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Abstract: The fuel cell has become a promising alternative to fossil sources due to its clean and
efficient energy. However, it is challenging to connect the fuel cell generator to the electrical grid
due to the high nonlinearity of the fuel cell. This paper deals with the problem of controlling
a Proton-exchange membrane fuel cell connected to the electrical grid. In fact, a high step-up
DC stage composed of an interleaved boost and a three-level boost converter, is used to ensure
the maximum point power tracking, and to enhance the fuel cell voltage. Then the DC power is
delivered to a half-bridge inverter and injected into the grid via an LCL filter. This study aims to
design a nonlinear controller based on the sliding mode approach in order to ensure the following
objectives: i) Guarantee the maximum power of the PEM Fuel cell ii) Guarantee the proper
current sharing among models of IBC. iii) Regulate the interior voltage in order to improve and
stabilize the FC energy. iv) Regulate the DC link voltage. v) Ensure the three-level boost series
voltage balance. vi) Ensure the power factor correction. The efficiency of the proposed controller
is verified and validated through numerical simulation using Matlab Simulink environment.

Copyright © 2020 The Authors. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0)
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1. INTRODUCTION

Today, the widening gap between fuel production and
global energy needs is causing a significant increase in fossil
fuel (FF) prices. On the other hand, renewable energies
such as wind, solar, and hydrogen have become promis-
ing alternatives to supply the energy market, thanks to
their low cost, their abandonment, and their clean energy.
Among these resources, the Proton-exchange membrane
fuel cell (PEMFC) has become an attractive candidate
solution due to its efficiency, low operation temperature,
and fast start-up, which make it widely applied in many
fields including transportation, mobile, and domestic ap-
plications Otmani et al. (2018). However, the energy gen-
erated by the FC is low compared to other energy sources
and limited by the operating conditions A.Harrag and
Messalti (2018). Therefore, high gain boost converters are
required to interface the fuel cell systems and to improve
and stabilize the PEMFC energy Han et al. (2018).

The PEMFC generator provides a DC power. Therefore,
a power conditioning stage is required to connect the
PEMFC to the electrical grid in order to convert the DC
power into AC power. This research area has recently
witnessed increased progress in research issues where many
power conditionings stages (PCS) and control methods
have been proposed. Indeed, Wu et al. (2017) proposed
Disturbance Rejection Control of grid-connected solid-
oxide fuel cell in order to improve the performance of

the PCS consisting of a DC-DC converter and a DC-AC
inverter. Then Sun et al. (2019) presented the fuel cell
branched to double-column: the compressor and a fuel
cell directly connected to the utility grid via DC/AC in-
verter, where an iterative algorithm developed to decouple
the computational coupling and to deduce the steady-
state solutions. In Reddy and Sudhakar (2018) a neural
network-based maximum power point tracking (MPPT)
controller for the grid-connected PEMFC system, was
proposed where the Radial basis function network (RBFN)
algorithm is implemented in the neural network controller
to extract the maximum power from PEMFC.

This paper deals with the problem of controlling the
PEMFC system connected to the electrical grid, using a
PCS to manage the supplied energy. The PCS includes two
major stages: i) the DC stage consists of the association
of two DC boost converters (three-level boost converter
(TLBC) Messikh et al. (2019) and the interleaved boost
converter (IBC) Narayane and Naidu (2018)). This com-
bination offers generally significant gain, reduced input
current ripple, reduced inductor size, and switching loss
Huang (2009). ii) the AC stage is a half-bridge inverter
(HBI), used to match the supplied energy and to inject
it into the electrical grid via an LCL filter to reduce the
ripple cutting off the output current. In fact, the PEMFC
has non-linear P-I characteristic due to the changes in
water and oxygen flow Karami et al. (2012) that reduce
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the system efficiency. To overcome this limit, an MPPT
block and a fuel flow regulator are employed to extract
the maximum power and to ensure the good operation
of the PEMFC. This study aims to design a nonlinear
controller in order to achieve the following objectives: i)
Guarantee the maximum power of the PEM Fuel cell ii)
Guarantee the proper current sharing among models of
IBC. iii) Regulate the interior voltage in order to improve
and stabilize the FC energy. iv) Regulate the DC link
voltage. v) Ensure the TLBC series voltage balance. vi)
Ensure the power factor correction. Therefore, a nonlinear
controller is designed using the sliding mode approach and
based on the mathematical model of the whole system.
The efficiency of the proposed controller, is supported in
the Matlab Simulink environment.

The rest of the paper is organized as follows: Section 2
presents the description and the mathematical modeling of
the fuel cell connected to the electrical grid system. Then,
the proposed nonlinear controller based on the sliding
mode approach and the MPPT algorithm, is developed
in section 3 and verified in section 4 trough simulation
results. Finally, conclusions are drawn, and the reference
list ends the paper.

2. SYSTEM UNDERSTUDY AND PROBLEM
FORMULATION

The schematic diagram shown in Fig. 1 illustrates the
PEMEC connected to the electrical grid. In fact, the DC
output of the FC generator is connected to a high step
up stage that comprises an IBC and a TLBC convereters.
The current supplied by the fuel cell travels through N
distinct paths, where the number of inductors and switches
is identical to the number of phases in the IBC side. Then,
the DC voltage is delivered to the HBI and is injected into
the electrical grid via an LCL filter.

pEM |Cr
FC =

Fig. 1. Electrical circuit of the PEMFC connected grid
system

Where if. and vy, are respectively the current and the
voltage generated by the PEMEC; 47 + i3 + ... 4+ 4, is the
IBC input current; v;,; is denoted the interior voltage that
connects the IBC to the TLBC; 4;,¢ is the TLBC input
current; v.; and v, are denoted the DC link voltages; i
and v, are respectively the current in L (the input of the
LCL filter) and the voltage across C ; iy and v, present
respectively the current and the voltage of the grid; uq,
[42yny fhny 21, p22 and p are denoted the control inputs.

2.1 Average model

Kirchhoff laws are applied to the system illustrated in
Fig. 1, where average technique is employed to obtain the
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below mathematical model, and the input inductances are
considered identical:

d
Lg% = —Ryr1 + 22— < vy > (1)
dx
Cd7t2 =3 — I (2)
dry _u W R 3)
at 2T g T
d
c,»c% —<ife> —2 (4)
dz
Lkd—tz =nz; — (n — ug)w; — TL22 (5)
dw1 -
Cintﬁ = Z9 — ;szj' — W3 (6)
Lone P22 iy — ronws — w3 + g — Sy (7)
int dt = w1 TintW2 w3 9 w3 9 W4
d
Clﬁ = (2 — us)wy — uxs (8)
dt
d
C’g% = UqWz — T3 9)

T1, T2, T3, 21, Z2, W1, Wa, W3, Wq, U, Us, Ud, U (] = 1,...,n),
and uy, denote respectively the average values over cutting
periods of the signals iy, vg, is, t1 + 92 + ... +%n, Vint, lint,
(ve1 + ve2), (Vo1 — Ve), i, (p21 + p22), (po2 — p21), and
pi(j = 1,...,n). Noting that this system is a high order,
nonlinear system due to the products between the control
signals and state variables.

3. THE SLIDING MODE CONTROLLER DESIGN

Fig. 2 shows the structure of the control strategy intended
to manage the energy between the PEMFC and the
electrical grid. The control strategy is developed based on
the sliding mode (SM) approach and taking into account
the nonlinear behavior of the FC and the power converters.
In fact, the SM approach is adopted to avoid the effects
of modeling uncertainties, fluctuations, and disturbance of
parameter and load variations.

8.1 FC mazimm power tracking

The highly nonlinear character of the PEMFC is affected
by operating conditions such as temperature air, hydrogen
flow rate, and pressure. As a matter of fact, one opti-
mal operating point corresponds to the maximum power
(MPP) is delivered by the PEMFC. Therefore, an MPPT
algorithm based on the P&O method Madjid and Paul
(2018) is employed to provide the voltage reference corre-
sponding to the MPP in order to avoid excessive fuel con-
sumption and low-efficiency operation. Furthermore, the
FC generates a specific voltage and current for every fuel
flow rate. For this reason, a hydrogen flow rate regulator
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Fig. 2. Electrical circuit of the PEMFC connected grid
system

is used to improve the MPPT as well as the FC efficiency
Karami et al. (2012) and the fuel flow regulator can be
expressed by the following equation Bizon (2014):

60000R,,, (273 + 0) Noi s,
2F (101325P; g12)) (U f(mr2)/100) (2 fr2,/100)
(10)

with R, = 8.3145J/mol, F = 98645As/mol, N, repre-
sents the number of cells in series, 6 is the operating tem-
perature, Uy gy is the nominal utilization of hydrogen,
Py g2y is the pressure of the fuel zpy2 is the composition
of fuel.

FuelFr =

3.2 FC regulator:

The FC regulator is developed based on the SMC to ensure
the MPPT where the FC voltage must track the reference
provided by the MPPT block. The first step is to define
the appropriate sliding surface Otmani et al. (2017). The
following equation represents the sliding surface adopted
in this regulator:

(11)

where 2} is the voltage reference generated by the MPPT.

e = Cre(z1 — 21)

The sliding mode control includes two elements: i) the
equivalent control ueq. This law provides the main control
action, then ii) the switching control u,. This part serves
to restrain the sliding mode along the sliding surface
Abouloifa et al. (2018):

U= Ueq + Un (12)
the equivalent control law aims to maintain the SM on the
selected surface while respecting the invariance condition
s = 0. The equivalent control law is defined to be the
solution of the following equation:

. : 1 1
S0 =<ife > fL—(nzl —nwy — TRp2e) — L—ukwl
—C’fczl + )\21(< lfe > —22 — Cfczl)

(13)

The solution of the above equation leads to the following
control law:
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1
Ukeq = w—{—n(zl —wy) + TE2o
1

+Lk(< ’ifc > *Cfcér)
+Lk)\z1(< Tpe > —29 — Cfcér)}

(14)

The second part of the sliding mode control is designated
to ensure global stability. Therefore the below Lyapunov
function is considered:

v, = 0.55%, (15)

its time-derivative along the trajectory of (11) is:

'[)zl = 7L7kukw1821 (16)
the condition s$ < 0 must be respected to ensure the
global stability. To this end, the dynamics of the Lyapunov
function must be negative. Then the Lyapunov dynamics
is considered as follows:

'L.)zl = —8,10,1 tanh(le) (17)
€21

with a1 and €,; are positive real control parameters.

The final control law is obtained by combining (14), (16),
and (17)

Sz1 )

L
Ul = Ugeq + wfk tanh( (18)

1 €21

3.8 vine regulator

This regulator seeks to enhance the voltage generated
by the PEMFC. The voltage w; must track a constant
reference w] higher than the value of the FC voltage.
Therefore, the voltage tracking error is defined as follows:

Cwl = Cint(wl - 'LUT) (19)
In this sense, a non-linear controller is designed based on
the SMC assuming that the subsystem (4)-(5) is a second-
order system n = 2. Then, the sliding surface is defined as
follows:

Swl = éwl + )\wlewl (20)
the first-time derivative of the sliding surface leads to the
following equation:

. 1
Sl = L—{nzl — (n —up)wg — rE22}
K vk - .
—Cint (W] + Ap1W]) + A1 (22 — wa) — W

d n n
—% ZUij — /\wl Z’U,]’Zj
j=1 j=1

The equivalent control law is designed by regarding the
invariance condition:

(21)
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2Lint

w3

Useq = {L—k(nzl — (n — ug)wg — rE20

T a Z Ujzj
wlzum}

a Lyapunov function has the same form as (16) is con-
sidered to develop the switching control law where its
dynamic is defined as follows:

+Ap1(z2 — w2) — W2)

—Cling (0] + Ap107)

U1 = —Suw1 Q1 tanh( wl) (23)
€wl
with a1 and €, are positive real control parameters.

Then, the final control law is obtained by combining (22)
and (23):

L,
St tanh(sﬂ)
w3 €wl

Us = Ugeq + (24)

3.4 The DC bus voltage balance

The balance of the voltages v.; and v.y is necessary to
ensure the smooth operation of the TLBC where the
difference w4 must follow a null reference w,4. To this end,
the tracking error is represented as follows:

ews = Cra(wy — wy) (25)
Considering the first order subsystem (8), the deigned
sliding surface and its first-time derivative are defined as
follows:

(26)

Swa = €w4

$w4 = UqWg — T3 — Clg’u'}Z (27)
The equivalent control law is obtained by solving (27) and
taking into account the invariance condition:

x3 + Cawj (28)

Udeq = Wa
the switching law design implies the Lyapunov function
and its dynamic defined as follows:

Vs = 0.582 4 (29)

i)w4 - (udnw2)5w4 (30)

Indeed, the choice of the following dynamic of the Lya-
punov function ensures the global stability respecting the
convergence condition.

(2t

Vpd = —SuwaQiypa tanh (31)

€wd

with au,4 and €,4 are positive real control parameters.
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Then, substituting (28), (30), and (31
control law:

) leads to the final

Sw4a
C — Qg tanh
o — (23 + Cr2t} — s tan (ew4)>

3.5 PFC Regulator

Ug = (32)

In this section, the PFC controller is a multiloop regulator
that aims to ensure the power factor correction and the
DC link voltage regulation. Assuming that (1)-(3) is third
order subsystem. The sliding surface is defined as follows:

Sz = €1 + A?gezl (33>

where A, is a positive real control parameter and e, is
the current tracking error defined as follows:

ex1 = L(xy — 27) (34)

To get the equivalent control law; the following sliding
manifold must be solved:

. R R, . T3 — T
i A A e

— < Vg > +——=(uws +wy) —

+ < 0y >)

1
Lt
2LC i (35)
+ﬁ(—2x2 —ras + Ryz1+ < vy >)
+A3(—Ryx1 + 12— < vy > —Li?)

Then the equivalent control law is obtained:

2 —
= = {R,Clir + i 0”1 — <, >) — 0.5w,
3
(—Rgx1 + 22— < Vg >)(1 = LCN2)

+LC(L>\3I1+ < Vg >+LTT) +ras}

(36)

The switching control law is defined the same way as the
previous switching laws respecting the following Lyapunov
function and its derivative:

vy = 0.552 (37)

. Up,

Up = ——=w3s

T 2LC 39z

The following dynamics is selected to ensure the conver-
gence condition:

(38)

(39)

Vp = —85004 tanh(s—m)
€z

with «, and €, are positive real control parameters. The
final control law is derived using (36), (38), and (39)

U= Ueq — 2 tanh(s—z) (40)

w3 €
OUTER LOOP:

The outer loop aims to generate a turning signal 3 by
means of a proportional-integral (PI) to ensure the DC link
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regulation where y; = w3 must pursuit the reference value
yi = w3, . Considering the fact that 3 and its derivatives
up to order 3 are available, the following filtered PI is
considered:

b

=G5

)3(kyley1 + ky2ey2) (41)
With e,1 = y — y* and e, = [eyide. s denotes the
Laplace variable and (a, ky1, ky2) are positive real design
parameters.

Theorem 1. (main result). Considering the closed-loop
single-phase grid connected to a PEM fuel cell, represented
by the averaged model (1)-(9) and inclosing the SMC
control laws (18), (24), (32), (40), and (41). The designed
regulator gives crucial results summarized as follows:

e The closed-loop system is globally asymptotically
stable.

e The tracking error e,; vanishes and leads to the
MPPT reaching and to an equal current sharing
among IBC models.

e ¢, also vanishes and involves the increase of the fuel
cell supplied energy.

e The DC bus voltage is regulated and the balance of
Vo1 and vep is ensured when the tracking errors ey
and e, converge to zero.

e The vanishment of the tracking error e, and the
convergence of the variable 8 to a constant, implies
the PFC.

4. SIMULATION RESULTS

The simulation results aim to check the reliability of the
designed control law using the MATLAB software. The
PEMFC, used in the numerical simulation, is predefined by
the SimPowerSystems toolbox of Matlab R2015b, where
its production capacity is 8.325 kW, 37 V, and 255 A. The
controller parameters, and the parameters of the system,
are listed in Tables 1 and 2. The resulting closed-loop
control performances are illustrated by Figs. 3-10.

Table 1. PEMFC system and signle-phase grid

characteristics

Parameters Symbols values
Cie 1 mF
interleaved boost Lg,1,2 8 mH
Tk,1,2 1 mQ
Three-level Boost Cint 4 mF

Lint, Tint 0.09 mH, 2 mQ

Electrical Network E 220V2V
f 50 Hz
L 4 mH

LCL-Filter C 0.15 mF

R, Ry 500 m$2

PWM switchingf requency Sfpwm 10 Khz
DC capacitance Cio =C1 =C9 4 mF

Fig. 3 illustrates the PEMFC voltage follows the reference
provided by the MPPT block involving the MPPT track-
ing, where the PEMFC current and power reach respec-
tively 225 A and 8 kW. indeed, these values correspond
to the MPP. Then, Fig. 4 exhibits the appropriate current
sharing among the models of the interleaved boost. Fig. 5

F. El Otmani et al. / IFAC PapersOnLine 53-2 (2020) 13322-13327

Table 2. controller parametrs

Parameters Symbols  values

Az 1€

Current regulator (PFC) o 5e~3
€x 8e 3

A1 1.5¢3

Fc regulator (inner loop) az1 le~!
€21 8e 3

Awl 1e3

Voltage regulator ( vint ) Qw1 6e—2
Ewl 5e~ 1

kyl 1676

DC Link regulator kyo2 le—5
a 15e*

The voltage balancet Q4 6e2
Ewd 5e~1

illustrates the achievement of the interior voltage regula-
tion. The DC-link voltage is tightly controlled, while the
balance between signals v.; and v.o, is ensured where their
sum follow the set refrence and their difference tends to a
nul value, as shown in Fig. 6. On the grid side, Fig. 7 and
8 illustrates the grid current follows its reference provided
by the outer loop, and has a sinusoidal waveform in phase
with the grid voltage where Fig. 9 shows the achievement
of a quasi-unity power factor. Finally, Fig. 10 depicts the
signal § provided by the PI regulator.

s T
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0 01 02 03 04 05 06 07 08

Fig. 3. PV voltage, the MPPT reference voltage, and the

MPPT values of the current and the power.

218
076 0765 077 0775 078 0785 079 0795 08
L L L L

Fig. 4. the input current sharing of IBC modules
5. CONCLUSION

This work dealt with the problem of controlling a PEMFC
connected to the single-phase, where nonlinear control
law is elaborated based on the sliding mode approach to
achieve the stated objectives. Then the proposed controller
is simulated in Matlab software, where the simulation
results show the efficiency of the boost stage in terms
of boosting and stability and proved that the developed
controller meets the control objectives.
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Fig. 5. interleaved boost outer voltage and its reference
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Fig. 7. Grid current waveform

Fig. 8. Grid current and voltage

Fig. 9. Power factor
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