OATAO

Cipen Archive Toulouse Archive Ouverte

OpenArchive TOULOUSEArchive Ouverte OATAQO)

OATAO is an open access repository that collectsvtiork of Toulouse researchers
makes it freely available over the web where pdssib

This is an author-deposited version published http://oatao.univoulouse.fr
Eprints ID: 9249

Tolink to this conference:
URL : http://dx.doi.org/10.3182/20120902-4-FR-2032.00066

To citethisversion : Roboam, Xavier and Sareni, Bruno and Nguyen, Duc
Trung and Belhadj, JaméDptimal system management of a water pumping and
desalination process supplied with intermittente@able sourceg2012). In: 8th
Power Plant and Power System Control Conferenc@502ep 2012, Toulouse,
France.

Any correspodance concerning this service should be sent tadpesiton
administratorstaff-oatao@listes-diff.inp-toulouse.fr




Optimal System M anagement of a Water Pumping and Desalination Process
Supplied with I nter mittent Renewable Sour ces

ROBOAM Xavier*, SARENI Bruno*, NGUYEN Duc Trung*, BELHADJ Jamel**

* Université de Toulouse, LAPLACE (Laboratory oraBa and Conversion of Energy), UMR CNRS-INPT-UPS,
site ENSEEIHT, 2 rue Charles Camichel BP 7122, 31Djulouse, France
e-mail: {dtnguyen, sareni, roboam}@laplace.unietfg).
** Université de Tunis ElIManar, Laboratoire des sys® électriques (LSE) ENIT BP 37, Le Belvédére 1008is,
Tunisie. Jamel.Belhadj@esstt.rnu.tn

Abstract: this paper aims at defining energy managemerteglygor a water pumping and desalination
process which would be powered by a hybrid (solir&wind) renewable generation system. Several
pumping subsystems for well pumping, water storage desalination are coupled. The particularity of
the proposed architecture with its management deiiisthe absence of electrochemical storage, only
taking benefit of hydraulic storage in water tankssuch an autonomous device, given a certain tefve
intermittent power following wind and sun irrad@ii conditions, and given hydraulic characteristits
water pumping subsystems, this study puts forwhedgrime importance of a water and power flow
management optimization. For this purpose, bothadyo and quasi static models are proposed before
stetting the management strategy based on optiovedpdispatching. Subsequent results are analyred i
terms of robustness and performance.

Keywords energy management, autonomous system, renewadnigyeimtermittent power, desalination,
Bond Graph, optimization.

that minimizing or even suppressing storage devstesild
be a challenge. For our case study, the issue dr tb
minimize electrical storage only using a capacii@at
maximum a ultracapacitor) to stabilize the DC kng&.IOur
idea is to take benefit on the one hand of hydecastbrage in
- . . water tanks and, on the other hand to exploit naityl
and desalination units supplied by renewable ensogyces (several pumping subsystems that can be switchéff@nd

can b? a viable solution for remote areas, yvheeeeths tuned). In such a case, the intermittent power €givby
sometimes no access to the electrical grid, butrevhe

. generators has to be dispatched in all subsysteans:
renewable energy resources based. on sun and/orpeiner optimization strategy is then necessary for maximgizheir
are abundant (Kalogiroet al, 200.5’ Koklas et al, 2096)' efficiency characteristics and fulfilling technologl (power
.SUCh autonomous systems (see F,'g‘l) are Charmﬁd’w?‘” and pressure ranges) and functional constraimg (tting).
intermittent generated powergiven’ or offered along wind
speed and solar irradiation conditions. On the rotrey, the This paper then proposes a first approach for water
load characteristicsare alsoset for all subsystems here production optimization based on specific modeliagd
constituted of motor pumps, desalination processl amanagement strategy. First, after having set tlwblpm, a
hydraulic network (pipes and vales). More generalhis dynamic model based on Bond Graph formalism is @regh
class of autonomous systems with intermittent inpover with a quasi static model for validation. Being yeapid to
for generation and given characteristics for loads more simulate, this latter model is well suited for lorgrm
and more spread in modern systems as in smart gridsrepresentation of complex systems, especially as th
renewable energy processes. Such class of stamedsystem optimization process requires a large number ofesysuns
requires a specific and optimized management farep@nd to converge. Then, we will see that setting theectye
material flows: here water, but hydrogen or therfieaks for  function is not so obvious for this class of probiefive
other cases of process (Ben Rhouma et2808). The issue different objective functions are then comparederms of
is always to take benefit of the given power from arobustness and performance. The influence of system
impedance adaptation given load characteristicaiallys environment (here the power cycles related to véind sun
storage devices (i.e. flywheels, ultracapacitocguaulators conditions) is also analyzed, being strongly codpleith
or H2/02 storage) are used and specifically sivedetouple system efficiency. Finally, the effect of devicezisg,
the intermittent power generation and the powerdadier especially for motor pumps, is also analyzed, whjoht
loads. But the owning cost of such storage devihes to forward the necessity of a ‘systemic optimal design
investment costs and life duration are sometimesssive so integrating simultaneously couplings between aechitre

(modularity), sizing and flow (power, water) managat.

1. INTRODUCTION

Many dry regions and isolated areas of the worldeha
face the issue of water, especially fresh waterrciya
(Turki et al., 2008). The use of autonomous watemping



2. PROCESS MODELING

As previously introduced, the considered system
constituted of renewable energy generation syspgasénted
in details in Daliet al.,2009) coupled through a DC link with
several water pumping and desalination subsystems
illustrated in the synoptic of Fig.1. Those proessand the
corresponding dynamic models have been charaateiize
previous studies (Ben Rhouma et 2008; Turki et al., 2008)
through two experimental test benches of LSE Lallities
(see Fig 2).
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Reverse osmosis
desalination process

111

Hybrid wind
solar sources

Fig. 2. Water desalination and pumping prirﬁents

In these studies, we have considered the Bond G{ah)
formalism (Karnopp et al., 2000), especially addpfer
dynamic modeling of multidisciplinary energy sysgem
Energy based analogies between physical

a reduced ‘full hydraulic’ model can be extractedwhich
Ithe membrane is composed ofCaelement (usually also
ﬁeglected) and & variable phenomenorRg.m) depending
on the membrane conductivity. The feed flow is tsbared
between the fresh water flow (i.e; the permé@igmead and
tAe rejected water (i.e; the concenti@tg,centratd- IN OUr case,
we consider brackish water with very small concaidn so
its osmotic pressure is neglected. A dynamic ed@nta
hydraulic circuit and its corresponding Bond Grapte
displayed in Fig. 3.
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Fig. 3. Equivalent hydraulic circuit and BG of R@dule.

From this dynamic BG, a quasi static model of th@ R
module can be expressed, neglecting the storaget efi
Ciemb (due to the high ‘stiffness’ of the membrane) dhne
output pressures of permeate and concentrate tcircui

F>p _APpipe = (Rmodule+ Rvalve) ngncentrae (1)
P, - AP,
Q o= p pipe (2)
permeste Rmembrane
Qp = Qpermeate+ Qconcentrae (3)

wherePp, Qconcentrate Qpermeate Qp @re respectively the output
pressure of the high pressure pump , the flow efréjected
water (concentrate), the flow of the fresh wategripeate),
and the input flow feed from the pump.

2.2.The pump model

In the same way, a dynamic BG model can be estedulifor
the centrifugal pump (see Fig. 4). In this mogITy, Q, Q,,
are respectively the output pressure and flow efthmp, the

models #petor torque and speed. The mechaniogdiraulic power

considered: for example@ element characterizes a potentiafonversion is modeled by a nonlinear gyrator (sge 45)

storage, as for an electricaCapacitor, a mechanical
Compliance or a hydraulic tank. Power variables ofeff
flow) are supported on bonds, respectively corradpa to
voltage-current in electricity, force (or torqua)daspeed in
mechanics and pressure-flow in hydraulic devices.

2.1.The RO (Reverse Osmosis) desalination module

The desalination device involves several power dgsi

pipes (with its restrictiorR,,), RO membrane, and in the

controllable rejection valve (with variable restion R ¢ at
the output of the rejected salted water. This meds an
example of multidisciplinary device coupling chealjc
thermal and hydraulic flows (Turki et al., 2008)wkver, in
order to achieve the energy management of the vdysliem,

with a andb coefficients (Turki et al., 2008).
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Fig. 4. BG of the centrifugal pump

During the pump operation, some losses and dynaffécts
appear because of the suction pressuxBy)( hydraulic

friction (c), and motor-pump mechanical inertia and losses



(Jp + Im, fp + 1) (Gllich, 2008) By neglecting thel, + J,
equwalent inertia effect, thetatic partof the motor -pump
model can be expressed as:

P, = (aQ+bQ,)Q - (cQ? +AR,) (4)

T =(@Q+bQ,)Q, +(fy +,)Q )
The pump parameters,(b, c, § + f,, APy) can be extracted
from experiments or from manufacturer data sheets.
2.3.The pipe model

The pressure drop in the pipe is composed of dynamnd
static pressure (Glic2008):

APpipe + Pstatlc KQ;Z) + pgh (6)
h being the height of water pumping gonthe water density.

= denamlc

2.4.The DC equivalent motor model

Classically, centrifugal pumps are driven by Fi€dented
Controlled (FOC) inverter fed induction motors (S2011).
If only the energetic behavior is concerned in orde
optimize the system management strategy, a simmgtifin
should be to consider an equivalent chopper fedhiaChine
of which parameters are calculated to set the atprice
with the induction motor drive. Then, a BG of tk@nverter
motor device can be obtained while simple motoragiqus
are established for the quasi static model by mtiglg the
motor inertia:

Vi =Ryl + P Q
Tm :cDmI m

(7)
(8)

whereT,, and Q are respectively the motor electromagnetic

torque and the rotation speed,, is the torque equivalent

coefficient, R, is the stator resistance. Then, the electrical

powerP, can be expressed from (7) and (8) as:

T
P=V |, :( J(D—m
m

2.5.Whole system modeling

m

(9)

Finally, for the case of the RO subsystem withfepump,
the whole dynamic BG model is displayed in Fign5ahich
several series connected elements have been masgéat
pump and pipe’'®R elements and effort sources. Note that th
model is nearly the same for pumping subsystentephxof
the hydraulic load which slightly differs.
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Fig. 5. BG of the whole system

The global static model can be established by wégtel
and C dynamic elements (in red color). In case of pumpin
operation with no hydraulic load, the motor-pumpeephQ
can be derived from (4) and (6) by choosing thetpesroot
of the 29 order equation:

+/(bQy)? +4a(c+ K)QZ + AR, + gt
2a

The motor torqud,, can then be expressed versus the pump
flow Q, from (5) and the electrical pow&; (system input)
can be found from (9).

QQp) = (10)

Similarly, in case RO desalination, the pump presBy can
be expressed versus the pump fl&@y considering the
hydraulic load defined by (1), (2), (3), and (6).nAnlinear
expression of the electrical powBg versusQ, is found by
combining (4), (5) and (9).

3. CHARACTERIZATION OF DYNAMIC AND STATIC
MODELS

The static model strongly reduces the simulationetifor
such system. This model reduction is all the marpartant
than an optimization approach is necessary for phwer
dispatching strategy. In this case, several systiemlations

have to be performed to reach an optimum value. The

dynamic model of Fig. 5 is implemented in the 26SBG
solver. The quasi static model is coded in Matlabftware.
Equation (9) can be inversed by using the “fsolftgiction
for calculating the pump flow versus the input #&ieal
power. In order to compare the dynamic and quasiest
models, the simplified structure of Fig. 6 is prepd with a
well pump and a high pressure pump for desalination

-

RO Module

Pump
P2

Tank T2

Fig. 6. System configuration for BG/static modefnarison

All tests are based on two pumps from Grundfos:

- The pump P1 (well pump) is rated at 1.5 kW (tygre 5A-
17): to feed water to the T1 tank,

- The pump P2 (HP pump for RO) is rated at 2.2 kypd
SP 5A-25) to increase the pressure from T1 to T@uih the
RO module. The RO module includes one element (TOY71
from TORAY with one pressure body (PV-3110).

Table 1. Grundfos pump parameters

Pump Parameters| P1 (SP 5A-17) P2 (SP 5A-25)
a (Ns/mv’) 10.87 13.74
b (NS/n) -6251 -20010
¢ (NS/m°) 1.839x10" 2.193x106"
f, +f, (Nms) 0.0043 0.0050
AP, (N/n) 2124 14200
Table2. The RO module parameters
Ruems (NS/NT) 1.695.16¢
Rodue (NS/m°) 1.038.16°
Ruave (NS/m°) 7.785.16°




The initial level of both tanks (T1 and T2) is @2 The input
power (see Fig.7) is distributed into two equaltpao both
pumps (i.e 50% of power sharing factor).
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Fig. 7. Input power used for model comparison
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Fig. 9. Difference between models during tfetransient

The resulting difference between both dynamic andsq
static models is not significant in terms of poweergy
balance over a wide range of operation. A smalfedihce
only occurs at transients as illustrated in Figar®l Fig. 9
(note that results are also the same for second tlaind
transients). Finally, the reduced quasi static rhode
considered as acceptable in order to optimize fsem
management which allows reducing significantly
convergence time of optimization as presented @ ribxt
section.

th

4. WATER MANAGEMENT STRATEGY
4.1. Setting the problem of water management

This section sets the problem to be solved in orber
simultaneously manage power and water flows with a
maximum efficiency during the system operation. ¥i#

use the simplified configuration as in Fig. 6 witke input
power of Fig. 10. We show in Fig. 11 and in Tablehg
water level stored in both tanks when this power is
dispatched according to different power sharingtdiaer,
defined as:

Pa t R -
where Py, and P, denotes the electrical powers feeding
respectively the pump P1 and the pump PR,s the input
power to be dispatched. It can be seen from Tabln®
Fig. 11 that different water levels can be obtaimedeach
tank according to the, value. In the first casex(= 0.2), the
increase of total level is the smallest becauseptihep P1
operates in the region of low efficiency with vdoy input
power. This example emphasizes fhist coupling between
power and subsystems efficiency: the generated péom
renewable sources is then strongly coupled with wlager
process system efficiency. In particular, the int@oce of
respecting pumping power limits to prevent probldma
operations that degrade efficiency and that coldd eeduce
the life duration of pumps. The last casg % 0.5) gives the
best result because both pumps operate with gdinteaty.

i 18 F 1
5 16| .
Q%_ 14 ¢ | i
0 500 1000 1500 2000 2500
Time (s)

Fig. 10. Input power used for showing the influerdethe
energy management based on power dispatching
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Fig. 11. Water levels obtained from various operafoints
corresponding to different power sharing factors

Table 3. Tank levelsfor different power sharing factors

Level (m) Initial value | a,=0.2 | 0,=0.3 | a,=0.5
Level of T1 0.2 0.114 0.893 1.992
Level of T2 0.2 0.418 0.397] 0.351
[ Total level 0.4 0.532 1.29 2.348
Level gap - 0.132 0.89 1.944




Note that this result is only related to a pargéecidizing of the
two pumps (here respectively 1.5 and 2.5 kW). Mad{ its
sizing should also vary the system performances khiter
issue emphasizes thsecond couplingoetween sizing and
management performance. tAird coupling between tank
level and power management has also to be managksa:d,
after a certain operation time, the maximum levetamks
can be attained. On the opposite, operating theppuP? is
only possible if the tank T1 is not empty. Based this

of (9). Each feasible state leads to an optimalecbje
function and the best value obtained among allestas
returned. The corresponding power values for swiicbn
pumps are considered as power references. In éntyar
problem, the choice of the objective function i¢ nbvious.
Indeed the issue is to minimize the time neededlltohe
superior tank T3. Then, given a certain input povest by
the renewable intermittent sources, the power thirag
strategy has to pay attention of energy efficieotthe three

strongly coupled system design (water managemedt apumps but also of the tank levels: five differefjextive

pump sizing), the next subsection aims at optingizihe
operation and especially the power dispatchindesgsa

4.2.Formulation of the optimal power dispatching

In the following, we will consider a more completgstem
with 3 pumps, corresponding with the synoptic af.Eiand
displayed in Fig. 12. All tanks have the same vaurith a

base area of 1 fand a height of 2 m. The initial level of all

tanks is set at: 1m for T1, 0.2 m for T2 and 0.foniT 3.

RO Module Tank T3

TankT1 Tank T2

Fig. 12. Desalination system base on RO module

The input power is sampled every 10 min. At eachde, a
dispatching algorithm is performed in order to shitwe input

power between all pumps, while ensuring operating‘4=2a4Q‘2)i

constraints: in particular, the shared power assigio each
pump has to be bounded by pump technological lifies

functions are proposed and compared in the nexdestion.
4.3.Proposed objective functions for the dispatchimgtegy
Thef; objective function deals with the system efficignc

3 3
z Phydraulics z F’piQpi

—_out —_i=l — =1

R P R )

in
Thef, objective function aims at maximizing the totaivit

3
f ZZQpi
i=1

Thef; objective function is the same fadut with weighting
coefficients depending on the tank level:

3
L
fy= ZQQpi where ) =
i=1

|

(15)
imax ~ Limin

Thef, objective function is similar tds but with quadratic

flows:

3

(14)

I-i max

(16)
i=1
Finally thefs objective function aims at maximizing the

Pemin < Pe < Pema) @nd the level in each tank has to lie in output hydraulic powers as fof; but with weighting
the interval Lyin <L <Lmax corresponding to the capacity coefficientsey linked with tank levels similarly to (15):

limits. Each of the three pumps having two possillerating
states & (i.e. SS=1 or SS=0 respectively for on/off
operations), eight possible stat8sS3S-,S-; are a priori
feasible at every sampling period (frdd+ 000 toS= 111).
The dispatching algorithm first identifies the numbof
possible states, i.e. which pump can be switchedrding to
the input power range conditions and to the curlevils of
the tanks. For example, if the tank T3 is full, fhenp P3 has
to be switched off and only four states are feasifftom

3 3

f5 = z a Phydraulics = z 2 PpiQpi
i=1 i=1
The proposed objective functions need to be testid
different input power waveforms. The criterion tongpare
the objective function robustness is the “finishtirge”, that
means the time needed to fill the three tanks Tlaid T3
(with 2 m of height for everyone) from an initiaviel of 1 m
for T1, 0.2 m for T2 and 0.2 m for T3.

17)

S=000 toS=011). Then, for each feasible state a second

step is performed consisting in optimizing the inpower
dispatching. The optimal dispatch problem can bmédated
into the following constrained optimization problem

max  fop(X)

X:QpvapZ VQpS

F’eimin < F’ei < F’eimax i=13 (12)
I-imin = I-i = I-imax i=13

where the objective function to be maximized should

represent the efficiency of the energy and flowngfars in

the system. Such problem can be solved using sténda
nonlinear programming methods (typically by mearfs o

fminconMatlab function). Note also that pump floWs; are
used for the decision variables instead of theespwnding

4.4.Results and analysis

All tests have been applied with three waveformangiut
power.

©
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w
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44
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shared electrical poweP,; in order to avoid the inversion Fig. 13. Zoom on three waveforms of input power



The first waveform (A) is for an input power with aBest results (i.e. the smallest finishing time) mdicated in
theoretical triangle shape. The second waveform (Bpld type in this table. As we can observe, itésessary to
corresponds to an intermittent power issued fromrmdwi investigate the sizing of the three pumps combamatd get
turbine measurements in Guadeloupe (with small §agp an optimal system design. It is interesting to nibigt the
period). Similarly, the third waveform (C) is rala& to a smaller the amplitude of input power (i.e. wHedecreases),
power cycle extracted from wind turbines in Tunigiith the smaller the optimal rated power for the comtimaof
higher sampling period). In the following, the amypde of pumps. It should also be noted that there is angtomupling
the input power waveform is multiplied by severadluction between sizing and environment profile (i.e. shapwl
factorsk varying from 0.45 to 0.7 in order to analyze thentensity of the input power).

coupling between the system environment (i.e. tiaps and

the amplitude of the given input power) and thetesys 6. CONCLUSIONS

efficiency. It can be observed from Table 4 tha thost
appropriate objective function f§ (column in bold type in
Table 4) which corresponds to the maximizatiorhef dutput
power weighted with the level of the tanks. Thigeohive
function can also be considered as robust verspsitin
profiles as it always offers the smallest finishitigne
whatever the power waveform and its reduction fakcto

In this paper, the energy management of a watepmgrand
desalination process has been studied. Based uas static
model validated with a dynamic BG model, an optimal
dispatching strategy has been proposed for shattirg
intermittent input power between different pumps |
particular, the choice of the objective functioredisn this
strategy for assessing the operating efficiency haen
Table 4. Finishing time (in min) for different objective analyzed. It is shown that a robust solution cdssistaking
functions as objective function the sum of hydraulic powersghted

Input Power f , f . o by the associated tank levels. On the other héednfluence

of the pump sizing on the system efficiency is also

A (k=0.7) 637 652 635 628 618 underlined. This justifies new studies in ordeilirteestigate

B (k=0.7) 590 597 597 602 574 global optimization approaches taking account of th

Ck=0.7) | 814 | 823 | 815 815| 804 couplings between the system architecture, sizimjenergy
A(k=0.55)| 777 765 733 732 718 management.

B (k=0.55)| 698 700 694 716| 689
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