
Supervised internal multi-model control of a
dam-gallery open-channel system

E. Duviella, P. Charbonnaud, P. Chiron and F. J. Carrillo

Abstract– In this paper, a method for designing a

supervised internal multi-model controller (SIMMC)
is proposed. The structure is well-adapted for reg-
ulating non-linear plants for which some operating

modes can be represented. A multimodeling method
making possible to represent the operating modes is
proposed. The supervision of the operating mode is

carried out online and is combined with a control ac-
commodation method which switches to the best con-

troller. The considered plant is a dam-gallery open-
channel system supplying a river with water and per-
mitting all downstream uses. The effectiveness and

the performances of the SIMMC are shown on a sim-
ulation of the plant using the real geometrical and

physical data.

Keywords– Internal model control, internal multi-
model control, switched control, supervised control.

I. I

THE internal model control (IMC) concept was

introduced in [9] as a general method which in-

cludes in its control structure a process model as an

inherent part of the controller and the feedback is

based on the difference between the outputs of the

process and its model. This structure is appropri-

ate for the design and implementation of controllers

for open-loop stable systems. When the plant it-

self happens to be unknown, or the plant parame-

ters vary slowly with time owing to ageing, no such

model is directly available a priori, and one has to
resort to identification techniques to come up with

an appropriate plant model on-line. In [4], adapta-

tion is combined with an IMC structure to obtain an

adaptive IMC scheme possessing a theoretical proof.

In [6], a class of minimum-phase input-output lin-

earizable nonlinear systems with parameter uncer-

tainty was controlled by an adaptive IMC. In [11]

optimal closed-loop test design for IMC is studied.

Closed-loop tests have operational advantages such

as reduced disturbance and save operations, but it

will also lead to better models for control. In [10]
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a reconfigurable adaptive control algorithm is pro-

posed. The unknown autoregressive system dynam-

ics are identified through a lattice filter which esti-

mate the process reflection coefficients. The order of

the system is inferred by monitoring the magnitude

of the estimated reflection coefficients. The prob-

lem of control system design for time-delay systems

has been solved for single input-single-output plants

with a delay in the control input. The robust control

of time-delay systems with both state and control de-

lays was also addressed in [12] where an anisochronic

extension of IMC was proposed. The system is

called anisochronic because of non-synchronous role

of state variables. A fuzzy relational model is a

method from which a non linear system can be rep-

resented. In [5], a relational model from a fuzzy

input space to a crisp output space is constructed

by applying a least-squares identification technique

to past process data. A method to determine its in-

verse model is proposed making possible to use the

IMC structure.

Open channels systems are subjected to varying

time delays. A robust design synthesis can be pro-

posed to deal with modelling errors. In [7], an an-

alytical modelling method based on physical equa-

tions of open-channel hydraulics is used, giving a

nominal model and a bound on multiplicative un-

certainties for a river reach. The robustness filter

coefficients of the IMC are determined by a bisec-

tion algorithm, using µ-analysis for robustness re-
quirements. The IMC is parametrized according to

the main uncertainty, i.e. the time-delay, leaving

only one design parameter.

In this paper, a supervised internal multi-model

control (SIMMC) using prior knowledge of the sys-

tem, is presented to carry out the regulation of a

plant represented by a multimodel approach. In sec-

tion II, the SIMMC structure is described and the

design parameters are defined making possible to

deal with parameter changes. The SIMMC is pre-

sented as an alternative to adaptive control meth-

ods. In section III, a dam-gallery open-channel sys-

tem multi-modeling approach is detailed. In section

IV, a supervised internal multi-model control of the
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dam-gallery open-channel system is evaluated on a

simulation of the plant using the real geometrical

data. Finally, in section V, a conclusion highlights

the effectiveness and performances of the SIMMC

structure.

II. S -

A multi-controller structure is required to control

a plant with several Operating Modes (OM). Very

often, the OM are well known. If not, they can be

identified from the measured inputs and outputs. An

analytical expression of the process output y can be
approached as:

y * ŷ =
g

j=1

δjm.yj , (1)

where g is the number of plant operating modes, m
denotes the actual operating mode, and δjm is equal

to 1 ifm = j and 0 otherwise. Each yj is an estimate
of the process output for a given control input ur.
The main problem of OM detection lies in the real-

time estimation of m at the boundary between two

OM, i.e., the present behavior of the physical pro-
cess in order to determine among a set of controllers

the best fitted one. The aforementioned structure al-

lows performing the plant mission in the presence of

exogenous events p ([3]). The supervision set-point
Σ describes the objectives, (e.g., change in the ref-
erence set-point, change in the control objective), to

be achieved and the performances associated to the

controller. The accommodation information vector

α settles the set-points computed for the selected

controller. The monitoring loop efficiency is linked

to the detection time delay of an OM change given by

the detection vector d. The accommodation strategy
is selected according to the information vector com-

pared to the supervision set-points. Before the next

switching time, if the active controller does not allow

achieving the performances for the given objective,

the actual OM of the process must be identified to

be accommodated by the right controller.

An active supervisory control of OM integrating

an additional detection-accommodation loop is pre-

sented in Figure 1. This monitoring structure con-

sists of two combined blocks, one for the model-

based detection, Operating Mode Detection (OMD),

which allows detecting a given process operating

mode, and the other one for the control accommoda-

tion decision, Control Law Accommodation (CLA),

which selects the right controller.

Fig. 1. Supervised internal multi-model controller.

Intuitively the notion of operating mode is linked

to the tracking objective and also to its connected

closed-loop performances. The fitted operating

modes of a plant are always a priori well defined.
When the OM are not a priori known the first step is
to isolate the main operating modes and the second

step is to identify the corresponding models. These

modes induce a partition of the process model G
of the plant P into a finite class of linear models

G = {G1, G2, .....Gg}, where the ith linear model
of the plant P is denoted Gi and g = card(G), to
which is associated a controller family C. The cor-
responding designed controller achieves the best per-

formance of the closed-loop (Ci, Gi). The controller
Ci consists of a state gain, a process model and a
filter.

In order to determine when and to which con-

troller one should switch, a detection method is de-

tailed in the following. The detector consists of three

functions:
• the simulation of the models G = {Gj , j ∈ I}
controlled by the signal ur which is the output of
the active controller;

• the residue evaluation for each output model ac-
cording to the fixed criterion;

• the function mode isolation based on the detection
rule.
For each j ∈ I, the criterion is expressed by:

Jj(k) =
N−1

n=0

wnεj,n(k), (2)

where N is the size of the sliding window, εj,n(k) is
the jth identification error, k > N , and:

wn =
1

N − 1 and εj,n(k) = (y(k−n)−yj(k−n))2.
(3)

The multi-model output recursive square error cri-

terion J(k) = [J1(k) J2(k) ... Jj(k)...] is computed
with the recursive formula:

Jj(k) = Jj(k − 1) +wn(εj(k)− εj(k −N)). (4)
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The couple (d, td) defines the detection test which
describes each OM detected d(k) and the detection
time td(k):
The detection rule is computed on-line by:

d(k) = {P = Gm, m = argmin
1≤j≤g

Jj(k)}. (5)

At each sampling period, a minimization of the cri-

terion given by (2) is carried out to activate the con-

troller corresponding to the model with the smallest

index j. At the starting time, it is assumed that
d(0) = G1. The detection time is defined by:

td(k) = {kTd, d(k) 9= d(k − 1)} , (6)

where Td is the sampling period of the detection-
accommodation loop. For a correct signal to noise

ratio a good choice of N and Td allows a good tuning
of the multi-model based detector.

The accommodation block selects the adequate

controller according to the supervision set-point Σ
and to the detection vector d. The supervision set-
point Σ is defined by the pair (O, ΠT ) where O
is the set of objectives to be achieved and Π =

[π1,π2, ...,πg] is the performance vector associated
to the g modes, Π ∈ ?n. In this paper, we con-
sider only one objective, i.e., tracking the output
of a single-input single-output system to a constant

reference input signal.

The accommodation vector α is a piecewise contin-
uous switching signal which represents the series of

the successive activated controllers. For the time

kTd, the activated controller is Cα(k), where the ac-

commodation information vector α is expressed by:

α(k) = {l, [d(k) = Gl] ∧ [Jl < πl]}. (7)

If the performance condition Jl < πl is not satis-
fied, an emergency shutdown procedure is activated

and a maintenance operation is carried out on the

damaged area of the system.

Let us consider the expression of the actual control

input ur(k) =
gS
i=1

δiα(k)ui, |ui| < umax.

III. D - -
-

The dam-gallery of Lunax-Save in french Pyrenees

was built to supply with water the river Gesse. From

a hollow jet valve, the water drains into an open-

channel circular gallery, one kilometer long, before

to supply the river. The steady discharge is obtained

after more than one hour. Actuator dynamics are

negligible.

Saint-Venant equations are accurately used with

respect to the following assumptions: unidimen-

sional discharge, the canal slope γ sufficiently weak
to do the approximation: sin γ * γ, vertical accel-
erations are negligible. The diffusive wave equation

(8), a simplified model of Saint-Venant equations,

is preferred when the two following assumptions are

verified: lateral discharges are null and inertia terms

are negligible compared to one representing the en-

ergy lost by friction.

∂Q(x,t)
∂t +C(Q, z, x)∂Q(x,t)

∂x −D(Q, z, x)∂2Q(x,t)
∂x2 = 0,

(8)

where Q [m3/s] is the discharge, z [m] is the ab-
solute water surface elevation and x [m] is the reach
length, with a celerity C [m/s] and a diffusion D
[m2/s]:⎧⎨⎩ C(Q, z, x) = 1

L2 ∂fs∂Q

k
∂L
∂x − ∂(Lfs)

∂z

l
,

D(Q, z, x) = 1
L ∂fs
∂Q

,
(9)

where L is the water surface width and fs is the
friction slope. Hayami equation is obtained by lin-

earizing (8) for a reference discharge Qe:

∂q(x, t)

∂t
+Ce

∂q(x, t)

∂x
−De ∂

2q(x, t)

∂x2
= 0. (10)

where Q = Qe + q. The discharge variation q
from the reference discharge Qe is drained with a
mean speed of constant celerity Ce and is diffused
with a constant diffusion coefficient De. As dis-

cussed in [8], the Hayami transfer function linking

the upstream discharge Qup(s) to the downstream
discharge Qdown(x, s) for a reach of length x can be
derived from the Hayami equation (10) and is ex-

pressed by:

F (x, s) = e
xCe
2De

�
1−
u
1+4De

C2e
s

�
. (11)

The moment matching method detailed in [8] is

used to identify (11) to a second order transfer func-

tion with delay:

F (s) =
b1e

−sτ

1 + a1s+ a2s2
, (12)

where the transfer parameters can be written as de-

tailled in [1]:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

b1 = 1,

a1 = (−d+
√
∆)1/3 + (−d−√∆)1/3,

a2 =
2xDe
C3e

�
1− 3 De

a1C2e

�
,

τ =
x

Ce
− a1,

(13)
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with d =
6xD2e
C5e

and ∆ =
4x2D3e
C9e

�
9De
Ce

− 2x
�
.

In the case of a circular profile, from the absolute

water surface elevation z and the radius R [m], the
angle θ [rad], the water surface width L [m], the
wetted area S [m2] and the wetted perimeter P [m]
have been expressed by:⎧⎪⎪⎨⎪⎪⎩

θ = 2arccos
�
z−R
R

�
,

L = 2
√
2Rz − z2,

S = πR2 + L z−R2 − 1
2R

2θ,
P = 2πR−Rθ.

(14)

For fs = γ, frictions are modelled by the Manning-
Strickler formula:

fs =
Q2n2

S2R
4/3
h

= γ, (15)

where n is the Manning coefficient and Rh the hy-
draulic radius corresponding to the wetted surface S
divided by the wetted perimeter P .
In fact, only three parameters z, R and γ are suf-

ficient for defining the four others. For an open-

channel system with a circular profile, coefficients

Ce and De defined by (9) are finally calculated as:+
Ce=

Qe

L2 (−2(R−z)
L + 1

3P (5
P
S (

L2

2 +4Rz − 2z2)− 8R)),
De=

Qe

2Lfs
.

(16)

The gallery dynamics was modelled by a multi-

modeling approach. Each model is a second order

with delay (12), and the values of the correspond-

ing parameters a1, a2 and τ must be calculated.

Combining relations (14) and (15), the equation (17)

makes possible to determine, numerically, the water

elevation z according to Q, then, according to the
equations (16), to calculate the coefficients Ce and
De. Finally, the coefficients a1, a2 and τ can be
computed by relation (13).

fs
Q2n2

=

�
2R arccos

�
R−z
R

��4/3�
(z −R)√2Rz − z2 +R2 arccos �R−zR ��10/3 .

(17)

According to the geometrical data of the gallery, i.e.
the radius R = 0.9 m, the length x = 946.65 m,
the slope γ = 0.0026 rad and the Manning coeffi-
cient n = 0.015, and to the operating range of the
gallery discharge, i.e. Q ∈ [0.5; 5], it was possible
to determine the value of each parameter accord-

ing to each discharge Qe, i.e. 0.75, 1.5, 2.8 and 4.4
m3/s. In order to reduce the number of models, we
consider to accept as correct a model for which a

[Qinfi ; Qsupi [ a1 a2 τ
[0, 1[ 245 17360 252

[1, 2[ 234 15050 173

[2, 3.6[ 222 12310 110

[3.6, 5] 199 8396 73

TABLE I

T

.

predefined error is allowed on the value of the pa-

rameters. The number of models and the discharge

intervals are selected according to a percentage of

error ΠC on the celerity Ce. The operating range is
decomposed starting with the median celerity Cmed
(18) which is calculated from the minimum Cmin and
the maximum Cmax celerities corresponding to, re-
spectively, the maximum Qmax and the minimum
Qmin discharges. For each obtained model i, a valid-
ity interval [Cinfi ; Csupi [ is calculated according to
ΠC, and a celerity, denoted Ci, which corresponds
to the center of the interval is computed.

Cmed =
Cmax +Cmin

2
. (18)

Relation (19), obtained from relations (15) and (16),

is numerically solved with a resolution of one mil-

limeter, to determine the absolute water surface el-

evation zi for the interval [Cinfi ; Csupi [ according to
the value of Ci.

Ci =

√
fsS

5
3

nP
2
3L2

(−2(R−zi)
L +

1
3P (5

P
S (

L2

2 + 4Rzi − 2z2i )− 8R)),
(19)

where the parameters L, P and S are expressed

according to the geometrical data of plant and zi.
From zi the discharge Qei and the coefficient Di are
calculated. The limits of the interval [Qinfi ; Qsupi [
of each model i is determined according to the same
principle for the celerities Cinfi and Csupi . The mod-
elization of the gallery is carried out according to a

percentage of error ΠC = 15 %. From the value of

water elevation z and with the values of Ce and De
given by (16), parameters a0, a1 and τ are calcu-
lated. In Table I, analytically identification results

of the second order transfer with delay are displayed

for the considered discharge intervals.
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IV. S -
-

-

The SIMMC designed for the dam-gallery open

channel system, was implemented in the usual form

presented in [9] (see Figure 2). The detection vector
d resulting to the Operating Mode Detection block
(OMD), is determined according to a size of the slid-

ing window N = 4. In the Control Law Accom-

modation block (CLA), the selection α of the best
controller is carried out according to d and the per-
formance conditions πi = 3, i = 1, ... , 4. Due to

the process dynamics, there is no significant bump

in the control ur. Otherwise, AntiWindup Bumpless
Transfer (AWBT) compensators can be introduce as

proposed in [3]. The set-point resulting from CLA,

is the discharge qM1obj . The control ur which cor-
responds to the upstream discharge, is sent to the

non- linear plant which provides the downstream

discharge qM1 . The non-linear plant simulation is

carried out by the Simulation of Irrigation Canals

(SIC) software, which solves the Saint Venant equa-

tions using the Preissmann’s scheme [2]. The gallery

was modelled with SIC according to its geometrical

data. The input of the SIC model of the gallery

is the upstream discharge ur and the output is the
downstream discharge qM1 .

Continuous models Fi(s) identified according to
the multi-modelling method (see Tab.I) were dis-
cretized at the control period Tc = 60 s, giving four
discretized models Gi c:

Gi c =
Bi(z

−1)
Ai(z−1)

. (20)

The detection period was chosen Td =
Tc
5 = 12

s. The stability of SIMMC depends on the choice of

stable filter fi c:

fi c =
(1− β)z−1

1− βz−1
. (21)

For the evaluation of the SIMMC, the transferHi c
corresponds to the static gain of the inverse process

model; Hi c = 1. The performances are linked to

the SIMMC parameter tuning. Coefficient β tuned
at 0.8, by simulation, leads to a good compromise
between performance and robustness of the closed

loop.

In Figure 3.d, the set-point qM1obj is presented

in continuous line. The downstream discharge mea-

surement qM1 is subjected to disturbances with noise

of 0.2 m3/s from t = 50 min, of 0.3 m3/s from

Fig. 2. SIMMC structure.
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Fig. 3. SIMMC results (a) perturbation p, (b) criteria J, (c)
accommodation signal α, (d) setpoint qM1obj and output
qM1

, (e) effective control ur .

t = 130 min, and of −0.4 m3/s from t = 200 min
(see Figure 3.a). The measurement noise has a vari-
ance of 0.01. The computation of criterion J pre-
sented in Figure 3.b, allows the selection α of the

model (see Figure 3.c). The effective control ur is
depicted in Figure 3.e. In Figure 3.d, the measured

downstream discharge qMi is displayed in dashed

line. The SIMMC control is robust with the dis-

turbances and the downstream discharge is close to

the set-point.

In order to evaluate the performances of the

SIMMC regulation, a digital PID controller sampled

at Tc was also designed. The integral action carried
out on the error between the set-point and the out-

put, i.e. downstream discharge, the proportional

and derivative actions are carried out on the output

only. Coefficients KP , KI and KD are computed
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Fig. 4. PID (dotted line), IMC (dashed line) and SIMMC
(continuous line) comparison for a (a) perturbation p,
(b) a setpoint qMiobj and corresponding outputs qMi

, (e)
and their effective controls ur.

by a Takahashi step response method for the model

identified around 1.5 m3/s. The values of the coeffi-
cients are KP = 0.83, KI = 0.11 and KD = 1.85:

uPID = −KP yk + KI
1− z−1Ek −KD(1− z

−1)yk,

(22)

and Ek = consk − yk, where consk is the set-point
which corresponds to qM1obj k and yk the output, i.e.
qMi .

On the other hand, an IMC based on the model

identified around 1.5m3/s is proposed. The two con-
trollers are tested on the same scenario of set-point

and disturbances. The PID, IMC and SIMMC reg-

ulations are depicted respectively in dashed-dotted

line, in dashed line and in continuous line in Fig-

ure 4.c. The downstream discharge is depicted ac-

cording to same convention in Figure 4.b. The PID

controller is not robust to the noise and the distur-

bances; its performances are not so good. The IMC

is slower than the SIMMC. The performances of the

controllers are evaluated on a criterion of volume in

lack or in excess during 6 hours. The SIMMC is the

better one with a volume in lack or in excess of 4630

m3 compared to the IMC with a volume of 6055 m3

and to the PID controller with a volume of 14222

m3. The SIMMC provides thus an economy of 1425

m3 compared to IMC and of 9592 m3 compared to

the PID.

V. C

A method for designing a supervised internal

multi-model controller was detailed. The structure

is well-adapted for regulating non-linear plants for

which some operating modes can be represented. A

multimodeling method making possible to represent

the operating modes was proposed and applied to

the considered plant which is a dam-gallery open-

channel system supplying a river with water and

permitting all downstream uses. The supervision of

the operating mode is carried out online and is com-

bined with a control accommodation method which

switches to the best controller. The effectiveness and

the performances of the SIMMC are shown on a sim-

ulation of the plant using the real geometrical and

physical data. The resulting water volume economy

is significant.
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