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Abstract—In this paper dual VSI modules are introduced
into a 3-ph grid with unbalanced linear and non-linear
loads. One of the VSI (Voltage Source Inverter) modules
is connected with a DC source operating as DG
(Distributed Generation) unit and the other VSI module
is connected with capacitor operating as STATCOM
(Static Synchronous Compensator). The DG module VSI
compensates the active power of the load and the
STATCOM-VSI module compensates the reactive power
and harmonics introduced by the non-linear load. Both
the modules are operated with ISCT (Instantaneous
Symmetrical Component Theory) control structure for
synchronized power sharing. The DG-VSI module is
later updated with renewable source like PV (Photo
Voltaic) along with BESS (Battery Energy Storage
System) replacing conventional DC source. An active
power control and DC link voltage control are integrated
to control DG-VSI and STATCOM-VSI modules
respectively. Active and reactive power comparison
graphs are shown, achieving renewable power sharing,
reactive power and harmonics compensation.

Index Terms— BESS (Battery Energy Storage System),
DG (Distributed Generation), ISCT (Instantaneous
Symmetrical Component Theory), STATCOM (Static
Synchronous Compensator), VSI (Voltage Source
Inverter).

I. INTRODUCTION

With increase in power demand on the electrical
power grid more generation is required which needs to
be renewable power. Most of the DG (Distributed
Generation) units [1] in the grid are renewable power
sources like PV (Photo Voltaic), wind farm, fuel cell,
bio-gas units. The conventional power generation is
replaced with these DG units for renewable power
sharing to the grid. To achieve this, power electronic
devices are introduced for the conversion of power and
sharing to the grid in synchronization. These power
electronic modules convert DC power generated by
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the PV or fuel cell sources to 3-ph AC voltages and
share their power to the grid. As these sources are
connected in parallel to the grid the load power is
compensated mostly by these renewable DG units,
reducing the consumption from the conventional fossil
fuel source [2]. Along with this major power quality
issues in a grid like harmonics, drop in power factor or
voltage fluctuations can also be solved [3]. Therefore,
to mitigate the mentioned power quality issues, dual
VSI (Voltage Source Inverter) modules [3] are
introduced into the 3-ph grid. One of the VSI modules
is considered to be renewable source DG module and
the other is considered as STATCOM (Static
Synchronous Compensator) device. The DG-VSI
module is connected with 6-1GBT switches (Sma, S ma
Smb, S'mb Smc and S'me) and PV renewable source on the
DC side of the module. Along with PV source a BESS
(Battery Energy Storage System) unit is also
connected in parallel to the PV unit for power stability
[4]. In the second VSI module the same 6-switch IGBT
(Sxa, S'xar Sxby S'xb Sxc and S'xc) circuit is connected to
an ultra-capacitor on the DC side. The DG-VSI
module shares only active power to the grid, whereas
the capacitor VSI module shares reactive power and
also mitigates harmonics (induced by non-linear load)
in the grid. The complete circuit structure of the
proposed system with dual VSI can be seen in Fig. 1.
As observed in Fig. 1, both the VSI modules [5] are
connected at PCC (Point of Common Coupling) where
powers are shared and also harmonics mitigation can
be achieved. Both the VSI modules are operated by
ISCT control structure [6] with feedback taken from
PCC voltages (Vtac) and load currents (llac). Each
module is connected with inductive filters (Lf) for
mitigation of harmonics introduced by the VSI
modules. The DG-VSI module is connected with PV
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unit which is included with boost converter and MPPT
(Maximum Power Point Algorithm) control [10]. For
reduction of complexity, simple P&O MPPT
algorithm is used to operate the boost converter [11].
Along with PV unit a BESS unit [12] is also connected
in parallel to the PV unit for power sharing during
lower solar irradiation or higher power demand
conditions.

Unbalanced
andnon |
ije | linear load

Fig. 1: Proposed Dual VSI integrated system
Il. PROPOSED TOPOLOGY

As seen in Fig. 1, the 3-ph grid is connected with
unbalanced linear and non-linear loads. Here Vs, Vs
and Vi are the 3-ph grid voltages with grid impedance
Ry and Lg. At the PCC, 3-ph grid source, unbalanced
loads and dual VSI modules are connected. The
voltages at PCC are defined as Vi Vi and Vi which
are the 3-ph voltages common for all the modules. All
the modules need to be synchronized to these PCC
voltages in order to share powers. Here the DG-VSI
module injects currents iugma, iugmb and iygme Which are
the active power currents. The C-VSI injects reactive
power and harmonics compensation currents iygya, iugxo
and iugxc at PCC [7]. The DC link side of C-VSI is
connected with two ultra capacitors (Ci and C))
connected by neutral point. The capacitor current
consumption [5] provides reactive power to the grid.
The reactive power compensation depends on
reference DC voltage (Vuc rer) in the ISCT controller
[3]. The value of the DC link side capacitors are taken

as
2nST

C1=C2=

A @
Here, n is the voltages controller number of cycles
taken as 1, S is the load apparent power rating, T is the
sample time, Ve is 520V and Ve is minimum voltage
allowable which is 0.8*Vq. The filter inductance of
C-VSI and DG-VSI is calculated as
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1.6Vi, @)

fx =
4hxfmax
Here, Vi is maximum phase voltage, hx is hysteresis

band (2%), fmax is maximum switching frequency.

On the DC link side of DG-VSI the conventional DC
source is replaced with renewable PV source [4]
generating DC power from natural source solar
irradiation. As it is estimated that solar irradiation is
not constant throughout a day the power from PV
source varies which impacts the voltage. Therefore a
DC-DC boost converter is connected to the PV module
which boosts the voltage of PV to higher amplitude.
The boost converter extracts maximum power from
PV source which is controlled by MPPT algorithm
control [10]. P&O (Perturb and Observe) MPPT
technique is adopted for the control of the boost
converter. The P&O MPPT [11] takes feedback from
PV source voltage (V) and current (lp) which
generates the required duty ratio for the boost
converter extracting maximum power. The P&O
MPPT operating flow chart can be seen in Fig. 2.

|Calculate v(k) and i(k) |

| PO)=v)*i(k) |

Gotostart

Fig. 2: Conventional P&O MPPT flow chart

As per the give flow chart in Fig. 2 the duty ratio (5)
for the boost converter control is generated as per the
given comparison conditions below.

If P(k) > P(k-1) and V(k) > V(k-1) then § = &; + AS
If P(k) > P(k-1) and V(k) < V(k-1) then § = &; — AS
If P(k) < P(k-1) and V(k) > V(k-1) then § = &; — AS
If P(k) < P(k-1) and V(k) < V(k-1) then § = &; + AS
Here, P(k), V(k) are the present values and P(k-1),
V(k-1) are the past values of PV source power and
voltage respectively [11]. The A§ value is the update
to the past value of duty ratio §; which either increases
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or decreases the present & value as per the given
conditions.

The power of PV source fluctuates with respect to
solar irradiation, where the power can be excess or
deficit as per the required demand. Therefore, the PV
source is connected in parallel with BESS unit [12]
which stores or provides power during excess or
deficit PV power conditions respectively. For these
operating conditions the battery pack is connected to
bidirectional converter with two operating switches
(Q1l and Q2). The bidirectional converter [13] is
controlled by constant voltage (CV) control which
operates with certain reference voltage (Vac"). The
boost converter of PV source also tends to operate at
the given V¢ value given in CV controller. The below
Fig. 3 is the renewable source unit which is connected
at the DC link of DG-VSI.

array

Boost Converter
DC/DC

DG-VSI

i ‘I b DC link
H
i IGBT,

Dnner}.'_r
pack —|—

Fig. 3: PV and BESS module

Bidirectional DC-DC
converter

In the bidirectional DC-DC converter the Q1 and Q2
switches are operated alternatively. The duty ratios of
the switches are adjusted as per the required operating
condition (charge or discharge). The variable duty
ratio for the switches is generated by CV control in
which a conventional PI controller is used [13]. The
CV control for operating the bidirectional DC-DC
converter is shown in Fig. 4.

I11. DUAL VSI CONTROLLER MODULE

For the control of both VSI modules ISCT controller
[14] is integrated with reference voltage (Vqcrer) for the
C-VSI and reference active power (Pyg) for the DG-
VSI. The controller takes input from PCC voltages

IJIRT 158953

(Vibc) and load currents (lianc) generating reference
signals for the hysteresis current loop controller. The
complete control structure of ISCT with internal
modules can be seen in Fig. 5.

Q1 Q2
i e e I PWM
(LA OO0 rC, | Generator
A D
PI Vac
Controller
Vdc*

Fig. 4: CV control with reference DC voltage Vg

For the generation of DG-VSI reference currents
(i,,9m (abc)) reference active power (Pyg) and filtered
PCC voltages (Viiapc)) are considered [3]. The
filtering of the PCC voltages is achieved by moving
average filter which is low pass filter (LPF) with
fundamental frequency 15Hz. The filtering process is
included with Park’s and Inverse Park’s
transformation as given below.

Via

th
Vic
The dq voltage components are filtered for reduction
of disturbances in the signals with LPF, generating V4
and Wq The filtered dq components are converted

back to V7 ;.. signals using the below conversion.
v Sln@ Cos6
tla _2m _ 2_7: V_
thb‘_ Sin 9 Cos(@ 3) [ﬂ] (4)
Sln Cos (9 + 2—”)
3

[th]_ Sing —Cosf 0 3)

Vigl — LCos® Sing 0

tq
thc

With the above S|gnals the DG-VSI reference
(t1gm (abc)) 1S given as

V+ abc
e 2> ®)

L —p
thm (abe) = Tk ((v;l)ﬁ (i) + ()

These reference currents of DG-VSI (i,4m (abc)) are
compared to measured currents and the error is fed to
hysteresis band [15] generating pulses for VSI
switches.
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Equation (6)
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Fig. 5: ISCT control for Dual VSI modules

The reference current of C-VSI for phase a is
generated as given below.

i* _ ( vt (abc) ) P, +

Hox @) T\ v+ (v )+ i)

Ploss - P,ug) (6)
In the above equation P, is the measured active power
requirement of load and P, is calculated with
comparison of DC link voltage given as

Poss = (Vdc ref — Vdc)(Kp + f K;. dt) (7)

Here, Kp and Ki are the proportional and integral gains
of PI controller which are tuned as per the response of
the C-VSI module measured DC link voltage (V).
The reference currents i, sy are Nnow compared to
measured C-VSI currents (i,,gx (anc)) generating error
which is fed to hysteresis band controlling the
switches. These modules are modeled and the results
are generated with comparative analysis in next
section IV.

IV. SIMULATION RESULTS

The test system with 3-ph grid, unbalanced non-linear
loads and dual VSI modules is modeled with certain
ratings similar to actual grid parameters. The below
TABLE | are the parameters considered for the
modeling of the test system.

With these parameters all the modules are modeled in
MATLAB Simulink environment with different
operating conditions. These changes in operating
conditions determine performance of the dual VSI
modules. All the graphs are generated using powergui
toolbox with respect to time.
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Equation (5)

4_"”!&

TABLE I: SIMULATION SYSTEM PARAMETERS

Name of the
parameter

Value

Grid rating

440Vrms, 50Hz, Rg=0.5Q,
Lg=1mH.

DG-VSI parameters

DC link voltage Vaem = 700V,
Filter impedance Rm =
0.25Q, Lm =5mH, Hysteresis
limits = +0.2A.

Renewable
modules

source

PV parameters

Vmp =547, |mp =5.58A,
Voc=64.2V, |sc=5.g6A, Ns=7,
Np:3, va =6.4kW.

Battery parameters
V=350V, Capacity=40Ah.
Boost converter

Lb=5mH, Cin=100pF,
Cout=12000pF.
Bidirectional converter
Lbc=1mH, Cin=220pF,
Cout=2200pF.

C-VSI parameters

C1=C2=2200pF,

Vdc ref = 1040V,

Filter impedance R#«=0.25,
Lx=20mH,

Hysteresis limits = £0.2A.

Linear load Z12=30+j20Q
Zib=32+j15Q
Zi=25H15Q
Non-liner load Diode bridge rectifier

connected to Rioad = 188Q

Bidirectional
controller gains

Kpbat=0.15, Kibat= 0.5

ISCT DC voltage
controller gains

Kp dc = 10, Ki dc = 0.05

LPF frequency

15Hz

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

1007



© March 2023 | IJIRT | Volume 9 Issue 10 | ISSN: 2349-6002

The total simulation time considered is 1sec in which
the dual VSI modules are connected at 0.2sec. The
total load power demand is set to be 6kW and
2.3KVAR and the controller reference power is set
5kW. The condition from 0.2sec is grid sharing
condition where the grid and VSI modules share
power to load. This reference power is changed to
7KW at 0.7sec injecting more power changing the state
to grid injecting condition. As per the given conditions
the graphs of different measurements are shown
below.

Vpce

0.58
Time (seconds)

Viabc

0.56 0.565 0.57 0.575 0.58 0.585 0.59
Time (seconds)

Fig. 6: 3-ph PCC voltages and filtered voltages

The above Fig. 6, the 3-ph PCC voltages and the LPF
filtered voltages are shown. As seen the disturbances
in the signals are reduced making it pure sinusoidal
waveform which is used in the ISCT controller.

In the graph of Fig. 7, the first axis is load current
which are unbalanced as per the given value in TABLE
1. The second axis is the grid currents which are
reduced and balanced once the Dual VSI modules are
connected at 0.2sec. The third axis is the DG-VSI
currents which are injected from 0.2sec and are
increased at 0.7sec as per the conditions given. The C-
VS| currents are shown in fourth axis which
compensate reactive power and harmonics of the
source. As per the given conditions Fig. 8 is the power
factor of the grid source which change from 0.93 to
0.99 at 0.2sec. The power factor is changed to -0.99 at
0.7sec when the condition is changed from grid
sharing to grid injected mode.

As observed in Fig. 9 graph the first axis is the load
power which is always at 6kW irrespective of any
changes in the system. The second axis is the grid
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power which dropped from 6kW to 1kW when Dual
VSI modules are connected. At 0.7sec the power
changes to -1kW denoting grid injection from DG-VSI
as the power reference in ISCT is changed from 5kW
to 7kW which can be seen in third axis. The last fourth
axis is the active power of C-VSI module which is
maintained at 0 in any given condition.

o b Tl

il
Time (seconds)

ILabc

i ——

-20

Ig abc

0 02 04 06 08 1
Time (seconds)

T R

0 02 0.4 06 08 1
Time (seconds)

Fig. 7: 3-ph currents of load, grid, DG-VSI, C-VSI

(EE

0.5

power factor of source

O 01 02 03 04 05 06 07 08 09 1
Time (seconds)

Fig. 8: Power factor of the 3-ph grid source

In the below Fig. 10 the first axis is the load reactive
power noted at 2.3kVAR and the second axis is the
compensation reactive power provided by the C-VSI
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module. The third axis is the DG-VSI module reactive
power which is always 0 in any given condition.

0 02 04 0.6 0.8 1
Time (seconds)

0 02 04 0.6 0.8 1
Time (seconds)
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-10000 [ [ [

0 02 04 0.6 0.8 1
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Pavsi

Fig. 9: Active powers of load, grid, DG-VSI, C-VSI
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Fig. 10: Reactive powers of load, C-VSI, DG-VSI
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Fig. 11: DC link voltage of C-VSI module
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The above Fig. 11 is the DC link voltage of C-VSI
module which is settled at 1040V rising from 0.2sec.
The value is given as reference as per table 1 in ISCT
controller. As per the given conditions the below Fig.
12 are the powers of PV source and battery unit. As
observed initially at Osec the PV power generated is
6kW and it remained same as the solar irradiation is
maintained at 12000W/mt? throughout the simulation.

F

6000
=
Z 4000
& 2000
0 L L 1 1
0 02 04 06 08 1
Time (seconds)
2000 T T T T
¥ d ]
O -2000 T i 1
& 4000 |
-5000 : :
0 02 04 06 08 1

Time (seconds)

Fig. 12: PV source and Battery powers

The battery power at 0 sec is -6kW which indicates
charging of the battery with total PV power as the Dual
VSI modules are disconnected from 3-ph grid. At
0.2sec when the Dual VSI modules are connected to
grid the charging power of battery is dropped to —1kW
as 5kW is shared to the load. At 0.7sec when the
reference power is changed to 7kW the battery power
is changed to 1kW making it to discharge supporting
the load and injecting the remaining power back to
grid. The below Fig. 13 is the phase A PCC voltage
and grid current which are in phase until 0.7sec and
180degree phase shift after 0.7sec.

0.65 066 067 068 069 07 071 072 073 074
Time (seconds)

Fig. 13: Phase A PCC voltage and grid current

The below Fig. 14 is the phase A PCC voltage and DG-
VSI current which are always in phase before and after
0.7sec.
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Vpee & | DG-VSI
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Fig. 14: Phase A PCC voltage and DG-VSI current

FFT analysis is carried out on phase A grid current
determining the Total Harmonic Distortion (THD) is
shown in Fig. 14 before connecting Dual VSI
modules, followed by Fig. 15 which is FFT analysis of
the same after connecting Dual VSI modules.

Signal

FFT window: 3 of 50 cycles of selected signal
10 raN ~ VAN

Signal mag.
(=} o

)

0.1 0.11

0.12
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Time (s)

Fundamental (50Hz) = 10.92 , THD= 8.19%

Mag (% of Fundamental)

ol . . N .‘Al.Lll
00

o 200 400 600 =1 1000
Frequency (Hz)

Fig. 15: THD before connecting Dual VVSI modules

The final discussion and parametric comparison of
different parameters is given in next section. The
tabular comparison of the various parameters in
different time zones is summarized in Table II.

TaBLE II: PARAMETRIC COMPARISON

0-0.2sec 0.2-0.7sec 0.7-1sec
Pgrid 6kw 1kW -1kw
Qorid 23kVAR | OKVAR | OKVAR
Grid
power 0.93 0.99 -0.99
factor
THD of lga 8.19% 5.09% 5.09%
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FFT window: 3 of 50 cycles of selected signal
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s
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o
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Fig. 16: THD after connecting Dual VSI modules
VII. CONCLUSION

Successful implementation of given test system with
operating  conditions changed showing the
performance of Dual VSI modules is done. It is also
proved that these VSI modules are improving the
power quality of the grid with reduced THD and also
share renewable power to the load. Both active and
reactive powers of the load are completely
compensated by the DG-VSI and C-VSI modules
respectively. With change in reference power value
the extra power is also injected back to grid. The
power factor of the source is also improved maintained
at unity after connecting the Dual VSI modules. The
below table 11 is the final parametric comparison as per
the change in conditions of 1sec simulation time.
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