste@y; ., (z) defined by:

Gd75h(z) = Vd(z) Gd(z) (12)
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can be writtenfor an inputu(k) and an outputy(k) in the
following state space representation [2]:
{ w(k+1) = Aga(k) + Bau(k)

y(k) = Capz(k) + Dau(k) (13)

with A, € R*X", B,y € ¥ Cg € RYX™ and Dy, € R

such as pairs of state matrices,;,, Bsy,) and(Asp, Dgp) are
respectively controllable and observables N is the order

of the system. In this case, the shaped system can be written
in the following forms:

u(k) J'(E)

Ash Bsh
(14) Fig. 6. Rolust stabilization principle

Gd’Sh(Z) = ( Csh Dsh
Gasn(2) = Dap, + Can (21, — Agp) "' Bap, (15)

whereG .1, (z) € RH., the space of proper and real rational Frqm the srr.n?\II gain theorem, the closed-loop system will
stable transfer functions. The LSDP approach is based on [R&1&in stable if:
configuration depicted in Figure 6, where: H [A N M} H < (23)

_ -t Y
Ga,sn(2) = My o, () Nasn(2) 16 The maximum stability margin is derived by McFarlane and
with My . (2) and Ny, (z) are the left normalized coprime Glover in [5] as:
factors of G4 sn(2) such that: emax = (1 4+ Amax (Xy))*l/z (24)

~ Asp + RC R
M sn(2) == ( SI11 QC’shh S—1/2 >

whereA .« (XY) is the maximum eigenvalue of the product
(17) matrix XY and Y is the positive-definite solution of the

Naon(2) = ( Asiij‘QRCsh | Bsfi"' RDgp, ) algebric Riccati equation given in (20) an:.?d is the solution
’ S Csh, \ S=1/2Dg, of the following algebric Riccati equation:
where: (Ash — BanS™' D, Cop)T X + X(Agp, — BanS™' Dy, Cin)
R = —(Bg,Dsp, + YCL)S™! (18) _ XB,,S'BY +CT §71C, =0
S=1+D? (19) (29)
A controller which achieves both robust stability ang,

andY is the unique positive definite solution of the algebraic " by:
Riccati equation: Is given by:

(Agh — BspS™ DL, Co)TY + Y (Agh — BapS™' DT, Cp) Koo,opt(2) =

~YCL ST CwY + By ST'BL, = ( e E;l%w(Li)_IYCsTh(CSh + Dan ) ‘
(20) BshX ‘
H H E';z?lw (LT)_1YOZh
Subsequently, the LSDP approach makes it possible to take — T )
into account the parametric uncertainties of the shaped system sh (26)
Gasn(z) by considering the representation in the form of
left normalized coprime factorization (LNCF) to obtain thevhere:
uncertain shaped syste6t},, (2): F=-S"YDgC,, + BL, X) 27)
~ —1 - _ —2

Ga%sh(z) = (Md,sh(z) + AS;LM(Z)) (Nd’sh(z) + AshN(z)) L= (1 - gmax)Ian + XY (28)

(21) To ensure the similarity between the frequency response of
whereA, 1;(z) and Ash,N(z) are the parametric uncertain-(K, ,,:G5,) and that ofGy;, the value ofs ., must satisfy
ties over the left normalized coprime factors, they are unknowine following condition:
stable transfer functions, but bounded in infinity norm.

To maximize the class of perturbed models such that the 0.2 <emax <1 (29)
closed-loop system in Figure 6, is stabilized by a controller it \he congition (29) is not satisfied, the weighting filter
K (z), this latter must stabilize the nominal pla@t; and V.(s) have to be readjusted.
maximizee where; )

Ko 1y
H ) ] (1= GasnKoo) 1Md,;h(2)

Finally, the final robust controller is calculated as follows:

-1 (22) Kdﬁf(z) = Vd(Z)Koo,opt(Z) (30)

£ =

(oo}
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3. Synthesis of a Nonlinear
Robust Controller In the discrete casee integrate a zero-order holder circuit

In this section, we will beanalyzing the behavior of with asam_pllng period’. _:50m5' j .

the nonlinear system PT326 process trainer and proposind? €duation (11)Ga(s) is replaced byGy(z), j = 1,2 to
a method to synthesize a control law to ensure refererfigduce the discrete weighting filter associatedrgz), j =
tracking performance. To do this we propose to decompo]se2:

the representation of the nonlinear system PT326 into a set of 0.0149926 4+ 0.0126725 — 0.00350824 — 0.00374353
linear sub-models according to the variation of a sequencifg (z) = — T = VRS 3
parameter. Then, the discrete LSDP approach is applied for 0.05122° — 02'0010582 — 0.10272* 4 0.11092
each sub-model. Subsequently, the obtained final robust con- —0.0038882" — 0004007z — 0.001985

trollers serves to synthesize the global robust controller using —0.039862> — 04-1017Z + 0.08327 ,

the gain scheduling technique [4]. The obtained global robust ) _ 0.014992° + 0.012z" — 0.0048052% — 0.0051722

controller is used to control he nonlinear system. d 0.11752% — 0.1362% — 0.00121622 — 0.00181122
—0.005701z — 0.002937

3.1. Control by Gain Scheduling Technique —0.002413z + 0.02399

. . . i 33

Many industrial systems are characterized by variations on (33)
parameters that affect their dynamics. Calculate a controller 1;,(\)”r i (2), j = 1,2 aregiven by:

this type of systems is not an easy task because these variations ~— ¢*"”’ 7=5 9 y:

must be taken into account to obtain efficient control laws. 0.05122% + 0.095323 + 0.031522 + 0.08612 + 0.0944

One of the techniques used to overcome these constraint§jgz) = — 0113944 — 01248 2° — 0.13 2% — 0.13472 — 0.1381

the control by gain scheduling technique to build an adaptive & 0_11'75 et 0_08'51 - 0_0553 i 0_02'72 S

control that count for parameter variations. This method hasg}(») = 1 : i 4; - i J; - z+0.

many advantages such as the ability to use the tools of modern 2% — 0.15862° + 0.16842% + 0.1835z + 0.2043 (34)

theory of robust control and also the ability to update the

parameters of the C_O”eC“O” _blO(_;k' ) Therefore we calculate the shaped system corresponding for
The control by gain scheduling is based on the calculation gf -, operation point:

its coefficients off-line for several operating conditions of the

system, and then adapts these coefficients using interpolatiop 0.0065255% 4+ 0.012655% — 0.000575s% + 0.001s3+
methods. The interpolation/ adaptation is made from a sét.sh\*) = 7179966 1 0.071655 + 0.0044s* — 0.0001s3+
of parameters varying in time that captures the change of 0.00947552 — 0.008375s — 0.01019
system’s operating conditions, which is often called scheduling 0.000752 + 014115 — 0.1218
parameter. For this technique, a set of linear invariant rep- 0.0155% - 0.0125% — 0.00485% — 0.0051755%—
resentation (LTI) is calculated, the a controller is calculate(dﬁysh(z) == = 7 3 5

for each LTI representation using such powerful modern tech- 5 2'04150 30})%12_30 60%'33558 —0.0075s%+
nigues of robust control theory, ex LSDP approach, that meets ' '

the performance requirements of the user locally. Finally, a 0.2226s — 0.1802 (35)

nonlinear global controller is calculated by combining these
local controllers through an interpolation method with respect The result of the simulation unde8imulink of the shaped
to the scheduling parameter measured in real time. system is given in Figures 7 and 8, where we represent the

. output and reference signals and control signal respectively.
3.2. Synthesis of a Robust Controller

for the PT326 Process Trainer

1) Synthesis of the weighting controllein our study
we will use two operating points to describe the nonlinear 3t
behavior of the system, depending on the temperature variation 25}
which represents the scheduling parameter.

35

Gh(z) if 05°C <y<3.3°C |
S ‘21(2) o =Y ] (31) L8
Gi(z) if 33°C<y<6.3°C N
Each linear modet:/(z), j = 1,2 is defined for a specific 08 '
operating point where the identified parameters are presented o 250 5 = = o
in table I. To establish the shaped representafion;, (s), the Time(sec)
chosen Welghtlng fiter is given as follows: Fig. 7. Outputy and reference signals of theshapedsystem
5
Ve(s) = 32
()= 001 (32)
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35 35

4 1 - 4
0.5 q 0.5 —y
r

C0 260 460 6(50 860 1000 OO 2(50 4(50 660 860 1000
Time(sec) Time(sec)
Fig. 8. Controlsignalu of the shaped system Fig. 9. Validation of the robust controlletf(;oyopt
2) Synthesis of robust controllergfter all calculation we 35

get the maximum stability margia,,,.x for each operating
point:
el =04795, 2 =0.5043 (36)

max max

uv)

By applying the LSDP approach, arobust control&y, .,
is calculated for each operating point:

_o—21.5427 4 21.262% + 0.54922° + 0.45482*

K! = e
oo.opt 27— 1.64126 + 0.660525 — 0.00791124
+O45822’3 + 0443122 — 25962 + 1.0826713 0 260 460 660 860 1000
' 20.0124523 — 0.0135622 + 0.1278z — 0.08419 e
2 _ -2 —22.342° 4 23.06z* + 0.66632° 4- 0.812327 Fig. 10. Controlsignalu for the first operating point

K =
o,0pt = € 26 — 1.67825 + 0.67812% — 0.0237523
+0.9822z — 3.987

’ —0.0275422 + 0.1992z — 0.1237

(37) To validate the global robust controller, we present in
Figures 14, 15 and 16 the evolution of reference and output

Then, the final robust controllers are calculated: signals, control signal and selection signal respectively.
L —3.232% 4+ 2.942% 4+ 3.0627 — 2.62325 4 4.222° Figure 14 shows that the output signglk) follows the
Kiy= 117529 — 4.13925 + 5.44127 — 0.317126 + 0.06875z5 €volution of the reference signa(k) for both operating points.
1+1.39924 — 4.42323 — 8.60122 + 3.2942 — 1.373 This highlights the good performance of the global robust con-

troller function of the two robust controlle®?, ,;, j = 1,2.
These latter are involved depending on the temperature vari-
ation which represents the scheduling parameter as described

+3.4132% 4+ 0.0167223 — 0.0395522 + 0.03186z — 0.008726
K2 —3.34927 +3.2012° 4 3.1992° — 2.7962"
4f 7 0.117528 — 0.418327 + 0.554326 — 0.32662°
+7.2032% — 0.0689622 — 0.01704z + 0.05059
+0.072292%4 + 0.0270423 — 0.0614422 + 0.048z — 0.01282

(38) 7

We present in Figures 9 to 12, the results of the validation o
of the calculated robust controller for each operating point. 5 /

The control of nonlinear system by the gain scheduling .
technique can be illustrated by equation (32) and Figure 5 [
13, where the global robust controlléfd'°*e! of the PT326 :
is constructed by switching between the local controllers 2
K, opt»J = 1,2 depending on the selection signal of . E—
the function Fen controlling the switching of the switcher
according to the value of the sequencing parameter % 200 46°nme(sec,66° 800 1000

— global __ 1 -
{ 2 ; ; ZZZ Ifgzabal ; gjg’; Z? gg i ??j i 22 (39) Fig. 11. \alidation of the robust controlletKZo’opi

E-ISSN: 2224-2872 302 Volume 19, 2020



WSEAS TRANSACTIONS on COMPUTERS
DOI: 10.37394/23205.2020.19.36

1 1 1 1
0 200 400 600 800 1000

Time(sec)

Fig. 12. Control signak: for the second operating point

Fig. 13. Global controby gain scheduling
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1 1 1 1
0 200 400 600 800 1000

Time(sec)

Fig. 15. Control signabssociatedvith K g.°**

melsec)

Fig. 16. Selection signaassociatedvith K Z'°%%!

superiority of the robustness of the global robust controller

in (32). This variation is illustrated by Figure 16, where th
selection signal; switch between the two robust controllers.
To test the robustness of the global robust controller facing
parametric uncertainties, we propose to disrupt the system
by changing the value of the resistance of the heater. The
result, presented in Figure 17, shows that the output track
well the reference even in presence of parametric uncertainty.
We present in Figure 18 the result of the simulation of a
PID controller for the same conditions. The result proves the

—
6L r

é;ompared to the PID controller.

o3
2 I'. —
1 J
—y
r
0 ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200

Time(sec)

Fig. 17. Robustnestestof the global robust controller

4. Conclusion
In this paper we used the LSDP of McFarlane and Glover

I I I I
0 200 400 600 800 1000
Time(sec)

Fig. 14. Reference andutputsignals associated with g °"%!

E-ISSN: 2224-2872

(1990) combined with the gain scheduling technique to syn-
thetize a robust controller for a nonlinear system, by dividing
its operating domain to two point. This was done in 5 steps 1)
Using a weighting filter to ameliorate the system’s open loop
performances. 2) Representation of the shaped system'’s uncer-
tainties as LNCF. 3) Synthesis of a feedback controller which
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Fig. 18. Robustness tesf the PID controller
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robustly stabilizes the LNCF of the shaped system for each Creative Commons Attribution License 4.0
operating point. 4) The final robust controllers are calculated (Attribution 4.0 International, CC BY 4_0)

by combining the weighting filters and the robust controllers.

5) Finally the global robust controller is constructed using This article is published under the terms of the Creative
the gain scheduling technique by switching between the final Commons Attribution License 4.0

robust controllers.
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