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Renewable energy systems utilize the locally available energy resources and generate green energy
to meet the increasing load demand. Grid integration of renewable energy systems using power
electronic interfaces is the latest trend in this area of research. The mon-linear loads at load
centers inject current harmonics to the distribution grid at the point of common coupling and
pollute the grid. The mitigation of current harmonics in the distribution grid along with the
integration of renewable energy systems to the grid is the main focus of discussion in this paper.
The interconnection of a hybrid solar-wind renewable energy system with the grid at the
distribution level, using a voltage source inverter is presented in this paper. The inverter is
controlled using the synchronous reference frame theory based control algorithm, by which the
grid interfacing inverter gets additional responsibilities of shunt active power filter. Grid
interfacing system consists of a 3-phase, 4-leg voltage source inverter, a dc-link capacitor and a
hysteresis current controller. A self-tuning filter is designed and used in the control system for
effective elimination of current harmonics. Simulation results are presented with variation in the
renewable energy generation and variation in load for validating the practical application of the
proposed system. All simulations are done in MATLAB-Simulink platform. The performance of
4-leg inverter in exchanging real power from renewable sources to grid along with compensating
current harmonics, under balanced and unbalanced grid voltage conditions are analyzed.

Keywords: Hybrid Renewable System; Shunt Active Power Filter; Self Tuning Filter; Grid Connected
Renewable; Harmonic Analysis.
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1. Introduction

Global increase in energy demand and depleting fossil fuels resources motivate the
energy engineers to find a sustainable solution. Renewable energy sources (RES) opens a
wide possibility in this context. RES can be in islanded mode or grid connected mode.
However, the need for energy storage devices such as battery, and the capital cost,
maintenance cost and chemical pollution associated with the battery make the islanded
mode less feasible for large and medium scale energy generation. The injection of the
generated power directly into the main grid at the distribution level assures the maximum
utilization of the locally available RES. Incorporating the grid connection of the abundantly
available wind and solar energy into the grid offers a more reliable and cost-effective
energy solution for the increasing energy demand. As the wind and solar energy are
complimentary to each other in availability, a hybrid combination of both are preferred for
a more reliable power system.

The interconnection of hybrid wind-solar RES system to the grid utilizes power
electronic technology. The power electronic interfaces such as dc/dc converter and inverter
assures efficient power transfer from hybrid RES to the grid [1-2]. Most commonly used
wind-solar hybrid system topologies are ac shunted and dc shunted topologies. The dc
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shunted scheme employs single inverter and it is more preferred. Moreover, the power
rating of the inverter in dc shunted scheme is less than the total power rating of the two
inverters used in ac shunted scheme [3-4]. In the dc shunted hybrid system, the wind and
solar system require individual dc/dc converters, and they are shunted at the common dc-
link of the grid interfacing inverter. By controlling the dc-link voltage of the inverter, the
available real power in hybrid RES is extracted and injected into the grid. The dc-link
voltage can be controlled by sensing and comparing it with the reference value, and
processing the error using a PI controller [5]. The PI controller can be replaced by a fuzzy
logic based dc voltage controller and has superior performance in balanced, unbalanced and
distorted grid conditions according to Suresh Mikkili et.al. [6]. Ghamri A et. al. proposed
the backstepping and improved backstepping controllers for dc voltage control and
concluded that improved backstepping controller offers better dynamic performance than
PI, but PI offers better performance in static regime [7-8].

The recent trend in the area of grid connected RES system is assigning an additional
responsibility of a shunt active power filtering (SAPF) to the grid interfacing inverter. The
proliferation of power electronic converters aggravated the non-linearity of load centers and
deteriorated the quality of grid current at the point of common coupling (PCC) [9]. The
SAPF is a common solution to improve the quality of grid current and brings the current
THD within permissible limit. The use of grid interfacing system as SAPF is a cost-
effective way of power quality enhancement. The inverter in SAPF acts as a current-
controlled voltage source and injects compensating current to enhance the power quality of
the grid current [10]. The control scheme of SAPF includes calculation of the current
reference waveform for each phase of the inverter, maintenance of the dc voltage as
constant, and generation of the inverter gating signals. Different methods to calculate
reference current are instantaneous reactive power method, synchronous reference frame
(SRF) method and peak detection method [11-12]. A comparative study between
instantaneous reactive power theory, SRF theory, and peak detection method shows that
under unbalance or distortions in grid voltage, SRF method is superior to others [13].
Hysteresis current control (HCC) method is widely used for generating gate pulses for the
inverter control, as it is robust, simple, and has good transient response compared to other
methods such as proportional integral PI controller, proportional resonant controller,
repetitive controller, predictive control, deadbeat control etc. [14-16].

The recent literature on the grid integration of RES with SAPF functionality mainly
focuses on the study of current harmonic elimination property by analyzing the grid current
THD [17-22]. However, the details of power flow studies are not present in any literature
reviewed so far. The power flow analysis is an important feasibility study to be conducted
prior to the grid integration of RES systems. It ensures whether the available real power is
extracted from RES system to the grid. This paper addresses the power flow analysis of the
grid connected wind-solar hybrid system and validates the feasibility of the system in
supplying available real power. From the literature it is also observed that the harmonic
current eliminating property of SAPF can be enhanced by improving the reference current
detection algorithm. The low pass filters (LPF) are widely used in detecting fundamental
components of load currents in the reference current detection algorithms of SAPF. They
introduce phase lags while detecting fundamental components, which adversely affects the
harmonic elimination property of SAPF. The problem of additional phase lags in detecting
fundamental components is addressed in this paper by introducing self-tuning filter (STF).

For a grid-connected wind-solar hybrid system with shunt active filtering functionality,
an advanced controller is proposed. The controller consists of a PI controller for dc-link
voltage control and the SRF theory for reference current calculation. The STF employed in
the reference current algorithm introduces zero phase lags at fundamental frequency and
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thereby eliminates the problems associated with phase lags. The power flow analysis is
conducted on the grid-connected wind-solar hybrid system with additional SAPF
functionality for a practical load profile. The input conditions are simulated based on daily
wind speed and solar irradiation profiles. The grid current harmonics spectrum is analyzed
to ensure that the total harmonic distortion (THD) of grid side current is maintained within
the permissible IEEE standards under different grid voltage conditions.

2. System description

The overall block diagram of the system is shown in Fig. 1.The wind-solar hybrid
system is connected to grid through a three phase four leg inverter at the distribution level.

DC link
3-phase DC-DC capacitor
uncontrolled —{ Boost s
rectifier | Converter | . K}
‘Wind farm . :
% Boost i
Converter Voltage
Solar PV DC Bus Source A Filter
array Inverter 19777 i
i Non-
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Fig. 1 Block Diagram of the Overall System

The PV system output is dc whereas wind energy system generates ac output voltage. The
solar PV system output is connected to dc/dc boost converter with maximum power point
tracking feature. In wind energy system the ac output is rectified using an uncontrolled
rectifier and then regulated using a dc/dc boost converter [21-22]. The modeling of wind
and solar energy systems are discussed in the following subsections.

2.1 Wind Energy System Modeling

The wind turbine power output can be computed as shown in Equation (1) and the
aerodynamic torque is given by Equation (2) [23-24].

P, =0.5c,pAv;, ey
®

Cp is a function of A and B as shown in Equation (3), where A and 3 are given in Equations
(4) & (5) respectively. Maximum value of Cp = 0.593 (Betz’s limit). k; = 0.5, ko = 116, k3 =
0.4,ks=0,ks =5, ke=21.

1
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Mainly three types of wind energy systems are in use based on generators coupled
with the wind turbine; squirrel cage induction generator (SCIG) based topology, doubly fed
induction generator (DFIG) based topology, and permanent magnet synchronous generator
(PMSG) based topology [23-28]. The PMSG based topology is used in this paper. The main
advantage of using PMSG is that gearbox can be eliminated, and thus overall weight and
cost can be reduced and improved performance and efficiency can be obtained [28].

2.2 Solar PV Modeling

Mathematical model of a photovoltaic cell is shown by Equations (6), (7), and (8)

[29].
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Equation (9) represents the mathematical model of a solar array [30-31].
Vv IpyROIN /N V+(IR (N, /N
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Solar PV modules can be integrated to the grid using different topologies. From the
many existing grid integration schemes, central inverter scheme is selected, as it is the most
widely used technique for solar PV plants with generation capacity greater than 10 kW [32-
34].

3. Control Algorithm

A shunt active filter is designed to detect the harmonic components of the load current
and to inject compensating current to nullify the effect of harmonics at the point of common
coupling. Fig. 2 shows the overall control schematic of the system.
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Fig. 2. Overall Control Schematic
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The SAPF consists of a 4-leg voltage source inverter employed with eight IGBT switches
and an energy storage capacitor. The six switches of the inverter compensate the phase
currents in three phases and remaining two switches compensate the neutral current.
Switching pulses are generated using fixed band HCC. SAPF consists of a reference current
calculation and pulse generation system. For reference current generation, SRF method is
used. In SRF control of reference current generation, the current at load center is sensed and
transformed into a synchronous reference frame (dq frame) as shown in (10) & (11) [35-
39]. The phase locked loop (PLL) is used for synchronizing the circuit with the grid voltage
[40-42].

- 1 _1 iLa

i | \F S A 2 i (10)
L 2 2 1,

[, | | cosmt sinot ||ig, (11)
_iLq__ —sinot cosot | i

The current irq is the sum of fundamental component i q; and harmonic component irdn.
Similarly, 114 is the sum of 1141 and irqn as shown in Equation (12).

e
qu qul quh

Fundamental components can be determined using STF. The concept of STF is introduced
by Hong-scok Song [43]. The transfer function of the integrator of signals in dq frame
(synchronous reference frame) is shown in Equation (13). From the frequency plot of H(s),
it can be observed that it is similar to the band-pass filter. If K, a constant is introduced in
H(s), Equation (13) can be modified as Equation (14).

Vi (8)  s+jo
H(s)=——= 13
© U,, (s) s* + o (1)

Vi (8) (s+jo,)+K
Hi(s)=———=K : 14
T R S (1

Hi(s) represents a band-pass filter with no phase delay between input and output. The
transfer function Hi(s) represents the STF. The mathematical model of STF in dq frame is
shown in Equations (15) & (16).

lLdl(S):?(lLd(s)_lLdl(S))_%qul(s) (15)

i (s) =%(iLq(s)—iLq1(s))+%iLdl(s) (16)

Equation (17) shows the reference currents for SAPF. The d axis reference current for
harmonic elimination contain only harmonic components phase shifted by 180 degrees. An
additional real power component Ipc is added, which is the output of DC link voltage
regulator. The reference voltage and the voltage at dc link are compared and using a PI
controller, the error (AVpc) is controlled. PI controller values are set by trial and error.
Equations (18) & (19) represent the inverse dq transformation for calculating three phase
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equivalent of i*.q and i*.. For neutral current compensation, reference current is taken as
i*cn = O.
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The 4-leg SAPF currents are sensed instantaneously and compared with the reference
currents and switching pulses are generated using HCC for switching on/off the IGBT of
the inverter. If the inverter current crosses the upper hysteresis limit, the switch in the upper
switch in the inverter arm is turned off and lower switch is turned on. If the inverter current
goes below lower hysteresis limit, the upper switch is turned on and lower switch is turned
off. The controller forces the inverter current to track the reference current within the
hysteresis band.

4. Results and Discussion

The real power transfer from the renewable energy system to the grid along with
harmonic current filtering is done using a three-phase, 4-leg voltage source inverter. The
performance of 4-leg inverter with the above-discussed control algorithm with STF has
been examined under different cases. The performances of STF and LPF in detecting
fundamental component of load current are compared and the results are analyzed. For
analyzing the power flow, the load is varied according to an existing daily load profile data.
The varying wind speed and solar irradiation are also simulated according to the daily
profile for two different seasons, summer and monsoon. Simulations are done for 24 hours
(1 hour = 0.5 sec in simulation) in each case. Harmonic analysis is done for, ideal grid
voltage and unbalanced-undistorted grid voltage cases. Harmonic spectrum of source
current is analyzed in each case for RES generation greater than load demand, and RES
generation less than or equal to load demand. The simulation results presented were
obtained by using MATLAB-Simulink environment. Table 1 shows the system parameters
used in the simulation.

Table 1. System Parameters

SI. No.  Particulars Values
1 Supply Voltage 3 phase, 400 V, 50 Hz
2 Source Parameters 0.01 mH, 0.1 Q
3 DC Link Capacitance 2350 uF
4 Voltage at DC link 600 V
5 Filter Parameters 5mH, 0.1 Q
6 Wind Turbine Tower height 30 m, rotor diameter 51.2 m
7 Solar PV cell Open circuit voltage 21.1 V, short circuit current 3.8 A

4.1 Performance comparison of LPF and STF in fundamental component detection
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The performances of LPF and STF in fundamental component detection of load current

are compared. Figure 3 (a) shows the magnitude and phase plots of a conventional second
order low pass filter for different damping ratios (c). It can be observed from fig. 3 (a) that
for all damping ratios, the low pass filter creates a phase delay at 50 Hz. Figure 3 (b) shows
the magnitude and phase plots of STF for different K values. From fig. 3 (b) it can be

ob

served that phase angle of STF is zero at 50 Hz. Also, magnitude of STF is O dB. As the

value of K increases, the bandwidth increases. Figure 4 (a) and 4 (b) shows the load current
and fundamental component of current detected using a second order LPF and STF
respectively. The damping ratio of LPF is considered as 0.707 and K for STF is selected as
100. The FFT plot of phase-A grid current when LPF is used for fundamental current
calculation is shown in fig. 5, and the FFT plot of phase-A grid current when STF is used
for fundamental current calculation is shown in fig. 6.
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Fig. 4. Fundamental current detection (a) using LPF (b) using STF
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It is observed from fig. 5 and fig. 6 that the grid current THD is reduced when STF is used
for fundamental current calculation. The proposed control scheme is implemented with
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reference current algorithm using SRF theory employed with STF and the dc link voltage
controller using PI controller. The power flow analysis and harmonic analysis results are
shown in the following sub sections.

4.2 Power Flow Analysis

In the grid connected wind-solar hybrid system, the generated power from the
renewable sources should meet the local load demand at PCC, and excess power should be
fed to the main grid [44]. Due to change in wind speed and solar radiation, the generated
power varies. The load demand also varies as indicated by the load profile.

Case 1: Simulation of an average summer day

An average day of March is considered for simulation. Fig. 7 shows hourly average wind
speed data for a day and Fig. 8 shows solar irradiation data for a day for the location
Surathkal, India (12.9833 N, 74.7833 E) obtained from NASA website. An hourly load
profile of a distribution feeder in a residential area for a day is considered for the simulation
as shown in Fig. 9 (a). Load profile contains a morning peak and an evening peak. Fig. 9
(b) shows the total power generation from the wind-solar hybrid system. The power
flowing from the grid to load in a day is shown in Fig. 9 (c). The voltage at the dc link is
shown in Fig. 9 (d).
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Fig. 9 (a) Daily load profile, (b) Total RES power profile for summer, (c) Grid to load
power profile for summer, (d) Voltage at the dc link

From the power flow analysis for an average summer day, it is observed that the maximum
power injected into the grid in a day is at 12 noon to 1 PM interval. The total generation
from RES is high at noon, and at the same time load demand is low, so a part of the
generated power from RES is fed to the grid. The maximum overshoot of voltage at the dc
link is 11.86% and maximum steady state ripple content is 2.5%.
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Case 2: Simulation of an average monsoon day

An average day of July is considered for simulation. Fig. 10 shows hourly average
wind speed data for a monsoon day and Fig. 11 shows solar irradiation data for a monsoon
day, for the same location mentioned above. The load profile for an average day is shown
in Fig. 12 (a). Fig. 12 (b) shows the total power generation from the wind-solar hybrid
system. The power flowing from the grid to load in a day is shown in Fig. 12 (c). The
voltage at the dc link is shown in Fig. 12 (d).
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Fig. 12 (a) Daily load profile, (b) Total RES power profile for monsoon, (c) Grid to
load power profile for monsoon, (d) Voltage at DC link

From the power flow analysis for an average monsoon day, it can be observed that
maximum power injected into the grid in a day is at 12 noon to 1 PM interval. The total
generation from RES is high at noon, and at the same time load demand is low, so a major
part of the generated power from RES is fed to the grid. The maximum overshoot of
voltage at the dc link is 13.66% and the maximum steady state ripple content is 2.66%. It
can be concluded that the proposed controller performance is satisfactory for the given
input and load conditions.

4.3 Harmonic Analysis

The grid current harmonic analysis is also done, hourly average wind speed and solar
irradiation data are considered for simulation. Fig. 7 shows hourly average wind speed data
for a day and Fig. 8 shows solar irradiation data for a day, for the location Surathkal, India
(12.9833 N, 74.7833 E). The load profile for an average day is shown in Fig. 9 (a).
Different grid conditions are considered for harmonic analysis. Harmonic spectrum of
source current is analyzed in each case for RES generation greater than load demand, and
RES generation less than or equal to load demand.
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Case a: Balanced and undistorted grid

The three-phase balanced and undistorted grid condition is considered for simulation.
Fig. 13 shows the grid voltage waveform.
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Fig. 13. Grid voltage in balanced and undistorted condition

RES generation > Load demand

The current at load center is shown in Fig. 14 (a). Fig. 14 (b), 14 (c), and 14 (d) shows
compensating current, grid voltage and grid current respectively for RES generation greater
than load demand condition. The grid current and grid voltage have a phase difference of
180 degrees, because power is fed to the grid at this stage.
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Fig. 14 (a) Current at load center, (b) Compensation current, (c) Grid voltage, (d) Grid
current for RES generation > Load demand condition.

The frequency spectrum of load current and grid current for RES generation>Load demand
under balanced and undistorted grid voltage condition are shown in Fig. 15 and 16
respectively.
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Fig. 15 FFT plot of load current for RES Fig. 16 FFT plot of grid current for RES
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The grid current THD is observed as 1.74%, which is well within the limits as per IEEE
standards of Power Quality [45].
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RES generation < Load demand

The current at load center is shown in Fig. 17 (a). Fig. 17 (b), 17 (c), and 17 (d) shows
compensating current, grid voltage and grid current respectively for RES generation less
than or equal to load demand condition. The grid current is in phase with grid voltage, so
the grid is supplying its share of power to the load. The frequency spectrum of load current
and grid current for RES generation < Load demand under balanced and undistorted grid
voltage condition are shown in Fig. 18 and 19 respectively.
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Fig. 17 (a) Current at load center, (b) Compensation current, (c) Grid voltage, (d) Grid
current for RES generation < Load demand condition.
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Fig. 18 FFT plot of load current for RES Fig. 19 FFT plot of grid current for RES

generation < Load demand condition generation < Load demand condition

The grid current THD is observed as 2.68%, which is within the limits as per IEEE
standards of Power Quality.

Case b: Unbalanced and undistorted grid

The three-phase unbalanced and undistorted grid condition is considered for
simulation. Fig. 20 shows the grid voltage waveform. The maximum temporary overvoltage
magnitude due to load rejection is 1.6 pu in a distribution system. The grid unbalance is
simulated with a voltage magnitude of 1.6 pu in phase-A, keeping other phase voltages at
nominal value.

RES generation > Load demand

The current at load center is shown in Fig. 21 (a). Figures 21 (b), 21 (c), and 21 (d)
shows the compensating current, grid voltage and grid current respectively for RES
generation greater than load demand condition. The grid current and grid voltage have a
phase difference of 180 degrees, because power is fed to the grid at this stage. The
frequency spectrum of load current and grid current for RES generation greater than load
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demand under unbalanced and undistorted grid voltage condition are shown in Fig. 23 and

24

Current{A)

Voltage(V)

respectively
600 .
400
=
3 200
= ©
>
= -200
(6}
-400
6005 .02 0.04 0.06
Time (Sec)
Fig. 20. Grid voltage in balanced and undistorted condition \
(a) Load current (b) Compensation current
100 T T 100 . :
<
0 ] g 0
=
Q
-100 : ‘ -100 : ‘
12.06 12.08 12.1 1212 12.06 12.08 121 1212
time (s) time (s)
(c) Grid voltage 100 (d) Grid current
500 | ' ‘ ‘ ‘
<
5
O
007 : ‘ -100 ‘ ‘
12.06 12.08 12.1 1212 12.06 12.08 12.1 1212
time (s) time (s)

Fig. 22 (a) Current at load center, (b) Compensation current, (c) Grid voltage, (d) Grid
current for RES generation > Load demand condition.
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Fig. 24 FFT plot of grid current for RES
generation > Load demand condition
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The grid current THD is observed as 3.47%, which is well within the limits as per IEEE
519.

RES generation < Load demand

The current at load center is shown in Fig. 25 (a). Figures 25 (b), 25 (c), and 25 (d)

shows compensating current, grid voltage and grid current respectively for RES generation
less than or equal to load demand condition. The grid current is in phase with grid voltage
because grid is supplying its share of power to the load. The frequency spectrum of load
current and grid current for RES generation greater than load demand under unbalanced and
undistorted grid voltage condition are shown in Fig. 26 and 27 respectively.
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Fig. 25 (a) Current at load center, (b) Compensation current, (c) Grid voltage, (d) Grid
current for RES generation <Load demand condition.
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The grid current THD can be observed as 4.14%, which is within the limits as per IEEE
519.

The main contribution of this paper is the modification of reference current detection
algorithm (SRF theory) using STF for more effective harmonic elimination in grid current.
An improvement in the grid current THD is observed after employing STF for the detection
of fundamental component of current. The authors have developed a dynamic model of a
grid-connected wind-solar hybrid system with shunt active filtering functionality. The
power flow analysis has been conducted in the system under varying solar irradiation,
varying wind speed, and varying load conditions. The effectiveness of the dc link voltage
controller in transferring available real power from the wind-solar hybrid system to the
distribution grid is verified from the simulation results. The dynamic system with seasonal
and daily variations in wind speed, solar irradiation and load replicate the practical
conditions. The results obtained can be used for power system stability studies and
generation planning for systems integrated with renewable energy sources. Harmonic
analysis of grid current under different grid voltage conditions has been conducted for two
different cases; RES generation greater than load demand, and RES generation less than or
equal to load demand.

5. Conclusion

An advanced control algorithm employed with STF for controlling a grid connected
wind-solar hybrid system with SAPF functionality is proposed. The controller allows
power to flow from renewable source to load or to grid depending on the load demand and
the availability of generated power in RES. It also improves the power quality at grid side.
From the harmonic analysis under balanced and unbalanced grid voltage conditions it has
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been observed that grid current THD is less than 5%, which is well within the limits
according to IEEE 519-1992. It can be summarized that the three phase 4-leg inverter with
the proposed control scheme performs satisfactorily with the following objectives, (a) The
grid interconnection of the renewable energy system and (b) Current harmonics filtering.
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