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Abstract – Microgrids with non-conventional energy sources have become popular recently. Hybrid AC-DC microgrid (HMG) 
architecture is effectual as it avoids several power conversions for the consumers.  Therefore, this article presents a comprehensive 
study on grid-tied HMG with PV array and wind energy conversion system (WECS) as principal sources. Fuel cell (FC) acts as the 
auxiliary source in the DC subgrid and the supercapacitor (SC) is used for instantaneous energy management. The hydrogen storage 
system is used to store surplus power produced by the PV array. The power flow between the subgrids is regulated using the interlinking 
converter (ILC) by a PQ controller. The main contribution of this article is the comparative investigation of system operation in the 
HMG configuration in the presence and absence of a supercapacitor bank on the DC bus. The maximum DC bus voltage fluctuation 
during load variations in the absence and presence of SC bank is found to be 6.6 V and 3.9 V respectively. Similarly, the maximum 
transient fluctuation in the power supplied to the DC load is found to be 830 W in the absence of SC bank and 340 W in the presence 
of SC bank.
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1. INTRODUCTION

Due to increasing pollution, depleting fossil fuel re-
sources and rising energy demand, the need for uti-
lizing non-conventional sources of energy in power 
systems has increased. Sunlight and wind are available 
abundantly in nature and can be conveniently used to 
extract electrical power. The energy sources and stor-
age devices supplying load operating either off-grid 
or on-grid together constitute a microgrid (MG).  The 
MGs are dynamic systems characterized by continuous 
variations in load and generation. Many researchers are 
working on microgrids powered by renewable sources. 
MGs can work in DC MG, AC MG and HMG configura-
tions. The energy sources and storage devices are inte-
grated into a DC bus in DC MG architecture and to an 
AC bus in an AC MG structure. HMG consists of DC and 
AC subgrids. This configuration is reliable and efficient. 

An autonomous PV-FC-SC system is investigated 
in [1]. The SC bank is used to facilitate power balance 

during abrupt power changes. In [2], a study on a grid-
coupled PV-wind hybrid system is presented. The mod-
elling and control techniques are discussed in detail. 
Paper [3] presents a survey of various maximum power 
point tracking (MPPT) controllers for WECS. 

In [4], the control techniques for the DC MG compris-
ing of a grid-independent PV-WECS-FC-SC hybrid sys-
tem with electrolyzer (EL) are presented. The SC system 
is controlled to supply/absorb power during a sudden 
mismatch in generation and demand. 

In [5], the grid-tied hybrid system involving WECS and 
FC is described in the presence and absence of a storage 
system. The MG system showed improved power and 
voltage regulation in the presence of storage systems. The 
grid integration of the WECS-PV-FC system is described in 
[6]. The system exhibited satisfactory performance by the 
control techniques employed for MPPT and power man-
agement.  In [7], a detailed analysis of the AC MG is pre-
sented with PV and FC systems. However, the authors did 
not consider storage devices for the analysis. 
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In [8], an autonomous MG with PV, WECS and FC is 
analyzed for single-phase systems with a new MPPT 
control strategy. The application of artificial intelli-
gence for computing the optimal controller gains in a 
MG is detailed in [9]. The control techniques of PV and 
WECS based HMG are described in [10]. In [11], a nor-
malized droop control strategy is explained with an 
experimental study for stand-alone operation of the 
HMG. In [12], the control strategies and control require-
ments of different MG architectures are provided and 
different control techniques for MGs are reviewed. 

Paper [13] discusses a model predictive control algo-
rithm for regulating the DC-AC bidirectional converter. 
In [14], the control schemes are proposed for regulating 
the HMGs under pulsed load conditions. The benefits 
of D-FACTS in a HMG are evaluated in [15]. In [16], the 
authors proposed a decentralized control strategy for 
the power management of a HMG with PV array, WECS 
and FC and its success is assessed for unbalanced and 
non-linear loads. A robust control technique for a HMG 
with the PV array, WECS, diesel generator and battery 
is developed in [17]. Since diesel generator is known to 
cause harmful emissions, it can be excluded in MGs.

The output of the ILC or inverter contains higher-or-
der harmonics. Generally, an L filter is used for filtering 
the harmonics. The price of L filter for bulk power ap-
plications is high and dynamic response of the system 
might be slow. LCL filter is proved to be effective in sup-
pressing the harmonics created due to switching, but it 
creates a problem of resonance. Therefore, the design 
of the LCL filter must be carefully carried out to ensure 
stability, taking into account the correct resonance fre-
quency to obtain a smooth sinusoidal supply for grid-
tied MGs. The filter design is described in [18-20]. The 
usefulness of fuzzy logic controllers (FLC) in regulating 
the MGs is proved in [21, 22]. Thus in this work, to con-
trol the SC system, FLC is employed.

The application of metaheuristics in optimizing the 
control parameters in HMGs is described in [23]. The 
system is verified in the hardware in loop platform. A 
robust control scheme for the better dynamic perfor-
mance of a HMG is proposed in [24]. Passivity based 
approach is found to be effective. The automatic cen-
tralized MG controllers for the energy management of 
the HMG are experimentally demonstrated in [25]. A 
coordinated frequency control system for HMGs is de-
scribed in [26]. 98.2% efficiency was achieved with that 
control scheme.

This research paper [27], explores the control tech-
niques for the HMG with same energy sources in au-
tonomous mode, while this article analyses the HMG in 
grid-tied mode. In [28], the DC MG architecture is con-
sidered and the FLC is used in voltage and frequency 
control scheme.

There is sufficient study on improving the dynamic 
performance of control schemes in the HMGs in litera-
ture. However, the existing literature doesn’t provide 

a detailed study on the operation and control of HMG 
functioning with several renewable sources of differ-
ent characteristics. The impact of SC bank on individual 
subgrids in HMGs has not been explored thoroughly. 
SC is characterized by high power density and can be 
used for effective handling of power fluctuations if ap-
propriately regulated with suitable control scheme. 
The significant contributions of this research are:

•	 The extensive analysis of a grid-tied HMG in the 
presence and absence of the storage system 
when the renewable sources with unpredictable 
output such as PV array and WECS are situated 
on both buses.

•	 Investigation of the significance of SC bank in 
improving the dynamic performance of the 
HMG under intermittent system conditions con-
sidered in both DC and AC buses. 

This paper analyses the power flow within and be-
tween the subgrids of the grid-tied HMG in detail. In 
addition, the role of SC bank regulated by FLC based 
controller in minimizing the transient fluctuations is 
highlighted. 

2. CONFIGURATION OF THE HMG

The schematic outline of the HMG considered for the 
study is presented in Fig. 1. The PV array that can pro-
duce up to 21.7 kW under standard conditions is one 
of the main energy sources. The single diode model of 
PV cell is used. The PV array is modelled as described in 
[1, 2]. The current output of the PV array (IPV) is given by

(1)

Where Tc is the absolute temperature of a solar cell, Ir 
is the reverse saturation current, q is the charge of a sin-
gle electron, k is the Boltzmann’s constant, Np and Ns are 
respectively, the number of cells in parallel and series, 
Rp and Rs represent the shunt and series resistance of a 
PV cell, respectively, Vo represents the voltage output of 
a PV cell and Io is the current output of the cell, Iph is the 
photovoltaic current and n is the cell idealizing factor. 

A 20 kW WECS with permanent magnet synchronous 
generator [2] is another main energy source employed 
in this work. The power obtainable in the turbine (P) is 
calculated as

(2)

Where A is the swept area of the rotor, vw is wind 
speed, ρ represents the density of air and Cp is the 
coefficient of performance.

A 10 kW FC system is the ancillary source for the DC 
bus. Modelling of the FC stack and EL system is detailed 
in [1, 4]. The output power of a FC stack is given as a 
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function of partial pressure (p) of H2, O2 and water and 
flow rate (q). The output voltage of the FC is obtained 
by adding the Nernst instantaneous voltage (E) and 
losses. E is given by

(3)

No is the number of cells in series, Eo is the no-load 
voltage (V), F is Faraday’s constant, R is the universal gas 
constant and T is the absolute temperature. A 10 kW 

EL system is used to generate hydrogen when the PV 
system’s output power exceeds the DC load demand. 

The SC bank of 4 F, 400 V, assists in managing power 
fluctuation created by variations on both subgrids. 
The PV system operates in MPPT mode. The WECS is 
regulated by a MPPT controller [2]. Power converters 
are designed based on the procedure given in [29]. 
Then the output of the boost converter of WECS is 
delivered to the AC bus that is integrated into the grid 
(100 MVA, 3.3 kV, and 50 Hz) through the transformer. 
The DC and AC buses are coupled through an 
interlinking converter controlled using the PQ control 
scheme. The dynamic simulation of the HMG is carried 
out in MATLAB/Simulink software.

Fig. 1. Schematic representation of the HMG

3. CONTROL STRATEGIES AND DESIGN OF THE 
FILTER

In this section, control techniques used for regulat-
ing the HMG and the design methodology of the LCL 
filter are depicted in detail.

3.1. CONtrOl StrAtEgy OF FC SyStEM

The control method of the FC system is depicted in 
Fig. 2. It is realized using a PI controller. When the DC 
load goes above the PV power, the FC supplies the ad-
ditional power required to meet the demand. The cur-
rent corresponding to the power deficit (IDCLOAD – IPV) is 
the reference and the feedback is the current from the 
output of the boost converter of the FC system (IFC). The 
controller makes the error zero by computing the ap-

propriate duty ratio for the boost converter making the 
FC stack produce the power required to meet the DC 
load demand.

Fig. 2. FC system controller
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3.2. CONtrOllEr OF tHE ElECtrOlyzEr

The power controller used to control the EL is shown 
in Fig. 3. A PI regulator is employed to realize it. When 
the DC load (PDCLOAD) is smaller than PV power (PPV), the 
excess power generated is given as the reference to the 
electrolyzer. The electrolyzer power (PEL) is taken as feed-
back. Based on the duty ratio of the buck converter com-
puted by the controller, the power sent to the EL varies. 
The hydrogen is produced by the EL based on the cur-
rent through it. The produced hydrogen is then stored.

Fig. 3. The power controller of the electrolyzer

The FC and EL systems are responsible for the energy 
management of the DC subgrid. In this work, FC and EL 
systems are treated as separate systems for designing 
the controllers.

3.3 CONtrOllEr OF SC BANk

Fig. 4 illustrates the V-I controller [30] of the SC bank. 
It has two loops. Depending on the DC bus voltage 
(VDC), the external loop determines the current require-
ment of SC Bank, and the internal loop controls the SC 
bank’s output current. The outer loop is realized with 
the FLC. The inputs to the FLC are error (E) and change 
in error (CE). The current reference of SC bank is the 
output. The triangular membership functions (MFs) 
used in FLC are shown in Fig. 5. The centroid method 
of de-fuzzification is incorporated. To design the rule 
base, FLCs developed in [21, 22] are taken as reference. 
This control scheme regulates the DC bus voltage and 
also facilitates immediate energy management based 
on the rise or fall of DC bus voltage.

Fig. 4. V-I controller of SC bank

Fig. 5. MF used in FLC

Table 1 presents the rule base of FLC. The MFs are 
expressed in linguistic variables as Positive High (PH), 
Negative High (NH), Positive Low (PL), Negative Low 
(NL), Positive (P), Negative (N) and Zero (Z).

E/CE NH N NL Z PL P PH
NH NH NH NH NH N NL Z

N NH NH NH N NL Z PL

NL NH NH N NL Z PL P

Z NH N NL Z PL P PH

PL N NL Z PL P PH PH

P NL Z PL P PH PH PH

PH Z PL P PH PH PH PH

table 1. The fuzzy logic rule base

3.4. tHE PQ CONtrOllEr

The interlinking converter is controlled by the PQ 
controller [2, 31]. This controller manages the power 
exchange between the buses and regulates VDC. The PQ 
controller is shown in Fig. 6.

The power in a 3 phase system is expressed as

The active and reactive power (P and Q) in terms of 
the direct and quadrature axis voltages (Vd and Vq) and 
current (Id and Iq) are given by,

ccbbaa ivivivtP ++=)( (4)

)(5.1)(5.1 qddd IVQandIVP ==

The controller’s outer loop regulates the VDC and the 
inner loop controls the currents. The outer control loop 
computes the d-axis current reference for regulating 
P. In this work, the reference value of Iq is zero to en-
sure the power exchange at unity power factor. The in-
verter of WECS is also regulated by a similar PQ control 
scheme. The energy balance across the filter is given by

(5)

Where ω is the angular frequency, Lf and Rf are the total 
inductance and resistance of the filter, respectively. The 
transfer function of the PQ controller (ignoring the dis-
turbances and feed-forward) is presented in Fig. 7 [31].
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Fig. 6 PQ controller

Fig. 7. The transfer function of the PQ controller

Where Kp and Ki represent controller gain values 
and C represents DC-link capacitance (5mF). The time 
constants in the transfer function (Ta, Teq and τ) are ex-
pressed as follows.

(9)

(8)

(7)

3.5. DESIgN OF tHE FIltEr

If V represents the voltage, P is power, f is the grid 
frequency, fsw is the switching frequency (10 kHz), fr is 
the resonance frequency, L1 and L2 are the ILC/inverter 

side and grid side inductors respectively, Cf is the filter 
capacitor, Rd is the damping resistance and ΔIL (max) is the 
maximum ripple current allowed, then equations for 
designing the filter [18-20] are as follows.

P
V

Zb

2

= (10)

(11)

(12)

(13)

The Cf is calculated as 5% of its base value [18].

(14)

Based on the attenuation required (ka), L2 can be 
computed as

(15)
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(16)

The resonance frequency is computed as

The fr should satisfy the equation

(17)

A damping resistor Rd is included in series with the Cf.

(18)

The design values are: L1 = 5.86 mH, L2 = 0.246 mH, Cf  
= 6.16 µF and Rd = 2.06 Ω.

The transfer functions of the filter [20] are given in 
equations (19) and (20). G1(s) and G2(s) represent the 
transfer functions without and with Rd respectively.

4. RESULTS AND DISCUSSION

The results of the analysis are presented in two 
subsections. In the first subsection, the results 
corresponding to the power management are 
presented. In the second subsection, the benefits of 
integrating the SC system on the HMG are analyzed.

4.1. OPErAtION OF tHE HMg

The step inputs are given to the PV array and WECS to 
investigate the operation of the HMG under intermittent 
conditions. The DC load demand and the power output 
of sources and storage devices in the DC subgrid are 
presented in Fig. 8. The FC system produces additional 
power needed (PFC) to meet the demand and SC 
bank operates quickly under sudden variations in the 
system conditions. The surplus PV power generated 
is consumed by the EL (PEL). Based on the EL current, 
hydrogen is produced. The hydrogen production and 
pressure variation in the storage tank are shown in Fig. 9.

Fig. 8. The power output of PV, FC, EL, SC and DC load

(19)

(20)

Fig. 9. Hydrogen production and pressure in the tank

In Fig. 10, the variation in AC load, power produced 
by WECS and the real power balance between MG and 
the grid are illustrated. The difference in the output 
power of WECS and the AC load is absorbed/delivered 
by the utility grid. SC bank provides or absorbs the en-
ergy to help the immediate power balance of the AC 
subgrid by providing and absorbing power from the 
DC bus as observable in Fig. 10.

Fig. 10. AC load, power of WECS, power exchanged 
with grid and SC power

The power shared through the ILC with and without 
the EL system is shown in Fig. 11. When the EL is ab-
sent, the additional produced power in the PV power 
is transferred to the AC subgrid through ILC. As evident 
from Fig. 12, the extra power produced by the PV ar-
ray is sent to the AC subgrid in the absence of the EL 
system. Thus the amount of power taken from the grid 
is reduced.

Fig. 11. The power exchanged between 
AC and DC subgrids
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Fig. 12. Grid active power with and without  
EL system

Reactive power exchange is made zero by keeping 
q-axis current reference at zero which is presented in 
Fig. 13.

Fig. 13. Reactive power

The VDC is regulated at 800 V by the PQ controller as 
shown in Fig. 14. Overshoot is found to be 7.5 percent. 
It is maintained at the reference value even under 
fluctuating conditions of source and load.

Fig. 14. DC bus voltage

The Bode plots of the filter in the absence and pres-
ence of the damping resistor are presented in Fig. 15 
and Fig. 16 respectively. It is obvious from the figures 
that the filter may go unstable without a damping re-
sistor. The filter performs stably with damping as phase 
margin and gain margin are positive.

Fig. 15. Bode plot of the filter (in the absence of Rd)

Fig. 16. Bode plot of the filter (in the presence of Rd)

Fig. 17 illustrates the harmonic spectrum of the grid 
current. Total Harmonic Distortion (THD) is lesser than 
the limit indicated in IEEE standards [32] since an ap-
propriately designed filter is used.

Fig. 17. Harmonic spectrum of grid current

4.2. BENEFItS OF INCOrPOrAtINg SC  
 ON tHE HMg

The HMG can operate even in the absence of SC bank. 
In Fig. 18 and Fig. 19, the load on the DC bus and power 
delivered to the load are shown in the absence and 
presence of the SC bank respectively. Smooth power 
is supplied to the DC load with very low fluctuations 
due to dynamic variations in the AC subgrid when the 
SC system is incorporated into the DC bus as it works 
quickly to allow immediate power balance.
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Fig. 18. Power supplied to DC load  
(in the absence of SC bank)

Fig. 19. Power supplied to DC load  
(in the presence of SC bank)

In Fig. 20, active power exchanged with the grid is 
shown in the presence and absence of SC bank. It is 
clear from the picture that the grid experiences fewer 
transients or stress when SC bank is used in the DC bus.

Fig. 20. Active power  
(in the presence and absence of SC bank)

Fig. 21 depicts the impact of using the V-I controlled 
SC bank in the system on the DC bus voltage profile. 
Fewer fluctuations are observed in the voltage when 
the SC bank is incorporated. The DC bus voltage varia-
tion during the change of load in the presence and ab-
sence of SC bank is found to be 3.9 V and 6.6 V respec-
tively. Similarly, the maximum transient in the power 
supplied to the DC load is found to be 830 W without 
the incorporation of a controlled SC bank and 340 W in 
the presence of the V–I controlled SC bank. Hence it is 
always preferable to use the SC bank with the control 

scheme considered in this work in dynamic systems 
like HMGs involving PV array, WECS and FC character-
ized by continuously changing load.

Fig. 21. DC bus voltage with and without SC bank

5. CONCLUSIONS

The performance study of a HMG with PV array, WECS 
and FC under intermittent load demand and power 
production is detailed in this article. The power-sharing 
in the HMG is analyzed with and without SC bank. The 
power flow among the DC and AC subgrids in the absence 
of the EL system is analyzed. By using the properly 
designed filter, the harmonics in load voltage and grid 
current are maintained within limits. Coordinated power 
management in the HMG is accomplished. The major 
research findings of this work are as follows.

•	 The SC bank facilitates immediate power 
balance and reduces the fluctuations in the 
power supplied to loads in the DC bus which 
are created by dynamic variations in the AC 
subgrid.

•	 By incorporating the SC system on the DC bus, 
the transient fluctuations in the real power 
exchanged with the grid are also considerably 
minimized. 

The power smoothing techniques to enhance the 
performance of the same HMG are under investigation 
by the authors.
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