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The aim of this research study has been to design a Hybrid Power System (HPS) which works with biogas
and whose main components are a Solid Oxide Fuel Cell (SOFC), a Gas microTurbine (GT), and a module of
SuperCapacities (SCs). The HPS is the only power source of a rural isolated microgrid. Its structure, oper-
ating strategy, and controller have been designed considering the following criteria: efficiency, power
quality, SOFC lifetime and robustness in stability and performance.
The HPS structure includes a unique power converter, a 3-Level Neutral Point Clamped (3LNPC) inver-

ter that connects the HPS to the AC microgrid. Regarding the selected operating strategy, it consists in
regulating the SOFC power output to its rated value. Thus, the SCs and the GT must respond to the power
demand variations. On the other hand, a study of the HPS shows that its dynamic behavior is not linear.
Therefore, a special attention is put on designing a robust HPS controller. The control model is identified
and the robust digital controller is designed using the ‘‘Tracking and Regulation with Independent
Objectives” method. Simulation and experimental results show how the proposed structure, operating
strategy, and controller allow ensuring a good behavior of the HPS from the point of view of the above-
mentioned four criteria.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Rural sites are relatively often isolated from an electrical point
of view. In developed countries, there are sites where the grid is
weaker and where it fails more easily than in urban areas. On
the other hand, in developing countries, many rural regions are
not connected to the main grid. Thus, rural regions are the type
of areas where grids or microgrids are most often islanded or iso-
lated from the main grid.

Many isolated microgrids operate with fossil fuels based power
sources, especially with diesel engines. On top of being pollutant,
these resources are usually not available locally, and thus, their
transport increases the local electricity production cost. Neverthe-
less, rural regions are richly endowed with renewable resources.
Some, as wind or sun resources, are intermittent. In consequence,
the microgrid cannot be based only on them. However, in rural
and particularly agricultural areas, biomass-based resources are
usually abundant. One of them is the biogas produced from the
degradation of organic waste. As opposed to other renewables, bio-
gas can be stored in order to produce the demanded power anytime
[1]. Moreover, it offers an additional revenue stream to the farmer.

The most used technology to produce electricity from biogas is
the classical combustion engine. According to [2], its power range
is generally from 10 kW to 5 MW, but power values out of this
range also exist [3,4]. The classical combustion engine cost is
around 1000 €/kWe [5]. Its electrical efficiency depends on the
installed power [6,7] and it is not very good: 20–25% for a rated
power of 5 kW and 43% when it is higher than 500 kW.

In fact, in order to obtain a good electrical efficiency, different
complementary technologies have to be employed, with the objec-
tive of transforming as much as possible the excess heat in electric-
ity. In a hybrid power system formed by a Solid Oxide Fuel Cell
(SOFC) and a Gas microTurbine (GT), both power sources use the
same gas cycle to generate electricity [8]. Indeed, the SOFC output
gases are burned to feed the GT. Reusing the hot gases emitted by
the GT, a theoretical electric efficiency of 70% can be reached [9]. In
addition, the biogas can directly feed the combustion chamber
upstream the GT which allows modifying the overall produced
power independently of the SOFC operation. However, feeding
biogas directly to the GT decreases the electric efficiency of the
hybrid power system.
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Many studies deals with the thermodynamics of the SOFC/GT
hybrid system, for instance [10,11], but very few [12] consider the
electric dynamics of the loadbehaviorwhich canbe critical in an iso-
lated context.Oneobjectiveof this paper is to contribute to the study
of the SOFC/GT hybrid system from an electric point of view.

For now, the investment cost of a SOFC is relatively high
(around 4500 €/kWe [3,13]), but it could be around 2200 €/kWe
[13] when it will be profusely commercialized. Despite a higher
investment cost, the overall life cycle cost of such a system is inter-
esting [13] because the maintenance cost of a SOFC (0.5 c€/kWhe
[3]) is much lower than that of a combustion engine (1.3 c€/kWhe
[3]). Concerning the GT, its investment cost is already competitive
(around 1800 €/kWe [3]) comparing with the classical combustion
engines. Moreover, a GT requires a lower maintenance (1 c€/kWhe
[3]) than a classical combustion engine. For these reasons, and
thanks to its higher electric efficiency, a SOFC/GT hybrid system
could achieve a very competitive life cycle cost when
commercialized.

In addition to the efficiency, the power quality, impact on the
equipment aging, and stability and performance robustness are
important issues in the operation of a power source, especially in
isolated microgrids where operating constraints are more severe.

Regarding the power quality, two characteristics are typically
considered to be important: the transient voltage variation and
the harmonic distortion of the grid voltage [14–16]. Their impor-
tance is even higher in isolated or islanded microgrids. Concerning
transients, the abovementioned hybrid power system is not able to
ensure quick power changes. Thus, for a standalone operation as in
an isolated microgrid, another technology should be considered to
meet fast disturbances. Concerning harmonic distortions, they are
mostly caused by the inverter used to connect the hybrid power
system to the microgrid.

On the other hand, maintenance costs are usually higher in
rural areas. It is the reason for which the lifetime and the reliability
of a power supply are important parameters to be considered in
this context. SOFC power sources lifetime and performance are
particularly sensible to the variations of the current they produce
[17], especially when these variations are fast [18]. Thus, it is
important to avoid the variations.

As most real systems, power sources have usually non-linear
and/or non-stationary behaviors. Consequently, power source con-
trollers have to be robust enough to ensure the stability and perfor-
mance of the power sources in the entire range of operation.
Considering that in isolated microgrids the operating point varies
faster and more often, and that there are more disturbances than
in other grids, robustness is even more important in isolated
microgrids.

In this research study, a novel Hybrid Power Source (HPS) and
its related operating strategy and controller have been designed
in order to address the different issues abovementioned. The pro-
posed solutions allow improving the operating of the HPS in the
following areas:

� Efficiency of the HPS.
� Power quality.
� Lifetime of the SOFC.
� Robustness of the HPS stability and performance.

In Section 2 the overall rural microgrid is described after
describing and justifying the choice of the HPS structure, including
the power electronics topology employed to connect the different
components of the HPS to the AC microgrid. In Section 3, the
selected operating strategy is discussed. The research study is
focused on the operating strategy of the DC side of the inverter
connecting the HPS to the microgrid, and it doesn’t take into con-
sideration the AC side of the inverter.
In Section 4, the design of the HPS controller is explained.
Finally, in Sections 5 and 6, simulation and experimental results
are shown, and some conclusions and perspectives about the car-
ried out research study are given.

2. HPS structure and studied rural isolated microgrid

2.1. Design of the HPS structure

Power converters manage the power generated by each compo-
nent of the HPS and connect the HPS to the microgrids. Fig. 1 shows
three possible power electronics topologies to connect a SOFC, GT,
and the grid.

In the first topology (a), a DC/DC boost converter allows increas-
ing the SOFC voltage and controlling its power. Then, the two DC
buses are connected to the grid through two inverters. As a result
switching losses are relatively high.

In the second topology (b) two DC/DC converters allow control-
ling the power produced by each power source and a shared inver-
ter makes the connection to the grid. This solution is more
interesting because it avoids the synchronization of inverters that
is necessary in topology (a).

The third topology (c) uses only two converters, instead of
three. Thus, switching losses are reduced. Nevertheless, this config-
uration does not allow controlling independently the power pro-
duced by each power source.

A fourth possible topology is based on the use of a multilevel
inverter, such as the 3-Level Neutral Point Clamped (3LNPC), as
shown in Fig. 2. This type of inverter is able to adjust the current
split between the two DC branches through an offset added to
the modulation signals, avoiding using more DC/DC and DC/AC
converters. Consequently, the power electronics topology pro-
posed in Fig. 2 reduces significantly the power losses due to tran-
sistor switching, increasing the overall efficiency of the system
compared to the other topologies. Moreover, a multilevel inverter
such as the 3LNPC inverter causes less harmonic distortions than
a classical inverter [19]. Considering these advantages, the power
electronics topology of Fig. 2 is used for the HPS.

Since the 3LNPC causes current fluctuations at three times the
grid frequency in its DC side [20], the power produced by the SOFC
oscillates at this frequency. This fact has a negative effect on the
lifetime and performance of the SOFC [17,18]. Furthermore, the
behavior of the current or power split carried out through the off-
set is not linear [21] and depends, among others parameters, on the
microgrid impedance module and phase. This non-linear behavior
makes it more difficult to achieve robustness in stability and per-
formance. Consequently, these issues have to be considered in
the design of the HPS controller.

On the other hand, as aforementioned, the SOFC/GT hybrid
power system is not able to ensure fast power changes. To respond
to fast disturbances or load variations a SuperCapacitors module
(SCs) can be added to the HPS, as shown in Fig. 2. Installed in par-
allel with the GT, the SCs can compensate the low dynamics of the
GT. As a result, the proposed HPS in this research work is composed
by a SOFC, a GT and a module of SCs. The capacitor C1 and C2 are
used to filter the fluctuations caused by the inverter switches in
the DC bus voltage VDC. VGT is the voltage of the upper DC bus
and VSOFC is the voltage of the lower one. The names subscripts of
the currents flowing in the DC side of the inverter are the name
of the component or branch from which they flow.

2.2. Description of the studied rural isolated microgrid

As the authors did in a previous work [22], the analyzed rural
isolated microgrid (Fig. 3) has been defined using data from differ-
ent scientific studies. It contains a unique power source, the HPS,



Table 1
Definition and values of the components’ parameters.

Name Definition Value

PSOFC(nom) SOFC nominal power 60 kW
PGT(nom) GT nominal power 30 kW
PGT(min) GT minimal power 15 kW
Pld(min) Minimum load power the HPS can supply 75 kW
Pld(max) Maximum load power the HPS can supply 90 kW
CSC SCs module capacitance 5.74 F
VSC(max) SCs module maximum voltage 534.6 V
RSC SCs module resistor 81.4 mΩ
VDC DC nominal voltage 1000 V
C1, C2 DC bus filter capacitors 91 mF
Lf Inverter-side inductance of the AC side filter 270 lH
Cf Capacitor of the AC side filter 82 lF
fg 3-phase AC microgrid nominal frequency 50 Hz
Vg 3-phase AC microgrid nominal voltage 400 V
Z1 Impedance of the line between the 3-LNPC

and the first load
(0.11 + 0.018i) Ω

Z2 Impedance of the line between the first
and the second load

(0.055 + 0.0088i) Ω

Ld1 First load impedance 2.12 Ω
Ld2 Second load impedance (10.6 + 14.1i) Ω

Fig. 1. Different power converters’ topologies to connect the HPS components: (a) separated, (b) parallel, (c) floating.

Fig. 2. Schematic representation of the HPS associated to a 3LNPC converter.
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and two loads. An AC inductance-capacitor-inductance (LCL) filter
is placed at the output of the inverter. Regarding the length of the
electric lines, the distance between the HPS and the first load is
200 m, and there are 100 mmore to the second load. These are typ-
ical values in rural areas. Also, being a low voltage weak grid, the
distribution lines are very resistive [23].

While the components of the HPS have been sized to maximize
the overall efficiency of the system, as explained in [22], the SCs
capacity has been sized to compensate the relatively low dynamics
of the GT. Table 1 shows the definition and the values of the com-
ponents’ parameters.

The HPS and the rural isolated microgrid have been modeled in
Matlab/Simulink using different data from the scientific literature
[22].
3. Operating strategy

The operating strategy of the HPS is based on regulating the

SOFC power to its rated value (Pref
SOFC ¼ 60 kW) and responding to

load variations with the GT and SCs. There are four reasons which
justify regulating the SOFC to its rated value:
Fig. 3. Rural isolated microgrid schema.
� Changes in the temperature of the SOFC are directly linked to
load variations and they negatively affect the SOFC lifetime
and performance [17].

� SOFC power varies slowly because the power produced depends
on the temperature of the cell [24]. Thus, the settling time of the
SOFC is not sufficient to feed isolated loads.

� Sudden power variations of the SOFC could deteriorate its per-
formance [18].

� The efficiency of the SOFC in partial load is relatively low [25]
compared with that of the GT [26].

As aforementioned, the offset added to the 3LNPC inverter mod-
ulation index allows controlling the current split between the two
DC buses. When the offset is positive, the 3LNPC inverter lets flow
more I1 current through the upper DC bus, thus increasing iGTSC, at
the expense of reducing the current of the lower DC bus, I0, thus
decreasing iSOFC (Fig. 2) [19]. This offset can be used to regulate
the SOFC power. For instance, when the load power increases,
the offset should also increase making the GT and the SCs supply
more power.

The overall HPS operating and control strategy is shown in
Fig. 4. The GT power output is controlled by the controller included
in the commercial Capstone C30 GT, through solenoid valves that
regulate the gas flow entering the combustion chamber (CC in



Fig. 4. Global control schema of the HPS.
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Fig. 4) [27,28]. The GT power reference is calculated multiplying
the upper DC bus voltage VGT and the current IGTSC, which comes
from the GT and the SCs. VSOFC is the lower DC bus voltage, of the
SOFC. ia,b,c and va,b,c are respectively the 3-phase current and volt-
age measured at the output of the LCL filter. imd;q and vm

d;q are the

projection of ia,b,c and va,b,c in the (d,q) reference frame. v ref
d;q and

md,q,0 are the voltage references and the inverter modulation sig-
nals respectively in the (d,q) reference frame and ma,b,c are the
modulation signals in the (a,b,c) reference frame.

As shown in Fig. 4, voltage and current measures are processed
by low-pass filters (FiDC and FiAC), before being used by the
controller.
4. Controller design

In order to design a good controller, three fundamental ele-
ments are needed [29]:

� A specification of the closed-loop (CL) desired performance.
� A control model, i.e. a model used to design the controller.
� A designing method consistent with the control model and the
desired performance.

In order to define the controller specifications, the next section
analyses the system that is controlled.

4.1. Analysis of the system

As aforementioned, the operating strategy of the HPS is to reg-
ulate the SOFC power to its nominal value through the offset added
to the modulation index of the 3LNPC inverter. Before designing
the controller, the system under control is analyzed in this section,
in order to specify the desired controller performance. The system
input is the offset and the output is the SOFC power.

The behavior of the current split created by the offset is not lin-
ear [21]. This current split behavior depends on the grid impedance
module and phase, among others parameters. Since the SOFC
power is related to the current split, the system is also non-linear.

The dynamic behavior between the offset and the SOFC power is
analyzed in a simulation, by applying an offset step with an ampli-
tude of 0.1 in t = 0.3 s. This test is performed at two different oper-
ating points, when the load level PLd 75 kW and 90 kW. The results
are shown in Fig. 5, where a non-linear behavior is clearly
observed. The gain of the system is bigger when the load is bigger.
The 5% settling time also varies depending on the operating point.
For PLd = 75 kW it is approximately 24 ms, and for PLd = 90 kW it is
approximately 26 ms. Furthermore, oscillations at 150 Hz (3 times
fg) with a big amplitude of 1.5 kW are visible at both operating
points. These oscillations are due to the 3LNPC inverter structure
[20], and they can adversely affect the performance and lifetime
of the SOFC [17,18].

4.2. Definition of the controller specifications

Since the operating strategy’s goal is to regulate the SOFC power
to its rated value, the controller first objective is a zero static error.

For the CL dynamic behavior the following specifications are
defined:

� Oscillations at 150 Hz have to be damped as much as possible.
� The transient response has to be not too fast. First, because the
offset is added to the 3LNPC modulation index. This index is
used to regulate the AC frequency and voltage with a settling
time of 1–2 ms. In order to uncouple the control of the DC
and AC sides, the settling time of the two related CL systems
has to be different. Secondly, it is recommended that the SOFC
power variations should not be too fast, in order to prevent
damaging the SOFC. Thus, the desired tracking and regulation
dynamic behavior is of second order, with a damping factor of
0.7 and a 5% settling time of 10 ms.

Finally, taking into account the non-linearity of the system and
the high number of parameters affecting this non-linearity, the
controller has to be robust to ensure that within the entire operat-
ing range there is:

� Stability.
� Robustness in stability.
� Wherever possible, constant dynamic performance.

This way, the controller has to meet the standard robustness
margins in the entire operating range.

4.3. Sampling time and anti-aliasing filters

Since the controller has to be implemented in a digital proces-
sor, its sampling time must be defined. On the other hand, in this
research study, the controller is directly designed as digital, thanks
to a digital control model, without the design of a previous contin-
uous controller. The direct digital design has some advantages
[29]:

� The selected sampling time is lower, thus requiring a lower pro-
cessing power.

� The real robustness of the controller can be considered in the
design of the controller.

� Once designed, the controller can be directly implemented.



Fig. 6. Bode diagram of the FiDC filter.

Fig. 7. Bode diagram of the identified control model.

Fig. 5. Response of the SOFC power output to an offset step of amplitude +0.1 at
t = 0.3 s, for two load levels: 75 kW and 90 kW.
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When using this design process, the sampling frequency fs must
comply with the following condition [29]:

6 � f CLBW 6 f s 6 25 � f CLBW ð1Þ
where fCLBW is the CL bandwidth. Considering the specified dynamic
behavior, this bandwidth is more or less of 50 Hz. Thus, a sampling
frequency of 1 kHz is chosen, 20 times fCLBW, allowing reducing a bit
the desired settling time if necessary in the controller adjustment
process. On the other hand, fs being largely greater than twice the
oscillations frequency of 150 Hz, the digital controller is able to
damp these oscillations.

The anti-aliasing filter FiDC is of second order with a bandwidth
of 495 Hz. Its Bode diagram is shown in Fig. 6. At 150 Hz, the atten-
uation is only �0.17 dB.

4.4. Identification of the control model

The relation between the offset applied to the 3LNPC inverter
and the SOFC power is very complex and cannot be expressed ana-
lytically. In order to obtain the control model, an identification pro-
cess is carried out. The identification is made meeting the
following conditions:

� The AC side controller is operating at a constant power and with
a settling time allowing decoupling the behaviors of the AC and
DC side.

� The operating point corresponds to:
s A balanced and constant DC voltage at 1000 V.
s A resistive AC load of 90 kW. This power level corresponds to

the highest gain of the system to be controlled. Thus, secur-
ing standard robustness margins in this operating point
ensures meeting them in the entire operating range.

� The offset signal is a pseudo random binary signal (PRBS) [29] of
N = 10 bits, with a mean value of 0.18 which corresponds to the
nominal power split 30/60 kW, and amplitude of 0.15.
Once the experimental identification process completed, the
control model between the offset and the SOFC power Pm

SOFC is
obtained thanks to the System Identification Toolbox of Matlab.
The control model is of third order:

Pm
SOFC

offset
¼ �7521z�1 þ 8616z�2 � 7461z�3

1� 2:077z�1 þ 2:059z�2 � 0:9016z�3 ð2Þ

The control model Bode diagram is shown in Fig. 7. It can be
seen that the resonance at 150 Hz has been correctly identified.

4.5. Design of the controller

Since the controller is digital, single-input–single-output type
and linear, it is represented in the RST canonic form (see Fig. 8),
where R, S, T, Bm and Am are polynomials in the digital delay oper-
ator q�1 [29]. In Fig. 8, B and A are the numerator and denominator
of the control model, Pm

SOFC is the SOFC power reference (ie 60 kW)
and Py represents the disturbances in the output of the system.

Fig. 9 shows the control model roots and zeros position on the Z
digital plan. It can be observed that they are inside the unity circle,
i.e. stable. Thus, they can be cancelled out thanks to the RST con-
troller. This is the reason the ‘‘Tracking and regulation with inde-
pendent objectives” method is used to adjust the controller [29].

For the design of the controller, dominant poles included in PD
polynomial are chosen to meet the dynamic specifications. Fur-
thermore, two damped (damping factor of 0.1) auxiliary poles (PF
polynomial) are added in the desired CL characteristic polynomial
in order to limit the attenuation of the transfer function, also
named sensitivity function, Syp, between the disturbances Py and
the measured SOFC power signal Pm

SOFC at 150 Hz. Thus, the desired
CL characteristic polynomial is:

Pðq�1Þ ¼ PDðq�1ÞPFðq�1Þ ð3Þ
A property related to Syp states that the integral in frequency of

its gain is constant. Moreover, it can be demonstrated that the
modulus margin, the most global robustness margin, is equal to
the inverse of the maximum gain of Syp [29]. Thus, a limitation of
the attenuation of Syp at 150 Hz is implemented to increase slightly
the gain of Syp at 150 Hz and so to decrease the Syp maximum gain.
This way, the modulus margin is increased. The Bode diagram of
Syp is depicted in Fig. 10 where the disturbances at 150 Hz are sig-
nificantly attenuated even with the auxiliary poles.

The polynomials R, S, T, Bm and Am obtained with this adjust-
ment are:

Rðq�1Þ ¼ 0:4231� 0:9573q�1 þ 0:9474q�2 � 0:3579q�3 ð4Þ

Sðq�1Þ ¼ �7521þ 16138q�1 � 16078q�2 þ 7461q�3 ð5Þ



Fig. 8. Blocs diagram of the RST controller.
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Tðq�1Þ ¼ 1� 2:6534q�1 þ 3:1784q�2 � 2:0133q�3 þ 0:5437q�4

ð6Þ

Bmðq�1Þ ¼ 0:2592 ð7Þ

Amðq�1Þ ¼ 1� 0:7408q�1 ð8Þ
The modulus margin is �2.19 dB (according to standards it has

to be greater than �6 dB) and the delay margin is 1.03 Ts (accord-
ing to standards it has to be greater than Ts), where Ts is the sam-
pling time.
5. Simulation results

Simulations have been carried out on a validated model of the
HPS. This model has been implemented in a real time OPAL RT sim-
ulator [22]. The model and control laws have been executed in
three different cores with distinct processing time (Fig. 15): the
parts of the model with low dynamics (thermal and chemical ones)
at 200 ls, the electrical dynamics at 1 ls, and the control laws at Ts
(200 ls for the AC side controller).

The HPS has been tested in the most constraining case in order
to test its robustness. Two load steps are applied at t = 150 s and
t = 200 s. In the first event, the demanded power varies from
90 kW to 75 kW, and in the second from 75 kW to 90 kW, covering
the entire defined operating range. Fig. 11 shows that the SOFC
power is maintained at its rated value as expected, with a zero sta-
tic error. Thanks to its fast dynamics, the SCs module allows
responding to the fast variation of the demand while the GT power
reaches its power reference with slower dynamics.

Fig. 12 shows the voltage variations of two DC buses. When the
SCs module is charged in t = 150 s, the upper DC bus voltage VGT,
which is also the SCs voltage, increases. Conversely, when the
SCs module is discharged in t = 200 s, the voltage decreases.

Fig. 13 shows the two transient responses of the SOFC power.
The maximum peak is 4.5% of the SOFC rated power. In both cases,
the 5% settling time obtained is approximately 10 ms, as desired.
Regarding the steady state behavior, oscillations at 150 Hz still
Fig. 9. Control model roots and zero
exist, but they are significantly smaller (0.4 kW versus 1.5 kW in
open loop). Other tests have proven that these oscillations could
be damped even more by adjusting the controller, but this satu-
rates the offset at certain point.
6. Experimental results

6.1. Configuration of the experimental system

The HPS model used for simulations has been implemented in
the real-time simulator Hardware-In-the-Loop (HIL) OP 5600
HILbox OPAL RT, in order to emulate the behavior of the HPS in
the EneR-GEA experimental platform [30]. The HIL simulator has
a large computing capacity spread over four 2.4 GHz processors,
which allow running real-time simulations with calculation steps
up to 10 ls. The HIL interface runs under Matlab/Simulink and
includes among others the field-programmable gate array type
programmable integrated circuit to generate high frequency pulse
width modulation signals (several decades kHz).

As shown in Fig. 14, the HPS model simulated in real time with
the HIL system generates the voltage signals VGTðcÞ and VSOFCðcÞ,
which are the 2 voltage references of the power amplifiers. Thus,
the amplifiers generate the voltage of the two DC buses. The bus
of the SCs and GT is above, and the bus of the SOFC is below. The
HIL system is also used to control the switches of the 3LNPC con-
verter. In addition, the anti-aliasing filters FiDC and FiAC filter the
measured analog signals before they are sampled. The inputs and
outputs of the HIL system are:

� 2 analog voltage outputs representing the two power sources of
the hybrid system model: the SOFC and the GT associated with
the SCs module.

� 12 digital outputs to control the switches of the 3LNPC.
� One digital output signal to control a switch that can add a sec-
ond load to the microgrid.

� 10 analog inputs: the phase-neutral voltages Va,b,c and the cur-
rents ia,b,c of the three phases, and the current and voltage
(VGT and VSOFC) of the two DC buses.

The real components of the experimental platform include the
DC side filter, with its capacitors C1 and C2, the 3LNPC converter,
the LCL filter at the AC side, the power lines (represented by the
impedances Z1 and Z2) and the loads Ld1 and Ld2.

The HPS model runs on 4 processors of the HIL simulator. As
illustrated in Fig. 15, each processor uses a different calculation
time step.

The experimental platform cannot operate with the power of
the rural microgrid of 100 kW considered in this research study.
s position on the Z digital plan.



Fig. 10. Syp Bode diagram.

Fig. 11. Evolution of the power of the SOFC, the GT and SCs combined, the GT, and
the load in the simulation test.

Fig. 12. Evolution of the upper and lower DC buses voltage in the simulation test.
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Thus, the experimental tests in this platform are made at reduced
power.

The most limiting factor of the experimental setup is the max-
imum power that the amplifiers can generate. This is 1.5 kW while
the maximum power of one of the power sources of the system is
Fig. 13. SOFC power transient res
60 kW (SOFC). Using a scaling factor of Kech = 43, the power ampli-
fier that represents the SOFC generates a maximum of 1.4 kW. The
HPS parameters do not change; they are simulated at real power
levels.

The DC and AC side filters’ size is changed. The values of the cor-
responding parameters are given in Table 2. This table gives also
the new impedance value of the experimental loads. The lines’
impedance has not been measured. The length of these lines is
approximately 10 m.
6.2. Experimental tests

The scenario of the experimental test is very similar to that of
the simulation. As explained above, the main difference is the
power level which is much lower in the experimental platform,
with a scale factor of 43 in the current. Another difference is that
in the experimental platform, the second load (Fig. 14) is purely
resistive. The voltage levels are the same in the experimental plat-
form and the simulation model.

The second load is disconnected from the microgrid at t = 150 s,
through the contactor of the experimental platform (Fig. 14), and it
is connected again at t = 200 s.

Fig. 16 shows the evolution of the power of the different com-
ponents of the HPS during the experimental test. As in the simula-
tion, the SOFC power is regulated to its rated value with zero static
error. The power demand variation is ensured first by the SCs mod-
ule for its fast dynamics, and then by the GT. It has to be noted that
the noise level of the measured variables is high. This issue is
addressed at the end of the section.

The DC buses voltage evolution presented in Fig. 17 is also sim-
ilar to that obtained in the simulation. Again, some noise is observ-
able, but it is lower than in the measured power.

The DC voltage levels in the experimental test are slightly dif-
ferent compared to the voltage levels obtained in the simulation:
the SOFC voltage is slightly lower in the experimental test while
ponse in the simulation test.



Fig. 18. Spectral analysis of the SOFC current measured in the experimental test.

Fig. 14. Schema of the experimental configuration.

Fig. 15. Separation of the model and the control laws in different cores with distinct
processing times in simulation (difference in blue) and experimental (difference in
green) tests. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 16. Evolution of the power of the SOFC, the GT and SCs combined, the GT, and
the load in the experimental test.

Fig. 17. Evolution of the upper and lower DC buses voltage in the experimental test.

Table 2
Values of the experimental microgrid parameters.

Name Definition Value

C1, C2 DC bus filter capacitors 3.3 mF
Lf Inverter-side inductance of the AC side filter 3 mH
Cf Capacitor of the AC side filter 2 lF
Ld1 First load impedance 91.2 Ω
Ld2 Second load impedance 433.1 Ω
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the GT and SCs voltage is slightly higher. This is because the startup
phase in the experimental test is different in the simulation. In par-
ticular, as a precaution, the variations of the voltages generated by
the power amplifiers have been limited. On the other hand, the
SOFC voltage peaks are higher and last more than in the simula-
tion. This can be explained by the abovementioned limitation of
the power amplifiers voltage variation.

Regarding the high level noise observed in the experiment, it
comes mostly from the measured current. Fig. 18 shows the spec-
tral response of the measured SOFC current at the output of the
power amplifier. The noise is concentrated in the microgrid fre-
quency harmonics. Thus, it seems that the origin of this noise is
the AC side signals, or a coupling between the power amplifiers
and AC side signals. Anyway, it can be observed that the spectral
peak at 150 Hz is not significantly higher than at 50 Hz and
100 Hz. Thus, it seems that the oscillations at 150 Hz linked to
the structure of the 3LPNPC inverter are damped at a certain level.

7. Conclusions

The research study presented in this paper demonstrates that a
well structured, operated and controlled HPS composed by a SOFC,
a GT and a SCs module, and connected to the microgrid through a
3LNPC inverter can be a very interesting solution to supply power
to rural isolated microgrids where biogas is available.

The designed solution is especially interesting from the point of
view of the following criteria:

� Efficiency:
s The proposed SOFC/GT association and size ensures the max-

imum conversion of heat into electricity.
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s The chosen power converter topology allows reducing the
switching losses and thus increasing the overall efficiency,
compared to more classical topologies.

s Regulating the SOFC to its rated value ensures its maximum
efficiency.

� Power quality:
s The appropriate association of the module of SCs to the

hybrid source provides a fast power response capacity to
the HPS, allowing managing transients and facing distur-
bances in an adequate manner.

s The 3LNPC inverter produces lower harmonic distortions
than a classical inverter.

� SOFC lifetime:
s The strategy of maintaining the SOFC at a constant value

improves its lifetime.
s Thanks to the designed controller, the current oscillations

caused by the 3LNPC inverter at three times the microgrid
frequency are damped, thus reducing the fatigue of the SOFC.

s The association of the module of SCs to the hybrid source
ensures fast response to power demand variations, avoiding
SOFC power fast variations and thus increasing its lifetime.

� Robustness:
s The design of the robust controller carried out thanks to the

identified control model ensures the stability and the perfor-
mance of the system in all the operating range of the HPS.

The designed HPS has shown its qualities in the scenario consid-
ered in this work. However, the behavior of this HPS should be
assessed in a more complex microgrid, with other renewable
sources and when different events occur. Moreover, an important
noise level has been observed in the measures carried out in the
experimental test. The origin of this noise has yet not been identi-
fied. After identifying it, a solution to decrease this noise should be
defined and applied to the experimental platform.

The research group associated to this paper plans to address
these two abovementioned issues in future works.
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