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Abstract

Renewable energy resources (RES) are being increasingly connected in distribution systems by
utilizing power electronic converters. However, the extensive use of power electronics has resulted in a
rise in power quality (PQ) concerns faced by the utility. A novel control strategy implementing reference
compensation current was proposed in this paper. So that these grid-connected inverters can achieve
maximum benefits when they were installed in 3-phase 4-wire distribution systems. The inverter is
controlled to perform as a multi-function device by incorporating active power filter functionality. The
inverter can thus be utilized as: 1) power converter to transfer active power from RES to the grid, and 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. Simulation and experimental results show the validity and capability of the novel proposed
control strategy.
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1. Introduction

With the consumption of energy, air pollution, global warming concerns, it is necessary
to exploit and utilize the renewable energy resources (RES), such as solar power, tidal power,
and geothermal power and so on [1-3]. The market liberalization and government’s incentives
have further accelerated the renewable energy sector growth.

Renewable energy resource (RES) integrated at distribution level is termed as
distributed generators (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 advancement in power electronics and digital control
technology, the DG systems can now be actively controlled to enhance the system operation
with improved PQ at the point-of-common-coupling (PCC). However, the extensive use of power
electronics based equipment and non-linear loads at PCC results in harmonic currents,
unbalanced voltage, poor power factor, power losses and other power quality disturbances [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] an inverter operates as active
inductor at a certain frequency to absorb the harmonic current. But the exact calculation of
network inductance in real-time is difficult and may deteriorate the control 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].
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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. This
results in an additional hardware cost.

The features of APF was incorporated in the conventional inverter interfacing renewable
with the grid, without any additional hardware cost in this paper. And a novel control strategy
implementing reference compensation current was proposed. Here, the main idea is the
maximum utilization of inverter rating which is most of the time underutilized due to intermittent
nature of RES. It is shown in this paper that the grid-connected inverter can effectively be
utilized to perform following important functions: 1) as a power converter to transfer active
power from RES to the grid, and 2) as a shunt APF to compensate current unbalance, 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- connected inverter and the 3-phase 4-wire linear/non-linear unbalanced load at PCC
appears as balanced linear load to the grid. The simulation and experimental results confirmed
the validity and capability of the novel proposed control strategy for grid- connected inverter
when they installed in 3-phase 4-wire distributed generators.

2. Research Method
2.1. System Description

The proposed system consists of RES interfaced to the dc-link of a grid-connected
inverter as shown in Figure 1. A set of 3-phase and 1-phase loads are connected to the grid.
The voltage source inverter is a key element of a DG system as it interfaces the renewable
energy source to the grid and, it delivers the generated power by DG system to the grid. The
grid-connected inverter is connected to the grid at PCC via filter inductor, which can reduce
switching frequency ripple of the inverter currents. 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 [5-7]. The dc-capacitor
decouples the RES from grid and also allows independent control of inverters on either side of
dc-link.
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Figure 1. Schematic of Proposed Renewable Based Distributed Generation System

2.2. Proposed Control Arithmetic
2.2.1. DC-Link Voltage and Power Control Operation

Due to the intermittent nature of RES, the generated power is of variable nature. The
dc-link plays an important role in transferring this variable power from renewable energy source
to the grid. RES are represented as current sources connected to the dc-link of a grid-
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interfacing inverter. Figure 2 shows the systematic representation of power transfer from the
renewable energy resources to the grid via the dc-link. The current injected by renewable
energy resources into dc-link at voltage level can be given as:

Pres (1)

Where p__. is the power generated from RES.

Pinv = PG + PL

DC-Link
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Figure 1. DC-Link Equivalent Diagram

The current flow on the other side of dc-link can be represented as:

— Pinv — PG + PLoss (2)
Idc 2 = -
Vdc Vdc

Wherep, , P, and p__ are total power available at grid-interfacing inverter side, active
power supplied to the grid and inverter losses, respectively. If inverter losses are negligible, then
PRES = PG .

In additional, based on the energy conservation law, as for as the whole system in
Figure 1 is concerned, (3) must hold:

Pees + P, - P —P. =0 (3)

Loss

Wherep_ and p, are total power available at PCC by grid generated, and total power
consumed by load, respectively.

2.2.2. Proposed Control Arithmetic

a) The grid-connected inverter performs the function as a shunt APF

The proposed controller is based on the requirement that the source currents need to
be balanced, undistorted, and in phase with the source voltages. The functions of the grid-
connected inverter are: 1) to unitize supply power factor; 2) to minimize average real power
consumed or supplied by the grid-connected inverter; 3) to compensate harmonics and reactive
currents. To carry out the functions, the desired three-phase source currents of (4) must be in
phase with the source voltages of (5):

i, =1, sin(wt + ¢)
i, =1 sin(wt +¢-120°) (4)
i, =1 sin(wt+¢+120°)

Vg =V, sin(wt + ¢)
v, =V, sin(at + ¢ —120°) )
V, =V, sin(ot+¢+120°)
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Where V., and ¢ are the voltage magnitude and the phase angle of the source voltages

respectively. Under the conditions that the load active power is supplied by the source and the
grid-connected inverter does not provide or consume any real power, it is required to determine
the current magnitude Im from the sequential instantaneous voltage and real power components
supplied to the load. According to the symmetrical-component transformation for the three-
phase root mean square (rms) currents at each harmonic order, the three-phase instantaneous
load currents can be expressed by:

Iy :Zilzn"‘zi&n"‘zil?m’I(EK (6)
n=1 n=1 n=1

In (6), K ={a, b, c}; 0, +, and - stand for zero-, positive-, and negative-sequence components,
respectively, and n represents the fundamental (i.e., n = 1) and the harmonic components.
Since the average real power consumed by the load over one period of time T must be supplied
by the source and it requires that the grid-connected inverter consumes or supplies null average
real power, (7)—(11) must hold:

Ps =P + B (7)
— 17 .

ps = '?J.O I§<Vsklskdt (8)
— 1T .

p, = '|TJ.0 kZEI:(Vskhkdt 9
p, =0 (10)
P =P (11)

Substituting (6) into (9) yields the sum of the fundamental and the harmonic power terms at the
three sequential components, as given in (12):

- -4 - —0 -+ — —0

P =P +PtP+Pr+PKr+PK (12)
Where:

—+ 17 . 17 . 3V I,

P = '?.[o I§<Vsk|lk1dt = '?.[o évsklskdt = (13)
And,

— -0 —+ —— —0

Pi1 =P =Pn=Pn=Pnr =0 (14)

Each power term in (14) is determined based on the orthogonal theorem for a periodic
sinusoidal function. Then, (9) becomes:

— — = 1T :
p.=p =p = ?Io évsklskdt (15)

By (11), (13), and (15), the desired source current magnitude at each phase is determined to
be:
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— Vi dt
|- 2P _ kZK < (16)

"3y, 3TV,

and the source currents of (4) can be expressed by:

oo Vsl 2Py (17)

"V, A,

The required current compensation at each phase by the grid-connected inverter is then
obtained by subtracting the desired source current from the load current as given in (18):

Lo 2p
e = e —loc = T _ﬁvsk’k eK (18)

The average real power consumed or supplied by the grid-connected inverter is
expressed as:

__I zvsklfkdt (19)

keK

Substituting (18) into (19) yields:

= 2p, 3V, — —_ 20
IZsk BERETVA S LR (20)

7J’ zvskhkdt 3(\/ ) T

Therefore, the grid-connected inverter does not consume or supply average real power
when it performs the function as a shunt APF.

b) the grid-connected inverter performs the function as a power converter to transfer
active power from RES to the grid.

When the generated power by RES is not equal to zero, the inverter will start injecting
active power from RES. And when the generated power is more than the load power demand,
the additional power will feed back to the grid. The active power supplied by the inverter is
determined by the dc bus voltage. The difference of the actual dc-link voltage and reference dc-
link voltage is given to a PI controller to maintain a constant dc-link voltage under varying
generation and load conditions. The Pl controller then generates the reference current
magnitude corresponding to the output active power of RES.

2.2.3. Average Models of Four-Leg Voltage-Source Inverter
The average model of 4-leg inverter can be obtained by the following state space
equations:

di Inva  _ Viva ~Vsa (21 )
dt L.,

di Invb  _ Viwb ~— Vb (22)
dt L.,

di Inve  _ Vive ~ Ve (23)
dt L,

di Invn_ _ Vin ~ Vn (24)
dt L.
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dv de  _ iInve\d + iInvbd + iInvcd + iInvnd (25)
dt Cu
Wherev, ,v, ., V,. andv,, arethe three-phase ac switching voltages generated on the

output terminal of inverter. These inverter output voltages can be modeled in terms of
instantaneous dc bus voltage and switching pulses of the inverter as:

Vlnva = P1 — P4 Vdc (26)
2

Vlnvb = P3 — PG Vdc (27)
2

Ve = 2Py, (28)
2

Vlnvn = P7 — P8 Vdc (29)
2

Similarly the charging currents i, ., i, .. » i, »@nd i, ondcbusdue tothe each

leg of inverter can be expressed as:

iInvad = iInva (P1 - P4) (30)

iInvbd = iInvb (PS - PG) (31)

ill‘lVCd = iInvc (PS - PZ) (32)

iInvnd = iInvn (P7 - Ps) (33)

The switching pattern of each IGBT inside inverter can be formulated on the basis of error
between actual and reference current of inverter, which can be explained as:
Ifi,.. <(ir. —h,). then Sy upper switch will be OFF (P, = 0) and lower switch S, will

a9

be ON (P4 = 1) in the phase “a” leg of inverter.
Ifi, .. > (il’nva - hb), then S; upper switch will be ON (P4 = 1) and lower switch S, will

be OFF (P4 = 0) in the phase “a” leg of inverter.
Where h, is the width of hysteresis band. On the same principle, the switching pulses
for the other remaining three legs can be derived.

4. Results and Discussion
4.1. Block Diagram of the Proposed Controller

Figure 3 depicts the block diagram of the control circuit based on the proposed
approach to fulfill the function of the reference compensation current calculator. The source
voltages are input to a phase-locked-loop (PLL), where the peak voltage magnitude V,,, the

unity voltages (i.e., Vg /Vm ) and the period T are generated. The average real power of the

load consumed is calculated by using the Equation (15) and is input to a divider to obtain the
desired source current amplitude |, in (16). DI denotes the calculation of definite integral (DI).
The desired source currents in (17) and reference compensation currents of the grid-connected
inverter in (18) are computed by using the voltage magnitude and the unity voltages (because of
the power loss and the power generated by RES, the actual source current magnitude should
be equal to 1", +1;,). These reference compensation currents are given to HCC. The hysteresis
controller then generates the switching pulses (P4 to Pg) for the gate drives of the bidirectional
switches.
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Figure 3. The Proposed Control Strategy

4.2. 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-interfacing
inverter. An unbalanced 3-phase 4-wire nonlinear load, whose unbalance, harmonics, and
reactive power need to be compensated, is connected at PCC. The waveforms of grid voltage
(Vsa» Vsb, @nd V), unbalanced load currents(in, ip, and i), grid currents (isa, isp, and isc) and
inverter currents (inva, invb, @nd i) are shown in Figure 4.

(c) grid currents (d) inverter currents

Figure 4. Simulation Results

Initially, the grid-connected inverter is not connected to the network (i.e., the load power
demand is totally supplied by the grid alone). Therefore, before time 0.56s, the grid current
profile in Figure 4(c) is identical to the load current profile of Figure 4(b). At t = 0.56s, the grid-
connected inverter is connected to the network. At this instant the inverter starts injecting 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 Figure 4(c). As the inverter also supplies the load
neutral current demand, the grid neutral current becomes zero after 0.56s.
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At t = 0.56s, the inverter starts injecting active power generated from RES. Since the
generated power is more than the load power demand, the additional power is fed back to the
grid. Moreover, the grid-interfacing inverter also supplies the load reactive power demand
locally. Thus, once the inverter is in operation, the grid only supplies/receives fundamental
active power.

At t = 0.73s, the active power from RES is increased to evaluate the performance of
system under variable power generation from RES. This results in 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 current as indicated by its profile.

Thus from the simulation results, it is evident that the grid- connected inverter can be
effectively used to compensate the load reactive power, current unbalance and current
harmonics in addition to active power injection from RES. This enables the grid to supply/
receive sinusoidal and balanced power at UPF.

4.3. Experimental Results

To demonstrate the fast dynamic response of the grid-connected inverter based on the
proposed control strategy, an experimental setup is developed where the 61703 Chroma
Programmable AC source is used as the three phase supply. The sensor unit consists of LEM
LA 55-P Hall-effect current sensors and LEM LV20-P Hall-effect voltage sensors for the
measurement of the source and load currents, and the source and dc-link voltages,
respectively. The digital signal processing board dSPACE DS1103 implements the proposed
control algorithm in MATLAB/SIMULINK environment with the sampling frequency of 50kHz.
The ADCs and DACs of DS1103 provide the discretized measurement signals for the dSPACE-
MATLAB/SIMULINK platform and the analog reference currents for the hysteresis current
controller, respectively. Based on the difference between the reference and actual source
currents, the analog hysteresis current controller decides the switching state for the grid-
connected inverter.

Two different loads are considered for this experimental study, Load-1: 6-pulse
uncontrolled rectifier with an R-L load of (60+jw0.1)H, and Load-II: combination of 3-phase R-L
load of (60+jw0.1)H in parallel with a 6-pulse uncontrolled rectifier with an R-L load of
(60+jw0.1)H. The performance of the developed grid- connected inverter system for these two
different load conditions is evaluated for the steady state and the dynamic conditions. The
measurements are orderly shown in the four oscilloscope sub-screens as (a) source voltages,
(b) source currents, (c) load currents, (d) injected currents and dc-link voltage.
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Figure 5. The Performance of Grid-connected  Figure 6. The Performance of Grid-connected
Inverter with Load-I Inverter with Load-II

The experimental results for the grid- connected inverter with the proposed control
scheme with Load-l and Load-Il are respectively shown in Figures 5-6. The source voltage is
sinusoidal with the peak amplitude of 70V and frequency of 50Hz. With Load-I, the load current
is highly distorted with a total harmonic distortion (THD) of 25.7% and the peak amplitude of
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2.2A. Whereas, with Load-II the load current THD is 18% with the peak amplitude of 3.25A as
the linear load is in parallel with the diode rectifier. With grid- connected inverter, the source is
relieved of the harmonics and reactive currents, and is required to supply only the fundamental
active currents. Hence, the source currents are sinusoidal with the THD of 2.9% and 2.6% for
Load-l and Load-Il, respectively. The source current THD will be within the permissible limit of
5%. This prevents the introduction of harmonics in the grid and thereby improves the quality of
the power being delivered.

5. Conclusion

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

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

b) 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 and
experimental results have validated the proposed approach and have shown that the grid-
connected inverter can be utilized as a multi-function device.

It is further demonstrated that the current unbalance, current harmonics and load
reactive power, due to unbalanced and non-linear load connected to the PCC, are compensated
effectively 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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