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Abstract

Importance of separation of a nonlinear dynamnical system
into nonlinear static part and linear dynamical part was insisted
in designing a controller for the nonlinear system. We further pro-
posed compensation techniques for oscillation of controlled variables
caused by systein time delay and compensation of steady state er-
rors caused by modelling errors of the systems. The proposed prin-
ciple of designing procednre and the compensation methods were
discussed by applying them for temperature and level control of an
actual tanked water system.

1. INTRODUCTION

Since the dawn of modern control thcories in carly
'60s(1],[2],[3], there had been attempted to apply those new the-

ories ta actual fields, but those attempts had rarely been successful”

except for aerospace technology[4] hecause of lack of computational
tools. The barrier for the application of control theories to ac-
tual fields was overcome in late "T0sfs] by the wide spread nse of
computational tools of micro computers and personal computers.
Saine of linear control theories including estimation and identifica-
tion theories were applied to restricted actual systens successfully.
‘Meanwhile, we had encountered many gaps between modern control
theories and their actual application fields. To fill those gaps, lin-
ear control theories have been developed into nonlinear theories{7],
adaptive control theories and so on[8]. Some of those theories were
reported to be successful in applying to actual systeins. This kind
of investigations in control theories and their application is one
fruitful and healthy way of development. However, sophisticated
theories would often cause other new problems in application ficlds.
Authors’ philosophy is that acceptable control theories and tech-
nologies to actual fields shonld be always clear and simple. By
suitably arranging a procedure of controller design, we can apply
simple and well defined conventional linear control theories ideally
to design controllers for wide actual systeins. .

In this paper, we proposed a principle of controller design-
ing procedure for nonlinear dynamical systews of actual fields, and
proposed also simple compensation techniques for oscillation of con-
trolled variables caused by system time delay and commpensation lor
steady state errors caused by modelling errors of the systems. The
main idea of the principle is that any nonlinear dynamical system
should be separated into two parts, nonlinear static part and linear
dynamical part, in designing a controller for the noulinear system.
The proposed principle of designing procedure and the compensa-
tion methods were discussed by applying them for temperature and
level control of a tanked water system of a hand made pilot plant.
Uselulness of the principle of the procedure aud the compensation
techniques were proved by control experiments of the pilot plant of
temperature and level of tanked water system,

2."LEVEL AND TEMPERATURE CONTROL
OF TANKED WATER SYSTEM

2.1 Equipment of Tanked Water System and its Linear

Model

Pilot. plant. of a tanked water system adopted in this study is
illustrated in Fig. {. Control objective of this study is to maintain
level and temperature of the lower tanked water at respective de-
sired values. lnflow rates of cold water and hol water of upper tanks
are regulated by the valves driven by respective DO servo motors

The tanked water system is ideally modelled hy the following
equations. The first equation for the water level of the lower tank
H,, is derived based on tnass balance as

Mo =G+ G)/ S = G/ S )]

where (7. and (7, denote the inflow rates of the cold waler and hol
water respeclively, and S, is the cross section arca of tank. The
second equation for the water temperature of the lower tank 7, is
derived based on energy balance as

Ton = (T2 = T )G/ S Hom + (Th = Ty )Cin ) S . (2)

where T, and 1% are the temperatures of the cold water and hot
waler respechively. ‘The equations are Jinearized around a desired
level H4 and a desired temperature Ty, and assembled into a state
equation of the state space representation as follows:

*=Ax+ Bu+w (3)
where
_[Hm - Ha _[G.-a° _[-Ha
"= [’I'.,.~T4]'"— {(}',,- I AR
A= [-Gar25mHa 0
= 0 —Ga/Snla]’

= 1/Sm 1/Sm
TNT =T/ Smlla (Th ~Ta)/SmHa |’

GO = GaoTh = Ta)/(Th = T2), G = Ga(Ta - T/ (Th - 1), Ga =
Gl + Gy

The continuous state equation is further transformed into a
transition equation of discrete time type with a sampling interval

AT as

x(k + 1)} = ¢px(k) + Du(k) + w(k). (4)
where

b= [XP(=GaAT/25, Ha)
= 0

D= [fln 412]

dyy  dyr

0
exp(—~GgAT/Sm Hd)] '

(l“ = (117 = {l b (.‘X[)(—GJAT/QS". }74)}2”4/(,&, (1;1 =
(T — {1 — exp(—GaAT/SHa)}/Gar g = (Th = T
exp(—GyAT/Sm Ha))/Ga. w(k) = wAT. As the level and tem-
peraluce of the lower tanked water are detected directly, the mea-
surement equation is described as

y(k) = = (k). (5)

The transition equation (4) and the measurement equation (5) are
basic models for designing the controller of the tanked water system.

2.2 Nonlinear Characteristics of Detectors

The tanked water levels are detected by each level meter,
consisted of a float and a polentio meter. Figure 2(a) shows the
characteristic relationship between the water level H,, and output
voltage of the potentio meter Vi~ of the lower tank. Each point
was plotted for the prelimiinary experimental measurement data of
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Figure 1 Pilot plant of tanked waler system.
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Fignre 2 Characteristics of the detectors [or cold tanked water: {a} level meter, (b} thermometer.
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Figure 3 Characteristics of the actuator for cold tanked water: (a) input voltage applied to DC servomotor vs. flow rate of cold water for
a fixed water level, (b) tanked water level vs. flow rate of cold water for a fixed valve section arca.

the level meter. The characteristics of the level meter showed a
slight nonlinearity. The noulinear relationship was approximated
by a polynomial equation of third order based on the least squares
method as

Vi, = 166 x 1073 (Hm ) = 7.22x 1073 (1)  + 148 H . — 115, (6)

Characteristics of the level meters for upper tanks were also ob-
tained as Vi, = —1.63 x 1073 H )Y+ 7.90 x 1072(H,)* ~ 1.6l +
116, Vi, = 1.80 x 1073(1,)% — 9.14 x 1072(H )2 + 191, — 13.7.
The temperatures of the tanked waters are detected by ther-
mometers. Figure 2(b) illustrates the characteristic relationship
between teinperature 7, and output voltage of the thermometer
V., of the lower tanked water. A slight noulinear relationship was
approximated by third order polynomial equation as

Fr, = 9.04 x 107%(Tn)% = 3.01 x 1073(T70)?
+3.40 x 107 Ty, — 7.37. (7)

Similarly, the thermometers for the upper ot water and cold water
tanks were characterized by the following equations: V. = 5.2 x
5T = 6.66 x 10772 +4.21 x 10717, — 7.33, ¥y, = 1.02 x
07T - L9 > 107 3(T)2 + 1.29T), — 27.7.

Al characteristies of the detectors showed nonlinearity in the
input and output relationship.

2.3  Nonlinear Characteristics of Actuators

Inflow rates of cold water and hot water are regulated by
valves driven by DO servo motors. Each actuator is characterized
by ascetion area (A) of the valve and alevel (1) of the uppee tanked
water as G(A, 7). The section arca of the valve is determined by
an inpat voltage (1) of the DO servo miotor connected to the valve
Fignre 3 shows characteristics of the actuator for cold tanked water:
(a) relationship hetween voltage applied 1o the DO servo motor V,

and the flow rate Gy, for a fixed water level 19, (b) relationship
between tanked water level H, and the flow rate Gy_ for a fixed
input voltage V! of the DC servo motor. The plotted data were
approximated by the following equations

Gy (Ve ) = ~1.49 x 1077(V.)® + 3.50 x 107 (V,)*
+1.60(V,) - 4.35(V,)% — 114V, 4 40.7,

Gu (V) 1) = — 168 x 107(11,)% 4 3.95 x 1073 (H2)*
+3.53 % 1072(11,)* — 1L.69(H.)* + 16.6H.
—35.7 (8)

Based on the curves (R), the characteristics of the actuator for ar-
bitrary water level (H.) and input voltage (V,} are approximately
expressed as

Ge(Veo He) = G (Vo HGy (V2 H) /G (V2 HD). (9)

The actuator characteristics showed a high nonlinearity in the input
and ontput relation (Fig. 3). The actuator for hot. tanked water was
characterized as the saie way and showed similar characteristics to
equation (8).

The total tanked waler systewy between the input voltage of
the actnator and the output voltages of the detectors is expressed
by nonlinear dynamical equations including eqns. (1)-(9).

3. CONTROLLER DESIGN FOR
NONLINEAR DYNAMICAL SYSTEM
3.1 Separation of Nonlinear Dynamical System into Two
Parts
The tanked water system of the pilot plant, consisted of ac-
tuators, control ohjeet and detectors, was characterized by a non-
linear dynamicul system. Controller design for nonlinear dynamicai
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Figure 4 Separation of nonlinear dynamical system.
system, in general, is not an easy task. We insist, right now, an ‘The gain mnatrix of the pole assignment regulator K is obtained by
important. idea of controller designing procedure {or nonlinear «y-
namical system of actual fields. In designing a controller for an K=FM™. (14)
actual system, the nonlinear dynamical system, in alinost all cases,
should be separated into two parts: nonlinear static part and linear ‘The vector components of the matrix M are calculated by
dynamical part (sce right hand side of Fig. 4). In constructing a
controller for the separated system, we can elitninate the nonlin- my = (NI — ¢)‘1Dfi. (15)
earities hy introducing an inversion characteristics of the nonlinear
static parts as shown in Fig. 4 and then apply any conventional where f; is an independent arbitrary vector of the ith component
linear control theories ideally to the linear dynamical part of the in the matrix F, and A; denotes the pole of the regulator.
systeni. . The controller is calculated by a series combination of the
For the tanked water system treated in this study, the non- restoration characteristics of detectors (10), (11), the linear control
linear static parts correspond to the detectors and the actuators, strategy (13)-(15) and the restoration characteristics of actuators
and the lincar dynamical part corresponds to the control object (12). An experiment of level and temperature control of the tanked
represented by equ (4) and (5). water systemn was implemented by using the constructed controller.

In the experitnental results, we found some oscillations and steady

3.2 Controller Design for Tanked Water System state errors of the level and the temperature of the tanked water

Schematic representation of the controller design for nonlin- around the respective desired values. Those phenomena in the ex-
ear dynamical system is illustrated in the left hand side of Fig. 4. periment were not preferable as for control performances. We shall
Restoration characteristics of nonlinearities in the detectors and discuss compensation techniques for these deteriorated control per-
the actuators were realized by the inversion functions of (6)-(8), formance in the following chapters.
and were obtained based on the least squares method by using the
same data for eqns (6)-(8). 'L'he restoration characteristics of the 4. COMPENSATION FOR OSCILLATION
detectors were obtained as follows: CAUSED BY SYSTEM TIME DELAY

Ho = =822 x 1073(Vyy, )* + 7.26 x 1072V, )? + ?..’;BVHM 4.1  System with Detection Time Delay
+15.1, A compensation technique for oscillations of controlled vari-
He =179 x 1072(Vie,)® + 0.159(Viy,)? — 2.29Vy. + 12.5, ables caused by system time delay of the system is discussed in

i Lol oo " this chapter. We had proposed a compensation method for oscilla-
Hy = =167 x 1077(Viy, )* + 0.162(Vir, )? + 2,40V, tions caused by a driwls time delay in '91 KACC[9]. In this chapter,

+13.9; (10) we modified the previous compensation method into a new one for
the system with detection time delay i.e. the system tine delay is
transformed into the detector part and compensation of time delay
is done as il it appeared in the detection side.

|

T = 145 x 1072(V7 ) + 0.284(Vy, )% + 5.200 + 28.2,

T. =225 x 1077 (Vr,)” + 0425(V1.)? + 5.51Vy, + 25.9, A system with detection time delay is described by
Th= —4.14(Vir,)® + 25.4(Vir, )2 — 345V, + 644, (1)
) ) x(k + 1) = g (k) + Du(k), (16)
The restoration characteristics of the actuators were represented by 2k — L)
, wh) = (D0 [ = ek =2ke) ()
V. = —251 % 1077(Gy.)® + 272 x 107Gy, ) 2(k = la)
i —1.03 x 1073(Gv,)* 4+ 1.69 x 1073(Gv.)? — 0.197G ., where
. 4344, - .
Vi = 6.45 x 107%(Gy,)® ~ 9.85 x 107%(Gv, )" z-L = [ZO ZE’,,,] .
+5.61 x 107Gy, )* — 150 x 10°%(Gy, )? + 0.218Gy,
—3.28. (12) If the system represented by (16) and (17) is controlled by using
] the ianipulated variable without any consideration of the detection
The variables Gy, and Gy, in (12) are adjusted ones depending time delay as
on the water levels of the upper tanks as Gv, = G. .Gy (VP 11" ) W(k) = Kalk) = KZ- Vol 18
[Gu (VD He), Gy, = GhGa, (VR HW) /Gty (V0 11Y), which show (k) = Nylk) = K27 atk) (18)
the inversion characteristics of the actuator (9). the systeny behaves as follows:
These equations showed inversion characteristics of equations
(6)-(8), respectively. By using (10)-(12), we can eliminate nonlin- wk+1)=(¢+ DKZ " )m(k). (19)
earities of the system almost exactly.
As the rest of the system is expressed by linear dynamical The system will oscillale because of the detection time delay Z—L.

equations of (4) and (5), a lincar control theory sich as the pole as-

signment regulator can be ideally applicable to the lincar dynamical 4.2 Compensation for Oscillation

part of the control object. The manipulated variable is calculated Main idea of compensation for oscillation cansed by detection
by the following equations as time delay is to obtain a future value of the measnrement hased on
a real thne computer simulation. The real time simulation is im-

u(k) = Kx(k). (13) plemented based on the transition equation (16} and measurement
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{a) System without time delay (simulation)
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(b} Pilot plant control without compensation (experiment)
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{c) System with time delay (simulation)
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(d) Pilot plant control with compensation (experiment)
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Control results of water level and water temperature of lower tank: (a) computer simulation of the system without any time

delay controlled by the pole assignment regulator, {(b) experimental result of the pilot plant controlled by the pole assignment regulator, (c)
computer simulation of the systemn with detection tiine delay controlled by the pole assignment. regulator, {d) experimental result of the pilot

ptant controlled by the proposed compensation method.

equation {17). The prediction of the state variable is ohtained iter-
atively as

a(k~I+i)=ga(k—I+i— 1)+ Dulk—-1+i-1),
wh—ldi=1)= Na(k=T4i=1), i=1,2,10 (20

where the initial state of known valves is given as ae(k —{) = x(k=1),

and [ = max(Ly, Ly). )
The Lth step ahead prediction of the estimated measurement

is oblained by nsing the prediction of the state variables of (20) as

ulk + L) = a(k) = a(k). (21)

The second equality in (21) is fulfilled if the actual system is exactly
modelled by the model (16) and (17). Compensated manipnlated
variable is detertnined by using the Lth step ahead prediction gk +
L) as

k) = l\'Z"y(l:) = Ki{k) = Nx(k). (22)

The systemn with detection time delay controlied by the com-
pensated manipuiated variable hehaves as

a(k + 1) = ¢x(k) + Du'(k) = (¢ -+ KDYz(k) (23)

As equation (27} is identically equal to the systern without any time
delay controlled by the conventional pole assignment regulator, the
oscillation of the state will be eliminated conpletely by the control
action of the compensated manipulated variable |

4.3 Simmulation Stndies and Experitnental Result

< TFigure 5 tllustrates four kinds of resnlts: two simulation re-
sults and two experimental results. Left hand side of the figures
illustrates behavior of the level of the tanked water and right hand
side illustrates the corresponding temperature of the water. Fig-
ure 5 (a) shows the result by a computer simulation of the system
without timme delay (equations {4) and (5)) controlled by the pole
assigniient regulator (cquations (13) (15)). The level and temper-
ature of the water in the lower tank approached to the respective
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Figure 6 Relationship hetween the steady state ercors and tuning parameters ((3,1,7:4): (a) devialion from desired flow rate vs. steady state
ereor of the water level for fixed Ty, (b) deviation from desired llow rate vs. steady state error of the water temperature for fixed Ty, (c)
deviation from desired temperature vs. steady state error of the water level for fixed Gq, {d) deviation from desired temperature vs. steady

state error of the water temperature for fixed G4.

desired values appropriately. The simulation conditions were as
follows: temperature of cold water and hot water 7, = 13[°C],
Ty = 60[°CJ; desired values of level and temperature {4 = 13[cm),
Ta = 24{°C]: initial values of level and temperature #,,(0) = 8[cin],
Tn(0) = 16[°C]; total control time =600[sec); sampling interval
L[sec); poles of the regulator A = 0.955,0.956 respectively.

Figure 5 (b) shows the experimental result of the pilot plant
controtled by the conveutional pole assignment regulator (equations
(13)-(15)) without any compensation. There appeared oscillations
around the respective desired values of the water level and temper-
ature . "The experimental condition were the saime as the conditions
of the simulation study.

The phenomena of the oscillation in the experiment were sim-
ulated by system with detection delay times (cquations (16), (17))
controlled by the pold assignment regulator (equations (13)-(15)).
Many simulation studies were perforined for different values of the
detection time delay. The Figure 5(c) illustrates the simulation
result. of the system with detection delay time Ly = 5Hlsec] and
L2 = 30fsec], respectively. The period of the oscillation of the rx-
periment. was about 100 [sec] and 0.3 [°C] in the water temperature,
Those oscillations created by the sinmlation study showed similarity
to the experitental oscillations in Fig. 5(h). This imiplies thal the
actual plant is equivalent to the simulated system with detection
delay time 5 [sec] and 30 [sec], respectlively.

The experimeutal control result by using the proposed com-
pensation method of (20)-(22) is shown in Fig. 5(d). The oscil-
lations of the level and temperatures appeared in Vig.H(by were
eliminated almost completely in the experimental result by using
the compensation method. We could prove the eifectiveness of the
proposed compensation techunique through the control experitnent
of the pilot plant.

If we look at the last experimental results in more detatl, a
slight steady state errors can be found. Next objective is to elimi-
nate this kind of steady state errors.

5. COMPENSATION FOR STEADY STATE
ERROR CAUSED BY MODELLING ERRORS

5.1 Twning Parameters for Steady State Error

The inflow rates of cold water and hot water were determined
as G, = (k) + G2 Gy = (k) + GY, by using the compensated
manipulated variable of (22). Steady inflow rates G% and 69 affects
the steady state errors ol the level and temperature of the tanked
waler, remarkably. By introducing modified desited flow rate Gy
and modified desired water temperature Ty as

Ca= G+ Gy,
To=Te+ Ta, (24)

we can regulate the steady inflow rate as follows:

GY = (Ga + Ca)(Th — Ty — Ta)/(Th ~ T2),
(W= (Ga+ G Ta+ Ty = T)/(Th - T2). (25)

We itnplemented many control experiments of tanked water
systemns by using Gy and Ty instead of G4 and Ty Fig. 6(a),(b) illus-
trale the steady state error for dilferent (74 and fixed Ty =Ty The
variable (74 affected the steady state error of the water level AJT,,
remarkably than that of water temperature AT, Fig. 6(c),(d) il-
Instrate the steady state errors for different. Ty and fixed Gq=Gy.
The variable Ty alfected the steady state error of the water temper-
ature AT, miore thau that of water level AH,,.

5.2 Compensation for Steady State Ervor

We derive a compensation method lor eliminating the steady
stale error of the level AH,, and that of the temperature AT, of
the tanked water system by using the modified outflow rate G4 and
the modified desired temperature T
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_ As the AH,, is sensitive to G4 and the AT, is sensitive (o
Ty respectively (Fig. 6), the steady state errots All,, and AT, are
approximated by the polynomials of second order as

Allm = ag+ ;G g + m3{Gy)?,
AT = fo+ BTy + Bo(Ta). (26)

The coeflicients of the polynomial («y, a1, a) are determined based
on the least squares method so as to minimize the following criterion
h

x
Ja, = 3 AAHm (i) = g — 0y Gali) — oo(Ga())}2. (27)

i=1

The set {All,,.(i),.(?d(i)} are preliminary experimental data for a
given fixed valne Ty, The value of G4 is obtained by solving the
second order polynomial {26) whose left hand side is set al zero as

follows: R
Ca= {-nr, s 44vna2} J20. (28)

Following the similar procedure mentioned abave, the coelli-
cients of the polynownial (g, 83, f2) are calculated so as to minimize
the criterion as

N
It = 3 ADTw(i) =~ Bo = ByTali) = B(Ta())’) (29

i=1]

where the sel {AT,(1), 'id(z)] are the next experimental data for
the fixed value of (¢4 of (28). The value of 7y is obtained by solving
the second order polynomial whose left hiand side is set. at zero as

follows:
Ty = {411 FVEE- 4/3,,ﬂ2} /26, (30)

The algorithim goes l{ack to (27} to calculate (l\'u‘nl,l\y)
again for the fixed values of Ty of (30). The values of G4 and T are
thus iteratively calculated by using the above procedures (27)-(30)
again and again until the maximnm steady state errors AH (i),
AT (1) in the steady state duration of experiment are minimized
within a permissible range (£0.1[em], £0.1{°C]). The final values
of G4 and Ty are adopted to the actual experiment of the tanked
waler system. The compensated manipulated variables are given as

Ge= (k) + (;'?,
G = ag(k) + GY. (31

The G and G° are calculated by the equation {(25) with the final
values of (4 and Ty.

5.3 Experimental results

By nsing the proposed controller based on both the detee-
tion delay compensation and the steady state error compensation,
we performed an actual experiment of the level and temperature
control of the pilot tanked water system. The conditions of the
experiment were the same as the previous experiments in 4.3,

Temgperature T, [C]

SN RS ST BRI ARV RN O SRS ST OY A

0 200 400
Time [sec]

Experimental result of the pilot plant controlled by the compensation techniques for oscillation and sleady state error.

Fignre 7 illustrates the experimental results. We can see
that the steady state errors of the level and the temperature were
eliminated almost completely (compare Fig. 7 and Fig. 5(d)). The
results show the effectiveness of the proposed compensation method
for eliminating both the oscillation and the steady state errors.

6. CONCLUSION

By handling a pilot plant of the tanked water system, we
discnssed an iimportant. idea of controller design for honlinear dy-
namical systems and proposed simple compensation technique for
oscillations and steady state errors. 1f we separate nonlinear dy-
namical system into nonlinear static part and linear dynamical part,
the nonlinear components can be eliminated by introdcing an in-
version characteristics of 1he nonlinearity, and conventional linear
control theories are ideally applicable to the linear dynamical part
in constructing the controller. We further proposed simple compen-
sation ethods for ascillation caused by detection time delay and
for steady state error caused by modelling errors. Combinational
use of the two compensation techniques brought satisfactory con-
trol performances in the control experiment of the pilot plant of the
tanked water system. Those compensation tnethods will effectively
applicable to wide range of systems in actual thermal-flow plants
with system time delay.

References

{1} R. E. Kaliman, “On the gencral theory of control systems,”

Proceedings of the st IFAC World Congress, Moscow, pp. 481-

492, 1960

R. Bellman, “Dynamic programining,” Princeton Univ. Press,

1957.

L. S. Pontryagin, V. (i. Boityanskit, R. V. Gamkrelidge and

E. F. Mishcheuko, “Ulie mathematical theory of optimal pro-

cess,” Johim Willy, 1962,

[4} T. Nishimara, “Application of Kalman filter to space ofbit sys-
tein”, Systems and Control, JAACE, vol. 22, 1, pp. 10-19, 1978

(in Japanese).

2

3

5

D. Ernst, “New trends in the application of process comput-

ers,” Proceedings of the 7th IFAC World Congress, Helsinki,

pp. 2327-2336, 1978,

K. J. Astiom, U. Borisson, L. Ljung and B. Wittenmark, “The-

ory aund application of sell-tuning regulators,” Automatica,

vol. 13, pp. 457-476, 1977,

{7} Special lssue on Theory of Nonlinear C%\tr(\l, Journal of SICE,
vol. 31, 1992 {in Japanese).

[8] Special Issue on Robnst Clontrol -Focusing on H™ Control,”

Journal of SICE, vol. 29, 1990 (in Japanese).

[9] M. Nakamwira, “Coutroller design to diminish oscillation and
steady state error in water temperature systems with drive

delay,” Proceedings of 91 KACC, pp. 1888-1893, 1991,

(6

—~ 47 —



