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Abstract

In this paper, grid-connected photovoltaic-wind energy, including a battery energy storage system
(BESS) with a novel topology base proposed controller, is presented. The battery can be reflected in a
smooth and stable output under variation of weather and load conditions for the grid-connected system.
Robust phase-locked loop- (PLL) based hybrid Voltage Source Converter (VSC) controller is designed to
enhance power quality (PQ) with mitigating power fluctuation at DC-link by applied BESS on the DC
side. The results can be summarized in 2 stages; in the 1% stage, the performance of the designed hybrid
system can be analyzed with untuned parameters of the converter, and in the 2™ stage, a simple strategy
base proposed controller to improve the operation stability and analyze the PQ of the hybrid power
generating (HPG) system is developed. Finally, the proposed hybrid system is modeled in
MATLAB/Simulink and the simulation results as obtained are compared with an existing controller.

Keywords: Hybrid power generating system, Renewable energy, Energy storage system, Power quality,
VSC controller

Introduction

At present, due to the increasing application of electrical energy in various sectors, the continuous
demand for electrical energy has increased. This is represented in the outbreak of pollution, as a major
amount of generated electricity is generated using fossil fuel. Fossil fuel will be exhausted after a few
years, and so, renewable energy sources are the only alternative to compensate for future energy demand.
To resolve this problem, photovoltaic (PV) and wind hybrid power generation systems are growing
rapidly as renewable energy sources. However, weather condition is a weakness of photovoltaic and wind
systems. Therefore, PV and wind generating system output can be stable and reliable with the aid of
battery energy storage (BES), which can enhance the effective performance of the entire grid-connected
generation system mode.

A grid-connected PV/wind power generating system has been emphasized reforming DC-link
voltage fluctuations and suitable resizing of the DC-link capacitor bank [1]. A photovoltaic system, a
wind turbine, energy storage, and an AC load is a brief description of the hybrid system that has been
presented, and where a power converter is connected to each DC-link [2]. Remedial measures for power
fluctuations through energy storage have also been investigated in some studies [3-8]. Most of the
research indicates overcoming fluctuations in the output power of the hybrid system controlled by the
state of charge (SOC) of the battery [8]. Some studies have attempted new methods for the study and
conditioning of hybrid structures using battery systems [5,6]. Additionally, several studies have attempted
new control schemes in hybrid systems [9-12]. Wind energy plays an important role to compensate for the
demand of the electrical energy here and has been presented as a continuous-power control scheme of a
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novel 2-stage for a wind farm armed with a double fed induction generator (DFIG), where the DFIG and
supercapacitor energy storage system connected with a DC-link; this has been discussed with the same
structural system [10] but characterized by virtual inertia to enhance system stability and dynamic
behavior, as presented in [11]. A new energy management strategy is presented for the hybrid
DFIG/SC/BESS system. In this paper, the integrated operation of BESS and supercapacitor (SC) is
carried out through the execution of an energy management algorithm and permits the authors to remove
the voltage loop of the battery [13,14]. From the last few decades, Introduces a power management and
new control of a hybrid system containing a wind, PV system, and a battery bank [12]. The battery bank
takes advantage of having only 1 current control loop in its control structure. Another embedded energy
share method between high battery energy storage systems and auxiliary energy storage systems has been
introduced in [15].

Almost all expectations and opportunities for integrating PV and wind electric power generating
sources for both grid-connected and stand-alone methods are discussed in a comprehensive review [16,
17], while full dynamic modeling, design, and design of a grid control strategy-connected PV/wind hybrid
power systems without energy storage installation are investigated in [18]. In [19], the authors propose to
create a hybrid energy storage system for high-level superconductor SMES with commercially available
battery systems to mitigate potential issues due to a massively distributed distribution, such as voltage
surge, flow, and voltage imbalance in reverse power distribution systems. The behavior of the
battery/SMES hybrid energy storage system used in fuel cell/renewable energy hybrid power systems
under unpredictable load profile and variable RES power is studied in [20]. As different sources of
renewable energy along with different systems available for storing energy collectively leads to the
formation of a hybrid renewable energy system, only by the application of appropriate control strategy
can 1 obtain reliable output at peak efficiency [21]. Thus, the controller has a major role to play in this
hybrid renewable energy system, as it is required for monitoring and load. It also keeps proper tracking of
the output voltage and frequency, as well as different energy sources for determining the active and
reactive power. So, for a hybrid renewable energy system, the choice of the controller must be wisely
made, as per the requirements of different energy sources, output power, and control strategies.

Some improvements in the quality of a power generating system can be seen by mere battery
connection but charging and discharging control of battery is a challenging task for a system under
conditional operator. We would like to operate in the maximum power point tracking MPPT zone, the
region of the set of the operating point, which is nearest MPPT now, the lower voltage point V,,;, and
higher voltage point as defining V,,,, now if the battery voltage range is within V,,;, and V,,, than the
hybrid system, battery, and load are connected. If the battery voltage is less than V,,;, then the battery is
not in charge condition and, therefore, the battery has to be disconnected from the load. It will be directly
connected to the hybrid system, so it will be charging with almost the full system current and another
region above V,,,, . We will connect the battery to the load and disconnect from the hybrid system which
has been performed by the proposed battery control with bidirectional DC/DC converter and, with it on
the other side, a suitable controller proposed that controls fluctuations and poor PQ in grid-connected
PV/wind/battery power generating systems under environmental and load variations.

In this paper, the proposed controller is designed for inverter and BESS with PV/Wind hybrid
generating system connected to the grid under different operating conditions. All issues related to PQ,
such as voltage sag, swell, interruption, total harmonics distortion (THD), active power, reactive power,
etc., have been integrated. The energy management system (EMS) is designed to manage each power
converter in a coordinated manner, such that the performance of the hybrid system is stable and enhances
the PQ. On other side, a BESS with the bidirectional current controller interlink with the hybrid control
scheme has been added to a PV/Wind system managed by EMS. The battery plays a vital role to
compensate the fluctuation on the DC side and fills the gap between the power generation and
consumption. The proposed system has been performed in 2 situations. First, the input pulse of the
inverter is replaced by a simple 3-level pulse width modulation (PWM) generator, instead of the proposed
controller, and all aspects of the system have been examined. The PLL-based controller has been
proposed for the inverter, which smooths the DC-link voltage fluctuation and permits the maximum
power to the grid system with help of a reference current (MPPT current).
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Modeling of the system components/Methodology and experimentation

Figure 1 shows the proposed HPG system configuration. The grid-connected PV/Wind/Battery
system is connected to the common DC bus and AC bus. The power electronics DC/DC converter is
interfacing between the HPG system to the DC bus and the AC/DC converter is interconnected to the AC
and DC bus.

DC-DC
Converter

€ Energy management Communication link
system (EMS)

Converter

A Electric power link
H v
AC-DC - Interlinking
Converter o

snq od

DC-DC ivh
Converter 'y T
H Load1 Load2 Load 3 Utility grid

Figure 1 Equivalent model of the grid-connected hybrid systems.

There are 3 loads connected through switches at the AC bus line of the system. The maximum
power can be achieved by both DC/AC converters and the proposed inverter controller in such a way that
the power fluctuation is at DC-link under environment and load variation. During faulty and load
variation, the PQ can be achieved by the proposed VSC, which maintains the unity power factor and feeds
the maximum power to the grid.

PV panels

A PV system consists of a set of PV cells connected in series and parallel combinations. The
characteristic of a PV system is characterized by a single PV cell, as shown in Figure 2, representing an
equivalent model of the PV system and single PV cell configuration; the PV system can transform solar
irradiation into electrical energy. The equivalent model of PV system /py and Vpp is the maximum
generated current and voltage of PV array, where V. is a DC-link voltage. According to Figure 2, each
PV cell has behaved like a current source (/,;) which is generated by a light source. In a set of PV cells to
produce the desired output power, the reverse saturation current (/) is present in a parallel ideal diode, a
shunt resistance R,,, and a series resistance R,; using Kirchhoff's law determines the V-I, as follows [22]:

I=1, -1, exp V + IRs 1l V + IRs 0
AV, Rp
Whereas the case of multi diode model of the PV cell may be expressed as:
3 V + IRs V + IRs
I=1,->1,lex -1|- 2
ph Eozl: p[ Ait j :| |: Rp :| @)
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Where [,, = current generated by the incident light, /,; = Shockley i diode current, /,; = reverse
saturation current of i diode, q = electron charge, 1.6x10° C, A; = ideality factor of i diode, and
V, = kT/q is the thermal voltage, in which k = 1.38x10 2 J/K, is the Boltzmann’s constant, 7 = p—n
junction temperature in Kelvin. Dependence of the Photocurrent (/,;) on environmental parameters, i.e.,
temperature and irradiance, may be expressed as:

O &)

n

Dependence of diode saturation current is defined as:

3
T qE, 1 1
To= 1o exp| —=| —-— 4)
Tref AK\T,, T
1
I()n _ sc,n (5)
i Voc,n 1
ex; -
ar,,
3 V'/ Ns
I=Npl_ , —Np> I .|lexp ——|—1 6
P ph ngi 01[ p( Ath j :I ()

Where /,= photocurrent at standard test conditions, K; = temperature coefficient of short circuit
current, T,,, = reference temperature, S, = irradiance at standard test condition, /,,= saturation current at
reference temperature, /.= short circuit current at reference temperature, and V,., = open circuit current
at reference temp. The standard test conditions happen with Irradiance as 1000 W/m?, cell temperature as
25 °C and spectral distribution (Air Mass) Ai as 0.96. For ideal solar plate series resistance, R, will be
0.21 Q and the parallel resistance Ry, will be infinite. Therefore, for the maximum power from the solar
PV cell, R, will be negligible value and the Ry, must have a higher value [23]. For the model comprising
of numbers of the series cell, Ny and parallel cell N, Eq. (6) may be used to define the current behavior.

In this paper, ‘SunPower SPR-305E-WHT-D’ PV modules are used for the hybrid system. The
model parameters are given in Table 1. Figure 3 shows that when the solar input (irradiation) value
increases, then the short circuit current of PV also increases, while increasing the other input solar cells
temperature value would decrease the open-circuit voltage of the PV. As shown, the V-1 & P-I curves at
different irradiation and cell temperature. The generated output power increases with increasing solar
irradiation and decreases with increasing cell temperature.
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Figure 2 Equivalent model of single-diode PV cell and PV system configuration.
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Figure 3 V-1 and P-V curves at different solar irradiation levels and different cell temperature levels.

Wind turbine

The wind energy conversion process, along with actual mathematical modeling, includes wind
turbine dynamics as well as generator modeling. Three blades have been installed, with horizontal axes
and repair-free wind generators for modeling, as per the wind power structure system shown in Figure 4
[24]. The power output through a wind turbine can be calculated by the wind energy equation. The
characteristic of the turbine is non-dimensional as speeds up the quantitative relation as a function of the
tip. The output power and torque by the wind turbine have been estimated by the given formula[25]:

0 v V,<Ve OF vyw>Veo
Pwr = PWT, e < Vei <vy <V (7)
V= Vei
PWTr VC}’ < Vw < Vco
Wind turbine developed torque is given as:
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T, = Pwr ®)
®
A=k ©)

Where Tr = the torque developed by the wind turbine, Pyt = output power; Pwt, = the rated power
output of the wind turbine, ¥, = the wind velocity in m/sz, V, = the rated wind speed, V; and V,, are the
cut-in and cut-off speeds for the wind turbine, Cp = the power co-efficient, 1 = the tip speed ratio, p = the
air density in kg/mg’, and 4 = the frontal area of a wind turbine [26].

Here, to find out the maximum power from wind energy, a control scheme devoid of an
anemometer (wind speed sensor) was implemented. The generator torque is obtained with the help of the
optimal torque-speed curve, as per the reference speed of the rotor. Then, by considering inertia, pole
pairs, and magnetic flux linkage, the q component of the stator current will be calculated. Afterward,
through PI control, the voltage reference for the stator will be obtained, which is the required converter
voltage. The difference between the torque of the turbine and the torque of the generator determines the
acceleration or deceleration of the generator. The turbine torque is larger than the generator torque; if the
generator speed is less than the optimal speed, then the generator will be accelerated. Otherwise, if the
generator speed exceeds the optimal speed, the generator will decelerate. Therefore, the turbine and
generator torques settle at the optimal torque point at any wind speed, and the wind turbine is operated at
the maximum power point [27].

"( S — Il I
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Figure 4 Wind power system structure.
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Figure 5 Battery energy storage system.
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Figure 6 Battery controller.

Battery modelling and control

Where the intermissive nature of renewable energy resources and the fluctuating load demand are
depicted in the energy storage system (ESS) structure, Figure 5, ESS is important to smooth the gap
between the generation and depletion. ESS has 2 important parameters; the 1% is terminal voltage, and the
2" is the state of charge (SOC) of the battery, presented as [27]:

K Qbatt

O 411, + Apats €XP(Byyy [ gy lt) (10)
batt batt

Viar =Vo + RpauL pan —

50C = 100(1+“ba—”dt] (11

batt

Where Vy,,, = terminal voltage of the battery, ¥, = the open-circuit voltage of the battery, Ry, =
internal resistance of the battery, /., = charging current of the battery, K = polarization voltage, Qp., =
battery capacity, A, = the exponential voltage, and B,,; = the exponential capacity. By controlling the
bidirectional DC/DC converter, charging or discharging of the battery can be achieved.

The block diagram of the ESS control is depicted in Figure 6. The charging/discharging of the
battery is controlled by a bidirectional converter, which is controlled by a generated switches signal
obtained by the PWM generator, where a duty signal is the input of PWM. To obtain a duty signal, PI
controllers are required; then, a 2-loop control scheme should be adopted [28]. In the 1% scheme, we need
the reference current for the inner current loop, which is the output of the PI controller where the input is
the error signal between the measured DC-bus voltage and the reference voltage of the PI controller. In
the 2™ scheme, based on current regulation, the input is the error signal between battery current and
reference current (depend on bus voltage side) of the PI controller and output is the duty cycle, which is
given to the PWM generator to control the charging/discharging of the battery. For instance, the external
voltage controller generates a negative current reference whenever the DC bus voltage exceeds the
reference voltage. The duty cycle is then adjusted by the internal current loop. This adjusted duty cycle
then forces the flow of current into the battery through the DC bus and the battery gets charged.
Subsequently, due to extra energy absorption by the battery, the DC bus voltage gets reduced in reference.
It is noted that SOC limits and charging/discharging rates should be considered as battery energy
shortages.

Modelling of proposed inverter control structure

A VSC based on a typical voltage control system on grid voltage is shown in Figure 7. The
proposed VSC has converted DC link voltages into 3-phase AC voltage, and a unity power factor is
maintained. The proposed VSC inverter has been driven by a gate drive circuit and gate drive gating the
control signal from the PWM generator of the abc phase; the input to the PWM will be the control signals
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coming from the output of the controllers. The mathematical model of VSC which is transformed into dg
frame is given by [29]:

diy _ .

Lf?—Vd—thJfa)Lflq

Lf?qu_th_Fwald (12)
dV g

V ac dtd =Vaclac—Viia

Where V,; and V,, are the point of common coupling (PCC) voltages in the dg co-ordinate, V; and V,
are the modulation voltages in the dg co-ordinate, and i4 and i, are the actual values of the current in the
dg co-ordinate.

The proposed VSC control system uses 2 control loops, an external control loop that controls the
DC link voltage up to the desired limit, and an internal control loop that controls the id and iq grid
currents that are active and reactive current components. Here, 3-phase current is converted into 2-phase
currents in the af§ co-ordinate system with the help of abc to of transformation, and output will be i, and
ig now it is transformed into dg co-ordinate with the help of af to dg transformation, and output will be iy
& i,. The error signal between i, and i;* (MPPT maximum current) is inputted to the controller and, on
another side, the error signal between ig & i,* is inputted to another current controller. The i * reference
is set to 0 to maintain a unity power factor. The V, and V, voltage outputs of the current controller are
converted into V... the 3 modulating signals used by the PWM generator. The control system uses a
sampling time for the voltage and current controllers, as well as the PLL synchronization unit. Pulse
generators of boost and VSC converters use fast sampling times to obtain a suitable resolution of PWM
waves [30,31].

In brief to more robust as the closed-loop modification is suggested (PLL). The coordinate system
(Figure 8) has af coordinate system and has a voltage space vector (grid voltage). Now, the d-axes are
misaligned, meaning they are not aligned along among the V, space vector, and as consequence the
projection on the d-axis will give the V; and V,, so there is a ¥, component; also, if it had been aligned
along with V, if d-axis has been aligned along with V,, then ¥, component would have been zero, now this
0 is the angle between the af coordinate and the dg coordinate due to some reason. if ¥, is not zero then
compares with the V,, going to negative, and the PI controller will become active, and 8 changes in such a
direction that the input to the PI controller, which is the error, will tend to zero; then, V, will be zero to
V,* If V,* is equal to zero, therefore, V, will tend to zero; that means it will align the d-axes along the
voltage space vector, and the value of 0 will come out because of the control action such that V, here will
become zero. So, d-axes are aligned along the voltage space vector; this is a very robust mechanism
because it is a closed loop that filters harmonics, surges, spikes, and other uncertainties.
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Figure 8 Phasor represantation.

Simulation analysis of HPS

The proposed hybrid power generation system and verification of the validity of the designed
controller is simulated in MATLAB/Simulink. The PV/wind system with BESS is connected to the grid
through the DC/DC converter, AC/DC converter DC/DC bidirectional controller, and 3-phase inverter.
Where parameters of a hybrid power generation system are listed in Table 1, a model of the proposed
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hybrid system is simulated for operation under different scenarios, and the results are presented and

discussed in this section.

Table 1 Model parameters.

The basic PV cell parameters

Module type: SPR-305E-WHT-D

Parameter Symbol Specification
Maximum output power P, 302.226 W
Open circuit voltage Ve 642V
Voltage at maximum Vi 547V
Short circuit current I 5.96 A
Current at maximum Lip 558 A
Number of cells in series N, 5
Number of cells in parallel N, 66
Wind system (PMSM) parameters
Module type: PM synchronous machine
Parameter Symbol Specification
Turbine rated power Py 20 kW
Nominal voltage Vr 392.68 V
Nominal frequency F 50 Hz
Constant torque T 60.70
Inertia J 5.5¢-3 Kg.m’
Numbers of pole P 4
Battery parameters
Battery type: Nickle-Metal-Hybrid
Parameter Symbol Specification
BESS nominal voltage VBatt 450V
BESS capacity Bc 150.66 Ah
State of charge SOC 60 %
Table 2 Events during operations.
Events Operations Time (s)

1 Solar irradiation ramps down 1

2 Solar irradiation ramps up 1.6

3 Temperature ram up 2.4

4 Fault switched in 0.42

5 Load 1 switched in 0.58

6 Load 2 + Load 3 switched in 1
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Figure 9 PV irradiation and temperature and DC-link voltage, current, and power under the untuned
controller.
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Figure 10 Inverter output voltage, current, and power under the untuned controller.
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Figure 11 PV irradiation and temperature and DC-link voltage, current, and power under the proposed
controller.
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Figure 12 Inverter output voltage, current, and power under the proposed controller.
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Figure 20 Performance analysis of BESS.

Results and discussion

In this paper, the controller can be tested under variations of weather, environment, and other
situational conditions, in terms of Figure 9, and the operational event is shown in Table 2; it can be seen
that the irradiation of the PV array was 1000 W/m” until t = I s. After that, the light radiation dropped to
250 W/m” up to 1.5 s, and about to 0.1 s later, the irradiation gradually increased to 1000 W/m®. The
ambient temperatures were maintained at 25 °C from 0 to 2.4 s, after that, ambient temperature went up
from 25 to 50 °C during the time 2.4 to 2.5 s in wind system, the wind speed was taken as 12 m/s
constants during all durations. The effect of electrical load variation and the faulty situation created an
undesirable situation in the system. This paper presents 2 cases according to the controller.
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Case 1. In the 1% case, the 3-level PWM generator was used as the controller, which fed the
unsynchronized signal to the inverter of the hybrid power generate system; for this reason, the power
fluctuation was not overcome, and the output voltage, current, and power at the DC-link side had
continuous fluctuation. Figurel0 shows the effect of a 3-phase fault at 0.42 to 0.5 s and the inductive load
connected from 0.58 to 0.75 s and dynamic load with the resistive load connected through the system
from 1 to 1.25 s. Figure 10 shows the electrical quantities at the bus (PCC) had oscillation and
disturbance in voltage, current, and power. The unbalanced voltage is also represented in voltage
waveform, while the 3-phase fault and loads are applied on the load bus, according to the conditional
event period given in Table 2, and the effect of with and without fault were visible during 0.42 to 0.5 s in
the waveform of power, current, and voltage. Where the effect of load 1, 2 and 3 was shown in the
waveforms of power, current, and voltage at switching time 0.58 and 1 s, the unturned controller (3-level
PWM generator) gave a very poor result, which was not desirable in the HPG system.

Case 2. On the AC side, the grid injected active power and reactive power are controlled by the d-
axis and g-axis components of grid voltage and current. With the help of the proposed controller, the
active power was set based on the actual requirement, while the reactive power was kept at 0. The
modulation index and duty ratio worked together according to grid voltage and current to produce the
PWM signals and also interlinked with the DC/DC bidirectional controller of BESS for smooth power to
improve the PQ of the HPG system. Figure 11 shows the voltage, current, and power waveforms at DC-
link under the PI controller and the proposed hybrid controller, where the voltage across both capacitors
C, and C, can be seen to be nearly constant during the performance of the system. Where the proposed
controller gave better results than the PI controller, as shown by the proposed controller-based DC link,
voltage is smoother than the PI controller from 1.42 to 1.9 s and gets smooth output power and current at
the DC side. Figure 12 shows the comparative analysis of voltage, current, and power at PCC under both
PLL-based VSC controller and PI controller. Due to the effect of load variation and fault, poor PQ is
obtained, so improvement in PQ is achieved by the management of battery SOC through controlling the
injection of power to the grid.

Figure 13 shows the performance of the whole system under the conditional situation with both the
unturned controller and proposed hybrid controller where power at dc-link is performed according to this
controller and compared with ideal power. The hybrid power generates system can be also analyzed
according to this controller, and it can be seen from this perspective that the efficiency of the hybrid
control system is nearly 98 %, while the efficiency of the other unturned controller system is less than 50
% of yellow’s expectation. Figure 14 shows the 3-level output voltage of the inverter has better
performance than the PI controller. The single-phase bus current in phase with bus voltage and a unity
power factor is maintained that feeds maximum power into the grid, presented in Figure 15.

When the system operates under various atmospheric and operating conditions, the quality of output
of the HPG system will decrease, which is shown in Figures 16 and 17; the THD of the gid current
injected by using the proposed controller was 1.57 %, while the THD injected by using the PI controller
was 1.91 %. In the analysis of the simulation results, as shown above, the proposed controller can make
better grid active power and reactive power to improve the power quality of the HPG system, and this can
be seen by comparison of the proposed controller and PI controller

Figure 18 shows the performance analysis of the voltage sag, swell, and interruption. In the effect
of load variation and 3-@ fault at the load bus, the bus voltage of the HPG system suddenly decreases
from the peak value of 18.5 kV to nearly 0 kV during 0.42 to 0.5 s at fault situation. While 3 different
load are connected at system during 0.58 to 0.75 s, the bus voltage decreases from 18.5 to 16 kV and,
during 1.0 to 1.25 s, the voltage rises to 20.5 kV. To maintain grid voltage, the required voltage is
compensated by the designed controller, as shown in the last graph of Figure 18.

The DC link voltage can be seen changed because of fault and load connection-disconnection; due
to this reason, at the supply side, voltage interruption, sag, and swell accrued. This will affect the system
performance. Therefore, the DC link voltage was maintained at a constant level, with the utilization of the
proposed hybrid VSC controller and BESS. Figure 20 shows the comparative performance analysis of
active power and reactive power. Here, with 3-0 fault, load variation was introduced in the HPG system
at the time duration, given as Table 2. These conditions affected the active power and reactive power at
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the grid and accrued the PQ problem at the grid side. Here, different types of controllers were applied for
this operational condition, and the PQ enhancement were analyzed. The proposed hybrid controller
maintained the active power at the actual requirement, while the reactive power was kept at 0 all the time,
as shown in Figure 19, and enhanced the power quality better than the PI controller. Figure 20 shows the
performance analysis of the battery energy storage system under such an operational condition. It can be
seen the discharge and charge of battery maintained the power fluctuation with the help of the
bidirectional current controller interlink with the hybrid controller which was controlled by generated
switches signals s1 and s2. This was able to maintain the DC-bus voltage because the charging current
was properly regulated to compensate for the power fluctuation. When fault accrued during 0.42 to 0.5 s,
the bus voltage suddenly decreased, after which bus voltage was reduced more than the reference voltage,
which resulted in discharging the battery. While applying a three-phase load, the duty cycle forced the
current flow from the DC bus to the battery for charging the battery. The performance of the battery
current and SOC waveform is shown in Figure 20.

Conclusions

In this paper, a proposed robust PLL-based hybrid VSC controller was designed. Simulation results
as obtained were compared with the PI controller-based converter to address issues of system parameter
uncertainty, power fluctuation, and power quality. The proposed controller was able to operate the HPG
system at its maximum power. Therefore, the DC link voltage was always kept in nominal value. While
the intermittent problem was solved by the battery, SOC was managed through controlling the power
injected into the utility grid.
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