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ABSTRACT Unbalanced loads cause the imbalance of the grid current and the resulting imbalance of the
grid voltage when the imbalance rate of the grid current increases considerably. To cope with this problem
flexibly at low cost, we modify the circuit structure from previously installed1-Y transformer 3-phase 3-leg
inverter to split dc-link capacitor 3-leg inverter eliminating the transformer. And then we propose two kinds
of compensation algorithms for balancing the grid current that can basically utilize a preinstalled control
board. It is divided into reactive compensation, where dc-link of the inverter does not supply effective power
to the grid but compensates for the imbalance of grid current, and effective compensation, where dc-link of
the inverter supplies effective power to the grid for compensating the unbalanced grid current. We design an
additional power calculator board to obtain power information, and apply it to a 10kW prototype, and then
verify its validity through PSIM simulation and experiments.

INDEX TERMS Energy storage system (ESS), power conditioning system (PCS), sinusoidal pulse width
modulation (SPWM), split dc-link capacitor, 3-leg inverter, 3-phase 4-wire system, unbalanced current
compensation.

I. INTRODUCTION
In 3-phase 3-wire structures, voltage imbalance cannot be
avoidable as an unbalanced current when load imbalance
occurs [1]–[8]. Therefore, we need to design by allocating
power capacity so that single-phase and three-phase, lin-
ear and nonlinear loads are balanced. However, the origi-
nally designed power capacity will be changed by the load
extension or load operation pattern, which often exceeds the
allowable range of facility. The imbalance rate is increasing
significantly due to various single-phase loads or nonlinear
loads. This can cause a number of problems on the load or
the grid, such as a drop in the equipment’s output power
and an increase in losses, due to excessive current flow
to the neutral line [9]–[11]. To alleviate this problem, the
3-leg inverter employing a 1-Y transformer [12] and zigzag
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transformer [13] were introduced in low-voltage distribu-
tion networks. However, there is a significant increase in
weight and cost with transformers [14]. Three single-phase
H-bridges coupled to the loads with an isolation transformer
was introduced for 4-wire active power filtering [15]. It needs
lower dc-link voltage, which is a half as compared to split
dc-link capacitor 3-leg inverter. Although this power con-
verter requires a large number of switching devices, the out-
put voltage is equal to the 3-level inverter resulting in better
THD (total harmonic distortion) and reduced size of passive
filters. Because three phases are independent to each other,
when a fault in any one phase, the other two phases still
work ensuring high reliability [16]. Despite the galvanic iso-
lation and high reliability, there is a problem of increasing
the volume and weight of transformers as the system power
capacity increases. The way to respond to the problem of load
imbalance without using a heavy and bulky transformer is
to employ a type of 3-phase 4-wire inverters [8], [17]–[38].
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Split dc-link capacitor 3-leg inverter, one of the 3-phase
4-wire inverters, shows the simplest circuit configuration
with the least number of switching devices. It connects the
midpoint of split dc-link capacitors with the neutral point of
the grid or load. Therefore, this topology acts as three single-
phase half-bridge inverters, thus each leg of the inverter can
be controlled independently [39] and has the advantage of
being easy to implement using sinusoidal pulse width mod-
ulation (SPWM). Split dc-link capacitor 3-leg inverter can
reduce the imbalance rate by allowing the unbalanced current
flowing on the neutral line to flow to the mid-point of the
capacitor. However, as the imbalance rate increases, the cur-
rent flowing to the neutral line increases, which occurs a
voltage imbalance problem in dc-link, which causes problems
such as an imbalance in output voltage and an increase in
the distortion and a dc component [23]–[29]. To solve the
problems, 4-leg inverter can be a good alternative. The neutral
line of the 4-leg inverter is connecting to the midpoint of
the additional fourth leg. Although it needs additional two
switches, it does not need to utilize large and expensive
capacitors. Moreover, it is capable of applying the space vec-
tor pulse width modulation (SVPWM) algorithm [31]–[40],
which makes switching control easy and has the advantage
of high dc-link voltage utilization ratio [39]. Thus, we can
say that the 4-leg inverter is the most appropriate choice to
improve the imbalance problem that occurs in the grid. How-
ever, to use the 4-leg inverter, there is only away to replace the
previously installed 3-phase 3-leg inverter, which is expen-
sive. The structure of 3-leg inverter with 1-Y transformer
can be modified to a split dc-link capacitor 3-leg inverter by
connecting the mid-point of split capacitors and the neutral
point of the load with an inductor, and by eliminating the
transformer. Thus, despite the disadvantages of split dc-link
capacitor 3-leg inverter, it can be an economical choice that
can be applied to previously installed 3-phase 3-leg inverter
employing a 1-Y transformer [8], [17].

In this paper, for split dc-link capacitor 3-leg inverter mod-
ifiable from the preinstalled 1-Y transformer 3-leg inverter
and the control system, we propose two kinds of compensa-
tion algorithms that can improve the imbalance rate of the
grid current using a power calculator. The proposed algo-
rithm is divided into reactive compensation, where dc-link of
the inverter does not supply effective power to the grid but
compensates for the imbalance of grid current, and effective
compensation, where dc-link of the inverter supplies effective
power to the grid to compensate the unbalanced grid current.
We use a power calculator board to obtain power information
from the grid. To verify the validity and performance of the
proposed approach, we implement PSIM simulations and
experiments based on 10kW prototype.

II. PROPOSED IMBALANCE COMPENSATION
OF THE GRID CURRENT
Under unbalanced 3-phase load conditions, the amplitude of
each load current may appear differently, the amplitude is
the same, but the phase angle difference may occur, or both

amplitude and phase anglemay appear differently. The imbal-
ance rate of the grid voltage varies greatly depending on
the operation method or pattern of the load, but the load
imbalance rate is closely related to the imbalance of the grid
current. Therefore, the grid-connected inverter can be used
to solve the current imbalance problem by distributing the
unbalanced current at the grid and to improve the power factor
through controlling the reactive power.

To compensate for the unbalanced current of the grid by
utilizing PCS (Power Conditioning System), it must be a
structure in which the unbalanced current can flow between
the neutral point of the load and the inverter.

A. SPLIT DC-LINK CAPACITOR 3-LEG INVERTER
Fig. 1 shows the circuit configuration of the 3-phase 3-leg
inverter, which is connected in parallel between the grid
and the unbalanced load of general electricity consumers.
The unbalanced load can be consisted of 3-phase loads and
single-phase loads and here they are expressed as equivalent
loads (Zx , Zy, and Zz). Fig. 1(a) shows a circuit configuration
of 3-leg inverter employing a1-Y transformer. Because there
is no current path via the inverter, the unbalanced current
flows through the grid when the load imbalance occurs.
Thus, if the imbalance rate of the load increases continu-
ously, the grid voltage imbalance cannot be avoidable as the
unbalanced current flowing through the grid. As shown in
Fig 1(b), the split dc-link capacitor 3-leg inverter is a structure
that can be implemented without significant modifications
in the previously installed 1-Y transformer 3-leg inverter
by splitting dc-link capacitors and connecting the mid-point
of the capacitor and the neutral point of the load using an
inductor, and by removing the transformer. It can flow the
unbalanced current through the neutral inductor. The split
dc-link capacitor 3-leg inverter requires large capacitors to
minimize voltage imbalance due to the unbalanced current
flowing through the mid-point of the split dc link capacitors.
In addition, because only up to a half of dc-link voltage
is being available, it needs high dc-link voltages to apply
SPWM (Sinusoidal Pulse Width Modulation). In the past,
voltage utilization ratio was an important issue because of
low dc-link voltage. However, modern PCSs are designed to
have dc-link voltage of 700∼800V and some above 1000V.
In other words, as the dc-link voltage of PCS increases,
the disadvantage to the dc voltage utilization ratio of the
SPWM naturally improve. In addition, ac electrolytic capaci-
tors that make up dc-link improve the heating problem caused
by ac current flowing through the mid-point.

SPWM or SVPWM can be applied to 3-phase 4-wire
inverters. Generally, SVPWM is more powerful in its per-
formance than SPWM, especially in the viewpoint of dc
utilization ratio. Sometimes some researchers say SVPWM
is complex in implementation of program code than SPWM,
however, SVPWM just needs 4-5 lines more than SPWM
in practical applications. Thus, it is better choice to use
SVPWM than SPWM. However, if the grid has a prob-
lem, the inverter changes from the grid-connected mode to
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FIGURE 1. Circuit configuration of 3-phase inverter with unbalanced loads, (a) conventional 3-leg inverter employing a 1-Y
transformer with unbalanced current flowing through the grid, (b) proposed approach using split dc-link capacitor 3-leg
inverter and equivalent unbalanced load.

independent operation mode. In this case, the split dc-link
capacitor 3-leg inverter performs imbalance compensation
to improve the imbalance rate of the output voltage. Here
the switching method is based on SPWM which is making

it easier to implement the algorithm given in [8] compared
to other PWM techniques. Since we use the same inverter
system in the grid-connected mode, SPWM technique is con-
tinuously applied although SVPWM is generally better.
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B. POWER CALCULATOR
To compensate the unbalanced grid current by the proposed
algorithm, power information is required at the point where
the inverter is connected in parallel. Since most of the pre-
viously installed 3-leg inverters detect and control only the
output voltage and output current of the inverter, thus infor-
mation for the grid and the load is obtained by using an
additional measurement system, so called power calculator
in this paper. Fig. 2 shows the internal block diagram of the
power calculator. It measures voltage and current of the grid
and the load, then calculates the effective and reactive power
and transfers them to the previously installed controller. Each
phase angle of voltage and current is calculated via PLL
(Phase-Locked Loop) and they are converted into a stationary
reference frame. The proposed algorithm controls each phase
current of the inverter separately. Thus, we perform individ-
ual coordinate transformations on each phase current of the
inverter to obtain the d-axis and q-axis values in the stationary
reference frame. In the balanced 3-phase system, the grid
voltage is converted into a stationary reference frame by

[
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=
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And (1) is converted into a rotating reference frame by[
Vd
Vq

]
=

[
cos θ sin θ
− sin θ cos θ

] [
Vα
Vβ

]
(2)

FIGURE 2. Internal block diagram of power calculator for the proposed
imbalance compensation.

Thus, the balanced 3-phase voltage of the grid can be
expressed as:

Vd = 0 (3)

Vq = −Vm (4)

where Vα = Vm sinωt and Vβ= −Vm cosωt . In a balanced
3-phase condition, the d-axis is zero and the q-axis becomes
the maximum value of the phase voltage. This concept is
used to obtain each phase information as shown in coordinate
system of Fig. 2. In the coordinate system, voltage and current
of the grid and the load are transferred to the α-axis, and 90◦

delayed value via All-Pass-Filter (APF) is transferred to the
β-axis. The voltage and current obtained by the coordinate
system can be used to calculate the effective and reactive
power. The effective and reactive power for the r-phase of
the grid are as follows.

Pr = 0.5
(
Vro−d · Ir−d + Vro−q · Ir−q

)
(5)

Qr = 0.5
(
Vro−d · Ir−q + Vro−q · Ir−d

)
(6)

The effective and reactive power for the x-phase of the load
are as follows.

Px = 0.5
(
VrN−d · Ix−d + VrN−q · Ix−q

)
(7)

Qx = 0.5
(
VrN−d · Ix−q + VrN−q · Ix−d

)
(8)

The power information calculated by the power calculator
is transferred to the previously installed controller of the
inverter to perform the proposed compensation algorithm.

C. REACTIVE COMPENSATION ALGORITHM
The reactive compensation algorithm is a method of control-
ling the reactive power of each phase to zero while keeping
the effective power of each phase on the grid equal. Therefore,
during the inverter works with this reactive compensation
algorithm, dc-link of the inverter does not supply effective
power to the grid.

Fig. 3 shows the vector diagram of controlling the reactive
currents (Ia−q, Ib−q, Ic−q) of each phase of the inverter so that
when unbalanced currents (Ix , Iy, Iz) flow through the load,
the grid current (Ir , Is, It ) becomes in phase with the phase
voltage (VrN , VsN , VtN ) of the load and each phase of the
grid current remains the same amplitude. Because the output
voltage of the grid-connected inverter is equal to the grid
voltage (Vro,Vso,Vto) and the voltage applied to the load (VrN ,
VsN ,VtN ), it is possible to control the grid current consistently
through inverter reactive current control with the load phase
voltage and the grid current in phase.

The reactive compensation uses the averaged effective
power of the grid as follows.

PGrid−avg =
Pr + Ps + Pt

3
(9)

The effective power to be compensated by the inverter is
as follows.

P∗a = −
(
PGrid−avg − Px

)
(10)
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FIGURE 3. Vector diagram for compensating the imbalance of the grid
current using the reactive compensation algorithm.

P∗b = −
(
PGrid−avg − Py

)
(11)

P∗c = −
(
PGrid−avg − Pz

)
(12)

Here, the upper subscript asterisk (∗) means the command
value. The reactive power to be compensated by the inverter
is as follows.

Q∗a = 0− Qx (13)

Q∗b = 0− Qy (14)

Q∗c = 0− Qz (15)

In (10)-(12), if there are additional power sources con-
nected to the PCS or ESS (Energy Storage System) is
charged, it shall be added to the reference command value.

P∗a = −
(
PGrid−avg − Px

)
+
Pess
3
+
Poffset
3

(16)

P∗b = −
(
PGrid−avg − Py

)
+
Pess
3
+
Poffset
3

(17)

P∗c = −
(
PGrid−avg − Pz

)
+
Pess
3
+
Poffset
3

(18)

Fig. 4 shows a block diagram of the reactive compensation.
Fig. 4(a) produces the command value of the q-axis current
in the inverter for the imbalance compensation of the grid
current. The q-axis current command of the a-phase of the
inverter is obtained by subtracting the effective power (Px)
of the x-phase load from the averaged grid effective power
(PGrid−avg). After adding ESS and offset power, the effec-
tive power command (P∗a) that the a-phase of the inverter
must supply is obtained. The q-axis current command (I∗a−q),
which is supplied by the a-phase of the inverter, is obtained by
dividing P∗a by the q-axis value of the grid voltage (Vro−q) and
multiplying it by -2.0. At this point, q-axis current command
(I∗a−q) is limited to the output current at the maximum power

FIGURE 4. Block diagram of generating the command value of the
inverter output current in reactive compensation algorithm, (a) reactive
current of q-axis, (b) effective current of d -axis.

the inverter can supply.

I∗a−q = P∗a ×
(
−

2
Vro−q

)
(19)

I∗b−q = P∗b ×
(
−

2
Vso−q

)
(20)

I∗c−q = P∗c ×
(
−

2
Vto−q

)
(21)

Fig. 4(b) shows a control block diagram that produces
the command value of the d-axis current in the inverter.
The effective current (I∗a−d ) of the a-phase of the inverter
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is controlled so that the reactive power of the grid is zero,
where the power factor is designed to compensate only in the
maximum apparent power range of the inverter as (25).

I∗a−d = −Q
∗
a ×

(
−

2
Vro−q

)
(22)

I∗b−d = −Q
∗
b ×

(
−

2
Vso−q

)
(23)

I∗c−d = −Q
∗
c ×

(
−

2
Vto−q

)
(24)

PF ≤

√
|Smax|

2
− P2Inv−sum
3

(25)

D. EFFECTIVE COMPENSATION ALGORITHM
Effective compensation is a method in which the inverter
directly supplies effective power to the grid to compensate
unbalanced current of the grid. It requires an amplitude and
phase angle information for each phase of the grid. Thus, each

FIGURE 5. Block diagram of generating the command value of the
inverter output current in effective compensation algorithm, (a) reactive
current of q-axis, (b) effective current of d -axis.

phase current of the grid is measured, and transformed into a
synchronous coordinate system by power calculator.

Fig. 5 shows a block diagram of the effective compensa-
tion. Fig. 5(a) produces the command value of the q-axis cur-
rent error. The q-axis current command error of the a-phase
of the inverter is obtained by subtracting the q-axis current
(Ir−q) of the r-phase of the grid from the q-axis component
of the averaged grid current (IGrid−avg−q). After adding the
ESS charging current (Iess), the q-axis command (I∗a−q−error )
is obtained. At this point, q-axis command (I∗a−q−error ) is
limited to the output current at the maximum power the
inverter can supply. Fig. 5(b) shows a control block diagram
that produces the command value of the d-axis current in
the inverter. The d-axis current (I∗a−d ) of the a-phase of the
inverter is controlled so that the reactive power of the grid
is zero, where the power factor is designed to compensate
only in the maximum apparent power range of the inverter
as (25). The average value of the q-axis of the grid current is
as follows.

IGrid−avg−q =
Ir−q + Is−q + It−q

3
(26)

As given in Fig. 5(a), the current command of the q-axis
error for each phase is as follows.

I∗a−q−error = IGrid−avg−q − Ir + Iess (27)

I∗b−q−error = IGrid−avg−q − Is + Iess (28)

I∗c−q−error = IGrid−avg−q − It + Iess (29)

Fig. 6 is a block diagram that adds a current compensator.
To reduce the error occurring on the q-axis command value,
it is compensated using the q-axis current produced by the
effective power of the grid. The more the imbalance rate con-
verges to zero, the more the output value of the compensator
converges to zero. The q-axis current command value of the

FIGURE 6. Block diagram of effective compensation algorithm with q-axis
current compensator.
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inverter is expressed with the current compensator as follows.

I∗a−q =
−2.0

(
PGrid−avg − Pr

)
Vro−q

+ I∗a−q−error (30)

I∗b−q =
−2.0

(
PGrid−avg − Ps

)
Vso−q

+ I∗b−q−error (31)

I∗c−q =
−2.0

(
PGrid−avg − Pt

)
Vto−q

+ I∗c−q−error (32)

III. SIMULATION AND EXPERIMENT RESULTS
We validate the feasibility of the proposed compensation
algorithm by PSIM simulations on the split dc-link capac-
itor 3-leg inverter. Table 1 shows the simulation parame-
ters. We design controllers using C-language-based dynamic
linked library (DLL) blocks. It is the same as the controller
code implemented in the MCU (Micro Controller Unit) in the
experiment.

TABLE 1. Simulation parameters.

Fig. 7(a) shows a simulation result before applying the
imbalance compensation algorithm, and the grid voltage is
balanced, but the grid current is unbalanced. The load cur-
rent (rms) is x-phase 71.1A, y-phase 43.7A, and z-phase
53.7A, which is almost identical to the unbalanced current
(ir , is, it ) of the grid. The output current (ia, ib, ic) of the
inverter is in the state where the minimum current is flowing
to connect with the grid. As shown in Fig. 7(b), the sum of the
grid currents is equal to the load currents. In this case, there
is no current flowing through the neutral line, and the output
current of the inverter are balanced.

Fig. 8(a) is a simulation result after applying the reac-
tive compensation algorithm. The grid currents are balanced
although the load currents are unbalanced. For the imbal-
ance compensation, the inverter outputs unbalanced currents,
a-phase 22.3A, b-phase 12.5A, and c-phase 11.7A in rms.
When the reactive compensation is performed, the sum of
the grid currents becomes almost zero, as shown in Fig. 8(b),
which significantly reduces the unbalanced current. The sum
of the load current and the sum of the inverter output cur-
rent are equal to 26.6A (rms), indicating that the unbal-
anced current flows to the inverter through the neutral line.
Fig. 8(c) shows the variation in effective and reactive power
of the grid as the reactive compensation is applied. Before
applying reactive compensation, the effective power of the

FIGURE 7. Simulation results before applying compensation algorithm,
(a) Grid voltage, grid current, load current, and inverter output current,
(b) Sum of the grid, load, and inverter output current.

grid is r-phase 15.1kW, s-phase 9.5kW, t-phase 11.5kW, and
the reactive power is r-phase 3.0kVar, s-phase 0.3kVar, and
t-phase 1.8kVar, with an imbalance rate of 15.67%. With the
reactive compensation, it is shown that the effective power
of each phase of the grid begins to be controlled with an
average power of 12.1kW, and the reactive power becomes
near to zero.

Fig. 9(a) is a simulation result after applying the effective
compensation algorithm at a load imbalance rate of 15%.
The grid current is balanced, and the load has an unbalanced
current. The inverter outputs unbalanced currents of a-phase
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FIGURE 8. Simulation results after applying the reactive compensation, (a) Grid voltage, grid current, load current, and inverter output current,
(b) Sum of the grid, load, and inverter current after applying reactive compensation, (c) Variation in effective and reactive power of the grid as the
reactive compensation is applied.

FIGURE 9. Simulation results after applying the effective compensation, (a) Grid voltage, grid current, load current, and inverter output current,
(b) Sum of the grid, load, and inverter current after applying effective compensation, (c) Variation in effective and reactive power of the grid as the
effective compensation is applied.

29.9A, b-phase 1.8A, and c-phase 12.9A in rms. Fig. 9(b)
shows the sum of the grid currents is almost zero, indicating a
significant reduction in the imbalance rate of the grid current.
The unbalanced current of the load is equal to that of the
inverter at 26.6A in rms. From the current waveform flowing
on the neutral line, it can be seen that the unbalanced current

is flowing to the inverter. Fig. 9(c) shows the effective and
reactive power of the grid when applying effective compensa-
tion. The effective power of the grid before applying effective
compensation is r-phase 15.1kW, s-phase 9.5kW, t-phase
11.5kW, and the reactive power is r-phase 3.0kVar, s-phase
0.3kVar, t-phase 1.8kVar, and the imbalance rate is 15.67%.
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FIGURE 10. Neutral line current and averaged output current of dc-link
capacitor according to the applied compensation, (a) with reactive
compensation, (b) with effective compensation.

The effective compensation shows that the effective power
of each phase of the grid is controlled by an average power
of 9.56kW and the reactive power is almost zero.

The proposed compensation algorithms are essentially
compensating for the unbalanced grid current by the inverter
supplying unbalanced current. Fig. 10 shows the neutral cur-
rent and the averaged output current of dc-link capacitor
according to the applied compensation algorithms. Fig. 10(a)
is a simulation result of applying the reactive compensation.
It shows the neutral line current which means the inverter
outputs unbalanced currents. The averaged output current of
dc-link capacitor is almost zero. In other words, the reactive
compensation does not use the dc-link energy and uses the
reactive power of the grid to compensate the imbalance of
the grid current. Fig. 10(b) shows a simulation result of
applying the effective compensation. In order to compensate
the imbalance of the grid current, the inverter supplies the
effective current as much as the difference in each phase. The
averaged output current of dc-link is approximately 11.5A,
which shows an improvement in the imbalance rate.

For validation of the feasibility of the proposed com-
pensation algorithms, we modify the circuit structure by

adding split dc-link capacitors to the previously installed
3-leg inverter. The operating voltage range of dc-link is
650∼830V and the minimum voltage is set to 650V to apply
3-phase grid connection and the SPWM-based compensation
algorithm.

Table 2 shows the specifications of the modified inverter,
i.e., split dc-link capacitor 3-leg inverter used in the exper-
iment. Fig. 11 shows a configuration of the experimental
set-up with an additional power calculator board.

TABLE 2. Specifications of split dc-link capacitor 3-leg inverter for
experiments.

FIGURE 11. Experimental set-up with a power calculator board.

Fig. 12(a) is an experimental waveform in which the
inverter outputs a balanced 3-phase current at Y-connected
load of 7.8� each. At this time, the output current of
the inverter is controlled so that d-axis is zero and q-axis
is –10.0A. Then each output current of the inverter (ia, ib, ic)
is balanced, with a neutral line current (iNn) of nearly 0A.
Fig. 12(b) is an experimental waveform when the reactive
compensation algorithm is applied to compensate the imbal-
ance of the grid current. The peak value of a-phase current
(ia) is 15.0A and the b- and c-phases (ib and ic) are 10.0A,
respectively, indicating that each phase of the inverter outputs
an unbalanced current. It can be seen that the unbalanced cur-
rent flows through the neutral line (iNn) and is in-phase with
the a-phase current (ia) of the inverter. Fig. 12(c) is an exper-
imental result when the effective compensation is applied
to compensate the unbalanced grid current. The peak value
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0

ia ib
ic iNn

FIGURE 12. Experimental results of the output phase current of the
inverter and neutral line current, (a) at balanced condition of the grid
(r:s:t = 1:1:1), (b) when applying the reactive compensation at the
unbalanced condition (r:s:t = 1.5:1:1), (c) when applying the effective
compensation at the unbalanced condition (r:s:t = 1:1:1.5).

FIGURE 13. Experimental waveform of the inverter output current and
neutral line current at extremely unbalanced condition of the grid current,
(a) with reactive compensation when the a-phase current is zero, (b) with
effective compensation when the c-phase current is zero.

of c-phase current (ic) is larger than other a- and b-phases
(ia and ib), indicating that each phase of the inverter outputs
an unbalanced current. It can be seen that the unbalanced
current flows through the neutral line (iNn) and is in-phase
with the c-phase current (ic) of the inverter.
Fig. 13(a) is an experimental waveform at extremely unbal-

anced condition of the grid current when applying the reactive
compensation. Here, the output current of a-phase of the
inverter is zero. In this case, the a-phase current is 0.0A and
the peak of b-phase and c-phase current are 10.0A, respec-
tively, indicating that the unbalanced current is output from
the inverter and flows through the neutral line (iNn). Fig. 13(b)
is an experimental result of the output current of the inverter
c-phase being 0A with applying the effective compensation.
The output current of the other two phases flows through the
neutral line with a peak value of 10A.
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FIGURE 14. Experimental results of the proposed imbalance compensation algorithms, (a) Before applying compensation algorithm
with unbalanced grid currents, (b) After applying the reactive compensation, (c) the process by which the imbalance compensation
algorithms are applied, (d) vice versa of (c).

Fig. 14(a) shows the r-phase voltage (vro) of the grid and
each phase current (ir , is, it ) of the grid at 15% imbalance
rate of the grid current. In this case, r-phase current of the
grid is 7.1A, s-phase is 14.1A, and t-phase 10.6A in rms.
Fig. 14(b) is the r-phase voltage (vro) of the grid and each
phase current (ir , is, it ) of the grid after applying the reactive
compensation. We can notice that each phase current of the
grid is balanced at 10.6A and that the imbalance rate of the
grid current decreases compared to Fig. 14(a).

When the grid current has an imbalance, the control algo-
rithm drives the reactive compensation algorithm first. If ESS
has sufficient energy, or if the imbalance rate increases and
the reactive compensation is insufficient, the effective power
is delivered directly to the grid through the effective compen-
sation algorithm to compensate for the imbalance of the grid
current. Fig. 14(c) and (d) represent the process by which

the proposed compensation algorithms are applied through
each output phase current of the inverter and neutral line
current. When the inverter starts operating, it first outputs
a constant current. When the compensation algorithm is
applied, the inverter starts to control for each phase current
of the inverter. The b-phase output increases current for
the effective compensation, and the c-phase output current
decreases. The current flowing on the neutral line can be
seen to increase in amplitude with applying the effective
compensation algorithm.

In terms of reliability, it would be said that the 3-leg
inverter, which has small number of parts and employs a
1-Y transformer having low failure rate, is the best. However,
the failure rate of the overall system is significantly affected
by the number of switching devices having high failure rate,
resulting in a similar failure rate to split dc-link capacitor
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3-leg inverter. Furthermore, 4-leg inverters, which require
many numbers of switching devices having high failure rate,
are relatively unfavorable, but show the highest reliability
when switching using the redundancy effect is applied [17].

Since 2005, the NFPA’s (National Fire Protection Associa-
tion) NEC (National Electrical Code) allows transformer-less
(or non-galvanically) inverters for grid-connection. The VDE
0126-1-1 and IEC 6210 also have been amended to allow and
define the safety mechanisms needed for such systems. Cur-
rently, grid-connected inverters employ many non-isolated
inverters. According to IEC regulations (IEC 62109), it does
not require the use of transformers to satisfy galvanic isola-
tion. There is no problem with grid-connection as long as
the dc component is complied with the dc injection regula-
tions. The grid-connected inverter shall not inject DC current
greater than 1 % of the rated inverter output current, into the
utility AC interface under any operating condition [41].

The proposed hardwaremodification requires a component
cost of approximately 267 USD as one neutral inductor and
two ac capacitors are added to the previously installed 3-leg
inverter. If replaced with a 4-leg inverter, it will cost about
10 times more [17]. Furthermore, the replacement of the
1-Y transformer to meet the increased power capacity in
preinstalled system can also be expected to increase the cost
than the proposed method.

Clearly, we agree that the utilization of 1-Y transformer,
which has a sufficient power capacity to be capable of flowing
the unbalanced current, would be superior in terms of relia-
bility when it is a new installation. Nevertheless, we argue
that split dc-link capacitor 3-leg inverter is a good alternative
if the load imbalance increases in a previously installed 3-leg
inverter system.

IV. CONCLUSION
In this paper, we proposed two kinds of compensation algo-
rithms that can improve the imbalance rate of the grid current
using the reactive and effective power of the grid and the
load. The reactive compensation improves the imbalance rate
of the grid current with minimum power of the dc-link of
the inverter. The effective compensation directly supplies the
effective power to the grid for compensating the imbalance
of the grid current. To verify the validity and performance of
the proposed compensation algorithm, it is applied the split
dc-link capacitor 3-leg inverter with a power calculator board.

In conclusion, we confirm that even the previously
installed 3-leg inverter system can reduce the imbalance rate
of the grid current through minimal structural modifications
and control algorithm changes. By applying the proposed
approach, we believe that there will be a great effect on
improving the imbalance rate of the grid.
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