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bstract

The combination of an electrolyzer and a fuel cell can provide peak power control in a decentralized/distributed power system. The
lectrolyzer produces hydrogen and oxygen from off-peak electricity generated by the renewable energy sources (wind turbine and photovoltaic
rray), for later use in the fuel cell to produce on-peak electricity. An issue related to this system is the control of the hydrogen loop (electrolyzer,
ank, fuel cell). A number of control algorithms were developed to decide when to produce hydrogen and when to convert it back to electricity,

ost of them assuming that the electrolyzer and the fuel cell run alternatively to provide nominal power (full power). This paper presents a
omplete model of a stand-alone renewable energy system with hydrogen storage controlled by a dynamic fuzzy logic controller (FLC). In this
ystem, batteries are used as energy buffers and for short time storage. To study the behavior of such a system, a complete model is developed

y integrating the individual sub-models of the fuel cell, the electrolyzer, the power conditioning units, the hydrogen storage system, and the
atteries. An analysis of the performances of the dynamic fuzzy logic controller is then presented. This model is useful for building efficient
eak power control.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The global energy situation tends to become more com-
lex as the demand grows faster than the offer. With many
eveloping countries lacking the resources to build power
lants and distribution networks and the industrialized coun-
ries that face insufficient power generation and greenhouse
as emission problems, new solutions to the energy issue
re needed. Distributed generation system that use renew-
ble energy resources could be a part of the solution [1–12].
hese systems address both the economical and environ-
ental issues of the problem. The Hydrogen Research Insti-
ute (HRI) has developed and implemented an autonomous
enewable energy systems (RES) that uses wind and solar
nergy to power a load autonomously (Fig. 1). This is done by
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E-mail address: kodjo agbossou@uqtr.ca (K. Agbossou).

RL: http://www.irh.uqtr.ca/.

s
f
s
V
o
c
w

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.04.038
rgy conversion

toring the excess energy produced by the sources in hydro-
en by using an electrolyser and to provide on-peak energy
y reconverting this hydrogen into electricity with a fuel cell
hen the weather is bad. There is also a battery stack that

s used to maintain a constant the DC bus voltage and to
tore short-term energy. A control system was developed to
etermine when to produce hydrogen and when to convert
t back to electricity. The control algorithm is based on the
atteries’ state-of-charge (SOC) and it relies on fixed SOC
imits to determine when to start the electrolyzer or the fuel
ell [2,6,12,13]. However, this method presents two impor-
ant shortcomings: it does not take into account the system’s
tate except for the batteries’ SOC and it does not allows
or the control of the hydrogen’s rate of production or con-
umption, which could help manage the energy in the system.

osen and Keller [12] also presented a control method based
n neural networks. This controller uses the system’s state to
ontrol the hydrogen storage loop but it presents an important
eakness: the controller must be provided with high quality
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Fig. 1. Renew

istorical data to be efficient. This paper presents a dynamic
ontroller that overcomes these issues by using fuzzy logic.
he proposed fuzzy logic controller (FLC) determines the
ppropriate hydrogen’s rate of production/consumption as a
unction of the system’s power inputs and outputs and the
atteries’ SOC. The chosen rate is then applied to the elec-
rolyzer or the fuel cell by using local power control loops
round these devices. A model of the RES used to design and
alidate the proposed controller is first presented. The design
f the FLC itself is then presented. The simulation parameters
hat were chosen to test the controller and the results analysis
re finally given.

. System’s model

A complete model of the RES was developed in order to
esign and validate an adequate controller. The model was
uilt using sub-models for each individual component. The

odel described in [14] was used as a base but a few modifi-

ations were made to include the new control system. Among
hem, the most important is the addition of local power con-
rollers for the electrolyzer and the fuel cell. These controllers

c
I

a

ergy system.

re implemented using the buck converter for the electrolyzer
nd the boost converter for the fuel cell. The power convert-
rs’ duty cycle were thus eliminated as a variable in the system
nd then replaced by their output power. Moreover, since the
onverters’ dynamic is considered to be much faster than that
f the system, it was neglected and the converters are treated
s devices providing a fixed output power (this output power
s determined by the set point decided by the FLC).

.1. Batteries model

The batteries stack is the element linking together each
omponent of the RES. Since it is connected in parallel with
he DC bus and it acts as an energy buffer, the current flowing
nto or from the batteries is defined by (1):

B(t) = IPV(t) + IWind(t) + IBo(t) − IBu(t) − ILoad(t) (1)

here IPV(t) is the photovoltaic array’s current (A), IWind (t) is
he wind turbine’s current (A), IBo (t) is the boost converter’s

urrent (A), IBu (t) is the buck converter’s current (A), and
Load (t) is the load current (A).

This current is positive when the batteries are charging
nd negative otherwise. Knowing the current, it is possible to
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educe the voltage by:

B(t) = (1 + αt)UB,0 + RiIB(t) + KiQR(t) (V) (2)

here α is the self-discharge rate (Hz), UB,0 is the open-
ircuit voltage at time 0 (V), Ri is the internal resistance (�),
i is the polarization coefficient (� h−1), and QR(t) is the rate
f accumulated charge.

The total energy stored in the batteries is given by:

B(t) = EB,0 + 1

3600

∫
IB(t) dt (Ah) (3)

here EB,0 is the batteries’ initial energy (Ah).
Substituting (1) into (3), it is possible to express the bat-

eries’ energy in the Laplace domain using this equation:

B = EB,0 + IPV + IWind + IBo − IBu − ILoad

3600s
(Ah) (4)

inally, this energy can be expressed as a state-of-charge
sing the following equation:

OCB = 100 × EB

EB,max
(%) (5)

here EB,max is the total capacity of the batteries (Ah).

.2. Electrolyzer’s and buck converter’s model

This part of the system can be represented by a power
ource (the buck converter) feeding the power needed by
he electrolyzer. As previously stated, the buck converter
ynamic is negligible compared to the electrolyser one. The
onverter was thus modeled as an ideal power source where
he ratio from its output power to its input power is dictated
y its efficiency.

El = ηBuPBu (W) (6)

here ηBu is the efficiency of the buck converter and PBu is
he buck converter’s input power (W).

The converter’s output voltage and current are dictated by
he electrolyzer. The voltage is first defined by:

El = PEl

IEl
(V) (7)

here IEl is the electrolyzer’s current (A).
This voltage can also be expressed by (8) and is related to

he electrolyzer’s current and temperature.

El = UEl,0 + C1ElTEl(t) + C2El ln

(
IEl(t)

IEl,0

)

+RElIEl(t)

TEl(t)
(V) (8)

here UEl, 0 (V), C1El (V ◦C−1), C2El (V), REl (� ◦C) and

El,0 (A) are constants that were determined experimentally;
nd TEl (t) is the cells’ operating temperature (◦C).

Substituting (7) into (8), it is possible to obtain an equation
inking the electrolyzer’s current to the converter’s output

2

t
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ower. Since the hydrogen’s rate of production is directly
roportional to the electrolyzer’s current (9), it is possible to
ontrol it by varying the buck converter’s set point.

˙El = NCell,El
ηI,ElIEl(t)

CH2

(l s−1) (9)

here V̇El is the hydrogen production rate, NCell,El is the num-
er of cells, ηI,El is the electrolyzer’s utilisation factor, and
H2 is a conversion coefficient (Ah l−1).

.3. Fuel cell’s and boost converter’s model

This part of the RES is very similar to the buck con-
erter/electrolyzer group. In the same way, the boost con-
erter is represented as an ideal power source that delivers a
hosen power to the dc bus. The ratio from its output power
o its input power is also directly related to its efficiency (10).

Bo = ηBoPFC (W) (10)

here ηBo is the boost converter’s efficiency and PFC is the
oost converter’s input power (W).

Again, the converter’s input voltage is fixed by the fuel
ell and is described by (11) and (12).

FC = PFC

IFC
(V) (11)

here IFC is the fuel cell’s current (A).

FC = UFC,0 + C1FCTFC(t) + C2FC ln

(
IFC(t)

IFC,0

)

+RFCIFC(t)

TFC(t)
(V) (12)

here UFC,0 (V), C1FC (V ◦C−1), C2FC (V), RFC (� ◦C) and
FC,0 (A) are constants that were determined experimentally,
nd TFC(t) is the fuel cell’s operating temperature (◦C).

The substitution of (11) in (12) gives an expression linking
he fuel cell’s current to the boost converter’s input power.
his expression is useful to determine the hydrogen’s rate of
onsumption by the fuel cell (13).

˙FC = NCell,FC
ηI,FCIFC(t)

CH2

(l s−1) (13)

here V̇FC is the hydrogen consumption rate, NCell,FC is the
umber of cells, ηI,FC is the fuel cell’s utilisation factor, and
H2 is a conversion coefficient (Ah l−1).

Using (10) to relate the boost converter’s output power to
ts input power, it is then possible to vary the hydrogen’s rate
f consumption by changing the converter’s set point.
.4. Hydrogen storage’s model

The model for the hydrogen’s production and consump-
ion rate allows for the derivation of an expression giving the
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nergy stored as hydrogen:

H2 = EH2,0 +
∫

(PEl − PFC) dt (kJ) (14)

here EH2,0 is the initial energy stored as hydrogen (kJ), PEl
s the electrolyzer’s power production rate (as hydrogen), and
FC is the fuel cell’s power consumption rate (as hydrogen).

The following equations relate power production and con-
umption rates to the hydrogen’s production and consumption
ates of the electrolyzer and the fuel cells:

El = V̇El �H

VT
(kJ s−1) (15)

FC = V̇FC �H

VT
(kJ s−1) (16)

here �H is the hydrogen’s enthalpy (kJ mol−1) and VT is a
onversion constant (l mol−1).

Combining (14), (15) and (16) in the Laplace domain, the
et hydrogen’s production can be derived:

H2 = EH2,0 + 1

s

(
V̇El �H

VT
− V̇FC �H

VT

)
(kJ) (17)

he hydrogen’s storage level is therefore:

L = 100 × EH2

EH2,max
(%) (18)

. Fuzzy logic controller

The RES’ global controller is critical to manage efficiently
he energy flow in the system. There are two main objectives
hat must be considered when designing the controller. The
rst objective is to reduce the energy transfers from the short-

erm storage to the long-term storage and vice-versa when
ossible. Storing energy as hydrogen is very costly in terms
f efficiency, it is then preferable to use the long-term storage
nly when there’s a large quantity of excess energy and there’s
ufficient energy in the batteries to provide for the short-term
emand. On the other hand, the fuel cell must be started only
hen the load consumption is much higher than the power
roduced by the sources. The second objective is to prevent
busive use of the batteries. Although the batteries are of
deep-cycle” type, they must not be discharged too deeply
nd for a long time in order to lengthen their lifetime. The
ontroller must then control the batteries’ state-of-charge to
void these situations.

Since, the wanted behaviour is well known and can be
escribed using linguistic variables, the use of a FLC seems
ppropriate. This type of controllers presents many advan-
ages for this system. First of all, it allows us the use of
ultiple input variables without increasing the controller’s
omplexity. It also simplifies the controller’s design since
he wanted behaviour can be described easily in words but it
ould be difficult to express mathematically. It is more con-

o
t
b
s

wer Sources 162 (2006) 757–764

enient than a classical expert system because the behaviour
or the entire range of inputs can be defined by using only a
ew rules. Finally, there’s no need for historical data, which
s an important advantage over other types of “intelligent”
ontrollers such as neural networks and genetic algorithms.

.1. FLC’s structure

The wanted behaviour, as described above, was imple-
ented with the help of two input variables: the net power
ow (dP) and the batteries’ SOC. The net power flow is sim-
ly the difference between the power provided by the sources
nd the power consumed by the loads. This information is
seful to determine whether there is excess energy available
r not and how much. The batteries’ SOC is used to pre-
ent a deep discharge of the batteries and to know how much
hort-term energy is available. Both values are normalized
o simplify their representation in the FLC. The net power
ow is also filtered by a low-pass filter with a very low time
onstant. This filtering is important to avoid running the elec-
rolyzer and the fuel cell for very short period of time. It is
ffectively more efficient to use these devices for at least a
ew minutes at a time since they operate more efficiently at
igh temperatures and their temperature rise only when they
re in operation [15,16]. Moreover, the electrolyzer stores its
ydrogen production in a small buffer tank and it transfers this
ydrogen in the main tank only once it is full. Since this buffer
ank is emptied in the atmosphere when the electrolyzer starts
p, it is easy to figure that most of the production would be
ost if the electrolyzer is started up frequently for very short
eriod of time.

The FLC output variable is a power set point. When the
utput is positive, the set point is sent to the boost converter
nd the fuel cell is started. On the other hand, when the output
s negative the set point is sent to the buck converter and
he electrolyzer is started. It is important to note that the

inimum set point was fixed to 500 W since their efficiency
s too low below this threshold [15,16]. If the FLC’s output
s below this value, both the electrolyzer and the fuel cell are
topped.

.2. Membership functions

In order to keep the controller simple, only three mem-
ership functions for each input were used. The linguistic
ariables positive (P), zero (Z) and negative (N) along with
riangular functions were used for the net power flow and the
ower set point (Fig. 2).

The batteries’ SOC input was divided using the variables
ow (L), normal (N) and high (H), as shown on Fig. 3. In
his case, trapezoidal functions were preferred to triangular
unctions because these functions are more appropriate to

btain the wanted behaviour. It is desirable, per example,
hat the controller starts the fuel cell at high power when the
atteries are mostly discharged. The SOC must then be con-
idered as “fully” low when it is below a minimum threshold.
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Fig. 2. Membership functions for the net power flow (dP) and the power set
point (P*).
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Fig. 3. Membership function for the batteries’ SOC.

his behaviour is easily obtained with the use of trapezoidal

unctions.

The exact shape of each membership function was deter-
ined using the control surface (Fig. 4) to produce the wanted

Fig. 4. Control surface.
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ehaviour. The control surface shows that the power set point
ill be more positive (the fuel cell will be started) if the SOC

s lower and/or the net power flow is more negative. On the
ther hand, the power set point will be negative (the elec-
rolyzer will be started) if the SOC is sufficiently high and
he net power flow is more positive.

.3. Rules

The controller’s behaviour is also defined by the FLC’s
ules. Always in the sake of simplicity, the number was min-
mized. The rules were chosen very intuitively following the
uidelines previously enounced:

if the net power flow is negative then the power set point
is positive;
if the net power flow is zero then the power set point is
zero;
if the net power flow is positive and the SOC is high then
the power set point is negative;
if the SOC is low, then the power set point is positive;
if the SOC is high, then the power set point is negative.

It is important to specify that the implication operator is
IN and the aggregation operator is MAX. The output is

efuzzified using the centroid method.

. Simulation

In order to simulate the system, the model described in
ection 2 was implemented in Matlab/Simulink (Fig. 5) and

he designed fuzzy logic controller was defined using the
uzzy Logic Toolbox. What was wanted is an overview of

he system’s behaviour over a long period of time. To achieve
his, the system was simulated for a complete week using an
ntegration step of 60 s. While this value is high, this has
o significant impact on the precision of the results because
here’s no fast dynamics in the model. Moreover, the real con-
roller will be implemented using similar time constants. The

odel needs three inputs: the wind turbine power, the photo-
oltaic array (PV) power and the loads power. Real data was
sed to represent the reality more closely. The wind turbine
nd PV array power data come from a database containing
easures from the HRI’s wind turbine and PV array. The

ata for a typical July week was used. The load data was
indly provided by Hydro-Québec and it represents power
onsumption data for a typical residence, also for a week in
uly.

Since the controller makes sure that the electrolyzer and
he fuel cell are not used for less than a few minutes at a time,
he effect of the temperature was neglected. The temperatures

ere assumed to be the nominal values.
Finally, all the model’s parameters were determined exper-

mentally by Kélouwani et al. [14]. They are presented in the
able 1.
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Fig. 5. System’s Sim

Table 1
Measured and known parameters

Section Parameter Value Parameter Value

Batteries α (Hz) ∼0 Ri (�) 0.076
UB,0 (V) 48 Ki ∼0

Electrolyzer UEl,0 (V) 22.25 REl (� ◦C) −3.3189
C1El (V ◦C−1) −0.1765 C2El (V) 5.5015
IEl,0 (A) 0.1341 NCell,El 24
ηI,El 0.7 CH2 (Ah l−1) 8604
ηBu 0.95

Fuel cell UFC,0 (V) 33.18 RFC (�◦C) −2.04
C1FC (V ◦C−1) −0.013 C2FC (V) −1.57
IFC,0 (A) 8.798 NCell,FC 35
ηI,FC 0.45 CH2 (Ah l−1) 8604
ηBo 0.95
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e
energy stored as hydrogen increases on the first and the sev-
enth days and it decreases on the other days. These results
are not surprising since the chosen site for the wind turbine
is not very windy. However, this situation could be improved
ydrogen storage �H (kJ mol−1) 286 VT (l mol−1) 22.4

. Results

The model was simulated under the conditions described
bove. Fig. 6 shows the net power flow in the system and
he power exchanges with the hydrogen storage sub-system
nd Fig. 7 shows the energy storage’s state during the entire
imulation.

The first remarkable characteristic is that the FLC is able to
eep the batteries’ SOC above 50% during the entire week,
hus helping to increase the batteries’ lifetime. It is effec-

ively known that deep discharges of the batteries could be
ery damageable [17]. The second characteristic is that the
atteries really act as a short-term energy buffer and their
OC varies very slowly. This avoids many charge-discharge
ulink model.

ycles to the batteries, thus again contributing to extend their
ifetime.

Fig. 6 clearly shows that when the net power flow is posi-
ive in the system, the electrolyzer is started to store hydrogen.
n the other hand, the fuel cell is started when there is not

nough energy available to power the load. This way, the
Fig. 6. System’s power flow.
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[10] J.P. Vanhanen, P.D. Lund, Int. J. Hydrog. Energy 20 (1995) 575–585.
Fig. 7. System’s energy storage.

y installing the system on a better site or by adding PV
rrays to the system. However, these results illustrate very
ell the usefulness of the hydrogen storage system. Power-

ng the load continuously from the second day to the sixth
ay required about 66 kWh of energy storage. Stored in bat-
eries, this means seven supplementary batteries stacks (56
atteries), thus increasing substantially the storage space, the
nitial cost of the system and the required maintenance. More-
ver, the extrapolation of these results for a complete month
emonstrates clearly that the batteries are inadequate to store
ong-term energy. Providing sufficient power for a similar

onth would effectively require the addition of 224 batter-
es, whereas a slight increase of the hydrogen tank size would
e sufficient.

The analysis of these results thus shows that the fuzzy logic
ontroller behaves as expected. It is able to keep the batteries
rom being discharged too deeply, to keep the load powered
ontinuously and to store energy as hydrogen when possible.
oreover, the fuel cell and the electrolyzer are always started

or a few minutes each time, thus increasing their efficiency.

. Conclusion

This paper presented a dynamic controller for a renewable
nergy system that uses a wind turbine and a PV array to feed
ower to a load, store excess energy in batteries or in hydrogen
ia an electrolyser. The stored hydrogen is used for electricity
eneration by using a fuel cell. The proposed controller uses
uzzy logic to decide when to produce hydrogen or convert
t back to electricity and at what rate. The use of fuzzy logic
s interesting for this application since it allows to easily use
ultiple inputs and to describe the controller’s behaviour with
nly a few rules defined by a few linguistic variables. This
ay, the designed controller uses the net power flow (the
ifference between the power provided by the sources and

[

wer Sources 162 (2006) 757–764 763

he power consumed by the loads) and the batteries’ state-
f-charge as inputs to determine a power set point for the
lectrolyzer and a power set point for the fuel cell.

In order to design and validate the controller, a com-
lete model of the renewable energy system was elaborated.
his model is composed of a sub-model for each individual
omponent of the system. All the model’s parameters were
etermined experimentally to obtain results that are closer to
he real system.

The system was simulated for a complete week with real
ources power data collected at the HRI and load data pro-
ided by Hydro-Québec to observe the controller’s behaviour.
t was possible to determine that the controller effectively
ehaves as expected, meaning that it was able to maintain
n adequate SOC while powering the load continuously and
toring hydrogen when possible. Although this simulation
esults showed that the system would ’not provide enough
nput energy to power a typical residential load in July for a
ery long time, this situation illustrated very well the need for
he hydrogen storage sub-system. Storing 1 week of energy
nly in batteries would be very costly and would imply a lot
f maintenance.
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15] A. Anouar, Évaluation et contrôle d’un système hybride à énergie
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électrique et de génie informatique, Université du Québec à Trois-
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