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Abstract— This paper presents an optimized advanced
control technique for a grid-connected hybrid energy
system (HES) based on a solid oxide fuel cell (SOFC)
and a photovoltaic panel (PV) in a distributed power
generation system. A classical full sliding mode control
and a Fuzzy-P1 sliding mode are proposed for a system
operation and power management mode (UPC mode).
The latter technique which is based on a combination
of a classical controller and fuzzy artificial intelligence
system is utilized at power and current adjustment
stage. The fuzzy system gave the optimal gain values
to the PI controller to get a better performance. The
obtained results show that the optimized sliding mode
control (Fuzzy-Pl) is better than the classical sliding
one in terms of power, response time, and robustness
against disturbances in production and consumption
energy.
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1. Introduction

In recent years, renewable energy sources have
received increasing attention in order to solve the
problems caused by the depletion of fossil fuels,
mitigate the effects of climate change, and control
global energy growth. Therefore, to face these
problems, the members of ‘Cop21’ have proposed to
invest more in renewable energies to produce
electricity from photovoltaic panels, wind energy or
solid oxide fuel cells (SOFCs). In fact, these sources
are eco-friendly and more cost effective over time.
However, it is not clear of lacks. For example, the
electricity production from photovoltaic panels is not
available all time [1-4]. To overcome this
shortcoming, hybrid systems can be very useful.

A hybrid power system which is a mixture of two or
more sources can be regarded as an alternative
solution used together to provide better system
efficiency as well as a better balance of renewable
energy supplies [5]. Hybrid Energy systems (HESS)
are currently growing due to the need to provide a
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continuous clean and reliable power supply; since
the the fuel cell (SOFC) generates a direct current
when the fuel (hydrogen and oxygen) is available,
with a better efficiency about (60%) compared to the
normal batteries. Thus, by varying the power output
of the fuel cell, the output of the hybrid source can
controlled [6]. Two types of hybrid systems are
reported in literature according to their mode of
interconnection to the network [7-10]: the
autonomous hybrid systems and the distributed
hybrid systems. Note that, generally, the distributed
SRHSs do not need storage system since the deficit
and surplus between intermittent production and
energy demand are compensated by the conventional
electricity network. However, for the stand-alone
SHERSs, storage devices are needed to store the
energy excess that can be re-injected later to meet the
demand in case of energy deficit. The storage is also
necessary if we wants to limit the power to be
exchanged with the network.

2. Controller modeling and design

The adopted hybrid energy system (HES) uses the
FC and the PV units represented in Figure. 1 as main
power sources with a variable AC load. These
distributed generation units are connected to the grid
via two conversion modes DC/DC and DC/AC. The
converters have then a three level NPC as VSI
interface module with a series of an inductance line,
considered as a filter to reduce the generated
harmonics. The contained voltage bus side is kept
constant by an appropriate control of each boost
converter. The HES controller is designed for the
FC/PV converters to satisfy the contained bus link
power demand. The real and reactive powers are
decoupled into the currents reference in the (d-q)
axis in the "reference current calculation" block, and
then controlled by the proposed "sliding mode
controller" to generate the appropriate reference
voltages to control the three-level inverter. This last
step is performed using a three-level spatial
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SVPWM modulation. The phase-locked loop (PLL)
is used to synchronize the frequency and phase of the
system with the main grid [11,12].

|

2.1. Modeling of the Solid oxide fuel cell
(SOFC)
Solid oxide fuel cells (SOFCs) are widely used in
energy production. They operate at very high
temperatures (about 800 to 1000 °C). Their
conversion efficiency can attain more than 60%
[13,14].
The following assumptions considered :

e  The fuel cell temperature is assumed to be

constant.

e The fuel cell gasses are ideal.
According to Nernst’s equation, the DC voltage Vi
across the stack of the fuel cell is given by :

RT, (Pu2.Po2\5
Vie = No[Eq + 22 n (2292) ) i

PH20 €y
Where:

Eo: standard reversible cell potential (V).

Pi: partial pressure of species (Pa), (i: hydrogen, oxygen).
r: internal resistance of stack (€2).

Ir : stack current (A).

No: number of cells in stack.

R: universal gas constant (R=8.314 J/mol K).

T: stack temperature (K).

F: Faraday's constant (C/mol).

The main equations describing the slow dynamics of
a SOFC can be written as :

Pret = Vier. Lrer (2)
dlife 1
d_i = T_e [—Ie + Tres] 3)

WWW.NEW.IJASCSE.ORG

DOS : AUGUST 15, 2022

09/30/2022

Figure 1. System overview of th.e PV/FC hybrid energetic system.
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Where:

gHz: Fuel flow (Mol/s).

goz : Oxygen flow (Mol/s).

Knz: Valve molar constant for hydrogen (Kmol/s atm).
Koz:Valve molar constant for Oxygen (Kmol/s atm).
Khz2o0: Valve molar constant for Water (Kmol/s atm).
TH2: Response time for hydrogen (s).

To2: Response time for Oxygen (s).

Tyo0- Response time for water (5).

Unzo : Optimum fuel utilization.

rvo: Ratio of hydrogen to oxygen.

Kr : Constant (Kmol/s.A).

Prer: Reference power (KW).

2.2. Photovoltaic model

The mathematical relation between current and
voltage in the PV's single diode equivalent circuit is
given by [15]:

a(V1Rs) V.I+R
[=1Ipn —Is [e AKT _1]_THS

®)

C))

)
(6)
)
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Where:

Iph is the photo-current source.

Is: is the saturation currents.

q: is the electron charge (1.602 x 102° C).

K : is the Boltzmann constant (1.381 x 10%3),

T: is the cell temperature.

A: is the junction ideality factor.

Ns: is the numbers of the series cells.

Np: is the parallel cells.

Rs: the internal losses resistance.

Rsh: the internal shunt resistance in parallel with a diode
to take into account the leakage current to the
ground.

The photo-current depends on the solar radiation and
the cell temperature [16,17] and is written as :

oh = (=) Ophrer + Cr(T—Tee)]  (10)

Sref

Where:

S : is the real solar radiation (W/m?).

Sref, Tref: are respectively solar radiation and temperature.
Cr: is the temperature coefficient (A/K). [18].

The saturation current Is varies with the cell
temperature as:

T (4fg 1 1y
Is= Is,ref(a)3e AR Trer T (11)

Where:

Isref is the saturation current in standard test conditions.

Eg : is the band-gap of the cell semi-conductor (eV)
depending on the cell material.

2.3. Maximum power point tracking
(MPPT) control method

The P&O (MPPT) algorithm shown in Figure. 2 is

the most widely used method since it is simplicity

and performing well in changing atmospheric

conditions [18-20].
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Figure 2. The P&O (MPPT) algorithm

2.4. Modeling of DC-DC Boost converter

In the studied PV-FC hybrid power system shown in
Figure. 1, there are two boost converters used; in the
case of a PV source, it is used to extract the
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maximum power using the MPPT algorithm, and for
the SOFC source, the boost converter is used to
obtain the required fixed DC voltage using a simple
Pl controller. The average state space model of the
converter is given by:

X = X(t) + BX(t) (12)
Where:
X(t)= [i,.V.]" is the state vector, A and B: are

the system matrices:

-1 R(1-D) 0
) _1(7- + Rre
c(R+71¢) L VL Tc L

Where:
r. and r¢: are the internal series resistors of the
inductor and capacitor; D: is the switching duty-

ratio.
fV'rY\V * -

Py T |

0=

Figure 3: Boost converter circuit [23] [24]
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2.5. Modeling and control of the three levels
NPC inverter

The three-level NPC inverter in the HES system
allows reducing the high order harmonics leaded by
PMW modulation [21]. As shown in Figure. 4 the
equivalent circuit of the NPC inverter contains a
voltage source inverter and a clamped diode
converter based on the clamped neutral point (CNP).
These are more attractive for medium and high
voltage applications  (like reactive  power
compensation, active power filters). They have also
the advantages for blocking the voltage of switching
device which is a half of the DC voltage. The output
harmonics are much lower than that of a two-level
inverter at the same frequency of switching [22].

T
Va2 ==
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Vao/2 =4 |
‘ 1 T4
J

Figure. 4 Three-level NPC inverter

The model of the NPC-VSI is carried out under the
following assumptions:
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e The AC voltage is a balanced three-phase
system.

e All circuit elements are LTI (Linear Time
Invariant).

e  The power switches are ideal.

The AC side is a matrix form with the following
mathematical model [25]:

|[__ 0 —i id I(ga_ec
[lql— 0 —f | lq +% Vagp—eq | (13)
__J ic I{qc_ec
L

The fllter has an inductance L and an internal
resistance R. Vg;i: is the main grid AC voltage, i (i=a,
b, ¢).The inverter voltage in the DC side currents are
given by:

Ieo =1cp + ez (14)
The DC side capacitor voltages is given by:
A Ual| = & [ia
dt [L_fcz] T at [Icz] N (15)
Thus, in the balanced condition we can put :
I: IC1 = IC2 and U = UCl = UC2 (16)

Finally, the output active and reactive power of the
three level inverter can be given by:

Vgalga + Vgpigh +1ga + Vgea- igc a7
g - \/§( gab igc + ngciga + Vgcaigb) (18)

Where:

Vga, Vgband Vgc: are the three-phase voltages at the AC bus.
lga ,lgn, and lgc: are the three-phase currents injected into

the AC grid.

2.5.1. Model of the three level inverter in the
(dg) frame

As part of the control strategy, Park's transformation
is used to transfer the coordinates from the stationary
three-phase system (a,b,c) to the rotating coordinate
system (dq) which rotates with a frequency @ using
the information from a three-phase PLL as illustrated
in Figure. 5.

Vake 0 K, a 8
ky+
5
P dg ’

Figure 5. Schematic diagram of the phase locked
loop (PLL)

The transformation matrix Ks is given by:

sin(wt) sin(wt — 2?7[) sin(wt + 2?") (19)

cos(wt) cos(wt — ) cos(wt+23—”)]
172 1/2 1/2
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Applying Park's transformation, the state space
model of the three-level NPC converter in the (dq)
frame becomes:

1
0 0
1 Vd _%ng
dt[ ] —w _5 0 +I0 T OlVa [+ -y, (20)
L Vdc 0 0 X idc L
z 0
eq
Where:
Vgd ,Vqq are the (dg) axis components of the main grid
voltages.

ia , ig: are the line currents.

Vu, Vq: are the converter output voltages.
Ceq= C/2 is the DC-link equivalent capacitor.
Ve : is the DC bus voltage.

lac : is the equivalent DC current.

The dynamic DC equivalent voltage Vqc is derived
using the equation :
da

lge = Ceq EVdc (21)
The apparent power is given by :
5=ps +jds (22)

Where Ps and gs are the active and reactive powers
produced by the system.

In our case, the instantaneous active and reactive
powers which are supplied to the network line in the
frame of rotation (dq) are given by [26-28] :

() =§(Vsa(t)-ia(t)+ Vsq(D)-1q(D) (23)
Qs(® :;(_Vsd O (O+Vsq(D-1a(®)  (24)

In the reference frame synchronized with the grid
voltage, we assume that Vgq=0, Vg4a =Vg, then:

Py(8)=2(Vga ()1 (©) (25)

Qs () =2(—Vigq (D1 (1) (26)

2.5.2. Control strategy

The proposed control strategy of the three level NPC
inverter and the power system based on the use of a
discreet time integral sliding mode controller

[26,29].
The system given in equation (20) has the form:
X=AX+BU+C 27)
With:
T s T _ T
X=[ig, ig, Vo] and  U=[Vy, Vi, 4]
Then:
1
R [ 0o o] 1
A I R I AT
A= —w _R 0 ,B:O z _l‘{qq
L 0 0 L L
o o ol | el 0

Firstly, we consider the following three new
variables:
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X1:(id'idref) ’ XZ:(iq'iqref) ’ X3=(Vdc'Vdref)-
The reference currents (igrer, igrer ) are related to

the reference active and reactive powers in the plane
(dq) by the following equations:

Prg = 3/2(Vref1dref)
{Qrg = 3/2(_Vref1qref) (28)
Then:
Idref = 2/3(Pref/Vref)
{Qrg = _Z/B(Qref/vref) (29)

Note that Vg is fixed by the grid-connected system
designer [30].

By taking the transpose matrix X=[X1,Xz, Xs] the
system (27) can be rewritten as:

X=AX+BU+D (30)
With:
. . T
D:C+A[ldrefi Lgref» Vdcref] (€29)

For discrete time, the model in equation (30)
becomes:

X(k+1)=AaX(k) + B, U(k)+D,4 (32)
where: Ag, Bq and Dy are the discrete time matrices
obtained using a blocking order of zero order to the
system (30).

The proposed control strategy of the three-level
inverter is based on the use of an integral sliding
mode controller (SMC) in discrete time. The
objective of this command is to force the system state
to reach in a finite time and stay in a slippery surface
o (x) = 0 with a controlled and stable dynamic
behavior.

The sliding surface adopted is chosen to have both
proportional and integral actions. In discrete time,
this surface is given by:

o (k)=K,X (k) +K;Ts £525 X (/) (33)
where: K, and K; are the controller parameter
matrices per SMC; and (k= 0,1,2,...).

An adequate choice of (K, , Kj) ensures that the
system remains in the sliding surface which is
defined by:

ok)=0 34)
Furthermore,

ok +1) =kpx(k +1) + k;T Zf:o x(G) (35
Thus:

o(k+1) =a(k) + kpx(k + 1) + (k;Ts — k, )x(k) = 0 (36)
Where:

x(k+1) = (I — ky*k;T,)x (k) (37)

This means that the system state will depend only on

the choice of controller parameters.

The proposed controller in discrete time has the
following form:
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{U(k +1) = Ugq (k) + Uy (k) 38)

Ueq(k +1) = fUk)

with: Ueq (k+1) is the equivalent command and
Unc(K) is the non-linear command.
The nonlinear command is added as follows:

Upi,(k) = Nsign(a(k)) (39)

where: N is a matrix with non-negative constant
elements.
Hence, the SMC controller is :

UG = —(kyBa) [kp(Aq = D) + KT [AX (K — 1) +
ByUpy(K — 1) + Dy + K, Dy + o (k)+N.sign(o (k) (40)

Finally, the reference signals (Va(k),Vq(k)) are
modulated using the three-level vector modeling
(SVPWM) to give states to the inverter switches.

2.5.3 Three-level space vector modulation

This section presents the three-level NPC inverter
space vector modultation (SVM) topology, the
output voltages can be presented in the space on an
(aB) plane corresponding to the switching states of
the inverter. Basing on their magnitudes, the 19
space vectors correspond to the 27 switching states
of the three-level NPC inverter and the projection of
the vectors on (of) coordinates forms a two-layer
hexagon centered at the origin of the (af) plane as
figured in Figure. 6 and zero voltage vectors are
located at the origin of the plane. The switching
states are illustrated by 0,1 and 2, which denote the
corresponding switching states [31]. The reference
voltage vector Ve is the geometric sum of the three
vectors (V1, Va, V3) chosen multiplied by their switch
on duration (d1, do, d3). The sum of their switch on
duration must be equal to the complete cycle T. The
switching orders of the inverter switches can be
determined numerically or analytically through
mathematical equations:

V1d14 V554 V3ds = Vpep T (41)
[rerlle’® = vre
(43)
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Figure. 6 Space vector diagrams of a multilevel
inverter [32]

3. Power management strategy

An optimized management plan of a hybrid energy
system is proposed. It operates as follows:

o a fixed stable power output from the hybrid system,
which can be changed according to the grid
demand and independently of the local load
demand is assumed.

o If the power produced by the PV-FC systems is
adjusted independently to the local load demand,
then the system operates in unit power control
mode (UPC mode).

e The SOFC acts as a secondary source to meet the
demand and ensure a stable and better quality
power output even in poor weather or dark
conditions.

o If the local load power demand is less than the
reference power produced by the PV-FC system,
the excess power produced will be injected into the
grid.

o If the load power demand is greater than that
generated by the PV-FC system of the SEH, the
power shortfall to the load demand will be
provided by the grid.

To reach this objective, we will present in the
following section the integral sliding mode and
fuzzy-PI sliding mode control techniques, applied to
the multilevel NPC inverter. Then comparing the
results obtained of both techniques.

4. Results and simulations

4.1. Simulation of the SEH system under
variable weather conditions

Simulations of the different parts of the system are
developed in Matlab/Simulink allowing to compare
the performance of the two Pl-based sliding control
modes and the Fuzzy-PI based sliding mode control,
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for our studied hybrid energy system. In this case,
the power produced by the SEH is independent of the
load. As a reference we consider a jump in active
power from 150 kW to 100 kW at t = 2s and zero
reactive power. On the other hand, the weather
conditions are variable as shown in Figures (12) and
(13). The PV panel is controlled using the MPPT
algorithm by (P&O-MPPT), so both power products
(SOFC and PV) will vary together to supply the load.
From the simulation results, it can be seen that the
output voltage and current of the SOFC in Figures
(16) and (17) depend on the power of the GPV. In
case of unfavorable weather conditions, they act so
as to compensate the decrease in PV power
generation in order to reach the fixed power in UPC
mode as shown in Figure (14). The difference
between the generated and consumed power will be
injected into the grid (the negative power grid at t
>2s). If the maximum generation limit is reached, the
system will maintain its generation level and the
remaining power to supply the load which will be
generated by the grid. From the control viewpoint,
the static error is negligible between the reference
power and the output power of the hybrid system.
Thanks to the SM controller, it can be noticed that
the tracking produced by the fuzzy sliding mode with
the presence of a PI controller is more accurate and
smooth compared to that produced by the clasic
sliding mode control, and the response time is faster
in the transient regime of the sliding mode with
fuzzy_PI controller compared to the sliding mode
with Pl controller. The variation of the load power
and the system performance are negligible,
moreover, the DC bus voltage is maintained at a
constant value of 900 V according to Figure. 21
where each of the input capacitors of the NPC
inverter is at almost half of this voltage.
Furthermore, the use of the SVPWM for operation at
a guaranteed fixed switching frequency improves the
quality of the AC voltage where the grid voltage (L-
L) is 400 V (figures (9),(11) and (18)) for all load
and weather conditions. This validates the good
behavior of the discrete-time fuzzy-integral
controller (SMC) compared to the integral controller
(CMC). The delay in the response is due to the time
constant of the SOFC in the first place. The reactive
power is also controlled independently of the load,
where it is set to zero, and the required reactive
power (Q=1000 VAR) is generated by the grid.
According to our results, the two modes shows that
the integral technique (SMC) despite it has the
advantage to reduce the interference action, it
possesses a non- inconvenient mathematical model
requirement and causes the phase delay problem.
The SMC fuzzy-pi technique has the ability to
approximate any non-linear function with a given
degree of accuracy.
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Figure. 11 Load output currents (A)

Figure. 16 PV and SOFC output currents (A)
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Figure. 17 PV and SOFC output voltages (V)
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Figure. 22 Effect of temperature (T) on the I-V and P-V curve at
1000 W/m2.

Module type: SunPower SPR-305-WHT
T T T T

B
1 kW/m?

0.75 kW/m?

L L L L
0 10 20 30 40

70
Voltage (V)
300 W/m?
B _  -0-0.75XW/m?
= 200 = ~ q
g _-T Ny,
8 - O 05kWm

- \\ 4
— - B — — = -0 —025K\Wm?

o= = — L L | N,
0 10 20 30 40 50 60 70
Voltage (V)

Figure. 23 Effect of irradiation on the I-V and P-V
curve at 25°c
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Figure. 24 Zoom voltage output grid and load

5. Conclusion

In this paper, a comparative study between sliding
mode control based on conventional controllers and
sliding mode control based on fuzzy PI, in a grid-
connected SEH hybrid electric system without
battery storage is presented. The SEH hybrid power
system consists of a SOFC fuel cell, a GPV and a
variable AC load. The GPV is connected via a boost
controlled by a P&0O and MPPT. The GPV is
connected to a boost chopper controlled by a Pl
controller and the GPV/SOFC is connected to a
multilevel inverter NPC connected to the grid
controlled by SVPWM, which maintains the
proposed control signals that allows the power
management of the system from the determination of
the controller gains using a tabular fuzzy logic and
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the obtaining of an AC voltage at the output of a
multilevel inverter of better quality, to ensure an
optimal performance of the proposed system power
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C. Parameters of DC-DC Boost converter

(connected to SOFC)

flow. The main objective of this work is to improve Var. | Representation values
and optimize the proposed controller from the gain T Absolute temperature 1273 K
determination by using tabular fuzzy logic table to F Faraday's constant 96487 C/mol
ensure an optimal power flow performance of the R Universal gas constant 8K3;14 (/' Kmg
proposed system. Eo Standard reversible cell potenti| 1.18 V
The future scope N Number of cells in stack 450
The results of our work have allowed us to draw the Kr | Constant (glzgjoll?s'g)
following perspectives: Unmax | Maximum fuel utilization 0.9
 Adding a fast storage system (super 3:‘: gﬂg?lmjr;n :5;' rl;ttligzatlon 8:35
capacitor) and increasing the advantage of Kna | Value molar constant for 8.43*10-4
the autonomy of the system, thus hydrogen Kmol/(s atm)
eliminating the need for the network in Koz | Value molar constant for oxygq 2.81*10-4
transient regime. Kmol/(s atm)
e It would be important to change the Khzo | Value molar constant for water| 2.52*10-3
optimized control by a real time adaptation - Kmol/(s atm)
algorithm (adaptive sliding mode) and test rrz | Response time for hydrogen fl{ 26.1s
he dynamic performance on a real system. LoZ Response time for oxygen flow 2.91 5
the dy! P Y tH20 | Response time for water flow | 78.3 s
R Ohmic loss 0.126 Q
. Te Electric response time 0.8s
Appendix Tt Fuel processor response time | 0.03 s
rHo Ration of hydrogen to oxygen | 1.145

A. Parameters values of photovoltaic array (at
250C) are given as bellow

Var. Representation | Values . )

fs Frequency 5.4 khz D. Solid Oxide Fuel (SOFC) parameters

L Inductance 4mH Var | Representation Value

R1 Resistance 0.01 Q Ns Numbers of the series modules 5

C capacitor 2000 uf Np Numbers of the parallel modules | 66

re Resistance 0.01 Q Nm | Numbers of the cells per module | 96
Voc | Open circuit voltage 642V
Isc Short-circuit current 5.96 A

B. Parameters of DC-DC Boost converter Vimp_| Voltage at max. power point__| 54.7 V

Imp | Current at maximum power point | 5.58 A

(connected to PV)

Q Diode Quality factor 1.25

Var. Representation | Values Iph Photo-current source 5.96 A
fs Frequency 5.4 khz It | Diode saturation current 5.26 10°A
L Inductance 5mH Rp Parallel resistance 819.3 Q
R1 Resistance 0.01 Q Rs Series resistance 0.083 Q
C capacitor 5000 uf
re Resistance 0.1Q
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