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Synopsis

The self-tuning controller (STC) of Clark and Gawthrop (1975) is used
to do a real-time control of the estuarial weir gate openings during
flood periods to maintain a certain water level in the reservoir dammed
by the weir gates for domeétic, agricultural and industrial water
supplies. The Kalman filter is used to estimate, in real-time, the
parameters needed to compute the optimal control strategy. Using data
of the actual operation of the weir gates during flood periods at Onga
River, Kyusyu Island, Japan, the real-time flood control performance
of STC is compared with that of the existing control strategy. Some
interesting characteristics of the use of STC to the control of weir

gate openings during flood periods are presented and discussed.
1. Introduction

In Japan, many weir gate structures are constructed in tidal inlets

(river mouths) because feasible sites for reservoir construction in
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the upperstreams are limited. The water of an estuarial reservoir
dammed by weir gates 1s extracted for domestic, agricultural and
industrial water supplies. Water level variations are expected
especially during flood periods, thereforewater is released to maintain
a certain water level. Maintaining a certain water level is required
to prevent sea water from entering the reservoir and to avoid drainage
problems due to the hydraulic connection between reservoir and aquifer
in agricultural lands beside the reservoir. Automatic feedback control
can greatly enhance the efficiency of operation of gates and increase
the benefits associated with their use, as well as not allowing the
water upstream rise above a certain height. With automatic controllers,
gate openings are optimally determined so that the energy consumed in
operating the gates is minimized and unnecessary depletion of the
reservoir is avoided.

Automatic controllers presently in operation employ readily
available, inexpensive computer systems, and on-line observation
systems using telemeters. An existing automatic controller uses the
on-line data from upstream and downstream water levels, present gate
openings, and river discharge at a nearby upstream station. Then, these
data are entered into the computer system where the gate openings are
decided according to a control strategy; computer commands are then
carried out to operate the gates. However, the control strategy is
not very efficient in treating the stochastic nature of the system.
It requires that the inflow be accurately measured or forecasted and
that the system be accurately modelled, because the deviation between
reservolr water surface level and the required one is not used to
correct any modelling errors. Also, it is not adaptive, i.e., if there
are changes in the system, the control strategy will be incorrect.
Failure to take into account the stochastic and dynamic properties of
the system in designing the control strategies has resulted in largely
unsatisfactory and sometimes even unstable control. An alternate
procedure for designing control strategies is therefore needed.

Adaptive control systems automatically adjust controller
parameters on-line in response to changes in the system dynamics, or
noise characteristics, or Dboth. This study demonstrates the
application of a stochastic adaptive controller, the self-tuning
controller (SIC) of Clarke and Gawthrop (1975), for the real-time
control of weir gate openings during flood periods.

The same gate opening control problem for lock and dam has been
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discussed by Duong, et al. (1978) using one type of self-tuning
regulator reported by Wieslander and Wittenmark (1971). The summary
of self-tuning regulator is given by Astrom and Wittemmark (1973).
Though the application of STC to the optimal control of groundwater
abstraction for river fldw augmentation has already been discussed by
0’Connell (1980), as far as we know, its availability to flood control
problems has not yet been investigated.

The Onga River weir system is chosen to demonstrate the
effectiveness of the technique during flood periods. Specifically, a
comparison is made between the existing control strategy and the
STC-designed control strategy. Results indicate that the STC design

technique can be more effective and more stable.
2. Self-Tuning Controller

STC consists of an on-line recursive system identification algorithm
and a feedback control law whose parameters depend on the currently
estimated system model. In this report, the system to be controlled
is represented by an ARMAX-type model. The system input, which is the
control variable, is the total release under the gates, while the system
output is the reservoir water surface level; the uncontrollable but
observable inflow and abstractions are the exogenous variables. The
total release under the gates is determined by the feedback control
law so that the difference between the resulting reservoir water surface
level and the required one is minimized.

This section outlines the derivation of an SIC algorithm for a

System (see Figs.1 and 2) described by an ARMAX-type model.

Az Dylk) = B (zHQlk-s) + C'(zDIk-s) + D' (z HL(k-s)

+ F(z Huk) (1)

wvhere y(k) is the system output (reservoir water surface level), Q(k)
is the system input or control variable (total gate release), I(k)
(inflow) and L(k) (abstractions) are uncontrollable but observable
inputs, v(k) is the uncorrelated zero-mean random sequence, and k and
s denote the sampling instant and the pure time delay between input
and output respectively. A(z’l), B’(z"), C’(z‘l), D’(z“l) and F(Z")
are the coefficients polynomials expressed in teams of the backward

shift operator, ="', For example, A(z*) is denoted as
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1

AZD = ap + aizt + e+ @z 2)

where n is the order of the system, and coefficient ap for A(zq), fo
for F(zf‘) are set without losing generality as ap=1, fo=1. The use of

1

the backward shift operator, z™', is illustrated as

A Dyk) = awk) + aiz’lyk) + - + azy(k)

= yk) + ay(k-1) + -+ + auu(k-n) (3)

In the following part, A, B', C', D', F denote A(z4), B’(z*),
C’(z*), D'(z4), F(z”) respectively for brevity.

In order to derive the optimal s-step predictor @(k+s|k) for the

system equation (1), first of all, by transforming equation (1),

y(k+s) is given as
ykss) = B + Srao + Bindo+ Buckes) (4)

The last term of Eq.(4), the noise term is considered as the sum of

two terms as

Buters) = uikes) + By 5
where G and H are the coefficients polynomials of order s-1 and n-1
respectively,

G = G(Z—l) = go + glz-l 4 eee + 93_12‘(3-1) (6)
H = H(Z_l) = ho + hlZ—l + eer + hn—]Z_("_‘) (7

The first term of Eq.(5) represents future noises, which has nothing
to do with control vauable Q(k), and the second term of Eq.(b) is noises
that have occured up to and including time step k. From Eq.(5)
polynomial H is given as

H = (F-AG)Z* (8)
On the other hand, v(k) is expressed from Eq.(1) as follows:

vk = Sy - (Bezrquo - S=rrio + Do) (©)

By substituting Eq.(9) into Eq.(%), and Eq.(5) into Eq.(4), and
considering Eq.(9), Eq.(4) is transformed as follows:

ytrs)= Hyoy + EBquo + ot + DLk + Gukes) (10)

Then, the optimal $-step predictor Q(k+s|k) is derived as the minimum

square error predictor of Eq.(11) (Astrom (1970)).
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E[ u(k+s)-u(k+s|k) 1° (11)

By substituting Eq.(10) into Eq.(11), and as the minimum square error

predictor, y(k+s|k) is given as follows:
. - H GB g1 GC” GD"
y(k+slk) = F&Kk) + 7R Qlk) + =5 Ik) + 75 L(k) (12)

The prediction error e(k+s) is given by

e(k+s) = Gu(k+s) 13)
The objective of SIC is to control the input Q(k) such that the

cost function given by Eq. (14) is minimized. The cost function consists

of expectation of the sum of square for the deviation of reservoir water

surface level from a target value or 'set point’ and the chage in the

control variable from one time step to the next.
J(k) = E [ { ylk+s) — v*(k+s)P + 2°QK) - Qk-DF) (14)

Here E is the expectation operator, y*(k+s) is the set point which is
the target reservoir water surface level, and the factor A’ is the
weight for the change in the control variable from one time step to
the next, and is used to stabilize the controller by penalizing the
control effort (0’ Connell, 1980). |

Unknown at time k, y(k+s) must be set equal to ulk+s|k) (Eq.(12))
with prediction error e(k+s) (Eq.(13)), as

y(k+s) = y(k+slk) + e(k+s) (15)

Substituting FEq.(15) into Eq.(14), and taking the mathematical
expectation and setting the -derivative of J(k) with respect to Q(k)

equal to zero to obtain the minimum cost:

oy (k+s|k)
oQ (k)

Using oy(k+slk)/0Q(k) = by’ (from Eq.(12)), the control law is given
by:

{Q(k}slk) - Yy (k+s)} + 2{Qk) - Qk-1)} =0 (16)

y(k+slk) - y*(k+s) + 2{Q(k) - Qk-1)} =0 (an

where A = &'/ by’ (18)

Define a generalized output function ¥ such that
Vik+s) = y(k+s) - y"(k+s) + &{Q(k} - Q(k—l)} (19)

In order to predict y(k+s), y(k+s), unknown at time k, must be set equal
to y(k+s|k) so that
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Diks|k) = Ulkrslk) - v'k+s) + A{Qk) - Qk-1D} (20)

Then the output prediction error for @(k+slk) is equal to e(k+s) (Eq.
8)), i.e.,

vik+s) = P(k+slk) + e(k+s) 21)

Therefore the minimization of J is the same as setting the
prediction of ¥ equal to zero at every time step so that the control
law (Eq.(17)) is satisfied. 1In order to implement the self-tuning
scheme, Eq.(12) is substituted into Eq.(20) to obtain

Fi(k+s|k) = Hy(k) + BQ(k) + CI(k) + DL(k) - Fy" (k+s) . (22)
where B=CB + AF(1 - 2') . (23)‘
C=GC and D = GD’ (24)

If Qz(k+s|k) is forced to =zero at every time step, then
rearrangement of Eq.(22) yields the feedback control law that minimizes
the variance of (k)

Q) = - F{Hy(k) + CI(k) + DL(K) = Fy'(k+s)} | (25)

Unlike the control law used by Duong, et al. (1978), the self-tuning
controller (Eq.(25)) considers a variable set-point which is
incorporated directly in the cost function.

The substitution of Eq.(22) into Eq.(21)

Ww(k+s) = Hy(k) + BQk) + CI(k) + DL(k) — Fy*(k+s) - Fi(k+slk)

+ Y(k+slk) + elk+s) (26)
results in
V(k+s) = M(k+s)x(k+s) — y'(k+s) — {F - 1}»{0(k+slk) + e(k+s) (2n

In order to implement the feedback control law (Eq.(25), the
coefficients of the polynomials H,B,C,D and F should be estimated (The
coefficient fo of F is excluded, because of fo=1). This study considers
an on-line recursive system identification algorithm within a Kalman
filter framework. The Kalman filter for the process is formulated as
x(k+1) = x(k) + u(k) (28)
k) = Myxk) — y'k) + (k) , (29)
where the state and observation vectors are
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x(k): [h0>"',hi—l’ bO)""bj—l’ COs***»Cp-1> dOy""dq—ly f]v"'yfr—l]T (3())
M) = (y(k=s), =, ulk-s=-i+1), Q(k-s),++,Q(k-s-j+1), I(k-s),-*,

I(k-s-p+1), L(k-s),*,L(j-s—q+1), —y*(k-1),--,-y*(k-r-1)]  (31)

The parameters i,j,p,q and r are the number of terms in the respective
polynomials H, B, C, D and F. The measurement equation (29) is given
by Eq.(27) with @(k+s|k) assumed to be zero at every time step k. In
order to update the parameters, ¥ must be measured at every time step
k. This quantity v¥(k), which is defined as replacing k+s by k in
Eq.(19), is considered as the measured value of ¥ at time step k.

The control law (25) uses the estimated parameters i(k|k) at each

sample instant k as if they had the true values.
3.  Example System

The two examples discussed below illustrate the behaviour of SIC and
compare its performance with that of the existing control strategy
during flood periods. Both existing and STC-designed control
strategies involve the estimation of a target gate release which is
the basis for calculating the opening heights of the gates.

The Onga River is located in Fukuoka Prefecture, Kyushu Island,
Japan (see Fig.1). It has a drainage area of 938.6 km® at the weir gate
structure and a length of 61 km. The average annual rainfall in the
basin is 1500 to 1700 mm in.the plains and 2500 to 2700 mm in the
mountains. The weir gate structure (see Fig.2) is located at 2.0 km
from the Sea of Hibiki. The reservoir dammed by the weir has a total
capacity of 11,140,000 m° and 8,840,000 m> of which is the effective
volume. It has a surface area of 2.94 km° and a length of 9.39 km.
At 6.85 km from the weir, 172,800 m® of water is being abstracted daily
for municipal and industrial water supplies. The weir gate structure
has a total length of 517 m and is composed of seven main gates and
two auxiliary gates for small flows and fishway.

' ‘During flood periods, operation of the gate is far more critical
than during periods of low inflows, because of the very fast variations
of water levels, and higher-than-required water levels would cause
severe flooding to areas at the upper end of the reservoir. Hence the

control of the weir gate openings has to be done every 10 min during
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these periods. Considering the shortness of the period between
adjustments, an automatic controller is justifiably important.

The existing control strategy deterministically estimates the
target gate release as
Qk) = a tylk) — ¥ (k)1 + I(k) - LK) (32)
where

clTk) - Ik-3)|
I(k)

For I(k)= EA,mS/s, a=0, b =200 and ¢c =0, for 24 mq/s = I(k) = 300
m?/s, a=4.71, b =87, and ¢ = 3; and for I(k)> 300 m?/s, a=3.57,b
= 428 .6 and ¢ = 3. The target reservoir water surface level v (k) is
at El. 1.45 m for I(k)> 24 m’/s and at El. 1.485 m for I(k)s 24 m’/s.

If I(k)z 1200 m%As, there is no target reservoir water surface level,

a = [al (k) + bl + 1) (33)

that means the control is terminated, and the gates are fully opened.
In applying STC to Onga River weir gates operation, the system

model considered is

yk) = -—aiy(k-1) + by’ Q(k-s) + co'I(k-s) + do'L(k-s) + v(k) (34)

based on the reservoir continuity equation. One time step equals. 10

minutes, and the time delay s = 1 step. The feedback control law for

the system described by Egq.(34) will be derived as follows. The

coefficents polynomials A(z*), B’(Z*), C'(Z'U and F(z*) are expressed

as follows:

AzH = ap + aiz! =1 + a2’} (35)
B (z)) = by, C'(z" =co’ and D (z") =do (36)
Fz) =fo=1 and GE&H =g =1 (30
Applying Eq. (8):

HEZzYH = -a (38)

Recalling Eq.(23) and Eq. (24):

Bz = by + A(1 - 2 | (39)

Ciz"h) =co’ and DE =dy (40)
Using Eq. (22):

Dktslk) = —aiyk) + (bo’ +A)Qk) — AQ(k-1) + co’I(k) + do’L(k)
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— y*(k+s) (41)
Hence, the feedback control law is
Qk) =—Bl—6{hoy(k> + biQ(k-1) + col(k) + doL(k) — y*(k+s)} (42)
where hg = -ai, bop = bp” + R, by = -4, ¢co = ¢’ and dop = do’ (43)

In Eq. (42) or Eq. (30), the number of parameters to be estimated is five,
x = [ho, bo, by, co, don and in Eq.(31), M) = (ulk-s), Q(k-s),
Qlk-s-1), I(k-s), L(k—s)]. In this study the weight value & 1in
Eq.(19) is set to -0.0001, and in executing the Kalman filter algorithm,
the initial estimates are hy = 1, bp = -0.0002, b; = 0.0001, and cp =
dy = 0.0001 ; the diagonal elements of the initial error covariance
matrix of i(OlO) equal 1.0 for hy element and 107 for other elements,
and off-diagonal elements equal 107'°, the covaricance matrix U of
system noise u in Eq.(28) equals zero, the variance V of measurement
noise ¢ in Eq.(29) equals 0.01.

In this study, the control strategies are applied in the flood
periods since it is the most critical period in the control of gate
openings. Both existing and SIC-designed control strategies are
applied to the data resulting from the actual operation of the weir
gates during the floods on June 23-29, 1985 (Flood 1) and July 2-4, 1985
(Flood 2). It must be emphasized that the actual gate operation was
based on the target gate release by the existing control strategy
(Eq(32)). The two examples discussed in this chapter involve the
determination of the target gate release. '

Example 1 ( Fig.3 and Fig.4 ) demonstrates the use of the existing
control strategy (Eq.(32)) during these floods. Example 2 ( Fig.5 and
Fig.6 ) shows the use of the STC-designed control strategy (Eq. (42)),
vhere the data used in estimating the parameters of this feedback
control law are those values of Q and y obtained from the simulation
of the gate operation based on STC target gate release. In this case,
the STC-simulated gate operation assumes that the discharge under the
gates equals the STC target gate release. Two examples use the same
values of I(t) and L(t) observed during the floods. Fig.3 to Fig.6
contain the plots of observed and target Q(k) and observed and expected
y(k+s) for each flood; observed values are in solid line and target
and expected values associated with the control strategy are in circled
line. 1In all figures, the expected y(k+s), the reservoir water level
at time step k+s, is calculated using the reservoir continuity equation,

assuming that the actual @ equals the target Q, and the
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elevation-storage curve.
~ 4. Discussion

This section presents the discussion of results in the two examples.

In Figs.3 and 4 the target gate release Q(k) is calculated from
Eq. (32) given y*(k) and the observed y(k), I(k)and L(k). The parameter
a in Eq.(32) depends only on I and neither on the error between the
present and target water levels nor on the present gate discharge.
Notice in the figures that, although the opening heights of the gates
are calculated using the target gate release, the actual (observed) gate
release differs much from the target gate release. This is because,
besides the target gate discharge, the actual gate operation is also
determined by the predicted tidal water level downstream of the gates,
the assumed gate coefficient, the speed at which each gate moves, the
present opening heights of the gates, and so on. (Of these factors,
the assumed gate coefficient is considered as the most uncertain.) Their
effecﬁs are also shown by the fluctuating behaviour of the actual
reservoir water surface levels about the target water level in Fig.3
and Fig.4.

During periods from about 390 to 460 step and from about 770 to
820 step in Fig.3, the reservoir water surface level lowered quickly.
This is because that inflow I is 1200 m3/s or more during these periods,
so that the gates were fully opened. From the circles lines of Figs.3
and 4, the expected reservoir water surface level controlled by existing
control strategy is unstable, fluctuate and differs much from target
one.

Next, the performance of STC-designed control strategy in Figs.b
and 6 indicate that the target gate release Q behaves very smoothly
and more realistic than that by existing strategy in Figs.3 and 4.
Moreover it shows that the expected water surface level y(k+s) is very
stable and is practically equal to target water level y*(k+s) especially
in Fig.6, if the SIC target gate release obtained from Eq. (42) 1is
perfectly followed. FEven though the actual gate discharge may differ
from the target gate release, better control can still be achieved using
STC than employing the existing control strategy.

To obtain a quantitative measure of the performance of the
controllers, the root mean square of deviation of reservoir water

surface level from the target one is calculated for a period beginning
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after simulation starting transients have died out. A decision on the
quality (goodness) of the controller is related to the lowest value of
this index. The value by the exsisting control strategy is 0.019 (m)
for Flood 1 and 0.018 (m) for Flood 2. On the other hand, the value
by the STC is 0.002 (m) for Flood 1 and 0.001 (m) for Flood 2. These
values show that the deviation of reservoir water surface level from
the targer one by SIC is greatly smaller than that by exsisting control
strategy.

From the above results conclude that STC is much more effective
than existing control strategy for real-time control of estuarial weir

gate during flood periods.
5. Conclusions

The STC control law Eq.(42) has been found to be well suited for the
optimal control of weir gate openings. The performance of STC has been
found to be superior to that of the existing control strategy Eq.(32).
For this system described by an ARMAX-type model, the control variable
(gate discharge) depends particularly on the exogenous variables
(inflow and abstraction), which is obvious for the reservoir process.
The satisfactory results shown in this study could serve as a basis
for more applications of SIC to water flow and water level control
problems arising in flood control systems, water resources systems,
water distribution networks and sewer control systems. In general, this
study has shown some interesting characteristics of the use of SIC to

the control of weir gate openings.
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