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The paper presents a new strategy based on a supervision and hybrid control accommodation to improve the

water-asset management of networked open-channel systems. This strategy requires a modelling method of
the network based on a weighted digraph of instrumented points, and the definition of resource allocation
and setpoint assignment rules. Two setpoint assignment rules are designed and evaluated in the case of an
open-channel system composed of one difluent and one confluent showing their effectiveness.

1 INTRODUCTION

A hydrographic network is a geographically dis-
tributed system composed of dams and interconnected
rivers and channels. Weather conditions and hu-
man activities have a great influence on the flow dis-
charges. An interesting problem to address deals with
the allocation of water quantities in excess toward
the catchment area and of water quantities in lack
amongst the users. The complex hydrographic net-
work representation, as well as the determination of
the discharge allocation on the network, constitute an
essential step for the design of reactive control strate-
gies. In (Naidu et al., 1997) a hydrographic network
representation by oriented graphs is proposed by con-
sidering only the difluences. This representation is
modified and extended to the cases of the conflu-
ences in (Islam et al., 2005). Cembrano et al (Cem-
brano et al., 2000) proposed a modelling approach for
the drinking water distribution networks, and sewer-
age networks. Object-oriented modelling techniques
(Chan et al., 1999) and a XML approach (Lisounkin
et al., 2004) allow the representation of the control
and measurement instrumentation equipping the hy-
drographic networks and the drinking water distribu-
tion networks. Optimization techniques were pro-
posed in the literature for the water-asset manage-
ment. The approach proposed in (Faye et al., 1998) al-
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lows the adjustment of the criteria and the constraints
of an optimization problem starting from the supervi-
sion of the network variables. However, the complex-
ity of the hydrographic networks and the number of
instrumented points to be taken into account in the op-
timization problem require the use of decomposition
and coordination techniques of the studied systems as
proposed in (Mansour et al., 1998). These techniques
are used for the optimal water management of irriga-
tion networks. Finally, in (Duviella et al., 2007), a
supervision and hybrid control accommodation strat-
egy is proposed for the water asset management of
the Neste canal in the southwestern region in France.
This strategy can be adapted for the case of gridded
hydrographic networks.

In this paper, the allocation and setpoint assign-
ment rules are proposed for the water asset manage-
ment of complex hydraulic systems i.e. with conflu-
ences and difluences. Networked hydraulic systems
modelling is presented in section 2. In section 3, iden-
tification steps of transfer time delay are presented.
The supervision and resource allocation rules are pro-
posed in section 4. Section 5 deals with the design
of a water asset management strategy where two set-
point assignment rules are compared. Finally, their
evaluation by simulation within the framework of a
hydrographic system is carried out.
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2 NETWORKED HYDRAULIC
SYSTEM MODELLING

Hydrographic networks are composed of a finite num-
ber of Simple Hydraulic Systems (HYS), i.e. com-
posed of one stream. A HYS source is defined as a
HYS which is not supplied by others HYS. A rep-
resentation is proposed to locate the instrumentation,
i.e. the sensors and the actuators, and to be able to
determine the way to distribute a water quantity mea-
sured in a place of the hydrographic network, onto the
whole HYS downstream. HYS are indexed by an in-
dex b, and all these indices forms the set B C N. Each
HYS is equipped with several sensors Mf-’ and actua-
tors G’J’-, with i € [1,m] and j € [1,n], where m and
n are respectively the total number of measurement
points and actuators, as shown in Figure 1.a. Up-
per indexes are omitted when not necessary for com-
putation and comprehension. The structure of a hy-
drographic network is described by distinguishing the
confluences (see Figure 1.a) and the difluences (see
Figure 1.c).
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Figure 1: (a) A confluence, (c) its associated weighted di-
graph, (b) a difluence, (d) its associated weighted digraph.

According to the hydraulic conditions and the
equations of energy and mass conservation, the sum
of the discharges entering a node (confluent or diflu-
ent), is equal to the sum of the discharges outgoing
from this node. Thus, around an operating point, the
discharge ¢” of the HYS b resulting from the con-
fluence between several HYS is equal to the sum of
the upstream HYS discharges, ¢* = ¥, ¢, where C?

rech
C B is the set of the HYS indices upstream to the

HYS b. In addition, the HYS r resulting from the
difluence of the HYS b upstream is supplied with a
proportion w, such that the discharge ¢" verifies the
relation: ¢" = w,¢”. In order to represent difluence,
each HYS of an hydrographic system is associated to
a discharge proportion w,. For the HYS source and
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Table 1: Assignment function of R matrix.

Input: weighted digraph.
Output: proportion matrix R.
Initialization of R to 0
For each node &

If h is a measurement point

Run (4, h, 1,R)

EndIf

EndFor

Run (A, ¢, p, R),

For each successor d of ¢
Pd < P-Wa,
Run (A, d, pg, R),
If d is a gate

R(h,d) < R(h,d) + p4

EndIf

EndFor

for the HYS downstream from a confluence (see Fig-

ure 1.a) it is equal to 1. The discharge proportion w,

of the HYS downstream the HYS b are known and

suchas Vr e D%, w, < 1,and ¥ w, =1, where D?
repb

C B is the set of HYS indices resulting from the di-

fluence of the HYS b (see Figure 1.b). A discharge
which is measured in a place of the hydrographic net-
work, supplies the HYS downstream with discharge
proportions according to the structure of the hydro-
graphic network.

The hydrographic systems are represented by a
weighted digraph of instrumented points in order
to determine the discharge proportions between two
places of the networks. The digraph is composed
with a succession of two types of nodes M; or Gj,
represented respectively by full circle and circle and
their respective graphs, and arcs indicate the links be-
tween the successive nodes (see Figure 1.c and Fig-
ure 1.d). The arcs are oriented in the direction of
the flow and are weighted by the discharge propor-
tion between the two nodes w,. Thereafter, an algo-
rithm lead to the generation of the proportion matrix
R which is composed of m lines (measurement points)
and of n columns (actuators). The weighted digraph
is browsed for each measurement point M; following
the algorithm given in Table 1. The matrix R contains
all the discharge proportions of a point to another of
the hydrographic networks.

Thereafter, the transfer time delay between the
measurement points and the gates, is computed ac-
cording to the method described in the next section.

313



ICINCO 2007 - International Conference on Informatics in Control, Automation and Robotics

3 IDENTIFICATION OF
TRANSFER TIME DELAYS

Hydrographic systems consist of several reaches, i.e.
a part between two measurement points, each reach
being composed of Open-Channel Reach Section
(OCRS), i.e. a part between two gates, between a
measurement point and a gate or between a gate and
a measurement point. The OCRS dynamics can be
modelled by transfer functions according to the mod-
elling method which consists in the simplification
of the Saint Venant equations and their linearization
around an operating point (Litrico and Georges, 1999;
Malaterre and Baume, 1998; Chow et al., 1988). The
parameters of the transfer function are considered
constant under an operating range around the operat-
ing point. In this paper, only disturbances around the
operating point are considered. Thus, the variation of
the transfer delays for these discharges is sufficiently
small in comparison with the chosen control period,
and will not have a significant influence on the strat-
egy effectiveness. If large operating conditions are
considered, and/or in the case of the ”small” control
period, it is necessary to consider several time delays
function of discharge value, as proposed in (Duviella
etal., 2006). For each OCRS (see Figure 2), the trans-
fer time delay 7, is obtained from the step response of
the corresponding transfer function. It is chosen as the
time value for which Iy percent of step is reached.
The percentage Iy can be tuned from simulation.

In the case of gridded systems, the value of the
transfer time delay between the measurement point
Ml’? and the gate G‘} depends on the path to go from
the measurement point Mf’ to the gate G? (see Figure
2). P, 4 is the set of direct paths to go from the HYS
b to the HYS d, and Pf 4 is one of the direct paths to
go from the HYS b to the HYS d, such as Pf’d € Pya,
where 1 <v < py, 4, with pj, 4 the total number of paths
which compose P, 4. A direct path from M; to G}, is
a path where not other measurement point can be met
between M; and G;.

The transfer time delays between the measure-
ment point M} and the gate G are computed by
considering each path and constitute the vector tyy, ;
(Ppa x 1):

T
4l 2 Pb.d
tM,v,j—{fM,v,j’fM,-,j’ ---JM,-,J : (D

Thereafter, the transfer time delay between Mf’
and G?, is computed according to the selected path

Pf’d:
r<j
ty = tWin; T
M;.j Mhnl—"_r;,” rr+12 )

n<j<n,
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Figure 2: Transfer delays between the measurement point
M; and gates Gj.

where n; is the first gate downstream M;, v is the index

of the path Pf ‘d, and ’C;:r His the transfer time delay

between each gate along the path Pf 4 as illustrated in
Figure 2.

Then, the new setpoints must be assigned to the
gates at a time instant taking into account the trans-
fer time delays which are expressed according to the
sampling period Tj:

U, j
kdyy, ;= { T‘;’J +1, 3)
where |x| denotes the integer part of x.

The measured water quantity in M;, following the
path with index v, will arrive on gate G; at the time:

Ty, = (k+kdy, ;) Ts. @)

Finally, the transfer time delays between the mea-
surement point M’ f’ and the gate G? are expressed by
the vector Tyy, ; (Pp.a X 1):

T
sl ®

The complex hydrographic network representation, as
well as the identification of the transfer time delays,
constitute an essential step for the design of reactive
control strategies.

— 1 2
Tu.j = [TMi,j’ Tty j» -

4 SUPERVISION AND
RESOURCE ALLOCATION

Supervision and hybrid control accommodation
framework is depicted in Figure 3. The hydrographic
network is represented by a set of m measurement
points M; and n gates G; locally controlled. For each
gate G;, a weekly objective discharge ¢, and sea-
sonal weights A; and u; are given by the Management
Objective Generation module according to the water
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Figure 3: Supervision and hybrid control accommodation
framework.

contracts and climatic events. The weekly measure-
ment point objective discharge Qy, y is known.
obj

For each measurement point M; ; i = 1,...,m, dis-
charge supervision consists in monitoring discharge
disturbances and diagnosing the resource state, simul-
taneously. Limnimeter measurements are conditioned
by a low-pass filter on a sliding window which re-
moves wrong data due to transmission errors for in-
stance. Based on the discharge value Oy, which is
determined at each sample time k7;, detection and
diagnosis automata are used respectively to detect a
discharge discrepancy superior or inferior than a de-
tection threshold d;;, around QMiobj’ and to diagnose

the resource states (Duviella et al., 2007). According

to the resource state and the discharge discrepancy

AQu; = Ou; s Qu;, the hybrid control accommo-
obj

dation consists in determining the setpoints ¢;, and
in assigning them to the gates taking into account the
hydraulic system dynamics. The resource allocation
consists in recalculating setpoints with a goal to route
resource in excess to dams and to dispatch amongst
the users the resource in lack. At each sample time
kT;, the resource allocation leads to the determina-
tion of allocation vector qu; which is composed of
the new computed setpoints. The allocation vector is
computed according to the resource state e; tacking

into account the seasonal weights A ; and u;.
If the resource state is no diagnose situation, the
setpoints are the objective discharges ¢;,,.. The allo-

cation vector is such as:

aw, = [3! S O] !
M; (R(i.1)]9Vobi - OTR(i j)] Dobi = O[R(in) v |
(6)
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where [x| corresponds to the higher rounding of x,
n is the total number of gates, and 51“7 the Kronecker
index, is equal to 1 when a = b, and equal to 0 if not.

If the resource state 1is such as discharge is
in lack or in excess, the water resource is allocated
among the gate downstream the measurement point
M;, according to the weights A; and y;. The allo-
cation strategy consists in optimizing a cost function
by linear programming method for each measurement
point. The cost function f;, is defined as the weighted
sum of the differences between the setpoint ¢; and the
objective ¢, for each gate G, at time k7j:

Ju; = Zl (8%R(LMXML/ (= qj””f)) F &V
=

. 1 1 1 4
with X, ; =Yt (y— 1)/7,7: E(stgn(AQMi) +1).
j j

The optimization is carried out under constraints:

n

¥ (RG.J)(@;~4is) = AQu,
/:

qjmin S q] S qjmax’

where ¢g; . and ¢g;,,. are respectively the minimum
and maximum discharges given by gate, river or canal
characteristics. In this case, the allocation vector qyy,
is such as:

®)

T
—d 1 1 . 1
@, = (Bl 41+ Blag )95 Sl 4] -

©)

Then, to synchronize the gate control with the wa-

ter lacks or excess due to the disturbances, the set-

points must be assigned at a time instant tacking into

account the transfer time delays Ty, ; between the
measurement point M; and the gate G;.

5 SETPOINT ASSIGNMENT
RULES

The setpoint assignment consists in taking into ac-
count the transfer delays before the dispatching of
the new computed setpoints at the gates. In the case
of gridded systems, two different setpoint assignment
rules are proposed.

The first rule consists in considering only one
transfer delay Ty, ; from each measurement point M;
to each gate G, whatever existing several paths to go
from M; at the gate G;. The transfer delay between
M? and G‘f is selected as the direct path between M?

and G‘f , which have the greatest supplying discharge
proportion. The following assumptions are consid-
ered:
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Table 2: Assignment function of o and 3 matrices.

Input: weighted digraph.

Output: oy, matrix, B, matrices
Initialization of the diagonal of oy, to 0
Initialization of By, to 0

g « first gate successor of M;

Run (M;, 8> 1, Oag; BM,)

Run (Mi9 ¢, p, a’M,w BMA)
For any successor d of ¢
Pd < P-Wd
If d is a gate
Run (M}, d, pa, O, Bum,)
OCMl.(d,d) — OCM,-(dad) + Pd
=1
While (By; (1,d) # 0)
I++
EndWhile
BM,‘(la d) — Pd
EndIf
EndFor

- if the discharge proportion Bay (v, j) resulting from
Mf’ and supplying G? by a single path PP is weak,
the discrepancy allocation will be weak also,
- if the discharge proportion Bay, (v, j) resulting from
Mib and supplying G;’ by a single path Pé’ 4 is impor-
tant, the discrepancy allocation will be important also.

The supplying discharge proportion By, (Pa; X 1),
where pyy; is the maximum number of paths between
M; and the gates G;, is computed for each measure-
ment point M; according to the algorithm given in Ta-
ble 2 and the weighted digraph of the system.

Thus, the set of allocation dates starting from M; is
denoted 7y, (1 x n) updated at each sampling period
T and expressed by:

(IM,- = [ M1 .- TM,-.j TMi,n} , (10)

where

Tyv;,j =Ty, j» otherwise,
and v such as By, (v, j) = max By (L, j). When
1€[1pp;]
Bas, (1, ) = O there is no direct path between M; and
G;.

At each sample time k7, the setpoint assignment
matrix Aﬁ,l[ (Hy, x n), where Hy, is the allocation
horizon from M;, is scheduled according to 7y, and
gy, The first row of Aﬁ,,[_ contains the setpoints to be
assigned to each gate from M; at the date (k+1)T, the
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I row the ones to be assigned at the date (k4 )T
as defined in equation 12, the last row the ones to be
assigned at the date (k+ Hyy, ) Ts.

If1<h< HMi
Ay, (b ) = Ay (h+1,)) (12)
Else
AI/E/II‘ (h’ -]) = qjobj
Endif
Endif

and A?/Il- (h, ]) = Gjop;

The setpoints are dispatched with the control pe-
riod T, = kT, where K is an integer. The control set-
point vector denoted u (1 x n) is updated at each date
k'T., where k' = %, thanks to the assignment matrix

Aﬁi and the oy, (n X n) diagonal control accommoda-

1 max (Hy,) the control hori-
1<i<m

tion matrix, with H =
zon. For each measurement point M;, the oy, matrix,
the role of which is to capture the measurement point
influence on the gates, must be determined. In order
to generate the oy, matrix, the weighted digraph (see
Figure 1.c and 1.d) is browsed using the algorithm
given in Table 2, for each measurement point M;. The

control setpoint vector u¥ (1 x n) is calculated by:

¥ () = Y o, (j, Ak (1,). (13)
i=1

The second rule consists in considering the sev-
eral direct transfer delays Ty, ; from each measure-
ment point M; to each gate G;. The set of alloca-
tion dates starting from M; is denoted Ty, (py X n),
where pys is the maximum number of paths between
the measurement points M; and the gates G;. The ma-
trix 7y, is updated at each sampling period T and ex-
pressed by:

Tty = [Tatr oo Tog o Tagals (14

where Ty, ; is the set of the transfer time delays be-
tween the measurement point M; and the gate G;. The
value of Ty, j(1) is fixed to O for py;, < [ < py, Le.
when the length py; of the Ty, ; is smaller than py,.

In this case, the setpoint assignment matrix A]j,li
(Hp; x n) is scheduled, at each sample time k7, ac-
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cording to Ty, and qy;:
If 3v such as Ty, (v, j) > (k+h)T;

Pm
Ajcwl(ha]) = Zl q’vBM,(W])QM,(J)
=
Else
If1<h<Hy,
Al (h, ) = Ay (41, )
Else
Allil,(h’]) = (X‘Mi (J’-])q./()bj
Endif
Endif

where @, = 1 if Ty, (v, j) > (k+ h)T;, ¢, = 0 other-
wise, and Ag,li(h,j) = 01, (J7)-Qjos;-

The control setpoint vector denoted u (1 x n) is up-
dated at each date k'T, thanks to the assignment ma-
trix Aﬁi, with H = ]l(llgaén (Hp,) the control horizon.

(15)

The control setpoint vector u¥ (1 x n) is calculated
by:

()= Y Al (1,)). (16)
i=1

The setpoint dispatching leads to the application of
the most recently calculated setpoints. This method
increases the control strategy reactivity, because dis-
charge variations between two control dates are taken
into account.

6 SIMULATION RESULTS

The proposed setpoints assignment rules have been
evaluated for a hydrographic system composed of one
difluence and one confluence (see Figure 4).

Wo= 0,2

M;
wi=1 G%% G%%
G%%

Wwi= 08

G.};%I G%%

Figure 4: Hydrographic system composed of one difluence
and one confluence.

The hydrographic system is composed of 4 HYS,
equipped with 6 gates, G} to G¢, and 1 measurement
point M|. The discharge downstream the gate G| fed
the HYS which is equipped with the gates G% to G%
with the discharge proportion w, and the HYS which
is equipped with the gates Gi to Gg with the discharge
proportion w3. The discharge proportion w, is equal
to 0.2 and w3 to 0.8. The gates G‘7t which corresponds
to the canal outputs, is not controlled. The gate char-
acteristics, i.e. objective discharge g Jobj? maximum

OF NETWORKED OPEN-CHANNEL SYSTEMS

and minimum discharges g jmax, ¢ jmin, and their asso-
ciated weights, are given in Table 3.

Table 3: Gate parameters.

Gate D jovj 4 jmin 4 jmax 7&/‘ Mj
[m? /] [m? /s] [m? /]
G! 1.1 0.05 0.85 10 10
G% 0.3 0.1 0.9 1 4
G% 0.4 0.15 1.2 1 4
Gg 1.9 0.1 1.4 4 1
G2 1.6 0.1 0.9 i* 4
G? 0.9 0.05 1.8 10 10
G 1.8 0.05 0.75 A

)

The use of the proposed rules requires the identi-
fication of the transfer time delays. The set of HYS
which are characterized by trapezoidal profile have
been modelled according to the transfer time delay
identification steps. The matrix, Ty, of transfer time
delays between M and each gate, expressed in sec-
onds, are given by:

To _ [ 850 1750 2700 1450 2050 3750
Taar 0 0 0 0 0 2700
(17)

There are two identified transfer time delays be-
tween M, and Gg; TA}I] 6 = 3750 s corresponds to the

path Pl1 4, T,&l 6 = 2700 s corresponds to the path P21 o

Then, the hydrographic system (see Figure 4) is
represented by the weighted digraph depicted in Fig-
ure 5 to determine the matrix R, and then, to deter-
mine the matrices oty; and By,

G} Gj
4 4
M, Gl1“1 nGs G
&> ; 1
0.8
G Gi

Figure 5: Graph for the determination of R and oy;.

The matrix R is given by:
R=[1 02 02 08 08 1]. (198
The diagonal matrix oy, is given by:
o, = diag{1,0.2,0.2,0.8,0.8,1}. 19)
The matrix By, is given by:

By — 1 02 02 08 08 02
M~=1l0 0 0O 0 0 038

The objective discharges of M, correspond to 8
m?/s. The hydrographic system is subjected to dis-
turbances upstream the measurement points M; (see

. (20)
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Figure 6.a). The detection threshold is selected as
dy,=0.15 m? /5. Figure 6 shows discharges measured
on Mj, and the new setpoints which have been dis-
patched at the gates which were controlled, i.e. Gy in
(b) and G in (c), and the discharges resulting at the
canal ends g7 in (d) in case 1: the case where only
one transfer time delay is considered (the first rule is
used without any assumption about the discharge pro-
portion values), the transfer time delay considered is
TA}, 6 (dashed line), in case 2: the case where the first
rule is applied, thus the time delay considered is T2
(dotted line), and in case 3: the case where the second
rule is applied (continuous line).

w":::JL -

Il
0 2 4 68101214161820222426283032
Time [h]

Figure 6: Discharges in [m? /5] (a)
(d) the resulting discharges g7.

Oum,, (b) q1, (¢) g6, and

Whatever the setpoint assignment rules used are,
there is a peak of approximately 0.15 m> /s on G at
the 274, 117", 20" and 27" hours (see Figure 6.d),
due to the detection threshold d;;, and the occurrence
of the discharge discrepancies on Qy,. When the
transfer time delay is Tlllll 6 the setpoints are assigned
too late, and the discharges at the end of the hydro-
graphic system are not close to the objective value
q70bj- These results show the importance of the trans-
fer time delay. The results are improved when the first
rule is used with TA%[ 6 because of better evaluation of
transfer time delay. Finally, the performances are also
improved when the second rule is applied, the effec-
tive transfer time delays are taken into account be-
cause all direct paths are considered. The maximum
and minimum discharges reached at G7 and the wa-
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Table 4: Criteria computed when the different rules are
used.

Case max(g7) min(g7) 14
[m? /s] [m? /5] ]
case 1 2.09 1.59 1815
case 2 1.99 1.63 1099
case 3 1.97 1.63 1057

ter volume V which was not allocated are displayed
in Table 4. The maximum discharge discrepancy at
G7 corresponds to 9.5 % of the objective discharge
q70bj When the second rule is used and to 10.5 % in
the other case. The second rule leads to spare an ad-
ditional water quantity of 42 m> during 32 hours, in
comparison to the use of the first rule. The differ-
ences between the two strategies are weak. In addi-
tion, these differences decrease for hydrographic sys-
tems which are equipped by a great number of mea-
surement points, because, in this case, the number of
direct paths is weak.

7 CONCLUSION

The resource allocation and setpoint assignment rules
constitute a generic approach allowing the water re-
source valorization whatever the configuration of the
hydrographic networks is. Multiple graph represen-
tations make it possible to identify the information
for implementing the proposed supervision and hy-
brid control accommodation strategy. Two rules of
setpoint assignment have been proposed, tested and
compared within the framework of a networked open-
channel system composed of one difluent and one
confluent. Although the second rule leads to the best
performances, its implementation is more complex
than the one for the first rule. The choice between the
two strategies could be carried out only by consider-
ing the hydrographic system with this equipment.
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