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Abstract——In this study, a novel approach for dynamic model‐
ing and closed-loop control of hybrid grid-connected renewable
energy system with multi-input multi-output (MIMO) controller
is proposed. The studied converter includes two parallel DC-DC
boost converters, which are connected into the power grid
through a single-phase H-bridge inverter. The proposed MIMO
controller is developed for maximum power point tracking of
photovoltaic (PV)/fuel-cell (FC) input power sources and output
power control of the grid-connected DC-AC inverter. Consider‐
ing circuit topology of the system, a unique MIMO model is
proposed for the analysis of the entire system. A unique model
of the system includes all of the circuit state variables in DC-
DC and DC-AC converters. In fact, from the viewpoint of
closed-loop controller design, the hybrid grid-connected energy
system is an MIMO system. The control inputs of the system
are duty cycles of the DC-DC boost converters and the ampli‐
tude modulation index of DC-AC inverters. Furthermore, the
control outputs are the output power of the PV/FC input power
sources as well as AC power injected into the power grid. After
the development of the unique model for the entire system, a de‐
coupling network is introduced for system input-output linear‐
ization due to inherent connection of the control outputs with
all of the system inputs. Considering the decoupled model and
small signal linearization, the required linear controllers are de‐
signed to adjust the outputs. Finally, to evaluate the accuracy
and effectiveness of the designed controllers, the PV/FC based
grid-connected system is simulated using the MATLAB/Simu‐
link toolbox.

Index Terms——Multi-input multi-output (MIMO) converter,
maximum power point tracking, grid-connected inverter, con‐
version function matrix.

I. INTRODUCTION

GRID-CONNECTED voltage source inverters have been
widely used in active power filters, online uninterrupt‐

able power supplies, and renewable energy systems [1]. In
these applications, output power control and DC-link voltage
regulation should be performed. Related to the importance of

greenhouse gas reduction, renewable energy sources such as
photovoltaic (PV) systems, fuel cells (FCs), and wind tur‐
bines have been extensively employed to respond to the in‐
creasing electrical energy demand. Additionally, the applica‐
tion of the PV energy has gained considerable attention in re‐
cent years due to the widespread global existence of solar en‐
ergy. Moreover, with recent developments in solar energy
technology, the capital cost of PV systems has been sharply
reduced [2]. It should be noted that the applications of grid-
connected PV systems are preferred due to the removal of
storage batteries. In such applications, usually DC-DC and
DC-AC converters are required for the maximum power
point tracking (MPPT) of the renewable power source and
the conversion of the PV output into AC power, respectively.
From the viewpoint of controller design, the closed-loop con‐
trol of the grid-connected systems is a challenging task due
to the cascade connection of multiple converters.

Considering a multiport DC-DC converter, a PV panel
and a backup battery are connected to the DC link of a sin‐
gle-phase grid-connected inverter in [3]. Linear controllers
are employed for the MPPT of the PV generator and the reg‐
ulation of the system output power. However, the controllers
are not designed using a dynamic model of the system, and
the gains of compensators are selected by trial and error.

In [4], a bidirectional single-stage grid-connected inverter
is studied for energy storage systems. Several buck-boost
DC-DC choppers have been employed for the connection of
the batteries into the system DC link. Considering the steady-
state behavior of the system, some equations are obtained
for power flow control of the storage batteries. The control‐
ling system does not require any current sensors. As the con‐
troller is developed based on steady-state analysis, it cannot
guarantee system stability in different operation conditions.

Considering the mathematical model of the multi-parallel
inverters, intrinsic and extrinsic resonances are studied in mi‐
crogrid applications [5]. Moreover, to attenuate the reso‐
nance of the system, an active damping control approach is
developed. In [5], the PV module and DC-DC converter are
modeled as a constant DC voltage source. However, it is
well known that in grid-connected inverters, the DC link has
considerable voltage ripple. Moreover, the developed control‐
ler is unable to track the maximum power point (MPP) of
the input power source.
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In grid-connected PV systems, an attempt is made to maxi‐
mize the total circuit efficiency by minimizing the number
of required converters. For example, in [6]-[8], an attempt is
made to improve the power efficiency of the grid-connected
PV systems by removing DC-DC converters. In this condi‐
tion, the MPPT of the input power source is accomplished
by DC-side voltage control of the inverter. However, in [6]-
[8], series connection of multiple solar panels is necessary to
increase DC-link voltage in the transformerless grid-connect‐
ed PV systems. The primary disadvantage of the panels’ se‐
ries connection appears during partial shading. Due to the
current reduction in the shaded cells, the total output power
will decrease considerably in series-connected PV panels.
Conversely, the application of 50 Hz bulky transformers in
the inverter output for the grid connection of the PV systems
is undesirable due to its high weight and cost. Briefly, a volt‐
age boost of the PV output power is required in grid-con‐
nected systems by using a step-up DC-DC converter [9]-[11].

Low-frequency power mitigation control is studied for
grid-connected PV systems by using a dynamic model based
controller [12]. Considering low-voltage ripple of the DC
link, small capacitors can be used in the grid-connected in‐
verter. In addition, the MPPT of input PV sources can be
performed with fast tracking speed. However, a developed
controller cannot be employed in hybrid renewable energy
systems. Due to the dependence of the generated PV power
on radiance level, temperature, and shading conditions, and
the lack of power generation during night hours, PV systems
are normally combined with other energy sources or storage
systems to improve the reliability of the renewable power
plant. If the hybrid renewable energy system is equipped
with an appropriate controller, it can demonstrate better reli‐
ability for load power supply [13] compared with a single-
source system. FC generator is an ideal option for combina‐
tion with PV systems [14] due to acceptable power efficien‐
cy and independence from weather conditions.

Recently, the research and development of the hybrid re‐
newable energy system have increased. For example, in [15],
a backstepping nonlinear controller is designed for hybrid
PV power supplies for remote communication applications.
To supply system loads, a buck/boost DC-DC converter is
cascaded with a single-phase DC-AC inverter. A nonlinear
backstepping controller guarantees the stability and robust‐
ness of the designed controllers during system parameter
changes. However, in [15], the DC-DC converter and DC-
AC inverter are modeled as separate subsystems. Hence, in‐
herent connections between these subsystems are not consid‐
ered. In fact, the multi-input multi-output (MIMO) model of
the cascaded converters is not used for controller design.
Moreover, the practical implementation of the backstepping
controller [16] requires very fast processors and digital/ana‐
log (D/A) converters. Furthermore, gains of the controllers
in [15] are selected by trial and error.

The analysis of a grid-connected PV-wind-battery hybrid
energy system is presented in [17], [18], which includes en‐
ergy engineering concepts, reliability, and cost reduction

studies of the plant. However, dynamic analysis and system
modeling are not studied in [17], [18].

In [19], a novel three-input DC-DC converter for stand-
alone PV-FC battery systems is proposed. The MPPT of the
PV panel and FC system is studied. The linear controllers
are designed based on small signal analysis of the model.
However, the controller of [19] is only applicable to stand-
alone renewable systems and dynamic modeling of the DC-
AC inverter which is employed in the grid-connected system
is not reported. It is clear that adding the AC-side state vari‐
ables into the converter model complicates the development
of the unique general model for the entire system, and also
increases the difficulty of the controller design.

In [20], the closed-loop control of the grid-connected in‐
verters is studied to improve the current quality and active
power filtering in the distribution system. In spite of the non-
ideal waveform of the grid voltage, the developed controller
is able to compensate nonlinear and harmonic components
of the local load. Furthermore, it is not required to transfer
coordinates of system voltages and currents. Hence, the con‐
trol law can be calculated simply, which results in ease of
practical implementation.

In [21], the nonlinear robust control of PV systems is stud‐
ied. The proposed controller is designed to track the MPP of
the input power source, regulate DC voltage of the inverter,
as well as active power injected into the power grid. To pro‐
tect the system from inverter faults during voltage dips, a re‐
active power injection capability is provided for the system.
It can be used during normal grid-connected conditions as
well as stand-alone fault mode. Two separate models at AC
inverter side and DC chopper side are employed for nonlin‐
ear control of the system.

Utility fault ride-through capability of the grid-connected
renewable energy systems is investigated in [22] using pre‐
dictive controllers. In addition to standard capabilities of the
grid-connected PV system, the controller can provide reac‐
tive power for load compensation and unity power factor op‐
eration. During voltage dips, the controller stops active pow‐
er injection and the system operates as an active power filter.

In [23], the circuit topology of current source grid-con‐
nected inverters is modified to improve system response dur‐
ing voltage spikes of the grid voltage. It is realized by add‐
ing a standard buck chopper between input renewable power
source and a current source inverter. Hence, in this structure,
the PV panel current pulsates resulting in the oscillation of
the operation point.

Briefly, in grid-connected renewable systems, a DC-DC
converter can be cascaded with a DC-AC inverter for the
grid connection of the input power source. In this structure,
a DC-DC converter is employed for MPPT of the renewable
power source. Additionally, a DC-AC inverter is responsible
for AC power flow control between the renewable generator
and the utility. To simplify the controller design, the input
power source and the DC-DC chopper can be approximated
as a constant DC voltage source [12]. In this condition, the
modulation index (control input) of the grid-connected invert‐
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In grid-connected PV systems, an attempt is made to maxi‐
mize the total circuit efficiency by minimizing the number
of required converters. For example, in [6]-[8], an attempt is
made to improve the power efficiency of the grid-connected
PV systems by removing DC-DC converters. In this condi‐
tion, the MPPT of the input power source is accomplished
by DC-side voltage control of the inverter. However, in [6]-
[8], series connection of multiple solar panels is necessary to
increase DC-link voltage in the transformerless grid-connect‐
ed PV systems. The primary disadvantage of the panels’ se‐
ries connection appears during partial shading. Due to the
current reduction in the shaded cells, the total output power
will decrease considerably in series-connected PV panels.
Conversely, the application of 50 Hz bulky transformers in
the inverter output for the grid connection of the PV systems
is undesirable due to its high weight and cost. Briefly, a volt‐
age boost of the PV output power is required in grid-con‐
nected systems by using a step-up DC-DC converter [9]-[11].

Low-frequency power mitigation control is studied for
grid-connected PV systems by using a dynamic model based
controller [12]. Considering low-voltage ripple of the DC
link, small capacitors can be used in the grid-connected in‐
verter. In addition, the MPPT of input PV sources can be
performed with fast tracking speed. However, a developed
controller cannot be employed in hybrid renewable energy
systems. Due to the dependence of the generated PV power
on radiance level, temperature, and shading conditions, and
the lack of power generation during night hours, PV systems
are normally combined with other energy sources or storage
systems to improve the reliability of the renewable power
plant. If the hybrid renewable energy system is equipped
with an appropriate controller, it can demonstrate better reli‐
ability for load power supply [13] compared with a single-
source system. FC generator is an ideal option for combina‐
tion with PV systems [14] due to acceptable power efficien‐
cy and independence from weather conditions.

Recently, the research and development of the hybrid re‐
newable energy system have increased. For example, in [15],
a backstepping nonlinear controller is designed for hybrid
PV power supplies for remote communication applications.
To supply system loads, a buck/boost DC-DC converter is
cascaded with a single-phase DC-AC inverter. A nonlinear
backstepping controller guarantees the stability and robust‐
ness of the designed controllers during system parameter
changes. However, in [15], the DC-DC converter and DC-
AC inverter are modeled as separate subsystems. Hence, in‐
herent connections between these subsystems are not consid‐
ered. In fact, the multi-input multi-output (MIMO) model of
the cascaded converters is not used for controller design.
Moreover, the practical implementation of the backstepping
controller [16] requires very fast processors and digital/ana‐
log (D/A) converters. Furthermore, gains of the controllers
in [15] are selected by trial and error.

The analysis of a grid-connected PV-wind-battery hybrid
energy system is presented in [17], [18], which includes en‐
ergy engineering concepts, reliability, and cost reduction

studies of the plant. However, dynamic analysis and system
modeling are not studied in [17], [18].

In [19], a novel three-input DC-DC converter for stand-
alone PV-FC battery systems is proposed. The MPPT of the
PV panel and FC system is studied. The linear controllers
are designed based on small signal analysis of the model.
However, the controller of [19] is only applicable to stand-
alone renewable systems and dynamic modeling of the DC-
AC inverter which is employed in the grid-connected system
is not reported. It is clear that adding the AC-side state vari‐
ables into the converter model complicates the development
of the unique general model for the entire system, and also
increases the difficulty of the controller design.

In [20], the closed-loop control of the grid-connected in‐
verters is studied to improve the current quality and active
power filtering in the distribution system. In spite of the non-
ideal waveform of the grid voltage, the developed controller
is able to compensate nonlinear and harmonic components
of the local load. Furthermore, it is not required to transfer
coordinates of system voltages and currents. Hence, the con‐
trol law can be calculated simply, which results in ease of
practical implementation.

In [21], the nonlinear robust control of PV systems is stud‐
ied. The proposed controller is designed to track the MPP of
the input power source, regulate DC voltage of the inverter,
as well as active power injected into the power grid. To pro‐
tect the system from inverter faults during voltage dips, a re‐
active power injection capability is provided for the system.
It can be used during normal grid-connected conditions as
well as stand-alone fault mode. Two separate models at AC
inverter side and DC chopper side are employed for nonlin‐
ear control of the system.

Utility fault ride-through capability of the grid-connected
renewable energy systems is investigated in [22] using pre‐
dictive controllers. In addition to standard capabilities of the
grid-connected PV system, the controller can provide reac‐
tive power for load compensation and unity power factor op‐
eration. During voltage dips, the controller stops active pow‐
er injection and the system operates as an active power filter.

In [23], the circuit topology of current source grid-con‐
nected inverters is modified to improve system response dur‐
ing voltage spikes of the grid voltage. It is realized by add‐
ing a standard buck chopper between input renewable power
source and a current source inverter. Hence, in this structure,
the PV panel current pulsates resulting in the oscillation of
the operation point.

Briefly, in grid-connected renewable systems, a DC-DC
converter can be cascaded with a DC-AC inverter for the
grid connection of the input power source. In this structure,
a DC-DC converter is employed for MPPT of the renewable
power source. Additionally, a DC-AC inverter is responsible
for AC power flow control between the renewable generator
and the utility. To simplify the controller design, the input
power source and the DC-DC chopper can be approximated
as a constant DC voltage source [12]. In this condition, the
modulation index (control input) of the grid-connected invert‐
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er is employed for AC current (control output) control.
Hence, the renewable energy system can be approximated as
a single-input single-output (SISO) system.

However, the DC link of the grid-connected inverter may
include considerable voltage ripples. Hence, it cannot be ap‐
proximated by a simple constant voltage source in a wide
range of operation. In brief, to provide more accurate system
control, the cascaded DC-DC and DC-AC converters must
be considered as a unique system in grid-connected renew‐
able energy systems. In this condition, the duty cycle of the
chopper should be considered for the MPPT of the input
power source. Furthermore, the modulation index of the in‐
verter is employed for output power control. In fact, if a
unique model is employed for controller design, the grid-con‐
nected system will include two different control inputs (in‐
cluding the duty cycle of the chopper and the modulation in‐
dex of the inverter) and two different control outputs (includ‐
ing the input power of the renewable energy source and the
grid current). Hence, the mentioned renewable generator is a
MIMO system [24]. In spite of the superior response of the
MIMO design, considering inherent connection among con‐
trol inputs and outputs, it is clear that the MIMO controller
design is significantly challenging compared with SISO sys‐
tems.

In this study, the modeling and control of the grid-connect‐
ed PV/FC hybrid energy systems are studied. The circuit to‐
pology consists of two separate DC-DC boost converters for
the MPPT of the input sources. These choppers supply the
DC link of the grid-connected inverter. In the proposed ap‐
proach, a complete unique MIMO model of the system is
employed for controller design. The control inputs of the sys‐
tem are duty cycles of the DC-DC boost converters and the
amplitude modulation index of the DC-AC inverter. In addi‐
tion, the system control outputs are the power from the PV/
FC sources and the AC power injected into the power grid.
Hence, from the viewpoint of controller design, the studied
system is a three-input three-output circuit. Considering the
complexities of controller design due to inherent connection
between control outputs and all of the system inputs, a spe‐
cial decoupling network is employed to decouple controlling
loops. Finally, considering small signal linearization of the
MIMO model, system controllers are designed according to
Bode analysis. Briefly, the primary contributions of this
study can be summarized as follows:

1) Develope a general unique model for the MIMO hybrid
energy system.

2) Develope a decoupling network and systematic design
of the linear controllers for decoupled loops using Bode anal‐
ysis.

The rest of this paper is organized as follows. The convert‐
er structure and its analysis are explained in Section II.
Then, dynamic modeling of the converter is introduced in
Section III. In Section IV, controller design and decoupling
networks are presented. Finally, the simulation results of the
controller are illustrated in Section V.

II. CONVERTER TOPOLOGY AND MODELING

The topology of the MIMO converter, which will be con‐
sidered in this study, is shown in Fig. 1. According to bipo‐
lar pulse width modulation of the inverter [25], it can be
concluded that the inverter output voltage is ux3. Moreover,
its input current will be equal to ux4. u, x3, and x4 are the
amplitude modulation index, inverter DC-link voltage, and
grid current, respectively. Considering these assumptions, the
equivalent circuit of the system is shown in Fig. 2. The pro‐
posed converter has two input sources v1 (PV) and v2 (FC).
The DC-DC converters are employed for the MPPT of the
input power sources. Duty cycles of the switches S1 and S2

(d1 and d2) are control inputs of the DC-DC boost convert‐
ers. Additionally, u is the control input of the DC-AC grid-
connected inverter in the hybrid energy system. Equivalent
circuits of the MIMO converter in different operation modes
are shown in Fig. 3, where T is the switching period of DC-
DC boost converters. Moreover, the steady-state waveforms
of the DC-DC boost converters are illustrated in Fig. 4,
where XG1 and XG2 are the gate signals of the S1 and S2, re‐
spectively.

According to Fig. 4, three different operation modes can
be considered as 0< t < d1T, d1T < t < d2T, and d2T < t < T in‐
tervals. By choosing the system state vector as X T =
[iL1

iL2
vCiLg

]=[x1x2x3x4], an averaged state-space model

of the system can be extracted, where vC is the output capaci‐
tor voltage; iL1

is the PV current; iL2
is the FC current; and

iLg
is the grid current. During the first operation mode for 0<

t < d1T, it is observed that switches S1 and S2 are on. Hence,
inductors L1 and L2 are charged through input voltage sourc‐
es v1 and v2, respectively. Considering Fig. 3(a), state-space
equations of the related sub-circuit can be written as follows:

Ẋ =A1 X +B1 (1)
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Fig. 1. Grid-connected PV/FC hybrid energy system.
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Fig. 2. Equivalent circuit of grid-connected PV/FC hybrid energy system.
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where C is the DC-link capacitor of the inverter; V1 and V2

are the voltages of PV and FC sources, respectively; Vg is
the grid voltage; and Lg is the coupling inductor.

According to Fig. 3(b), if it is assumed that d1 < d2, it can
be concluded that S1 will be turned off at t = d1T during the
second operation interval. However, S2 is still conducting.
Hence, the voltage of L1 will be equal to v1 - vC. Similarly,
the following equations can be written during the second
switching interval:

Ẋ =A2 X +B2 (3)
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Finally, in the third switching interval (d2T < t < T), it is
observed that both of the switches S1 and S2 are off and the
state equations of the sub-circuit can be obtained according
to Fig. 3(c).

Ẋ =A3 X +B3 (5)
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III. DYNAMIC MODELING OF CONVERTER

A. Averaged State Space MIMO Model

In the hybrid converter, duty cycles (d1, d2) of the boost
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Fig. 3. Equivalent sub-circuits of converter in different operation modes.
(a) The first kind of equivalent sub-circuit during 0< t < d1T. (b) The second
kind of equivalent sub-circuit during d1T < t < d2T. (c) The third kind of
equivalent sub-circuit during d2T < t < T.
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Fig. 4. Steady-state waveforms of DC-DC boost converters in grid-con‐
nected PV/FC hybrid energy system.
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choppers and the amplitude modulation index u of the single-
phase grid-connected inverter are assumed as controller in‐
puts. Considering the averaging technique in Fig. 4, the gen‐
eral MIMO model of the system can be developed in all
switching intervals of Fig. 3. The model includes all of the
system control inputs as well as all of the state variables on
both AC and DC sides.

Ẋ =Aav X +Bav (7)

where Aav and Bav are the averaged matrices, which can be
calculated according to the durations of the switching inter‐
vals in Fig. 4 as:

Aav = d1 A1 + (d2 - d1)A2 + (1- d2)A3 (8)

Bav = d1 B1 + (d2 - d1)B2 + (1- d2)B3 (9)

By substituting (2), (4), and (6) into (8) and (9), the aver‐
aged state space [1] MIMO model of the system can be ob‐
tained as:
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B. Model Linearization

Considering small-signal linearization theory, state vari‐
ables, duty cycles, and amplitude modulation, the index of
the model can be assumed as:
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xi = X̄i + x͂i i = 1234

dj = D̄j + d͂j j = 12

u= Ū + u͂

(11)

where DC components (X̄iD̄jŪ) are the nominal values of
the parameters in an operation point of the converter; and
AC components (x͂id͂ju͂) are the small signal perturbations
of the parameters around an operation point.

By substituting (11) into (10), the linearized small-signal
model of the converter can be obtained. It should be noted
that in the linearized model, the higher-order terms where
two AC components are multiplied, are neglected.

{ẋ͂ =Ax͂ +Bv͂
y͂ =Cx͂

(12)

where x͂, v͂, and y͂ are the state variable vector, control vec‐
tor, and output vector of the system, respectively. Matrices
of the linearized state space model can be rewritten as:
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y͂ =[ i͂L1
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]

(13)

where i͂L1
, i͂L2

, v͂C, and i͂Lg
are the small signal perturbations of

the iL1
, iL2

, vC, and iLg
around an operation point, respectively.

IV. CONTROLLER DESIGN

The block diagram of the proposed controller for a grid-
connected PV/FC hybrid energy system is shown in Fig. 5,
where SPWM stands for sinusoidal pulse width modulation.
The duty cycles of the DC-DC converters and inverter ampli‐
tude modulation index are the control inputs of the system.
Furthermore, the output power of the PV/FC sources and in‐
jected AC current are the control outputs.
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Fig. 5. Proposed control structure for grid-connected PV/FC hybrid energy
system.
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As shown in Fig. 5, the first control input d1 is adjusted
so that the operation of the PV source in MPP is established.
To do this, at first, the reference value of the PV array cur‐
rent xref

1 , which guarantees its operation in MPP, is calculat‐
ed. Then, as shown in Fig. 5, the first controller determines
d1 according to the error of the first state variable (e1 = xref

1 -
x1). Similarly, d2 is used for the MPPT of the FC power
source. The values of the reference currents for PV and FC
input power sources can be calculated according to the frac‐
tional short-circuit approach as xref

i =KPV ISCPV and xref
i =

KFC ISCFC, where KPV = 0.75 and KFC = 0.85 are the coeffi‐
cients of the PV and FC reference currents, respectively; and
ISCPV and ISCFC are the short-circuit currents of the PV and
FC, respectively [26].

Alternatively, the amplitude modulation index of the in‐
verter u is controlled to adjust the AC grid current on its ref‐
erence value. It is obvious that the grid reference current
must be selected so that all of the power generated by renew‐
able input sources is injected into the power grid. To accom‐
plish this, another separate controller is employed for the
voltage control of the DC-link capacitor.

If the voltage of the DC-link capacitor is stabilized at a
certain reference value xref

3 , it can be concluded that all of
the active power generated by DC sources is transferred into
the power grid. In fact, if the power generated by renewable
sources from one side and the injected AC power into the
power grid from the other side are not equal, the power dif‐
ference will be transferred into the DC-link capacitor and
therefore, the voltage of the DC-link capacitor cannot be
kept constant at its reference value. Briefly, the stabilization
of the DC-link voltage at its reference value and the calcula‐
tion of the power grid reference current based on the DC-
link voltage error ensure that all of the power generated by
renewable sources is transferred into the power grid.

As shown in Fig. 5, a cascade structure is proposed for
closed-loop control of the grid-connected inverter. At first,
according to the DC-link voltage error, the proportional-inte‐
gral (PI) controller determines the amplitude of the grid ref‐
erence current. Then, another controller is employed for reg‐
ulation of the grid current. It is clear that for satisfactory
control of the AC current controller, the DC-link reference
voltage must be larger than the peak value of the grid volt‐
age. It should be noted that in this study, the reference value
of the DC-link capacitor is assumed to be 200 V.

Considering the Laplace transform of (12), the following
equations can be obtained:

y͂ =Gv͂ (14)

G =C(sI -A)-1 B (15)

where G is the transfer function of the system; s is the oper‐
ator variable in Laplace domain; and I is an identity matrix.
Considering the inputs and outputs of the proposed MIMO
system, (14) can be rewritten as follows:
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The simplified values of the transfer functions (gij, i, j =
1, 2, 3) are presented in the Supplementary Material.

From (16), it can be observed that all of the output vari‐
ables of the system (x͂1 , x͂2, and x͂4) are related to all of the
control inputs d͂1, d͂2, and u͂. Hence, it is not straightforward
to design MPPT and AC current controllers. For this reason,
a compensation network [27] is employed in this study to fa‐
cilitate the design process of closed-loop controllers, as
shown in Fig. 6.

In fact, the compensation network is capable of decou‐
pling multiple control loops of the proposed strategy. In the
mentioned compensation network, the output vector y can be
defined as y =Gv*, where v* is the modified control inputs,
which can be defined as v* =G*v. Therefore, it can be con‐
cluded that y =GG*v. Thus, to decouple the control loops,
the GG* must be a diagonal unity matrix. Then, each control
output will only be related to the corresponding control in‐
put. With respect to these equations, it can be concluded that
G* =G-1 xv-1, which is given in (17).
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(17)

According to Fig. 6, by substituting G * and G from (17)
and (16) into x =GG*v, the decoupled transfer functions of
the system can be obtained as:

H1 (s)=
x͂1

d͂1

= g11 + g12

g23 g31 - g21 g33

g22 g33 - g23 g32

+ g13

g21 g32 - g22 g31

g11 g22 - g12 g21

(18)

H2 (s)=
x͂2

d͂2

= g21

g13 g32 - g12 g33

g11 g33 - g13 g31

+ g22 + g23

g12 g31 - g11 g32

g11 g33 - g13 g31

(19)

H4 (s)=
x͂4

u͂
= g31

g12 g23 - g13 g22

g11 g22 - g12 g21

+ g32

g13 g21 - g11 g23

g11 g22 - g12 g21

+ g33

(20)

Considering the developed transfer functions in (18)-(20),
the proposed control loops in Fig. 6 can be designed. It
should be noted that the control functions in the Laplace do‐
main are assumed as Ki (1+ Ti s) [s(1+ aTi s)], where i = 124.

Therefore, it is possible to eliminate the steady-state error of
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Fig. 6. Compensation network.
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the system by considering integral terms in the compensa‐
tors. These controllers are tuned to achieve a desirable phase
margin in the range of [65°, 80°] with an acceptable cut-off
frequency. The Bode plots of the controllers are illustrated in
Fig. 7 before and after compensation according to the select‐
ed compensation gains in Table I.

V. SIMULATION RESULTS

To evaluate the accuracy of the proposed control method,
simulation results of the designed hybrid energy system are
presented in this section using the MATLAB/Simulink toolbox.

To model the BP585 PV input source in simulations using
the electrical parameters of Table II, the equivalent circuit of
Fig. 8 is employed. Nominal values of the system parame‐
ters are listed in Table III.

Hence, current-voltage characteristics of the PV panel can
be written as:

iPV = Iph - IO ( )exp ( )vPV +RsiPV

Vta

- 1 (21)

where iPV and vPV are the current and voltage of the PV pan‐
el, respectively; Iph and IO are the photo-generated and reverse
saturation currents, respectively; Rs is the series resistance;
and Vta = NS AKBTPV q is the thermal voltage, and A, KB, q,

and TPV are the diode quality factor, Boltzmann constant, elec‐
tron charge, and PV module temperature, respectively.

In addition, the photo-generated current Iph depends on the
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sation. (a) Bode plot of H1 (s) before and after compensation. (b) Bode plot
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TABLE I
CONTROLLER GAINS

Controller

Current controller of PV
source H1 (s)

Current controller of FC
source H2 (s)

AC current controller of
power grid H4 (s)

Gain

Ki

0.98550

0.32570

0.15835

Ti

0.007491

0.005260

0.014893

aTi

0.00001916

0.00002005

0.00000562

TABLE II
PV MODULE PARAMETERS

Parameter

Number of cells Ns

Standard light intensity So

Reference temperature Tref

Series resistance Rs

Short-circuit current ISC0

Saturation current IS0

Band energy Eg

Ideality factor A

Temperature coefficient Ct

Value

36

1000 W/m2

25 °C

0.008 Ω

5 A

3.8074´ 10-8 A

1.12 eV

1.2

0.00065 A/°C

Iph

Rs iPV

vPVid=IO(exp ( vPV + RsiPV )�1)Vta

+

�

Fig. 8. Equivalent circuit of PV input source.

TABLE III
NOMINAL PARAMETERS OF POWER CIRCUIT

Simulation parameter

Switching frequency of inverter and DC-DC
converters fs

PV inductor L1

FC inductor L2

Grid inductor Lg

DC-link capacitor C

Voltage of PV sources V1

Voltage of FC sources V2

AC grid frequency f

AC grid voltage Vg

Value

20 kHz

1 mH

1 mH

1 mH

470 μF

159.3 V

150 V

50 Hz

110 V
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irradiance level and temperature as follows:

Iph = ISC

S
S0

+Ct (Ta - T0) (22)

where ISC is the short-circuit current of the panel; T0 and S0

are the nominal temperature and irradiance, respectively; S
and Ta are the ambient irradiance and temperature, respec‐
tively; and Ct is the temperature coefficient.

Furthermore, as shown in Fig. 9, a controlled voltage
source E with an internal resistance R can be considered for
modeling the FC stack in nominal conditions. During the
simulations, it is assumed that E = 150 V and R= 0.2 Ω.

In Fig. 10, the simulation response of the proposed MI‐
MO controller for the grid-connected PV/FC hybrid energy
system in nominal condition is illustrated during steady-state
operation.

It is assumed that Ta = 25 ℃ and S = 1000 W/m2. Hence,
the reference current of the PV panel will be equal to 4.7 A
in MPP. Moreover, the reference current of the FC stack is
assumed to be 7.3 A. In Fig. 10(a) and (b), currents of the
input renewable sources are illustrated versus references. It
is shown that the proposed MIMO controller is able to sta‐
bly regulate the DC-DC converters with zero steady-state er‐
ror. Additionally, according to Fig. 10(c), voltage of the DC-
link capacitor is regulated in its reference value. As a result,
it can be concluded that all active power generated by the re‐
newable source is injected into the grid. The grid reference
current generated according to the DC-link voltage error is
shown in Fig. 10(d). Considering Fig. 10(d) and (e), the AC
current is injected in phase with voltage into the power grid

with zero steady-state error. Moreover, the THD of the grid
current is shown in Fig. 10(f), where when the fundamental
(50 Hz) is equal to 22.55, THD equals 1.48%. The THD of
the injected AC current is equal to 1.47%, which is com‐
pletely compatible with the standards of a distribution net‐
work.

In Fig. 11, the transient response of the developed MIMO
controller is illustrated during system start-up process. It is
assumed that reference values of the input sources are
changed from zero to nominal values. Furthermore, consider‐
ing step changes of the reference voltage of DC-link capaci‐
tor from 0 to 200 V, the grid reference current is determined
in the outer loop of the AC-side MIMO controller. It is ob‐
served that the proposed MIMO controller is stable and fast
during system start-up process.

In Fig. 12, the transient response of the proposed MIMO
controller during step changes of the PV reference current is
illustrated. It is assumed that the radiation level is changed
from 1000 to 600 W/m2 at t = 0.5 s. Hence, the reference cur‐
rent of the PV panel is changed from 4.7 to 2.8 A. The pro‐
posed MIMO controller is able to regulate input current of
the PV panel in MPP. Moreover, in spite of grid current
changes, the DC-link voltage is stably regulated in its refer‐
ence value.

Similarly, in Fig. 13, the response of the proposed MIMO
controller during step changes of the FC reference current is
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illustrated. It is assumed that at t = 0.5 s, the reference of the
FC-side output current is stepped from 7.5 to 13 A. Finally,
in Fig. 14, both of the DC reference currents are simultane‐
ously changed. In fact, at t = 0.5 s, the reference current of
the PV panel and FC stack are changed from 4.7 to 2.8 A
and from 7.5 to 13 A, respectively. It is clear that the devel‐
oped MIMO controller is stable in different operation points
and has fast transient response with zero steady-state error.

In Fig. 15, the response of the designed MIMO controller
to step changes of the DC-link reference voltage is shown. It
is assumed that at t = 0.5 s, the reference voltage of the DC-
link capacitor is stepped from 200 to 250 V. It can be seen
that the controller can track the changes of the reference val‐
ue with a fast dynamic response and zero steady-state error.

VI. CONCLUSION

In this study, a novel approach to design MIMO controller
in grid-connected hybrid renewable energy systems is pre‐
sented. The duty cycles of DC-DC converters and the ampli‐
tude modulation index of the grid-connected inverter are in‐
put variables of the MIMO controller. Additionally, control
system outputs are defined as output current of the renew‐
able sources and grid current. The developed MIMO closed-
loop system is capable of MPPT for the PV/FC sources as
well as the injection of generated power into the power grid.
Considering the dependence of the control outputs on all of
the control inputs, a special compensation network is devel‐
oped to decouple the control loops. According to the frequen‐
cy response of the system transfer functions, the control
gains of the developed MIMO controller are tuned. The accu‐
racy and effectiveness of the designed MIMO controller are
evaluated by some simulations in the MATLAB/Simulink
toolbox. According to the simulation results, the proposed
MIMO controller is completely fast and stable at different
operation points with zero steady-state error. Moreover, the
THD of the grid current is approximately 1.48%, which is
compatible with the standards of distribution networks.
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