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Abstract—A renewable energy hybrid power plant, fed by
photovoltaic (PV) and fuel cell (FC) sources with a supercapac-
itor (SC) storage device and suitable for distributed generation
applications, is proposed herein. The PV is used as the primary
source; the FC acts as a backup, feeding only the insufficiency
power (steady-state) from the PV; and the SC functions as an
auxiliary source and a short-term storage system for supplying
the deficiency power (transient and steady-state) from the PV
and the FC. For high-power applications and optimization in
power converters, four-phase parallel converters are implemented
for the FC converter, the PV converter, and the SC converter,
respectively. A mathematical model (reduced-order model) of
the FC, PV, and SC converters is described for the control of the
power plant. Using the intelligent fuzzy logic controller based on
the flatness property for dc grid voltage regulation, we propose
a simple solution to the fast response and stabilization problems
in the power system. This is the key innovative contribution
of this research paper. The prototype small-scale power plant
implemented was composed of a PEMFC system (1.2 kW, 46 A), a
PV array (0.8 kW), and an SC module (100 F, 32 V). Experimental
results validate the excellent control algorithm during load cycles.

Index Terms—Fuel cells, fuzzy control, flatness control, non-
linear system, photovoltaic, supercapacitor.

NOMENCLATURE
dc Direct current.
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PV Photovoltaic.
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FEpusrEF DC bus energy reference (set-point) (J).

Esc Supercapacitor energy (J).

FEscrEF Supercapacitor energy reference (set-point)
).

Er Total energy at dc bus and supercapacitor (J).

TFC Equivalent series resistance in fuel cell
converter (£2).

PV Equivalent series resistance in solar cell
converter (£2).

e Equivalent series resistance in supercapacitor
converter (£1).
Input variable vector.

T State-variable vector.

Y Output vector.

(), p(-), Smooth mapping functions.

and ()

I. INTRODUCTION

ENEWABLE energy sources are predicted to become

competitive with conventional power generation systems
in the near future. Unfortunately, they are not very reliable.
For example, the PV source is not available during the night or
during cloudy conditions. Other sources such as FCs may be
more reliable but have economic issues associated with them.
Because of this, two or more renewable energy sources are
required to ensure a reliable and cost-effective power solution.
Such a combination of different types of energy sources into a
system is called a hybrid power system [1].

A combination of PV and FC sources forms a good pair with
promising features for distributed generation applications [2].
Obviously, the slow response of the PEMFC [3], [4] needs to be
compensated with a supercapacitor or a battery. A supercapac-
itor storage device is preferable due to its high power density,
high dynamics, and long lifetime [5].

Many researchers have focused their studies on such sys-
tems. Riffonneau et al. [6] have studied the energy management
of a grid connected PV/battery hybrid power plant. Jiang et
al. [7] studied control based on an adaptive control with state
machine estimation of an FC/Li—Ion battery hybrid power
source, and Uzunoglu and Alam [8] have studied control based
on a wavelet-based load sharing algorithm of an FC/SC hybrid
power source.

A classical boost converter is often used as an FC converter
and a PV converter [9], and a classical two-quadrant (bidirec-
tional) converter is often used as a supercapacitor or battery con-
verter. However, the classical converters will be limited when
the power increases or at higher step-up ratios. As such, the use
of parallel power converters (multiphase converters in parallel)
with interleaving may offer better performance [10]. The inter-
leaved converter can benefit both high current and high power
density designs. It is ideal for merchant power applications be-
cause the reduced input ripple current and reduced output ca-
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pacitor ripple current lessen the electrical stress on the dc ca-
pacitors.

Current work on controlling an FC/SC hybrid power plant
is reported in [11], where a linear control using PI compen-
sator was proposed for dc-link stabilization. Design controller
parameters based on linear methods require a linear approx-
imation [12], [13], where this is dependent on the operating
point. Because the switching model of the hybrid power plant
is nonlinear, it is natural to apply model-based nonlinear con-
trol strategies that directly compensate for system nonlinearity
without requiring a linear approximation.

In the early 1990s, the flatness control theory was introduced
by Fliess et al. [14] in a differential algebraic framework. It
is simple, clear-cut, and appropriate for robustness, predictive
control, trajectory planning, and constraints handling. Recently,
this idea has been used in a variety of power electronic systems
[15], [16]. Thounthong [16] has proved with real test bench
results that the flatness-based control of a PV/supercapacitor
power plant is absolutely robust.

The fast response, efficiency, and stability of the operation
of hybrid power plants are of particular interest. In this work,
a hybrid power generation system is studied, consisting of the
following main components: a PV, proton exchange membrane
FCs (PEMFC), and an SC as a high-power density device. In this
study, a novel framework is proposed for the intelligent fuzzy
logic-based flatness control approach of a solar-hydrogen power
generation system with a supercapacitor storage device. The
rest of the paper is structured as follows: Section II describes
the hybrid energy system and modeling of the power plant that
is studied in this work. Section III presents the proposed en-
ergy management algorithm, the proof of the flat system of
the renewable energy power plant, and the control laws and
system stability. Section IV presents test bench results for the
proposed system. Finally, the paper ends with concluding re-
marks in Section V.

1I. SOLAR/HYDROGEN POWER PLANT

A. Structure of Power Converters Studied

The power converter structure of the system studied in this
paper is shown in Fig. 1. The FC and PV converters have
four-phase parallel boost converters and the SC converter has
four-phase parallel bidirectional converters (two-quadrant con-
verters). For optimization in power converters, these converters
connected in parallel, with an interleaved switching technique,
increase the power processing capability and availability of the
power electronic system [10].

For safety and high dynamics, the PV, FC, and SC converters
are primarily controlled by inner current regulation loops classi-
cally. To ensure system stability, the dynamics of the inner reg-
ulation loops are also supposed to be much faster than those of
the outer control loops [13]. These current control loops are sup-
plied by three reference signals: iscRrEF, tPVREF, and iFCREF,
generated by the control laws, presented hereafter.

B. Mathematical Model of the Power Plant

We consider that the PV, FC, and SC currents follow their
reference values perfectly. This is a classical assumption used
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Fig. 1. Proposed circuit diagram of power plant supplied by an FC, a PV,
and SC.

in the cascade control structure in order to estimate the external
control loop. However, the assumption error will be compen-
sated by the intelligent external control loop. Then, the inner
control loops of the PV, FC, and SC powers can be approxi-
mated as a unity gain. The PV power reference ppyvrgr, the FC
power reference prcrer, and the SC power reference pscreF
are

PPVREF = PPV = UPV - IPV (D
PFCREF = PFC = UFC * IFC )
PSCREF = PSC = Usc - isC- 3

The PV panel, the FC generator, and the SC storage device
function as controlled power sources. We assume here that there
are only static losses in these converters, in which rpv, rFc, and
rgo represent the only static losses in the PV, the FC, and the
SC converters, respectively. In real environment, the losses in
converters are varied depending on many factors: temperature,
current flow, etc. However, the estimation error will be com-
pensated by the intelligent controller, presented hereafter. So,
the dc-bus capacitive energy Fp.s and the supercapacitive en-
ergy Fsc can be written as

1

1
Lpys = 50131151/123115: Lso = icscﬂgo 4

The total electrostatic energy £ stored in the dc-bus capac-
itor Cp,s and in the supercapacitor Csc can also be written as

1 1
Er = icBuSlU%us + §CSC,U§C‘ (5)

III. NONLINEAR MODEL-BASED CONTROL OF A POWER PLANT

A. Energy Balance

The main control objectives are stability, high overall effi-
ciency, and fast response. As for supplying energy to the load de-
manded and the charging storage device, the multivariable con-
trol here involves set-point control of the dc-bus voltage vpys
(representing the dc-bus energy Ep,s, called “DC link stabi-
lization”) [11] and set-point control of the SC voltage vsc: (rep-
resenting the supercapacitive energy Fsc).

The principle behind the proposed hybrid energy manage-
ment lies in using the SCs (the fastest energy source) to supply
the energy required to achieve the dc grid voltage regulation (or
the dc bus energy regulation) [11]. Then, the PV and FC, al-
though clearly the main energy source of the system, function
as the generator that supplies energy for both the dc bus capac-
itor Cpys and the C'se to keep them charged.

B. Flatness of the Power Plant Model

For the substantiation of flatness [17], [18], the system
explanation from Section II is examined. To regulate the dc-bus
voltage vpus (DC link stabilization) and the SC voltage vs¢
(state-of-charge), based on the flatness control theory intro-
duced above, the flat outputs ¥, the control input variables u,
and the state variables x are defined as

y= "= Epus u= | “| = |PscreF
Yo Er |’ U PTREF
Z1 VUBus

X = =
)=l

where prrer is the total power from the FC and PV array. From
(4) and (5), the state variables x can be written as

(12)

241 p
el [ V[ e
L= = = (13)
L2 2(y2—y1)
\/ Csg ¥2 (y1, y2)
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Fig. 2. Control law based on the differential flatness theory of the dc-bus energy regulation for PV/FC/SC hybrid power plant.

From (6) to (11), the control input variables # can be calcu-
lated from the flat output y and its time derivatives

U1 = 2PSCLim

Y1+ \/CB; " %Load — PFCo — PPVo
1— 11— :

PsCLim
= P1(y1, ) (14)
92 + '\/ C%g; : iLoad
Uy = 2pTMax - |1 — |1 —
PTMax
= P2(y1,92) (15)
where
2 2
v v
PSCLim = SC y  PTMax = L. (16)
47‘5@ 47‘T

PsCLim 18 the limited maximum power from the SC converter,
v is the virtual voltage from the FC and PV power generators,
and 7 is the virtual static losses in the FC and PV power con-
verters.

In fact,
(17

PTMax = PPCMax T PPVMax

where proaiax 1S the maximum FC power and ppynax 1S the
maximum PV power.

Thus, it is understandable that z; = 1(y1),22 =
2y, y2)sur = Pi(y1, 1), and ux = Po(y1,92). The
proposed reduced order model can be studied as a flat system
[17], [18].

C. DC Link Stabilization

Fuzzy control algorithms offer many advantages over tradi-
tional controls because they give fast convergence, are param-
eter insensitive, and accept noisy and inaccurate signals [19],
[20]. In recent years, it has been used in many control applica-
tions where the system is complex [21], [22].

The control objective is to regulate the dc bus voltage vpys
or the dc bus energy Ep..(= y1). The controller contains a
Takagi—Sugeno (T-S) inference engine and two fuzzy inputs:
the energy error ¢1(= yirer — %1) and the differential energy
error ¢1, which are carefully adjusted using the proportional
gain K p and the derivative gain K p, respectively. In addition,
the fuzzy output level can be set by the proportional gain K
(Fig. 2).

Triangular and trapezoidal membership functions are chosen
for both of the fuzzy inputs, as shown in Fig. 3(a). There are
seven membership functions for each input, including N3
(Negative Big), NM (Negative Medium), NS (Negative
Small), Z (Zero), P (Positive Big), PM (Positive Medium),
and PS (Positive Small). For the singleton output membership
function, the zero-order Sugeno model is used, where the
membership functions are specified symmetrically, as follows:
NB =-1,NM = —0.66, NS = —0.33, Z = 0, PB = 1,
PM = 0.66, and PS = 0.33, as presented in Fig. 3(b).

For the rule base, expert suggestions, an experimental ap-
proach, and a trial and error technique were used to define the
relationships between the inputs and the output. The data repre-
sentation was in the form of an /F-THEN rule, as shown in the
following example:

IF e1; is NS and ¢é1; is NS

THEN zj(=output) is NB.

As shown in Fig. 3(c), the total number of rule bases is, there-
fore, equal to 49 rules. To obtain the output of the controller, the
center of gravity method for the COGS of the singletons is uti-
lized as

N

E Wi z;
_ =1

U= (18)
> wi
i=1
where the weights (w;) can be retrieved from
w; = max(ey;, é1;). (19)
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Fig. 3. Rule base and membership functions. (a) Input membership functions.
(b) Output membership function. (c) Rule base.

D. Charging Supercapacitor

Because the SC energy storage has a massive size capacity,
and the supercapacitive energy is defined as a slower dynamic
variable than the dc-bus energy variable. Then, the proposed
control law is [23], [24]

(92 — YorEr) + Ko1(y2 — vorEr) = 0. (20)

This yields

Y2 = YorEF + Ko1(yomEF — ¥2) 2n

where yorgr is the reference of total electrostatic energy, refer
to (5), and K»; is the control parameter.

From (20), if we define es = yo — yorer, K21 = 1/75, we
obtain

TS'(.Z2+(22:0‘ (22)

Substituting the expression for g from (21) into (15) gives
the equation for the closed-loop static state feedback, in which
one obtains the inverse dynamics

u2 = 2(y1, ¥2) = PTREF

= PPVDEM + PFCDEM (23)

where ppyvpewM 1S the PV power demand and prepgnm 1s the FC
power demand.

The total energy control law (or the SC energy control law)
generates a total power reference prrer, as shown in Fig. 4.
First, prrEr is considered as the PV power demand ppvpEn.
It must be limited in level, within an interval maximum ppyiax
(maximum power point tracking MPPT) and minimum ppynin
(setto 0 W). Several approaches have been devised for tracking
MPP accurately for PV cells [25], [26]. Some of the popular
ones are the perturbation and observation algorithm (P&O)
method [27]. Based on P&O MPPT, the pseudocode for the
PV power saturation function studied here is described in
ALGORITHM 1, where Alpy is the defined PV current step
size and Atpy is the sampling time. Note that this sampling
time must be higher than a main program sampling time.

ALGORITHM I: MPPT for PV

BEGIN
READ ppvpEM(?)
READ vpv (1)
READ ipv (f)
prv(t) = vpv(t) X ipv(?)
ppv(t — Atpy) = vpv(t — Atpy) X ipv(t — Atpy)
IF ppy(t) > ppy(t — Atpy) THEN
IF ipy(t) > ipv(t — Atpy) THEN
iPvMax(t) = ipv(t) + Alpy
ELSE
ipvMax(f) = tpv(t) — Alpy
ELSEIF
ELSE
IF ipy(t) > ipv(t — Atpy) THEN
iPvMax(t) = ipv(t) — Alpy
ELSE
ipvMax(f) = ipv(t) + Alpy
ELSEIF
ENDIF
PPvMax(t) = vpv(t) X ipvMax(t)
pevrer(t) = min[ppvpem(t), ppvitax(t)]
vpy (t — Atpy) = vpy(f)
ipyv(t — Atpy) = ipv(t)

END

Second, the difference between the total power reference
prrer and the PV power reference ppygrer is the FC power
demand propeMm . It must be limited in level, within an interval



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

Voltage-to-Energy
Transformation

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY

Control Law
Vscrer lo 2 Escrer  Errer PLoad >
9. SC SCREE +T+ Inverse VBus»—
£ B ner By Dynamics Vpy Ipy PV Power
. (21) > Control Loop
Voltage-to-Energy S
Transformation PLoad»—» (15)_ PTREF | MPPT PPVREF >l 7 prv (6), Jvsc
Vsc . [IARSE Esc Er VEC »—pf V20132) e L 7 >
gl et +T+ VPV »>—p| +y.- '
s VEC IEC FC Dynamic FC Power
Limitation  Control Loop
"CDE MPPT | Prcset PFCREF Prc
PFCDEM > 24— 1 >
P S
5 Equivalent Model
Control Law  plant
Errer '
Er

Fig. 4. Control law of the total energy regulation (charging supercapacitor) for PV/FC/SC hybrid power plant.

maximum prcnMax and minimum promin (set to 0 W) and lim-
ited in dynamics to respect the constraints that are associated
with the FC [4]. Based on P&O MPPT, the pseudocode for the
FC power saturation function is similar to ALGORITHM 1.
The typical polarization curve of a PEMFC is dependent on
many factors: temperature, humidity, cell current, etc., [28],
[29]. Moreover, the lifetime target requires PEMFCs to achieve
5000 h for mobile and 40000 h for stationary applications.
Normal degradation targets require less than 10% loss in the
efficiency of the fuel cell system at the end of life, and a degra-
dation rate of 2-10 xV-h~! [30], [31]. For these reasons, the
MPPT for FC is obligatory. So, to limit the transient FC power
[32], [33], a low-pass filter (second order) is employed such
that the power demand prcger from MPPT is always limited by

L t _
T — —e¢ 71) (24)

prorer () = prose(t) - (1 —e -
1

where 71 is the control parameter.
IV. PERFORMANCE VALIDATIONS

A. Test Bench Description

To authenticate the performance of the modeling and con-
trol system, a test bench was implemented. The small-scale test
bench of the renewable power plant was implemented in our
laboratory, as presented in Fig. 5. The prototype FC converter
of 1 kW, the PV converter of 0.8 kW, and the SC converter of
2 kW (refer to Fig. 1) were realized in the laboratory. Specifica-
tions of the real power sources and storage device are detailed
in Table I. Note that the PV panel is installed on the roof of the
laboratory building (Fig. 5). It means that the PV energy pro-
duction is directly from the sun.

The efficiency of each converter is around 85%, because the
implemented converters are hard-switching converters. So, the
power losses can be observed in the following experimental re-
sults. To improve the converter efficiency, soft-switching con-
verters may be effective solutions for future work.

B. Control Description

The parameters associated with the dc-bus energy regulation
loop are summarized in Table II. Note that K, fuzzy logic con-
troller is negative value because of the membership function and
rule base as presented in Fig. 3. Parameters associated with the
SC energy regulation loop are detailed in Table III. The FC, PV,
and SC current regulation loops were realized by analog cir-
cuits. The two energy control loops, which generate current ref-
erences {FCREF: tPVREF and iscrEF, were implemented in the
real time card dSPACE DS1104 (see Fig. 5), through the math-
ematical environment of Matlab-Simulink, with a sampling fre-
quency of 25 kHz.

C. Experimental Results

Fig. 6 presents waveforms that are obtained during the long
load cycles measured on March 29, 2011. The experimental tests
were carried out by connecting a dc link loaded by an elec-
tronic load. The load will be varied in order to emulate the
real environment: light load, over load, positive transition (),
and negative transition (] ). The data show the dc bus voltage,
the FC voltage, the load power, the SC power, the FC power,
the PV power, the SC current, the FC current, the PV current,
and the SC voltage. In the initial state, the small load power is
equal to 280 W, and the SC storage device is full of charge, i.c.,
vsc = VscNom = VYSCREF 25 V; as a result, the photo-
voltaic source supplies power for the load of 280 W (because
PPVMax > PPVDEM, then ppvrer = ppvpew), and the FC
and SC powers are zero.

At9:00:50, the large load power steps from 280 W to the final
constant power of 900 W (positive load power transition). The
following observations are made:

1) The SC supplies most of the transient step load.

2) Concurrently, the photovoltaic power increases to a max-
imum power point (MPP) of around 350 W, which is lim-
ited by the maximum power point tracker (MPPT), because

PPVMax < PPVDEM, then ppyvREF = PrvMax-
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Fig. 5. Photograph of the experimental setup.

3) At the same time, the FC power increases with limited dy-
namics to MPP of around 430 W.

4) The input from the SC, which supplies most of the tran-
sient power that is required during the stepped load, slowly
decreases and the unit remains in a discharge state after
the load step because the steady-state load power (approx-
imately 900 W) is greater than the total power supplied by
the photovoltaic array and fuel cell. This state is known as
the ride-through mode.

After that, at 9:02:10, the load power steps from 900 to 280 W
(negative transition) and Vscrer(= 25 V) > vsc(= 17V). As
a result, the SC changes its state from discharging to charging,
demonstrating the four phases.

TABLE I
SPECIFICATIONS OF POWER SOURCES AND STORAGE DEVICE

Fuel Cell System (by Ballard Power Systems Inc):

Rated Power 1,200 W
Rated Current 46 A
Rated Voltage 26 \%

Photovoltaic Array (by Ekarat Solar Company):
Number of Panels in Parallel 4

Panel Open Circuit Voltage ~ 33.5 \%
Panel Rated Voltage 26 A%
Panel Rated Current i A
Panel Rated Power 200 W
Array Rated Power 800 W

Supercapacitor Bank (by Maxwell Technologies Comp):
(Cell Model: BCAP1200)

Number of Cells in Series 12
Cell Capacity 1,200 E
Cell Maximum Voltage 24 v
Bank Capacity (Csc) 100 F
Bank Maximum Voltage 32 \%
TABLE II
DC-BuUSs ENERGY CONTROL LOOP PARAMETERS
VBusrER 60 A%
Chus 12200 uF
Kp 0.15
Kp 0.15
Ko -200
Ipy 0.13 Q
FrC 0.13 Q
rsc 0.08 Q
VSCMax 32 v
Vscmin 15 Vv
I SCRated 1 50 A
TABLE III
SUPERCAPACITIVE ENERGY CONTROL LOOP PARAMETERS
VSCREF 25 \Y
Csc 100 B
Ksi 0.1 w-J!
P¥cMin 0 W
IFCMax (Rated) 46 A
IFCMin 0 A
T\ 5 S

1) First, the FC and PV still supply their total limited max-
imum powers for driving the load and for charging the SC,
intelligently.

2) Second, at 9:02:35 (vs¢ = 23.5 V), the SC is nearly
charged at 25 V; which then reduces the charging power.
As a result, the FC power is reduced to zero.

3) Third, at 9:03:00 (vgc = 24.5 V), the SC is nearly fully
charged at 25 V; as a result, the PV power is reduced.

4) Fourth, at 9:03:20, the SC is fully charged (Vscrer =
vge = 25.0 V). As a result, the FC and SC powers are
zero; the PV source supplies power for the load of 280 W.

During the experiment, the FC maximum power is limited by

the MPPT and the PV maximum power is limited by the MPPT.
Exceptionally, one can observe that the power plant is always
energy balanced (pLoaa = prv + prc + psc) by the proposed
original control algorithm.

The oscilloscope waveforms in Fig. 7 show the dynamic

response of the dc bus voltage dynamics to the large load power
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Fig. 6. Experimental results: Power plant response during load cycles.

demands (disturbance) from 0 to 900 W. The oscilloscope
screens show the dc bus voltage, the SC voltage, the load
power, and the SC power. The PV and FC power dynamics
were purposely limited, forcing the SC to supply the transient

B e Do e e e by ey i e e o e e
9:00:00  9:00:50  9:01:40  9:02:30  9:03:20  9:04:10  9:05:00  9:05:50  9:06:40  9:07:30  9:08:20

Time

load power demand. The proposed fuzzy-logic controller shows
good stability and an optimum response (no oscillation and
short settling time) for the regulation of the dc bus voltage to
the desired reference of 60 V.
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Fig. 7. Experimental results of the dynamic characteristics of the power plant
during a step load from 0 to 900 W.

Finally, to compare the performance of the proposed control
law, a traditional linear PI control method presented in [11] was
also implemented on the test bench. In order to give a rational
comparison between the methods, the parameters of the linear
controller K'p and K; were tuned to obtain the best possible
performance. The desired phase margin (PM) was tuned at 30°
and 60°. This result was compared to the fuzzy-flatness-based
control. Fig. 8 shows experimental results obtained for both con-
trollers during the large load step. The fuzzy-flatness-based con-
trol shows good stability and optimum response of the dc-bus
voltage regulation to its desired reference of 60 V. Although
dynamic response of the linear control law could be improved
relative to that shown in the figures, this enhancement comes at
the expense of a reduced stability margin (overshoot and oscilla-
tion). From these results, we conclude that fuzzy-flatness-based
control provides better performance than the classical PI con-
troller.

V. CONCLUSION

The key contribution of this paper is to authenticate the in-
telligent fuzzy logic control based on differential flatness esti-
mation of a PV/FC/SC hybrid power plant for standalone ap-
plications. The prototype power plant studied was composed of
a PEMFC system (1200 W), a PV array (800 W), and an SC
module (100 F). Its working principle, analysis, and design pro-
cedure were presented. The PV is the main source, while the FC
serves as a support source to compensate for the uncertainties of
the PV source in the steady state. The SC functions as a storage
device (or an auxiliary source) to compensate for the uncertain-
ties of the PV and FC sources in the steady state and transient
state.

Using the intelligent fuzzy logic control for dc link stabiliza-
tion based on the flatness property, we proposed simple solution
to the fast response and stabilization problems in the nonlinear
power electronic system. This strategy is based on a standard
de link voltage regulation, which is simpler than standard state

!
0 20 40 60 80 100 120 140 160 180 200
Time (ms)
Fig. 8. Comparison of the fuzzy-flatness based control law with a linear PI
control law during a large load step.

machines used for hybrid source control, and free of chattering
problems. This is the novel concept for this kind of applica-
tion. Experimental results authenticated the control algorithm
and control laws.
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