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Abstract—The increasing energy demand and finite reserve for
fossil fuel sources have led the humankind to rely on renewable
energy sources. The availability of solar energy in large quantities
and the increased environmental awareness among the users
boosted its popularity. Grid integration of renewable source is
preferred over the islanded mode of operation as there is no
need for additional energy storage devices. This paper presents
a proportional integral control based DC link voltage controller
for grid-integrated domestic photovoltaic systems. Incremental
Conductance method to extract maximum power from solar PV
system, instantaneous pq theory based dual STF for fundamental
component extraction, hysteresis current control method for gen-
eration of switching pulses to the inverter are the added features
of this work. The grid integrated Solar PV system along with
control features is modelled and simulated in MATLAB/Simulink
platform. Numerical simulations are done for various system
conditions. The results of the power flow study and harmonic
analysis are reviewed and summarised.

Index Terms—renewable energy, PV, shunt active filter, PI

I. INTRODUCTION

The demand for energy is increasing at a faster rate due
to rapid industrialization and population growth. As a result
of overexploitation, fossil fuels are diminishing at a faster
rate. Hence there emerges the need for replacing the fossil
fuels with an alternative energy source preferably renewable
energy source. Among the alternative energy sources, solar
energy is one of the most abundantly available renewable
energy sources. Grid integration is a means to deliver varying
solar energy to the grid. The latest government policies to
promote green energy has increased the use of grid-tied
roof-top PV systems among domestic consumers. With the
tremendous development in power electronics technology,
solar PV systems can be integrated to the grid through a power
electronic converter preferably an inverter. The proliferation of
power electronic converters and non-linear loads at the point
of common coupling (PCC) causes power quality issues in
the system. The effects due to power quality issues can be
alleviated by incorporating an additional feature like shunt
active filtering capability to the grid interfacing converter thus
reducing the overall cost of the system.

Grid-tied solar PV systems with shunt active filtering capabil-
ity involves three control methods namely, maximum power
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point (MPPT) algorithm, a slower outer loop controller for
DC link voltage control and a faster inner loop controller
for harmonic current mitigation. A power converter embedded
with the capability of MPPT is essential in all PV systems to
ensure the best energy harvesting from the prevailing environ-
mental conditions like varying irradiation and temperature [1].
Proportional Integral (PI) control is one of the simplest method
for the control of DC link voltage. Instantaneous power theory
and synchronous reference frame theory are the widely used
control techniques for harmonic current mitigation [2]. A
modified pq theory has been proposed for effective harmonic
current mitigation under distorted and unbalanced conditions.
Use of self tuning filters (STF) improves the harmonic current
mitigation by eliminating the inherent phase lags introduced
by conventional low pass filters [3] and [10].

According to Ministry of New and Renewable Energy
(MNRE), Government of India, single phase systems are
recommended for solar PV systems with peak generation
upto 3 kW. In this paper a single-phase grid-tied solar PV
system feeding a domestic load has been considered. The
major highlight of this paper are 1) Incremental Conductance
method to extract maximum power from solar PV system 2)
PI control to maintain DC link voltage constant so that power
flow balance is accomplished 3) Modified instantaneous theory
based Dual Self Tuning Filter for harmonic current mitigation
4) Hysteresis current control used for generation of switching
pulses of the inverter switches. The single-phase voltage and
current values are transformed to an equivalent two phase
frame, for implementing the instantaneous power theory. The
performance of the double-loop control system for different
system conditions is validated using numerical simulations
in MATLAB/Simulink platform. The paper is organized as
follows: Section II discusses the detailed description of the
overall system including the MPPT algorithm employed, sec-
tion III gives control system description, section IV presents
the simulation results and section V concludes the paper.

II. SYSTEM DESCRIPTION

The overall system consists of a distribution grid feeding
a single-phase non linear load to which the PV system is
integrated using a single-phase shunt connected voltage source
inverter.The circuit diagram of the overall system is shown
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in Fig. 1. The following subsections describe the various
components involved in detail.

A. Solar PV system

The elementary unit of a PV system is the solar cell. Cells
are assembled to form modules and modules are grouped
to form large PV arrays. Solar PV system comprises of PV
arrays joined in series and in parallel. The solar PV system
is represented as a current source generating I,,, [4] as given
in (1) and (2) .The equivalent circuit of solar PV system [4]
is given in Fig. 2.
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I,,,, the model current, Vpy, the the terminal voltage of PV
system, Ipy,, the terminal current, I,, the saturation Current,
V;, the thermal voltage, Ng, the number of arrays connected in
series, IV,, , the number of arrays connected in parallel, I .;;,the
photovoltaic current of the PV cell, a, the Diode constant, Ry,
the series resistance of the array,l?,, the shunt resistance of
the array.

B. MPPT Algorithm

The power generation in the PV system largely depends
on changing irradiation and temperature conditions. In order
to extract maximum power from the PV system, the terminal
voltage and current are to be maintained at maximum power
points (MPP). The IV and PV characteristics of solar PV at
variable insolation and at constant temperature of 25°C' are
respectively given in Fig. 3 and Fig. 4.

1) Incremental Conductance Method: The incremental con-
ductance method utilizes the slope of the PV array power char-
acteristics to track the MPP. The flowchart for the incremental
conductance method [1] is as given in Fig. 5.

C. Boost Converter

The output voltage generated by the solar PV system is
varying with respect to varying solar irradiation and tempera-
ture. The variable DC voltage is converted to fixed DC using
dc-dc boost converters. The output of dc-dc boost converters
is connected to the DC link. Boost converter design equations
[5] are shown in (3) and (4).

Vi, 1

Vo 1—D ©)
D(1 — D)’R

Lb=(2f>” “)

where, V,;, = Output voltage (V), V;;, = Input voltage (V), D
= duty ratio, L;, = Inductance (H), R, = Load resistance (£2),
and f; = Switching frequency (Hz).

D. Voltage Source Inverter

A single phase H-bridge voltage source inverter (VSI) with
IGBT switches and antiparallel diodes is used in this system.
The VSI interconnects the solar PV system to the grid and
mitigates current harmonics at the distribution grid.

E. DC link capacitor

DC link capacitor is used for decreasing the dc ripple.
Larger the DC capacitor value, smaller the ripple. If Py ,
Ve and Cy. represent the power available at the DC link, DC
link voltage and DC link capacitor, DC capacitor value can be
obtained as [6] as given in (5).

Pd('

e Ve AV, ®
The DC link voltage V. [6] is given in (6)
Vie = 1.25v/20, (6)

F AC filter Inductor

AC filter is used to filter out the undesirable switching
frequency components from the inverter current. The filter in-
ductance can be calculated using (7) where, h is the hysteresis
band, fs, the switching frequency,

Vdc
L =
VT

)

III. CONTROL SYSTEM

This section explains the design of the control system for
the grid interfacing inverter. The control system incorporates
two loops, an outer voltage control loop and an inner current
control loop. The functions of the control system are (i) to
maintain the dc link voltage constant and balance the power
flow, (ii) to compensate the harmonic components of the load
current at PCC. PI controller is used for implementing the
outer loop of the control system. The inner loop of the control
system uses the instantaneous p-q theory. STF is employed in
the inner loop to extract the fundamental component of load
current and grid voltage.

A. Design using PI controller and instantaneous power theory

The schematic diagram of the PI controller based control
system is shown in Fig. 6.

1) Outer loop design: In the outer loop, DC link voltage
is sensed and an error signal based on energy difference
is processed through PI controller [7]. The block diagram
representation of DC voltage regulator is shown in Fig. 7.

The transfer function is of the following form as shown in (8).

+2n
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Fig. 1. Schematic diagram of a grid tied Solar PV system feeding non-linear load at load center
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Fig. 2. Equivalent Circuit of Solar PV System

20
1 kW/m? v
gls 0.85 KW/m> \ Increase Vi ‘ | Decrease Vs ‘ Decrease Vi ‘ Increase V.
E
£10 " N
£ U007 kW/m
&) Y Y
‘ 1

5

0

0 50 100 150 200 250 300

Fig. 5. Flowchart for Incremental Conductance Method
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Fig. 3. IV characteristics of Solar PV System at variable insolation and at

o where w,, and ( are natural frequency of undamped oscillations
constant temperature of 25°C' . .
and damping constant of PI controller respectively. Propor-
3000 /"\1kW/m2 tional and integral constants can be derived from the transfer
2500 function as in (9).
0.85 KW/

Z 2000 / ,}/ ’\\ )

5 / 07 W kp = ZCwnC, k'i = Wnc (9)

Po

£ 1500 s
1000 // / : Ps, the output of the PI controller represents the power
5001 ‘ provided by the network to preserve the charge in the DC
‘ link capacitor.

0
0 %0 100V 150 200250300 2) Inner loop control: The inner loop control is based on
oltage (V) . .
instantaneous pq theory [8] and [11].The load current and grid
Fig. 4. PV characteristics of Solar PV System at variable insolation and at voltage are sensed and transformed to o3 frame using (10) and

constant temperature of 25°C (11) where 77, and v, are the load current and the grid voltage
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Fig. 7. Block Diagram of DC voltage regulator using PI controller Ph (t) = *(Z%hvgl + Zghvsl) (14)
q(t) = —(iLvg —ifv,”) (15)
respectively. z%,zf and v%,v? are the load currents and grid
voltages in o3 frame. The power calculated in the outer loop, Ps is added with the
instantaneous real power needed for harmonic compensation
i =i /0,7 =i/ —90 (10) -
L=twelt, =1 pr(t), and the reference currents for compensation are calcu-
: — ()2 B2
v = 0, /0,05 = v,/ — 90 (a0 lated using (16), where K5 = (v%)? + (v5;)%.
. Z‘a* 1 « _ B8 + P
The fundamental component of load current and grid volt- {B ] _ [%1 051] [ph s} (16)
age are determined using the self tuning filter (STF). The g Kas vfl vy q

schematic diagram of STF is shown in Fig. 8. The mathe-
matical model of STF is given by (12) and (13),where, K
is the sensitivity parameter of STF and w;, the fundamental

The reference current is then compared with the inverter
current ¢, and the gating signals are generated using hysteresis
control [9]. The working of hysteresis controller is illustrated

frequency. . .
q Y using Fig. 9.
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Fig. 8. Schematic diagram of STF
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IV. RESULTS

Numerical simulations are done using MATLAB/Simulink
platform. Both steady state and dynamic conditions are con-
sidered for testing the performance of the controller.The rated
generation of solar PV system is 2880W/m?. The daily load
profile of the consumer and the daily solar irradiation profile
for the consumers location in the month of March are shown
in Fig. 10 and Fig. 11 respectively. The system specification
is as in TABLE. I

TABLE I
SYSTEM SPECIFICATION

Sl Particulars Values

No

1 Grid Voltage 1d, 230 V ( RMS), 50Hz

2 Source Parameters 0.0ImH, 0.1 Q

3 DC link capacitance 2350 pF

4 DC link voltage 390 V

5 Filter Parameters S5mH, 0.1 Q2

6 Solar PV specifica- | open circuit voltage 22.2V and
tion short circuit current 7.5 A
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Fig. 10. Solar irradiation profile
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Fig. 11. Daily load profile

A. Steady State condition

1) Case 1:Constant solar irradiation and load demand with
undistorted grid: A constant irradiation of 830 W/m? and
930W load demand at 13-14 hours is choosen for simulation

study as given in Fig. 10 and Fig. 11. It is observed from
Fig. 12 that DC link voltage is retained at 390 V. The grid
current, compensation current and load current waveforms for
casel are shown in Fig. 13, Fig. 14 and Fig. 15 respectively.
As excess power is injected to the grid, the grid current will be
180 out of phase with the grid voltage . The load demand is
met by the active power generated by the solar PV system and
the excess power is injected to the distribution grid as given in
Fig. 16. The THD of the grid current is 2.64% which is within
the limits specified by IEEE 519 as given in TABLE. II.
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Fig. 12. DC Link Voltage case 1
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Fig. 13. Grid Current case 1

A\ N\ N

[
n

[
=l

24

Current (A)
) o

0

[
=l

\V}

0.81

\V}

0.83
time(s)

\V

0.84 0.85 0.86

s

0.82

Fig. 14. Compensation current case 1

2) Case 2:Constant solar irradiation and load demand with
distorted grid : A constant irradiation of 830 W/m? and
930W load demand at 13-14 hours is choosen for simulation
study as given in Fig. 10 and Fig. 11. A grid voltage distortion
of 3% is simulated by injecting 2.2% fifth order and 2%
seventh order voltage harmonics into the grid. It is observed
from Fig. 17 that DC link voltage is maintained at 390
V. The grid current, compensation current and load current

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on September 25,2020 at 10:35:02 UTC from IEEE Xplore. Restrictions apply.



2019 Innovations in Power and Advanced Computing Technologies (i-PACT)

waveforms for case 2 are shown in Fig. 18, Fig. 19 and Fig. 20
respectively. As the surplus power is injected to the grid, the
grid current will be 180° out of phase with the grid voltage.

6 The load demand is met by the active power provided by

/\ /\ the solar PV system and the excess power is injected to the
distribution grid as given in Fig. 21. The THD of the grid
) current is 3.43% which is within the limits specified by IEEE
519 as given in TABLE. II.
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B. Dynamic Condition
105 081 082 083 084 085 086

time(s) 1) Case 3: Constant load varying solar irradiation: A
constant load of 930W is considered in this case. A step
change in solar irradiation from 800W/m? to 600W/m? is
applied at 1 s. This condition is at 14-15 hours in Fig. 10
and Fig. 11. The DC link voltage waveform for case 3 is
shown in Fig. 22 which demonstrates that DC link voltage is

Fig. 18. Grid Current case 2
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retained at 390 V.The grid current, compensation current and
load current waveforms for case 3 are as in Fig. 23, Fig. 24
and Fig. 25 respectively. The active and reactive power plots
for case 3 are shown in Fig. 26 and Fig. 27. During dynamic
condition the controller acts in such a way that the power
flow balance is maintained between VSI, grid and the load.
As excess power is injected to the grid, the grid current will
be 180° out of phase with the grid voltage. The THD of the
grid current after attaining steady state after dynamic condition
is 2.07% which is within the limits specified by IEEE 519 as
given in TABLE. II

400k - 390 V_,_
8300
@
50
k]
=200
>
100
0
1 1.1 1.2 1.3 14
time (s)

Fig. 22. DC link Voltage case 3
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Fig. 23. Grid Current case 3
155 11 N nkz(s) 13 14

Fig. 24. Compensation Current case 3

2) Case 4:Constant solar irradiation varying load: A step
change in load from 910W to 1600W applied at 1s under
constant solar irradiation of 800WW/m? is considered here. The
DC link voltage is preserved at 390 V as can be observed
in Fig. 28. The grid current, compensation current and load
current waveforms for case 4 are shown in Fig. 29, Fig. 30
and Fig. 31 respectively. The active and reactive power plots
for case 4 are shown in Fig. 32 and Fig. 33 respectively.
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Fig. 27. Reactive Power case 3
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Fig. 28. DC link voltage case 4

During dynamic condition the controller acts in such a way
that the power flow balance is achieved between VSI, grid
and the load. As surplus power is injected to the grid, the
grid current current will be 180° out of phase with the grid
voltage. The THD of the grid current after attaining steady
state after dynamic condition is 4.92% which is within the
limits specified by IEEE 519 as given in TABLE. II.
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TABLE I
THD (%)

< M tethdbortio
£

Condition Case | Grid Voltage | Grid Current | Load Current
B Steady State | 1 0 2.64 3411
Steady State 2 3 343 35.03
T 1z 13 14 Dynamic 3 0 2.07 35.03
time (s) Dynamic 4 0 4.92 38.72

Fig. 29. Grid Current case 4

15 V. CONCLUSION

10 A single phase domestic level grid-tied PV system with
zs shunt active power filter functionality has been modelled,
? 0 simulated and analysed. A dynamic model of PV system with
=
o)

MPPT features is connected to the DC link of single phase
VSI through a DC-DC boost converter. The single phase grid
voltage and load current are transformed to a pseudo two-
1 12 s s phase system using instantaneous theory. A harmonic current
time (s) mitigation loop using STF based PQ theory and a DC-link
voltage control loop using PI Controller have been designed
and simulated. From the numerical simulation studies con-
% 1 ducted using MATLAB/ Simulink platform, the performance
of the controller under steady state and dynamic conditions
is found to be effective.The controller not only controls the
power flow in the system based on the system changes , but
0 also maintains the grid current THD within 5 % limit as
recommended by IEEE standard-519.
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