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Abstract—Renewable ener gy resources (RES) are being increas-
ingly connected in distribution systems utilizing power e ectronic
converters. This paper presents a novel control strategy for
achieving maximum benefits from these grid-interfacing inverters
when installed in 3-phase 4-wiredistribution systems. Theinverter
is controlled to perform as a multi-function device by incorpo-
rating active power filter functionality. The inverter can thus be
utilized as: 1) power converter to inject power generated from
RESto the grid, and 2) shunt APF to compensate current unbal-
ance, load current harmonics, load reactive power demand and
load neutral current. All of these functions may be accomplished
either individually or simultaneously. With such a control, the
combination of grid-interfacing inverter and the 3-phase 4-wire
linear/non-linear unbalanced load at point of common coupling
appears as balanced linear load to the grid. This new control
concept isdemonstrated with extensive MATL AB/Simulink simu-
lation studiesand validated through digital signal processor-based
laboratory experimental results.

Index Terms—Active power filter (APF), distributed generation
(DG), distribution system, grid interconnection, power quality
(PQ), renewable energy.

I. INTRODUCTION

LECTRIC utilities and end users of electric power are

becoming increasingly concerned about meeting the
growing energy demand. Seventy five percent of total global
energy demand is supplied by the burning of fossil fuels. But
increasing air pollution, global warming concerns, diminishing
fossil fuels and their increasing cost have made it necessary
to look towards renewable sources as a future energy solution.
Since the past decade, there has been an enormous interest in
many countries on renewable energy for power generation. The
market liberalization and government’ s incentives have further
accelerated the renewabl e energy sector growth.
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Renewable energy source (RES) integrated at distribution
level is termed as distributed generation (DG). The utility is
concerned due to the high penetration level of intermittent RES
in distribution systems as it may pose a threat to network in
terms of stability, voltage regulation and power-quality (PQ)
issues. Therefore, the DG systems are required to comply
with strict technical and regulatory frameworks to ensure safe,
reliable and efficient operation of overall network. With the ad-
vancement in power electronics and digital control technology,
the DG systems can now be actively controlled to enhance
the system operation with improved PQ at PCC. However,
the extensive use of power electronics based equipment and
non-linear loads at PCC generate harmonic currents, which
may deteriorate the quality of power [1], [2].

Generally, current controlled voltage source inverters are
used to interface the intermittent RES in distributed system.
Recently, a few control strategies for grid connected inverters
incorporating PQ solution have been proposed. In[3] aninverter
operates as active inductor at a certain frequency to absorb
the harmonic current. But the exact calculation of network
inductancein real-time is difficult and may deteriorate the con-
trol performance. A similar approach in which a shunt active
filter acts as active conductance to damp out the harmonics
in distribution network is proposed in [4]. In [5], a control
strategy for renewable interfacing inverter based on p-q theory
is proposed. In this strategy both load and inverter current
sensing is required to compensate the load current harmonics.

The non-linear load current harmonics may result in voltage
harmonics and can create a serious PQ problem in the power
system network. Active power filters (APF) are extensively used
to compensate the load current harmonics and load unbalance
at distribution level. Thisresultsin an additional hardware cost.
However, in this paper authors have incorporated the features of
APF inthe, conventional inverter interfacing renewable with the
grid, without any additional hardware cost. Here, the main idea
isthe maximum utilization of inverter rating which ismost of the
time underutilized dueto intermittent nature of RES. It isshown
in this paper that the grid-interfacing inverter can effectively be
utilized to perform following important functions: 1) transfer
of active power harvested from the renewable resources (wind,
solar, etc.); 2) load reactive power demand support; 3) current
harmonics compensation at PCC; and 4) current unbalance and
neutral current compensation in case of 3-phase 4-wire system.
Moreover, with adequate control of grid-interfacing inverter, all
the four objectives can be accomplished either individually or
simultaneously. The PQ constraints at the PCC can therefore
be strictly maintained within the utility standards without addi-
tional hardware cost.
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Fig. 1. Schematic of proposed renewable based distributed generation system.

The paper is arranged as follows: Section 1l describes the
system under consideration and the controller for grid-in-
terfacing inverter. A digital simulation study is presented in
Section |ll. Extensive experimental results are discussed in
Section IV and, finally, Section VV concludes the paper.

Il. SYSTEM DESCRIPTION

The proposed system consists of RES connected to the
dc-link of a grid-interfacing inverter as shown in Fig. 1. The
voltage source inverter is a key element of a DG system as it
interfaces the renewable energy source to the grid and delivers
the generated power. The RES may be a DC source or an AC
source with rectifier coupled to dc-link. Usually, the fuel cell
and photovoltaic energy sources generate power at variable low
dc voltage, while the variable speed wind turbines generate
power at variable ac voltage. Thus, the power generated from
these renewable sources needs power conditioning (i.e., dc/dc
or ac/dc) before connecting on dc-link [6]-8]. The dc-capac-
itor decouples the RES from grid and aso allows independent
control of converters on either side of dc-link.

A. DC-Link Voltage and Power Control Operation

Dueto theintermittent nature of RES, the generated power is
of variable nature. The dc-link plays an important rolein trans-
ferring this variable power from renewable energy sourceto the
grid. RES are represented as current sources connected to the
dc-link of a grid-interfacing inverter. Fig. 2 shows the system-
atic representation of power transfer from the renewable energy
resources to the grid viathe dc-link. The current injected by re-
newableinto dc-link at voltage level V. can be given as

Pres
1
Ve @)

where Prgs is the power generated from RES.

Idcl =

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 26, NO. 1, JANUARY 2011

Fig. 2. DC-Link equivalent diagram.

The current flow on the other side of dc-link can be repre-
sented as,
Py PG+ PLoss
Vae Ve

where P,,,, P and P are total power available at grid-in-
terfacing inverter side, active power supplied to the grid and in-
verter losses, respectively. If inverter losses are negligible then
Prps = Pg.

2

lac2 =

B. Control of Grid Interfacing Inverter

The control diagram of grid- interfacing inverter for a3-phase
4-wire system is shown in Fig. 3. The fourth leg of inverter is
used to compensate the neutral current of load. The main aim
of proposed approach is to regulate the power at PCC during:
1) Pres = 0; 2) Pres < total load power (Py); and 3)
Pres > Pr.. While performing the power management oper-
ation, the inverter is actively controlled in such a way that it
aways draws/ supplies fundamental active power from/ to the
grid. If the load connected to the PCC is non-linear or unbal-
anced or the combination of both, the given control approach
also compensatesthe harmonics, unbal ance, and neutral current.

Theduty ratio of inverter switchesare varied in apower cycle
such that the combination of load and inverter injected power
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Fig. 3. Block diagram representation of grid-interfacing inverter control.

appears as balanced resistive load to the grid. The regulation of
dc-link voltage carries the information regarding the exchange
of active power in between renewable source and grid. Thusthe
output of dc-link voltage regulator results in an active current
(I,,). The multiplication of active current component (1,,,) with
unity grid voltage vector templates (U,, Uy, and U..) generates
the reference grid currents (17, I, and I7¥). The reference grid
neutral current (I7%) is set to zero, being the instantaneous sum
of balanced grid currents. The grid synchronizing angle (¢) ob-
tained from phase locked loop (PLL) is used to generate unity
vector template as [9]{11]

U, = Sin(6) ©)
Uy = Sin(d — %”) 4
U, = Sin(f + %”). ®)

The actual dc-link voltage (V. ) is sensed and passed through
afirst-order low pass filter (LPF) to eliminate the presence of
switching ripples on the dc-link voltage and in the generated
reference current signals. The difference of thisfiltered dc-link
voltage and reference dc-link voltage (V) is given to a dis-
crete-Pl regulator to maintain a constant dc-link voltage under
varying generation and load conditions. The dc-link voltage
error Vycerr(n) @ nth sampling instant is given as:

V;lcerr(n) = V(ikc(n) - ‘/:ir(n) (6)
The output of discrete-Pl regulator at nth sampling instant is
expressed as

Im(n) = Im(n—l) + [(PVdC (Vdcorr(n) - Vdcorr(n—l))

+KIV(|C Vvdcerr(n) (7)

Current Controller

where Kpyq. = 10 and Kryq. = 0.05 are proportional and
integra gains of dc-voltage regulator. The instantaneous values
of reference three phase grid currents are computed as

I =1, U, )
I =1, U )
I* =1, - U.. (10)

Theneutral current, present if any, dueto the loads connected
to the neutral conductor should be compensated by forth leg of
grid-interfacing inverter and thus should not be drawn from the
grid. In other words, the reference current for the grid neutral
current is considered as zero and can be expressed as

I =0. (12)

Thereference grid currents (17, 1;, 1* and 1.;) are compared
with actua grid currents (Z,,, I, I. and 1,,) to compute the cur-
rent errors as

Laere = 15 — I (12)
Toers = Iy = I (13)
leerr = I = I (14)
Lyere = I — I, (15)

These current errors are given to hysteresis current controller.
The hysteresis controller then generates the switching pulses
(Py to Pg) for the gate drives of grid-interfacing inverter.

The average model of 4-leg inverter can be obtained by the
following state space equations

dIInva _ (‘/Inva - ‘/a)

= 16

dt Ly, (16)
dI Invb (%nvb - % )

= 17

dt L sh ( )
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ar Inve

(‘/invc ch)

= — 18
dt Lsh ( )
dIInvn (‘/Invn - Vn)

= 19
dt Lsh ( )

dV. c I nva I nv I nve I nvn
d :(I d + Tavbd + Taved + Tnvnd) (20)

dt C’dc

Where I/ill\ra7 VYInvb-/ VvInvcu and VvInvn ae the threepha% ac
switching voltages generated on the output terminal of inverter.
These inverter output voltages can be modeled in terms of in-
stantaneous dc bus voltage and switching pulses of the inverter
as

Vi = Py (21)
Vi = BTy, (22)
Vi = 12 5 By, (23)
Vi = 7 5 Ry (24)

Similarly the charging currents I1.vad, Itnvbd, Itved, and
Ttuvna Onde bus dueto the each leg of inverter can be expressed
as

Itnvad = Itava(Pr — Py) (25)
Ituvba = Tt (P3 — Pp) (26)
Itnved = Ttave(Ps — Pa) (27)
Ttovad = Tava(Pr — Pg). (28)

The switching pattern of each IGBT inside inverter can be for-
mulated on the basis of error between actual and reference cur-
rent of inverter, which can be explained as:

If Itnva < (Ifivs — o), then upper switch S; will be OFF
(P1 = 0) and lower switch Ss will beON (P, = 1) inthe
phase “a’ leg of inverter.

If Itnva > (15 — P ). then upper switch S; will be ON
(P, = 1) and lower switch S, will be OFF (P, = 0) in
the phase “a” leg of inverter.

where hy, isthe width of hysteresisband. On the same principle,

the switching pulses for the other remaining three legs can be

derived.

Ill. SIMULATION RESULTS

In order to verify the proposed control approach to achieve
multi-objectives for grid interfaced DG systems connected
to a 3-phase 4-wire network, an extensive simulation study
is carried out using MATLAB/Simulink. A 4-leg current
controlled voltage source inverter is actively controlled to
achieve balanced sinusoidal grid currents at unity power factor
(UPF) despite of highly unbalanced nonlinear load at PCC
under varying renewable generating conditions. A RES with
variable output power is connected on the dc-link of grid-in-
terfacing inverter. An unbalanced 3-phase 4-wire nonlinear
load, whose unbalance, harmonics, and reactive power need
to be compensated, is connected on PCC. The waveforms of
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Fig. 4. Simulation results: () Grid voltages, (b) Grid Currents (c) Unbalanced
load currents, (d) Inverter Currents.

grid voltage (V,,V,,V.), grid currents (I,, Iy, I., I,), un-
balanced load current (1., Iin7,T1n) and inverter currents
(Linvas Tinvbs linve, linvn) @€ shown in Fig. 4. The corre-
sponding active-reactive powers of grid (Pgyia, Qgria), 10ad
(Proads Qroaa) and inverter (Pi,y, Qiny) a&e shown in Fig. 5.
Positive values of grid active-reactive powers and inverter
active-reactive powers imply that these powers flow from grid
side towards PCC and from inverter towards PCC, respectively.
The active and reactive powers absorbed by the load are denoted
by positive signs.

Initially, the grid-interfacing inverter is not connected to the
network (i.e., the load power demand is totally supplied by the
grid aone). Therefore, before time t = 0.72 s, the grid cur-
rent profile in Fig. 4(b) is identical to the load current profile
of Fig. 4(c). At t = 0.72 s, the grid-interfacing inverter is con-
nected to the network. At thisinstant theinverter startsinjecting
the current in such a way that the profile of grid current starts
changing from unbalanced non linear to balanced sinusoidal
current as shown in Fig. 4(b). As the inverter also supplies the
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Fig. 5. Simulation results: (a) PQ-Grid, (b) PQ-Load, (c) PQ-Inverter,
(d) dc-link voltage.

load neutral current demand, the grid neutral current (I,,) be-
comes zero after t = 0.72 s.

At t = 0.72 s, the inverter starts injecting active power gen-
erated from RES (Pres = Piv). Since the generated power is
more than the load power demand the additional power is fed
back to the grid. The negative sign of P4, after time 0.72 s
suggests that the grid is now receiving power from RES. More-
over, the grid-interfacing inverter also suppliesthe load reactive
power demand locally. Thus, once the inverter is in operation
the grid only supplies/receives fundamental active power.

Att = 0.82 s, the active power from RES is increased to
evaluate the performance of system under variable power gener-
ation from RES. This resultsin increased magnitude of inverter
current. As the load power demand is considered as constant,
this additional power generated from RES flows towards grid,
which can be noticed from the increased magnitude of grid cur-
rent asindicated by itsprofile. Att = 0.92 s, the power available
from RES isreduced. The corresponding change in the inverter
and grid currents can be seen from Fig. 4. The active and re-
active power flows between the inverter, load and grid during
increase and decrease of energy generation from RES can be
noticed from Fig. 5. The dc-link voltage across the grid- inter-
facing inverter (Fig. 5(d)) during different operating conditionis
maintained at constant level in order to facilitate the active and
reactive power flow. Thus from the simulation results, it is evi-
dent that the grid-interfacing inverter can be effectively used to
compensate the |oad reactive power, current unbalance and cur-
rent harmonics in addition to active power injection from RES.
This enablesthe grid to supply/ receive sinusoidal and balanced
power at UPF.

IV. EXPERIMENTAL VALIDATION

The performance of the proposed control approach is vali-
dated with the help of a scaled laboratory prototype that has
system parameters as given in Table I. The RES is emulated
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TABLE |
SYSTEM PARAMETER

3-phase Supply (r.m.s.)
3-phase Non-linear Load 1 R=26.660, [=10 mH
1-phase Linear Load (A-N) 1 R=36.660, [=10 mH
1-phase Non-Linear Load (C-N) : R=26.660, =10 mH
DC-Link Capacitance & Voltage: Cz=3000 uF, V;=90 V
Coupling Inductance . Ly=2.0mH

2 V30V, 60 Hz

using an auxiliary controlled converter, which injects varying
active power at the dc-link of an insulated gate bipolar transistor
(IGBT) based 4-leg voltage source inverter connected to grid. A
3-phase 4-wire nonlinear |oad, composed of 3-phase non-linear
balanced load, 1-phase R-L load between phase ¢ and neutral
and 1-phase non-linear |oad between phase ¢ and neutral, iscon-
nected to the grid. The total harmonics distortions (THDs) of
phase a, b and ¢ load currents are noticed as 14.21%, 22.93%,
and 16.21%, respectively. The DS1104® DSP of dSPACE is uti-
lized to generate the reference grid current signalsin real-time.
The difference of reference and actual grid current signals is
applied to external hysteresis board to generate the gate pulses
for IGBT's. The proposed control approach requires a sam-
pling time of 75 us to execute the MATLAB/Simulink gener-
ated C-codes in real-time.

The experimental results are divided into three different
modes of operation in order to highlight the validity of pro-
posed controller. First mode of operation considers a situation
when there is no power generation from RES. Under such
condition, the grid-interfacing inverter is utilized as shunt APF
to enhance the quality of power at PCC. While in second mode
of operation, the inverter injects RES active power into grid
and also incorporates the active power filtering functiondlity. In
the third mode, the dynamic operation of proposed controller
is examined. The experimental results are given in Figs. 6-10.
All the voltage and current waveforms are captured utilizing an
oscilloscope, whereas, the active and reactive powers are cap-
tured in real-time using Control Desk Developer environment.

A. Mode of Operation—PQ Enhancement (Prrs = 0)

Fig. 6 shows the experimental results for active power fil-
tering mode of operation when there is no power generation
from RES. All the current waveforms are shown with respec-
tiveto grid side phase a voltage (V). Fig. 6(a) showsthe profile
of the unbalance non-linear load currents. The grid current pro-
file, when grid-interfacing inverter controlled as shunt APF, is
shown in Fig. 6(b). It can be noticed that the highly unbalanced
load currents, after compensation, appear as pure sinusoidal bal-
anced set of currents on grid side. The grid current THD’s are
reduced to 2.36%, 1.68%, 3.65% for a, b and ¢ phases, respec-
tively. InFig. 6(c), the compensating inverter currentsare shown
for each phase along with dc-link voltage. For the experimental
study, thedc-link voltageismaintained at 100 V. Fig. 6(d) shows
thetracesfor neutral current of grid, load and inverter. Theload
neutral current due to single-phase loads is effectively compen-
sated by the 4th leg of inverter such that the current in grid side
neutral conductor is reduced to zero.
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Fig. 6. Experimental results for the active power filtering mode (Pres = 0): (a) unbalanced load currents, (b) grid currents after compensation, (c) currents
injected by grid-interfacing inverter, (d) load, grid and inverter neutral currents.

Fig. 7. Experimental results for the active power filtering mode (Pres = 0): active and reactive power flow in real-time.
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Fig. 8. Experimental resultsfor the active power filtering and renewable power injection mode (Prirs > P1.): (8) phase a performance, (b) phase b performance,
(c) phase ¢ performance, (d) grid currents (€) load, grid and inverter neutral currents.

Fig. 7 showsthetotal active and reactive powers of grid, load
and inverter. In the APF mode of operation, the inverter con-
sumes a small amount of active power to maintain the dc-link
voltage and to overcome the losses associated with inverter,
while most of the load reactive power need is supported by in-
verter effectively. Thus, this mode of operation validates the
concept of utilization of grid-interfacing inverter as shunt APF
when there is no power generation from the RES. The experi-
mental results demonstrate the effective compensations of |oad
current unbalance, harmonics and reactive power.

B. Mode of Operation—Smultaneous PQ Enhancement and
RES Power Injection (Pres > Pr)

The experimental results for simultaneous active power fil-
tering and RES power injection mode are showninFig. 8. Inthis
case study it is considered that the generated power at grid-in-
terfacing inverter is more than the total load power demand.
Therefore, after meeting the load power demand, the additional
RES power flows towards grid. The profiles of grid, load and
inverter currents for individual phases are shown in Figs. 8(a),
(b) & (c) for phase a,b and c, respectively. As noticed from
Fig. 8(a) to (c), the inverter currents consist of two compo-
nents: 1) steady-state load current component and 2) grid active

power injection component. Thus the grid-interfacing inverter
now provides the entire load power demand (active, reactive
and harmonics) locally and feeds the additional active power
(sinusoidal and balanced) to the grid. The exact out-of phase
relationship between phase—a grid voltage and phase—a grid
current suggests that this additional power is fed to the grid at
UPF. The three-phase grid currents (Fig. 8(d)) suggest that the
injected active power from RES to the grid is supplied as bal-
anced active power even the load on the system is unbalanced
in nature. During both mode of operation, as the load on the
system is considered constant, the load neutral current profile
and its compensation isidentical to the one already discussed in
previous subsection and can a so be noticed from Figs. 6(d) and
8(e).

The exchange of total active and reactive powers between
grid, load and inverter are shown in Fig. 9. The negative sign of
total grid side active power demonstrates that the excess power
generated by RES flowstowards grid side. Thus, this case study
demonstrates that the grid-interfacing inverter can simultane-
ously beutilized to inject power generated from RESto PCC and
to improve the quality of power (current unbalance compensa-
tion, current harmonics compensation, load reactive power sup-
port, neutral current compensation) at PCC.
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Fig. 9. Experimental results for the active power filtering and renewable power injection mode (Prrs > Py, ): active and reactive power flow in real time.

Fig. 10. Experimental results: Dynamic performance of proposed approach.

C. Dynamic Performance of Proposed Control Approach

Fig. 10 shows the experimental results to validate the
dynamic performance of proposed control approach under
different modes of operation. Initialy, it is considered that the
system is working under mode-A operating condition (i.e.,
non-linear load current harmonics and reactive power com-
pensation). After few cycles, the power at dc-link is initially
increased and then decreased, which can be noticed from
the amplitude of injected inverter current profile. The corre-
sponding decrease (for increased power level at dc-link) and
increase (for decreased power level at dc-link) in grid current
maghnitude can al so be noticed from Fig. 10, under constant load
conditions. Thus, the proposed controller precisely manages
any variation in real power at dc-link and effectively feedsit to
the main grid. A smooth changeover from mode-A operating
condition to the mode-B can be naoticed from Fig. 10.

V. CONCLUSION

This paper has presented a novel control of an existing grid-
interfacing inverter to improvethe quality of power at PCCfor a
3-phase 4-wire DG system. It has been shown that the grid-inter-
facinginverter can be effectively utilized for power conditioning
without affecting its normal operation of real power transfer.
The grid-interfacing inverter with the proposed approach can be
utilized to:

i) inject real power generated from RES to the grid, and/or,

ii) operate as a shunt Active Power Filter (APF).

This approach thus eliminates the need for additional power
conditioning equipment to improve the quality of power at
PCC. Extensive MATLAB/Simulink simulation as well as the
DSP based experimenta results have validated the proposed
approach and have shown that the grid-interfacing inverter can
be utilized as a multi-function device.

It is further demonstrated that the PQ enhancement can be
achieved under three different scenarios: 1) Pres = 0, 2)
Pres < Proad, @d 3) Pres > Proaq. The current unbalance,
current harmonics and load reactive power, due to unbalanced
and non-linear load connected to the PCC, are compensated ef-
fectively such that the grid side currents are always maintained
as balanced and sinusoidal at unity power factor. Moreover,
the load neutral current is prevented from flowing into the
grid side by compensating it locally from the fourth leg of
inverter. When the power generated from RES is more than the
total load power demand, the grid-interfacing inverter with the
proposed control approach not only fulfills the total load active
and reactive power demand (with harmonic compensation) but
also delivers the excess generated sinusoidal active power to
the grid at unity power factor.
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