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Abstract

The stability of a grid-connected system (GCS) has become a critical issue with the increasing utilization of renewable energy
sources. Under grid faults, however, a grid-connected inverter cannot work efficiently by using only the traditional droop control.
In addition, the unbalance factor of voltage/current at the common coupling point (PCC) may increase significantly. To ensure
the stable operation of a GCS under grid faults, the capability to compensate for grid imbalance should be integrated. To solve
the aforementioned problem, an improved voltage-type grid-connected control strategy is proposed in this study. A negative
sequence conductance compensation loop based on a positive sequence power droop control is added to maintain PCC voltage
balance and reduce grid current imbalance, thereby meeting PCC power quality requirements. Moreover, a stable analysis is
presented based on the small signal model. Simulation and experimental results verify the aforementioned expectations, and

consequently, the effectiveness of the proposed control scheme.

Key words: Active power, Droop control, Grid-connected inverter, Negative sequence, Positive sequence, Reactive power,

Unbalance compensation

I. INTRODUCTION

A serious unbalanced grid voltage condition results when a
high-capacity single-phase or unbalanced three-phase load
connects to a grid. Nevertheless, the common controller of a
three-phase grid-connected inverter is mostly designed for the
condition of a three-phase balanced grid. Therefore, grid
imbalance generates many issues, such as inverter output
current distortion, negative sequence component increase of
inverter output voltage, and low-frequency fluctuation of
injection power. In addition, grid imbalance may affect the
safe and stable operation of local loads connected to the
common coupling point (PCC). Standards have been
developed to limit the range of grid imbalance. The
International Electrical Commission (IEC) recommends that
voltage unbalance in three-phase systems should be limited to
2%. In GB/T 15543-2008, the negative voltage unbalance
factor (VUF) of a grid should be less than 2% under the
normal operation of a grid and should not exceed 4% in a
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short period [1]. VUF is defined as the ratio of the negative
sequence voltage component to the positive sequence voltage
component, i.e.,

VUF :Vf’&xloo% ) (1)
Vece

Recently, approaches have been proposed to achieve
unbalance voltage compensation at PCC. Among these
approaches, the current control scheme is widely adopted.
Reference [2] proposed a double current loop control scheme
in which the positive and negative sequence components of
grid current are controlled under the positive and negative
synchronization reference frames, respectively. However, a
low-pass filter is required to extract the DC component of the
d—q axis current [3]. The delay induced by the filter affects the
control accuracy and stability of a system. A full-feedforward
scheme was proposed to reduce the injected grid-current
harmonics and unbalance caused by grid voltage [4]. However,
the control scheme was implemented in the synchronous d—q
frame, which requires power decoupling control in the d- and
g-axes. In [5], five different strategies were presented to
generate inverter reference currents according to the
corresponding unbalance control requirements. In the case of
balanced positive-sequence control, currents are sinusoidal and
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balanced although the positive-sequence component of grid
voltage is used only to calculate grid current references.
However, each control strategy achieves only one control
objective (i.e., cancelling oscillations in power or obtaining
sinusoidal current). A flexible grid voltage support strategy
was proposed in [6]. The output positive-sequence voltage
increases, whereas the output negative-sequence voltage
decreases by adjusting the current reference. However, the
voltage at PCC is indirectly compensated for by adjusting the
line current, such that the compensation voltage highly
depends on the line impedance of a microgrid. Thus, a small
or unknown line impedance cannot achieve the expected grid
voltage compensation effect. An enhanced instantaneous power
theory for unbalanced three-phase four-wire or grounded
systems was proposed in [7]. Active and reactive power can
be kept constant by generating the instantaneous current
reference.

Droop control is widely used in microgrids to achieve
seamless transfer between islanded and grid-connected modes.
The droop method is a voltage-controlled technique that maps
the terminal parameters of a generator onto its active and
reactive power generations [8]-[11]. However, grid voltage
imbalance compensation is barely considered in droop-
controlled inverters. G—H and Q —G droop controls have been
introduced to share harmonics and unbalanced currents
among distributed generation (DG) units. Reference [12]
proposed a control strategy that comprised a voltage control
loop, a droop controller, and a negative-sequence output
impedance controller (NSIC). The voltage control loop and
droop controller are respectively used to regulate load voltage
and to share average power among DG units. The NSIC is
used to adjust the negative-sequence output impedance of DG
units, such that the negative-sequence currents of power lines
are minimized. The aforementioned methods achieve good
performance and improve the overall power quality of a
system. However, these methods do not apply to operation in
grid-connected mode. A microgrid hierarchical control strategy
that considers complex line impedance was proposed in [13].
Microgrids can provide positive- and negative- sequence
powers, support grid voltage, and ride through the voltage dip
during the entire fault period by using a two-layer control
structure. However, the control method requires a high-speed
communication line in the micro-network to exchange
voltage imbalance information at PCC, which increases
system cost and control complexity. In [14], an improved
scheme that dynamically varies the positive- and negative-
sequence current reference limits, which can significantly
reduce fault current to less than 1.5 p.u, was proposed.
However, the control structure, including the zero-sequence
loop, is too complicated for application to a digital control
system.

In the current study, the vector relationship between the
positive- and negative-sequence voltage and current is presented,
and the compensation principle of PCC voltage is analyzed.
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Fig. 1. Three-phase grid-connected inverter.

A negative-sequence reactive power conductance (Q —G)
loop, which improves unbalanced voltage compensation at
PCC, is introduced to the control system. In addition, the
small-signal model is developed to evaluate the stability of
the inverter.

The rest of the paper is organized as follows. Section II
provides a brief analysis of the voltage and current vectors
under an imbalanced grid condition. Section III describes
droop control in grid-connected mode. Section IV analyzes
the improved imbalance voltage compensation scheme.
Section V presents the simulation and experimental results.
Section VI draws the conclusions of the study.

II. VECTOR ANALYSIS OF VOLTAGE AND CURRENT
UNDER AN UNBALANCED GRID CONDITION

When three-phase voltage suffers from an asymmetrical
fault, the voltage vector can be decomposed into positive-,
negative-, and zero-sequence components based on the
symmetrical component method [15]. The relevant expressions
can be written as

Uy =UytU, U,
Up =Up,+Up +Up , (2)
U.=UtU._+Ug

where U,:, Uy, and U, are positive-sequence components,
U., U, and U, are negative-sequence components, and U,,
Uy, Uy are zero-sequence components. As shown in Fig. 1,
only the positive- and negative-sequence components are
analyzed in this study because no zero-sequence current path
exists in the three-phase three-wire system [16].

The results of the output voltage expressions of the inverter
can be obtained by applying Kirchhoff’s voltage law to the
stationary reference frame in (3).

di
=Vgg tLg 7?
dig”’ 3)
Vv =Vep T Llg i

Va

where v,, and v, are grid voltages, v, and v; are inverter
output voltages (voltages at PCC), i, and is are injected grid
current, and L, is the line impedance between the grid and the
inverter. In this study, only the inductive impedance is
considered. The positive- and negative-sequence components
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Fig. 2. Vector representation of reactive power compensation: (a)
Positive sequence, (b) Negative sequence.

of the grid voltage can be obtained as

yropyt. +
¢ =V -oLd ’ @
V. g' =V + a)LgI .
where V' and 7 are the positive- and negative-sequence
components of the inverter output voltage, respectively; and
is the angular frequency. The positive- and negative-sequence

components of the inverter output current are

It :gg

3 +

. v )
o200

3y~

From (4) and (5), the injected positive- and negative-
sequence reactive powers can adjust the positive and negative
components of the inverter output voltage, respectively. A
high output positive reactive power indicates a high positive
output voltage. A high output negative reactive power indicates
a low negative output voltage. That is, the unbalance factor of
PCC voltage is reduced.

The positive-sequence voltage ¥,  decreases, and the
negative-sequence voltage V, increases due to the existence
of unbalanced voltage. Therefore, the purpose of reactive
power compensation is to increase the positive-sequence PCC
voltage amplitude and decrease the magnitude of the negative-
sequence PCC voltage by injecting reactive power Q [17].

Fig. 2 presents the phasor diagram to illustrates the reactive
power compensation principle. ¥,  rotates counterclockwise
at 100z rad/s, whereas V, turns clockwise. The initial phases
of V," and V, are assumed to be ¢ and ¢, respectively.
Positive-sequence reactive power is analyzed first. As shown
in Fig. 2(a), the positive-sequence reactive current I* is 90°
ahead of V,". The generating voltage drop across the line
impedance is wL,/', which lags behind /" by 90°. The
positive-sequence PCC voltage V' is the sum of V," and
a)Lgf. Thus, the injection of the positive-sequence reactive
power leads to an increase in PCC positive-sequence voltage
component. Similarly, the PCC negative voltage V' is the
difference between V, and L,/ . The injection of the
negative-sequence reactive power decreases the PCC
negative-sequence voltage component.

If only a positive-sequence reactive power is injected into

the grid, then the voltage unbalance factor can be reduced to a
certain extent. However, the introduction of the positive-
sequence reactive power may lead to overvoltage in one
phase, as shown in Fig. 2(a). By contrast, if only a negative-
sequence reactive power is injected into the grid, then
undervoltage may occur in one phase. Therefore, by
simultaneously injecting positive- and negative-sequence
reactive powers, PCC voltage unbalance can be compensated
and PCC voltage can be increased within the safe operation
range (0.85 p.u to 1.10 p.u. in this study).

III. ANALYSIS DROOP CONTROL IN
GRID-CONNECTED MODE

In accordance with instantaneous power theory [18], three-
phase instantaneous active power p and reactive power ¢ can
be expressed as

{pzuaia-kuﬂiﬂ ©

q=ugiy —uglg
where u, and u; and i, and i; are two-phase fundamental
voltages and currents under a two-phase stationary coordinate
system, respectively. The calculated p and ¢ contain DC and
AC components, respectively. The fundamental positive-
sequence active power P* and reactive power Q' are DC
components and can be obtained using a low-pass filter.

The fundamental positive-sequence components of voltage
and current can be obtained based on the second-order
generalized integrator [19]. The positive-sequence components
of P"and Q" can be expressed as

P =ulit + u}z} , @)
ot = uzvi; —u;iz; , ®)
where u} and u; and i} and z‘; are positive-sequence

voltages and currents in a two-phase stationary coordinate
system, respectively.

When line impedance is inductive, the traditional P—f and
O-U droop expressions are

f=l—k,(P=F), )
U=Uy~ky(Q~D)> (10)

where f'and U are the frequency and output voltage amplitude
references, respectively; f, and U, are the rated frequency and
output voltage amplitude of the inverter, respectively; P, and
0, are its rated active and reactive powers, respectively; P
and Q are the calculated active and reactive powers,
respectively; and k, and k, are the active and reactive droop
coefficients, respectively.

Droop control requires the system to dynamically adjust
the active and reactive power outputs to control the amplitude
and phase of the output voltage. In an actual grid-connected
system, small fluctuations are frequently observed in voltage
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Fig. 3. Droop lines that illustrate: (a) Active power, (b) Reactive
power fluctuations.

amplitude and frequency. Therefore, the traditional droop
expression in (9) and (10) is not directly applicable and must
be changed accordingly. One direct approach is to shift the
droop curves, and the shift value is given in (11) and (12).

kip
Afoz(kpp"'T)(PO_P)ﬂ (11)

k;
AUy = (kyy +=)Q =) (12)

where £, and k,, are the proportional coefficients, and k;, and
ki, are the integral coefficients.

Fig. 3 shows the process of shifting droop curves. When
the inverter operates at a rated point, the output voltage
amplitude is U, the frequency is f,, and the output active and
reactive powers are Py and Q,, respectively. For example, the
inverter initially operates at point a, as shown in Fig. 3(a).
The grid frequency is subsequently assumed to change from
fo to fi. The new operating point of the inverter will be at b
because the frequency of the inverter is forced by the grid.
However, to keep the output active power constant, the P—f'
droop curve should be shifted dynamically from curve 1 to
curve 2. At this point, the new operating point of the inverter
changes to ¢. Hence, the output frequency is f; and the output
active power is P, at a steady state. A proportional—integral
(PI) controller is used to maintain the shifting value of the
inverter’s frequency.

The same procedure applies to Fig. 3(b), where the initial
reactive power (p must be maintained while shifting the
inverter voltage from U, to U;. Therefore, the operating point
is forced to change from a to ¢, where the output voltage
amplitude is U; while active power is O, at a steady state.
Moreover, another PI controller is used to maintain the
shifting value of the inverter’s output voltage.

Expressions (9) and (10) are added to (11) and (12); thus,
the droop expressions in grid-connected mode can be
obtained as

ki
J=Jo+(kpy +Tp)(Po—P), (13)

!
U=Uo+(kqu+fq)(Qo*Q), (14)

where k), and k), are the proportional coefficients, and

ki, and kj, are the integral coefficients.

If only positive-sequence components are considered under
an imbalanced grid voltage, then the corresponding droop
expressions can be derived as

- - Kip + +
f:f0+(Kpp+T)(P0 -P ): (15)

Kiq + +
U=Uo+(qu+T)(Qo -0), (16)

where K, and K,,, are the proportional coefficients, and K,
and K, are the integral coefficients.

IV. IMPROVED VOLTAGE-TYPE UNBALANCE
COMPENSATION CONTROL

A. Control Scheme

The positive-sequence fundamental active and reactive
powers can be controlled under an imbalanced grid voltage
by using (15) and (16). However, the negative-sequence
reactive power O is not effectively suppressed. The negative-
sequence component not only damages the local load but also
influences the stable operation of the grid-connected inverter.
The unbalanced effects caused by the negative-sequence
reactive component cannot be ignored, especially when
inverter capacity is large.

To solve the aforementioned issues, an improved droop
control is proposed based on the positive-sequence power
droop control. VUF is reduced by adding a negative-sequence
reactive power conductance (Q —G) loop. The negative-
sequence reactive power is obtained by combining with the
negative-sequence extraction as follows:

O =ugig—upgi,, 17)
where u, and ug and i, and iz are negative sequence

voltages and currents in a two-phase stationary coordinate
system, respectively.

The negative sequence reactive conductance G is
represented as

G =Gy-mQ~, (18)

where G,is the rated conductance, which is set to zero in this
study. m is the droop coefficient, which is determined by the
negative-sequence reactive power of the inverter output.

The inverter can be controlled as an adjustable negative-
sequence conductance in grid-connected mode by adding the
O —G loop. The equivalent conductance is proportionate to
the negative-sequence reactive power produced by the
inverter. Then, this conductance is multiplied by the negative-
sequence PCC voltage to generate the compensation current
reference. On the basis of the relation among voltage, current,
and power, the compensating current can be obtained as

ipap =G Uy . (19)
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Fig. 4. Overview of improved droop scheme.

If the PCC voltage in grid-connected mode becomes
unbalanced, then the negative-sequence reactive power will
increase, thereby increasing equivalent conductance.
Consequently, the compensation current will also increase.
The grid current imbalance can be compensated, and the PCC
voltage imbalance can be suppressed simultaneously.

Fig. 4 shows the eventual grid-connected scheme
implemented for the three-phase inverter under an unbalanced
grid. Typically, the voltages and currents in the stationary a—
b—c frame is transformed into i,,s and u,,s in the stationary o—
B frame using Clarke transformation 75 Positive- and
negative-sequence voltage and current can be obtained by
using the positive- and negative-sequence extraction schemes,
respectively. P', Q', and Q can then be calculated. The
improved droop control loop generates the voltage reference
and the negative-sequence current compensation reference.
Finally, the voltage and current dual-loop controller is used to
generate the driving signals of the switches.

B. Small Signal Analysis

Small signal analysis is performed next on the voltage and
current dual-loop controller to investigate the system stability
influence of the conductance loop parameter m.

In accordance with the foregoing analysis, the current
reference can be obtained as

i'=-mu, -0, (20)
where u, is the inverter output negative-sequence voltage.

The output impedance at the fundamental frequency Z, is
approximately equal to L,s by adding the virtual impedance
loop. Thus, the negative-sequence reactive power at the
fundamental frequency can be derived as

07=3-X, ;)" @1
where X, is the virtual reactance designed by the virtual
impedance loop, and /, is the fundamental negative-sequence
component of the inverter output current. Equation (22) can
be obtained by substituting (20) into (21).

*

i=3.meu-X,-(I,)° (22)
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Thus, the linearly perturbed expression for the current
reference is derived as

i=3-uy X, -(I;)>+6-uy- X, -I,-I;]-m.  (23)

In general, the load impedance of a system is considerably
larger than the line impedance; hence, the negative-sequence
current can be approximately obtained as

*

R E
o~ >
Z(jo)

(24)

where Z; is the load impedance. Similarly, the negative-
sequence voltage is given by
u, ~-Z,(jo)-I,. (25)

When (24) is substituted into (21), the following expression
can be obtained:

*.2 *.2 - .
i*:_[sX;(E) ﬁ;+6Xv(E2) Z"(jw)i;]m(26)
Zi(jo) Zi(jo)

The corresponding small signal perturbation model can be

expressed as

A

ﬁ;) = Gclosed—loop I, (27)

where

Getosed-i _6-G (jo)-X,-Z,(jo)-m

closed—loop Zz(Jw)+3G_(]w)XVm
7o) Z[(jo)
Z}(j@)+3G ™ (jo)- X, -m

(28)

The analysis of the small signal perturbation model of the
negative sequence conductance loop suggests that a large
droop coefficient m indicates that voltage unbalance
compensation is evident. However, a large m value may lead
to the instability of the system. Here, m = 0.0001, 0.002, 0.02,
and 0.05 are selected to investigate the root locus. Fig. 5
shows the zero and pole distribution with different droop
coefficients m. When m = 0.05, an unstable pole in the root
locus is observed on the right half plane. When m = 0.001,
0.002, and 0.02, the zeros and poles are all on the left half
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Fig. 6. Block diagram of control system and power stage.

plane, thereby showing that the system is stable.

Consequently, m is set as 0.02 in this study.

C. Controller Design

Subsequently, the voltage—current dual loop, virtual
impedance control loops, and droop controllers will be
designed. The block diagram of the control system and power
stage is shown in Fig. 6. The following equation can be
obtained as

Uty = G(8) o = Z(5) 1y, (29)
9= G,(5)G, (s)Ls
[2Cs3+G(s)LCs* +Ls — LG(5)G, (5)s+2Gi(s)

(30)

Gi(5)G,(5)Z,Ls + I25% + LsG(s)
[2Cs*+G,(s)LCs* +Ls — LG, ()G, (5)s+2G(s) "

s)=

€))

where G(s) and Z(s) are the control system closed-loop
transfer function and output impedance, respectively.

The Bode diagrams of G(s) and Z(s) are depicted in Figs. 7
and 8, respectively, by considering the power stage and
primary control system parameters (listed in Tables I). In Fig.
7, the amplitude and phase angle of G(s) at the fundamental
frequency are zero, which indicates that the designed control
system can perfectly track system input at the fundamental
frequency. Fig. 8 shows the amplitude—frequency characteristic
curve of Z,(s). The equivalent impedance Z,(s) is inductive at
the fundamental frequency. Therefore, the decoupling between
P"and Q" can be realized by using virtual impedance.

When connected to the utility grid, the droop controller

Magnitude (dB)

. Phase (deg)

>
Frequency (Hz/sec)

Fig. 7. Bode diagram of the closed loop transfer function.
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=)
S
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=X

10° 10
Frequency (Hz/sec)
Fig. 8. Bode diagram of the equivalent output impedance.

based on the PI controller is used to force the active and
reactive power output of the inverter to track its desired value
with zero steady-state error. The parameters (k,, = 0.0001, k;,
= 0.00001, k,, = 0.002, k;, = 0.001) are set to provide a
sufficiently long response time, which is required to decouple
the slow outer droop power loop from the fast inner voltage
and current-tracking loops. When slight fluctuations occur in
grid voltage amplitude and frequency, the control can change
the droop characteristics for a constant active and reactive
power injection into the grid, thereby ensuring a stable
operation in grid-connected mode.

The compensation coefficient m of the negative-sequence
conductance loop is designed based on the stability analysis
shown in the previous section. Here, m is set as 0.02, such
that the entire system is stable and receives a rapid, dynamic
response.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

A three-phase grid-connected inverter system tied to an
unbalanced grid is simulated in MATLAB/Simulink. The grid
voltage is 220 V (RMS value), and the A-phase voltage is
reduced from 220 V to 205 V. The conventional positive-
sequence power droop is adopted before compensation, and
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Fig. 9. Grid-connected voltage waveforms: (a) Before compensation,
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droop control is proposed by adding the O —G loop, which is
adopted after compensation. Fig. 9(a) shows the PCC voltage
before the use of power compensation. The three-phase
voltage imbalance phenomenon occurs at 2 s, and VUF is
equal to 4.6%. Fig. 9(b) shows the simulation results when
the proposed control scheme is used. VUF is reduced to 1%,
and PCC voltage is basically maintained at 220 V from 2 s to
4 s. Hence, the proposed scheme can efficiently compensate
for the unbalance voltage at PCC. The dynamic process
during compensation is shown in Fig. 9(c). PCC voltage can
be compensated rapidly to balance the state, and phase A
voltage is significantly supported by 15 V.

The current waveforms before, after, and during
compensation is shown in Fig. 10. The B-phase current,
which realizes unbalanced current compensation, exhibits a
significant increase after compensation. Fig. 11 shows the
simulation results of the positive- and negative-sequence
powers under grid fault condition. After adding droop power

A B ¢
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< |
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14-

< ]
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Fig. 10. Grid connected current waveforms: (a) Before compensation,
(b) After compensation, (c) During compensation.
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Fig. 11. Simulation results: (a) Positive-, (b) Negative-sequence
powers.

control, the positive-sequence active power is maintained at
5000 W. Simultaneously, th inverter output reactive power
increases to 500 Var due to the need to compensate the PCC
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,gr

Fig. 12. Laboratory setup: A - oscilloscope, B - laptop, C -
three-phase inverter, D — single-phase voltage regulator, E - load,
F - 220 V/110 V three-phase voltage regulator, and G - isolation
transformer tied to a grid.

TABLE I

PARAMETERS OF THE THREE-PHASE GRID-CONNECTED INVERTER
Parameters Values
Active droop coefficients (K,,) 0.0001
Active droop coefficients (Kj,) 0.00001
Reactive droop coefficients (K},;) 0.002
Reactive droop coefficients (Kj,) 0.001
Voltage loop PR parameters (£, ki) 0.08,20
Current loop PR parameters (k,; k) 3,200
Virtual impedance 4 mH
Compensation coefficient (m) 0.02
Voltage unbalance factor (VUF) 5.3%
Output filter inductance (L) 8 mH
Output filter capacitance (C) 4.7 uF
Impedance of transmission line (L,) 4 mH
Local load (Z;) 484 Q
DC-link voltage(U,,) 400V

voltage caused by the unbalanced grid. The response time of
compensation is within 0.4 s, which demonstrates the
excellent dynamic performance of the proposed scheme.

B. Experimental Results

Experimental testing using a 1500 W grid-connected system
(Fig. 12) is performed to prove the practicality of the proposed
scheme, and its parameters are listed in Table 1. In the
experimental setup, a voltage regulator is cascaded between
phases B and C after the grid. An unbalanced grid fault
condition can be simulated by adjusting the turn ratio of the
voltage regulator. Grid voltage is 110 V (RMS value), power

200

100 /\ \ /\/\/\/\‘/\\ /\/A;?\ /
% 0 4\ 'f\\ A i/(\ )\\ "\ ”\ \ |
x\’\ \ \f \/ ;\/\\

WL
g
-200

1.00 1.04 1.08 1.12 1.16
time/s

Fig. 13. Waveform of an unbalanced grid voltage.

200V |

“/_ _______

"N

A

-8A

Fig. 14. Experimental results of grid-connected voltage when the
positive-sequence power droop control is used.

200V [5ms/div]

=3

-200V
8A

-8A

Fig. 15. Experimental results of grid-connected current when the
improved droop control scheme is used.

frequency is 50 Hz, and switching frequency is 10 kHz.

Fig. 13 shows the experimental fault condition setup of the
three-phase grid voltages. The B and C phase voltages are
155 V (peak value), which is 23 V higher than A phase
voltage. The unbalance factor is approximately 5.3%.
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Fig. 14 shows the experimental results when the positive-
sequence power droop control is used, i.e., the results before
compensation. U, is 140 V, which is lower than U, and U.
(155 V). The unbalance factor is maintained at approximately
4.2%. The amplitude of phases B and C current are 4.0 A and
1.2 A, respectively. Furthermore, the amplitude of phase A
current /, is larger than 5 A, which exceeds the upper limit of
the output current for compensating an unbalanced grid
voltage. Evidently, the three phase injected currents are
seriously unbalanced.

Fig. 15 shows the three-phase PCC voltage and current
waveforms when the improved droop control scheme is used,
i.e., the results after compensation. VUF is reduced to 1.5%,
and the amplitude difference of the three-phase PCC voltage is
decreased compared with that in Fig. 14. Moreover, the system
can operate stably. The C phase current, which is seriously
unbalanced before compensation, is considerably increased to
1.8 A due to the decrease in the negative- sequence reactive
power. Simultaneously, the currents of phases A and B
decrease to 4.1 A, thereby avoiding overcurrent. The unbalance
factor of the three-phase grid current is significantly reduced
after compensation. The experimental results verify that the
proposed control strategy can compensate for voltage drop and
reduce the grid current unbalance factor under an unbalanced
grid voltage condition, thereby ensuring the safe and reliable
operation of grid- connected inverters.

VI. CONCLUSIONS

An improved droop control is proposed in this study to
suppress voltage imbalance at PCC. The proposed control
scheme includes an unbalance compensating loop, active and
reactive power droop control loops, and voltage and current
control loops. The compensating loop regulates the positive-
and negative-sequence output reactive powers of the inverter,
which ensures that PCC voltage is controlled within allowable
limits. The design and stability analysis of the control system
are discussed. The proposed control strategy can maintain the
stable operation of the inverter under an unbalanced grid
condition. The simulation and experimental results verify the
performance of the proposed method.
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