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An AC-linked large scale wind/photovoltaic (PV)/energy storage (ES) hybrid energy conversion system for grid-connected appli-
cation was proposed in this paper. Wind energy conversion system (WECS) and PV generation system are the primary power
sources of the hybrid system. The ES system, including battery and fuel cell (FC), is used as a backup and a power regulation
unit to ensure continuous power supply and to take care of the intermittent nature of wind and photovoltaic resources. Static
synchronous compensator (STATCOM) is employed to support the AC-linked bus voltage and improve low voltage ride through
(LVRT) capability of the proposed system. An overall power coordinated control strategy is designed to manage real-power and
reactive-power flows among the different energy sources, the storage unit, and the STATCOM system in the hybrid system. A
simulation case study carried out on Western System Coordinating Council (WSCC) 3-machine 9-bus test system for the large
scale hybrid energy conversion system has been developed using the DIgSILENT/Power Factory software platform. The hybrid
system performance under different scenarios has been verified by simulation studies using practical load demand profiles and real
weather data.

1. Introduction

Recently, pollutants in the air are progressing in correla-
tion with the increasing consumption of energy. The ever-
increasing demand for conventional energy sources like coal,
natural gas, and crude oil is driving society towards the
research and development of alternative environmentally
friendly energy sources. Thus the renewable energy sources
(RES) should play a significant role [1, 2]. Among these
RES available the wind energy conversion system (WECS)
and solar photovoltaic (PV) generation system are the most
widely used ones, since their technological progress hasmade
them promising, mature, cost-effective, and reliable [3–5].
Wind energy is the fastest growing energy technology in
terms of percentage of yearly growth of installed capacity per
technology source [6–8]. The applications PV systems have
become more widespread in both developed and developing
countries. In order to efficiently and economically utilize

large scale renewable energy resources of wind and PV
applications, some form of backup and smoothing power
fluctuation systems are almost universally required [9, 10].
Energy storage (ES) system is very important for wind-
solar power generation systems [11–13]. The details of the
system configuration and the characteristics of the major
system components are discussed in this paper. An overall
power coordinated control strategy is designed for the system
to coordinate the power flows among the diverse energy
sources. Simulation studies have been carried out to verify the
system performance under different scenarios using practical
load profiles and real weather data.

In this paper, a hybrid energy conversion system model
consisting of wind, PV, and ES unit is proposed. Wind and
PV are the primary power sources of the system to take full
advantage of renewable energy.TheES combination is used as
a backup and power control system, and static synchronous
compensator (STATCOM) unit is also used in the hybrid
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Figure 1: Configuration of the proposed grid-connected wind/PV/ES hybrid energy.

system for reactive backup and enhances the low voltage ride
through (LVRT) capability.

2. Configuration of Grid-Connected
Hybrid System

Figure 1 shows the proposed configuration applied to a com-
bined large scale hybrid energy system integrating threemain
subsystems of wind, PV, and ES with an intelligent control
unit. The wind and PV systems are used as primary energy
source and the ES device as a backup energy source. All three
energy systems are connected in parallel to a commonACbus
line through three individual nonisolated power control units
[14, 15]. The outputs from the three different power sources
are integrated on theACbus line to provide the desired power
to the power network and grid-connected load even if only
one source is available, and the others are diminished. Doubly
fed induction generators (DFIGs) are adopted forwind power
generation system. The DC-AC converters are employed for
synchronous incorporation into the network of PV system.
The additional DC-AC converters are used to control the ES
system for load or grid power fluctuation. STATCOM system
is used as an auxiliary unit to regulate reactive power and
enhance the LVRT capability of the hybrid system. Different
energy sources are connected to the AC bus through the
appropriate power electronic interfacing circuits. The system
can be easily expended; that is, other energy sources can
be integrated into the system when they are available, as
shown in Figure 1. The main system component models and
characteristics are discussed in the following section.

3. System Description and Modeling

This section provides basic concepts of the proposed hybrid
system, sums up the performance equations which were
implemented in the simulated model, and discusses the

control strategy of the WECS, PV generation system, and ES
system included battery and FC stack, respectively.

3.1. Wind Energy Conversion System. The fundamental equa-
tion governing the mechanical power capture of the wind
turbine rotor blades, which drives the DFIG considered in
this paper, is given by

𝑃wind =
1

2
𝜌𝐴V3𝐶

𝑝
(𝜆, 𝜃) , (1)

where 𝜌 is the air density (kg/m3), 𝐴 is the area swept by the
rotor blades (m2), and V is thewind velocity (m/s).𝐶

𝑝
is called

the power coefficient or the rotor efficiency and is a function
of tip speed ratio (TSR or 𝜆) and pitch angle (𝜃) [14–17].

A doubly fed induction generator (DFIG) model [17–20]
was developed and used as a part of the wind energy change
system (WECS). The details of the DFIG dynamic model
have been used for all components of the system as shown
in Figure 2. The component and controller parameters of the
DFIG are given in Table 1.

Figure 3 shows the output power of the DFIG versus
wind speed. It can be observed that the output power is kept
constant when wind speed is higher than the rated wind
velocity even though the wind turbine has the potential to
produce more power. When wind speed is higher than the
cutout speed (21.5m/s), the system is taken out of operation
for protection of its components.

WECS is composed of 100-DFIG model (see Figure 2)
and booster transformer, and its rating capacity is 200MW,
which is due to the assumption made that the WECS
components are ideal and the losses are negligible.

3.2. Photovoltaic Generation System. PV effect is a basic
physical process through which solar energy is converted
directly into electrical energy. The physics of a PV cell is
similar to the classical p-n junction diode [21–23]. To increase
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Figure 2: Block diagram of the overall control scheme for variable speed wind turbines with DFIG.

Table 1: Wind energy conversion system component parameters.

Parameter Value
Wind turbine

Rated power 2MW
Cut in speed (cut out speed) 6.2m/s (21.5m/s)
Rated speed 11m/s

Doubly fed induction generator (DFIG)
Rated power 2MW
Rated voltage 0.69 kV
Stator resistance (resistance) 0.04 pu (0.1 pu)
Rotor resistance (reactance) 0.01 pu (0.1 pu)
Inertia 75 kg⋅m2

Proportional and integral gain of controller
𝐾
𝑝
of speed controller 1

𝑇
𝑖
of speed controller 0.1

𝐾
𝑝
of pitch angle controller 150

𝑇
𝑖
of pitch angle controller 25

𝐾
𝑝
of power controller 4

𝑇
𝑖
of power controller 0.1

𝐾
𝑝
of current controller 0.0496

𝑇
𝑖
of current controller 0.0128

the power, a multitude of PV cells is electrically connected to
form larger units, called PV modules or array.

The relationship between the output voltage 𝑉 and the
load current 𝐼 of a PV array or a module can be expressed
as [24, 25]
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Figure 3: Wind turbine output power characteristic.

𝐼PV = 𝑁PV-𝑝𝐼sc ⋅ {1 − 𝐶
1
[exp(

𝑉PV − 𝑑𝑉

𝐶
2
𝑁PV-𝑠𝑉oc

) − 1]} + 𝑑𝐼,

(2)

where

𝐶
1
= (1 −

𝐼
𝑚

𝐼sc
) ⋅ exp(

−𝑉
𝑚

𝐶
2
𝑉oc

) ,

𝐶
2
=

𝑉
𝑚
/𝑉oc − 1

ln (1 − 𝐼
𝑚
/𝐼sc)

,

𝑑𝐼 = −𝛼 ⋅
𝐺

𝐺ref
⋅ (𝑇
𝑐
− 𝑇ref) + (

𝐺

𝐺ref
− 1) ⋅ 𝑁PV-𝑝𝐼sc,

𝑑𝑉 = 𝛽 ⋅ 𝑑𝑇 − 𝑅
𝑠
⋅ 𝑑𝐼,

(3)

where 𝐼PV is the load current of PV array (A),𝑉PV is the output
voltage of PV array (V), 𝑇ref and 𝐺ref are the reference cell
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Figure 4: 𝐼-𝑉 and 𝑃-𝑉 characteristic curves of a PV array model at
four irradiance levels.

temperature (25∘C) and given solar irradiance (1000W/m2),
𝑇
𝑐
is the actual operating temperature of the PV cell (∘C),𝐺 is

the solar irradiance (W/m2), and 𝑅
𝑠
is the series resistance of

PV cell (Ω). The power injected by PV array into the hybrid
system could be written as

𝑃PV = 𝐼PV𝑉PV (1 − 𝐾PV-loss) . (4)

The 𝐼-𝑉 and 𝑃-𝑉 characteristic curves of the PV model
used in this study under different irradiances (at 25∘C) are
given in Figure 4. It is noted from the figure that the higher
the irradiance, the larger the short circuit current (𝐼sc) and the
open circuit voltage (𝑉oc) [25].

The details of the PV dynamic model have been used for
all components of the unit shown in Figure 5. By using the
perturbation and observation (P&O)method based on power
change rate shown in Figure 6 and comparison repeatedly,
the output power of the solar modules can then reach its
maximumworking point gradually [26].The parameters and
data of the PV generation unit are summarized inTable 2.The
rating capacity of PV generation system that includes 200 PV
units (see Figure 5) is 100MW.

3.3. Energy Storage System. Battery stack [27, 28] and fuel
cell (FC) unit [29–33] have been modeled for this study as
two types of energy storage device. The dynamic model of
a lead-acid battery is described for applications in power
supply system. The inputs of the model are the electric
power, ambient temperature, andmean value of the discharge
current. Therefore, the battery stack or module can be
expressed as

𝑉
𝐵
= 𝑁
𝐵-𝑠𝐸0 −

𝐾SOC
SOC − 𝑁

𝐵-𝑠𝑄𝑛 ∫
𝑡

0
𝑖
𝐵 (𝜏) 𝑑𝜏

+ 𝐴 exp(−𝐵∫

𝑡

0

𝑖
𝐵
(𝜏) 𝑑𝜏 + 𝐶

𝑃
) −

𝑅𝑖
𝐵

𝑁
𝐵-𝑠

,

(5)

Table 2: PV generation system component parameters.

Parameter Value
PV array

Open circuit voltage, 𝑉oc 45V
Short circuit current, 𝐼sc 5.5 A
Maximum power voltage, 𝑉

𝑚
36V

Maximum power current, 𝐼
𝑚

5A
Temperature coefficients of current, 𝛼 0.0025
Temperature coefficients of voltage, 𝛽 0.0005
Series resistance of cell, 𝑅

𝑠
0.02Ω

Dynamic link loss factor, 𝐾PV-loss 0.05
Number of series modules,𝑁PV-𝑠 18
Number of parallel modules,𝑁PV-𝑝 155

MPPT controller
Low limit of power change rate (up limit), 𝜀

1

(𝜀
2
) 60W (4600W)

Correction factor of power change rate, 𝛾 0.00001
Factor of voltage perturbation, 𝜉 1

Proportional and integral gain of controller
𝐾
𝑝
of power controller 0.05

𝑇
𝑖
of power controller 0.0005

𝐾
𝑝
of current controller 1

𝑇
𝑖
of current controller 0.01

where

𝐶
𝑃
= 𝐶
𝑡
(𝑇
𝑏
− 25) ,

𝐶
𝑅
= 1 − 0.025 (𝑇

𝑏
− 25) ,

𝑅 =
𝑁
𝐵-𝑠𝑉𝑛 (1 − 𝜂) 𝐶

𝑅

(0.2𝑁
𝐵-𝑝𝑄𝑛)

,

SOC =

𝑁
𝐵-𝑠𝑁𝐵-𝑝𝑄𝑛 − ∫

𝑡

0
𝑖
𝐵 (𝜏) 𝑑𝜏

𝑁
𝐵-𝑠𝑁𝐵-𝑝𝑄𝑛

× 100%,

(6)

where SOC is the state of charge that describes the instanta-
neous charge of the battery stack or the amount of electric
energy stored in the battery stack at any instant in time, 𝐶

𝑝
is

the temperature compensation factor of polarization effect,
𝐶
𝑅
is temperature compensation factor of resistance, 𝐸

0
is

the initial moment the electric potential of battery cell, and
𝑉 is the output voltage of lead-acid battery. The total power
contribution to the hybrid system from the battery stack can
be given as

𝑃
𝐵
= 𝑖
𝐵
𝑉
𝐵
(1 − 𝐾

𝐵-loss) . (7)

Proton exchange membrane (PEM) FC is employed in
the hybrid system as backup generator [31–33]. When the
SOC of the battery bank is lower than 25%, the PEM FC
is turned on to supply the load demand; otherwise it will
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be turned off. The modeling of the PEM FC consists of
the relationship between electrical energy production and
the consumed hydrogen. Detailed description of PEM FC
modeling andpolarization characteristics can be found in [32,
33]. Assuming that each cell has equivalent output voltage,
the current for the complete stack can be found using the
following overall equation for the electrical terminal voltage:

𝑉FC = 𝑁cell-𝑠 [𝐸 − ln(
𝐼FC + 𝐴cell𝑖𝑛

𝐴cell𝑖𝑜
)

− 𝑟(
𝐼FC
𝐴cell

) − 𝑚 exp(𝑛
𝐼FC
𝐴cell

)] ,

(8)

where 𝐴cell is the electrode area of each cell, 𝑟 is the area-
specific resistance (kΩ cm2), 𝑖

𝑛
is the internal and crossover
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current density (mA/m2), and 𝑚 and 𝑛 are constants of the
concentration or mass transfer loss parameters. The total
power contribution to the hybrid system from the FC unit
can be written as

𝑃FC = 𝐼FC𝑉FC𝑁cell-𝑝. (9)

The details of ES unit dynamic model have been used
for all components of the system given in Figure 7. The
component parameters of the battery stack and FC unit are
presented in Table 3. The rating capacity of the battery or FC
energy system, which consists of 200 battery or FC stacks (as
shown in Figure 7), is 100MW.

4. Overall Coordinated Control Strategy

An overall coordinated control strategy for power man-
agement among different energy sources in a multisources
energy system is needed [34, 35]. The block diagram of the
control strategy for the proposed hybrid energy generation
system is shown in Figure 8.TheWECS, controlled by a pitch
angle controller, and a PV generation system, controlled by
a MPPT controller, are the primary energy sources of the
hybrid generation system. When the energy generated from
the WECS and PV system becomes insufficient with respect
to the load demand, the shortage power is compensated by
ES system. The tracking mismatches of the wind-PV system
and the load demand exceeding the power generated by the
WECS and PV system, is fed to the battery stack. STATCOM
is used to adjust reactive power to support bus voltage and
improve LVRT capability of the hybrid system.

4.1. Active Power Coordinated Control Strategy. The active
power difference between the generation sources and the load

Table 3: ES system component parameters.

Parameter Value
Battery stack

Rated capacity, 𝑄
𝑛

200Ah
Rated voltage, 𝑉

𝑛
2V

Efficiency of a battery, 𝜂 0.985
Temperature of battery, 𝑇

𝑏
25∘C

Polarization voltage constant, 𝐾 0.051
Polarization effect coefficient, 𝐶

𝑡
0.011

Voltage change factor, 𝐴 0.005
Capacity change factor, 𝐵 0.6
Dynamic link loss factor, 𝐾

𝐵-loss 0.05
Number of series modules,𝑁

𝐵-𝑠 350
Number of parallel modules,𝑁

𝐵-𝑝 22
FC unit

Rating 1.2 kW
Rated current, 𝐼FC 45A
Rated voltage, 𝑉FC 28V
Number of series modules,𝑁cell-𝑠 25
Number of parallel modules,𝑁cell-𝑝 17

Proportional and integral gain of controller
𝐾
𝑝
of power controller 5

𝑇
𝑖
of power controller 0.15

𝐾
𝑝
of current controller 0.0382

𝑇
𝑖
of current controller 0.013

demand given by the power network dispatching center is
calculated as

𝑃net = 𝑃wind + 𝑃PV − 𝑃load − 𝑃sc, (10)
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where 𝑃wind is the active power generated by the WECS, 𝑃PV
is the active power generated by the PV energy conversion
system, 𝑃load is the active power demand given by the power
network dispatching center, and 𝑃sc is the self-consumed
active power for operating the system. The system self-
consumed active power is the power consumed by the
auxiliary system components to keep it running, for example,
the active power needed for running the cooling systems, the
control units, and the lighting system. For simplification, only
the active power consumed by the ES system is considered in
this study.

The coordinated control strategy is that, at any given time,
any excess wind and PV-generated active power (𝑃net > 0)
is stored in the battery stack. Therefore, the active power
balance equation given in (10) can be written as

𝑃wind + 𝑃PV = 𝑃load + 𝑃ES-in, 𝑃net > 0, (11)

where 𝑃ES-in is the power consumed by the battery stack
(𝑃battery in).

When there is a deficit in active power generation (𝑃net <
0), the battery stack begins to supply energy for power
network. When the SOC of battery is lower than 𝜂, the FC

system is started as a backup generator. Therefore, the active
power balance equation for this situation can be written as

𝑃wind + 𝑃PV + 𝑃ES-out = 𝑃load, 𝑃net < 0, (12)

where

𝑃ES-out = 𝑃battery out + 𝑃FC, (13)

where𝑃battery out and𝑃FC are the active power generated by the
battery stack and FC unit, respectively.

4.2. Reactive Power Coordinated Control Strategy. The power
factor of the proposed hybrid system is regulated between
0.95 lagging and 0.95 leading. Wind/PV energy conversion
system runs in 0.98 (lag), normally [36]. The reactive power
difference between the generation sources and the load
demand given by the power network dispatching center is
calculated as

𝑄net = 𝑄Wind-out + 𝑄PV-out − 𝑄load, (14)

where 𝑄Wind-out is the reactive power generated by WECS,
𝑄PV-out is the reactive power generated by the PV generation
system, and 𝑄load is the reactive power demand given by the
power network dispatching center.
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The reactive power management control strategy is that
any excess wind and PV-generated reactive power (𝑄net > 0)
is consumed by the ES system (battery stack or FC unit).
At the same time, the extra reactive power is absorbed by
STATCOM (𝑉 > 𝑉ref).Therefore, the power balance equation
given in (14) can be written as

𝑄Wind-out + 𝑄PV-out = 𝑄load + 𝑄ES-in + 𝑄STATCOM-in,

𝑄net > 0 𝑉 > 𝑉ref,
(15)

where 𝑄ES-in is the reactive power consumed by ES system,
𝑄STATCOM-in is the reactive power absorbed by STATCOM,
and 𝑉 and 𝑉ref are the hybrid system operated and rated
voltage, respectively.

When there is a deficit in reactive power generation
(𝑄net < 0), the ES system and STATCOM begin to compen-
sate reactive power for the power network. Therefore, the
power balance equation for this situation can be written as

𝑄load = 𝑄Wind-out + 𝑄PV-out + 𝑄ES-out + 𝑄STATCOM-out,

𝑄net < 0 𝑉 < 𝑉ref,
(16)

or
𝑄load + 𝑄STATCOM-in = 𝑄Wind-out + 𝑄PV-out + 𝑄ES-out,

𝑄net < 0 𝑉 > 𝑉ref,
(17)

where 𝑄ES-out is the reactive power supplied by ES system,
𝑄STATCOM-in is the reactive power generated by STATCOM.

When wind/PV energy conversion system runs in 0.98
(lead) (𝑄net < 0), the ES system compensates reactive power
for the system.The reactive power of STATCOM is governed
by the bus voltage of grid-connected point. Therefore, the
reactive power balance equation can be written as

𝑄Wind-in + 𝑄PV-in + 𝑄load = 𝑄ES-out + 𝑄STATCOM-out,

𝑄net < 0 𝑉 < 𝑉ref,
(18)

or
𝑄Wind-in + 𝑄PV-in + 𝑄load + 𝑄STATCOM-in = 𝑄ES-out,

𝑄net < 0 𝑉 > 𝑉ref,
(19)

where𝑄Wind-in and𝑄PV-in are the reactive power absorbed by
WECS and PV system, respectively.

Large scale grid-connected hybrid generation system
should satisfy LVRT requirement when a grid fault occurs,
and the system including STATCOM has the advantage of
satisfying LVRT. STATCOM has been identified as the fastest
responding device that can assist in improving the power
quality and stability of the system.

Dynamic models have been used for all the components
of the hybrid system shown in Figure 8. The details of these
models are given in Figures 2–7, respectively.

5. Simulation Results

Using the component models discussed in Section 4, the
simulation system based on 3-machine 9-bus test system

1
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Figure 9: Single line diagram of the studied power system.

of Western System Coordinating Council (WSCC) [37] and
the proposed large scale wind/PV/ES/STATCOM hybrid
system have been developed using DIgSILENT/Power Fac-
tory software platform. The wind/PV/ES/STATCOM hybrid
generation system discussed in Section 3 was connected on
the bus 6 of theWSCC 3-machine 9-bus test system depicted
in Figure 9. In order to verify the system performance under
different situations, simulation studies have been carried out
using practical load demand profiles and real weather data
(wind speed, solar irradiance, and air temperature). The
typical hourly average load demand and weather data for the
China Northeast regions are used in this simulation study.
Simulation studies are carried out for power coordinated
control during a winter day and a summer day. Simulation
results for the winter and summer scenarios are given and
discussed in the following section.

5.1. Winter Scenario

5.1.1. Load and Weather Data. The load demand data for
the winter scenario simulation collected on December 17,
2010, is shown in Figure 10. Figure 11 shows the hourly wind
speed profile over 24 h on the day (December 17, 2010) the
data were collected. The hourly solar irradiance data and air
temperature collected on the same day are shown in Figures
12 and 13, respectively.

5.1.2. Simulation Result. The system performance under the
load profile given in Figure 10 and the weather data shown in
Figures 11–13 is evaluated and discussed later.

The output power and pitch angle from the wind energy
conversion unit in the hybrid energy generation system over
the 24 h simulation period are shown in Figures 14 and 15,
respectively.The pitch angle of the blade should be controlled
to protect the turbines as well as to limit the output power
at high wind speed [38]. Below the rated wind speed (shown
in Figure 3), the blade pitch angle is usually set to produce
the maximum output power. Above the rated wind speed,
the blade pitch angle is regulated for the output power to be
limited at the rated value of generators.
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Figure 10: Hourly load profile for the winter scenario simulation
study in northeast China.
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Figure 11:Wind speed data for the winter scenario simulation study
in northeast China.
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Figure 12: Solar irradiance data for the winter scenario simulation
study in northeast China.

0 4 8 12 16 20 24

0

1

2

3

4

5

Time (hour of day)

−1

A
ir 

te
m

pe
ra

tu
re

 (∘
C)

Figure 13: Air temperature data for the winter scenario simulation
study in northeast China.
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Figure 14: Wind power for the winter scenario simulation study.
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Figure 17: PV temperature response over the simulation period for
the winter scenario.

The output power from the PV system in the hybrid
system over the 24 h simulation period is shown in Figure 16.
As shown in Figure 8, the PV array output power is controlled
by an MPPT controller (discussed in Section 3.2) to give
maximum power output under different solar irradiances. It
is noted that the PV output power curve, shown in Figure 16,
has a wave shape similar to that of the solar irradiance profile
shown in Figure 12.

Temperature plays an important role in PV module’s
performance. Figure 17 shows the PV temperature response
over the simulation period. Twomain factors for determining
the temperature of the PV module are the solar irradiance
(Figure 12) and the surrounding air temperature (Figure 13).
Figures 16 and 17 also show the effect of temperature upon the
PV performance.

When𝑃net < 0 (see (7), (9), and (10)), the sumofwind and
PV-generated active power is not sufficient to supply the load
demand. Under this condition, the battery stack turns on to
supply the active power shortage. If SOC < 25%, the battery
stack is replaced by the FC system. Figures 18 and 19 show the
actual power delivered by the ES system that included battery
stack and FC unit.
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Figure 18: Power supplied by battery stack for the winter scenario
simulation study.
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Figure 19: Power supplied by FC for the winter scenario simulation
study.

When the power factor of wind/PV hybrid generation
system runs in 0.98 (lag) and 𝑄net < 0 (see (11), (13), and
(14)), the sum of wind and PV-generated reactive power is
not sufficient to supply the load demand. The ES system
supplies reactive power for load demand. When the reactive
power compensated by ES system is a deficit, STATCOM
deliveries the deficit reactive power and maintains voltage at
a higher operating level. Figure 20 shows the reactive power
delivered by STATCOM and the bus voltage level of the
hybrid generation system.

5.2. Summer Scenario

5.2.1. Load and Weather Data. The load demand data for
the summer scenario simulation collected on July 16, 2010, is
shown in Figure 21. The weather data collected in Northeast
China, on July 16, 2010, are used for the summer scenario
study. The wind speed data is shown in Figure 22. The solar
irradiance and air temperature data at the same site on the
same day are shown in Figures 23 and 24, respectively.

5.2.2. Simulation Results. The system performance under the
load profile given in Figure 21 and the weather data shown
in Figures 22–24 is evaluated and discussed later. The output
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Figure 20: Reactive power supplied by STATCOM and hybrid
system bus voltage for the winter scenario simulation study.
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Figure 21: Hourly load profile for the summer scenario simulation
study in northeast China.

power from theWECS and the PV energy conversion system
in the hybrid generation system over the 24 h simulation
period are shown in Figures 25 and 26, respectively. The
transient responses of MPPT (discussed in Figure 6) shown
in Figure 26 are due to keeping the PV array operating at
its maximum power points under different temperatures and
solar irradiances.

When 𝑃net > 0 (see (7) and (8)), there is excess active
power available for battery. Figure 27 shows the available
active power profile over the 24 h simulation period. When
𝑃net > 0, the sum of the wind and PV-generated active
power is not sufficient to supply the load demand. Under this
scenario, the battery stack or the FC unit (when SOC < 25%)
turns on to supply the active power shortage. Figures 27 and
28 show the actual active power supplied by the battery stack
and the FC unit, respectively. The SOC of the battery stack
over the simulation period is shown in Figure 29.

In this scenario,WECS under the same power factor with
thewinter scenario, PV energy system runs in 0.98 (lead).The
output reactive power from theWECS and the PV generation
system in the hybrid energy system over the 24 h simulation
period are given in Figures 25 and 26, respectively.
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Figure 22: Wind speed for the summer scenario simulation study
in northeast China.
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Figure 23: Solar irradiance data for the summer scenario simulation
study in Northeast China.
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Figure 24: Air temperature data for the summer scenario simula-
tion study in Northeast China.
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Figure 25: Wind power for the summer scenario simulation study.
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Figure 26: PV power for the summer scenario simulation study.
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Figure 27: Battery stack power supplied and absorbed for the
summer scenario simulation study.

When 𝑄net > 0 and 𝑉 > 𝑉ref (see (11) and (12)) the
excess reactive power is consumed by the battery stack. If
the excess reactive power mismatches with the reactive limit
consumed by battery stack, STATCOM states to regulate the
excess reactive power together with the battery stack. When
𝑄net < 0 (see (12) and (14)–(17)) the deficit of reactive
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Figure 28: FC power generated for the summer scenario simulation
study.
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Figure 29: Battery stack SOC over 24 h for the summer scenario
simulation study.

power is compensated by the battery stack and FC unit. If the
reactive power generated battery stack and FC unit cannot
satisfy reactive power demand, STATCOM is stated for the
deficit of reactive power. Figures 27, 28, and 30 show the
consumed or compensated reactive power profile over the
24 h simulation period. Bus voltage levels of the system over
the 24 h simulation period for different combination mode
are shown in Figure 31.

In order to analyze the extent to which the LVRT
capability of the Wind/PV/ES energy generation system can
be enhanced by using STATCOM, a three-phase short circuit
to ground fault has been simulated. From Figure 32, it is clear
that the STATCOM can improve the LVRT capability and
bus voltage level of the hybrid energy conversion system,
obviously.

6. Conclusion

In this paper, a grid-connected wind/PV/FC hybrid energy
generation system is proposed. The system configuration is
discussed; the characteristics of the primary components in
the system, namely, the WECS, PV, battery, and FC, are
given; and the overall coordinated control strategy for the
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Figure 30: STATCOMreactive power supplied and absorbed for the
summer scenario simulation study.
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Figure 32: Hybrid system transient voltage during the short circuit
fault for different operating conditions.

proposed hybrid energy system is presented. The wind
and PV generation systems are the main power generation
devices, and the battery stack acts as a dump load to store any
excess power available. The FC unit is the backup generation
and supplies power to the system when SOC < 25%. The
simulation model of the hybrid system has been developed
using the DIgSILENT/Power Factory. Simulation studies
have been carried out to verify the system performance
under different scenarios using the practical load profile
in the China northeast regions and the real weather data
collected at Shenyang, China. The simulation results, given
for a winter and a summer scenario, show the effectiveness
of the overall coordinated control strategy and the feasibility
of the proposed grid-connected hybrid energy conversion
system.
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