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Abstract: In this paper, we analyzed the output voltage imbalance and the cause of the offset voltage
in 3-phase 3-leg inverters by using Millman’s theory. Based on this result, we proposed a voltage
imbalance compensation algorithm using the dc offset voltage that appeared at the neutral point
voltage of the load. To apply the proposed imbalance compensation algorithm, it needs a circuit
structure of 3-phase 4-wire such as split dc-link capacitor 3-leg inverter and 4-leg inverter. Therefore,
the total harmonic distortion (THD) of the load phase current according to the imbalance rate of
the load was analyzed for the two inverters. Then, PSIM simulation and experiments based on a
10 kW-prototype of split de-link capacitor 3-leg inverter were implemented to verify the validity of
the proposed imbalance compensation algorithm.

Keywords: energy storage system (ESS); 4-leg inverters; offset voltage; power conditioning system
(PCS); split de-link capacitor; total harmonic distortion (THD); 3-leg inverters; 3-phase system

1. Introduction

The 3-phase 4-wire inverter has a split capacitor 3-leg inverter that connects the
midpoints of the series-connected dc-link capacitors to the neutral point of the grid or load,
and a 4-leg inverter that adds one more leg to the 3-leg inverter to connect the neutral
point. The split capacitor 3-leg inverter can reduce the imbalance rate by allowing the
neutral line current to flow to the neutral point of split dc-link capacitors and is easy to
implement, using sinusoidal pulse width modulation (SPWM). However, as the imbalance
rate of the load increases, the current flowing to the neutral line increases, which occurs
a voltage imbalance problem at the dc-link stage. As a result, it causes problems such as
imbalance of output voltage and increased voltage distortions [1-8]. The 4-leg inverter
can be applied with the space vector pulse width modulation (SVPWM) algorithm even
if a leg is added, which makes switching control easy and the dc-link voltage utilization
ratio high [9-14]. In addition, the added leg can be used to fully control the current of the
neutral line, making it easy to compensate for the imbalance of the grid and an excellent
response to imbalance loads in the independent operation (islanding operation or stand-
alone operation) mode [15-31]. It also has the advantage of obtaining high reliability with
the redundancy effect [28]. Therefore, the most appropriate method is to use a 4-leg inverter
to improve the imbalance rate that occurs in the grid. However, to use the 4-leg inverter,
there is only a way to replace the previously installed power conditioning system (PCS)
employing a 3-phase 3-leg inverter, which is as expensive as a new installation.

To improve the grid imbalance, in terms of cost-to-change, a structure that can improve
the imbalance rate by utilizing the previously installed PCS is advantageous. The 3-leg
inverter can be changed to a 3-leg inverter structure with a split dc-link capacitor that
can compensate for voltage imbalance by connecting the neutral point of the split dc-link
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capacitors and the neutral point of the 3-phase load. Therefore, despite the disadvantages
of 3-leg inverters with split dc-link capacitors, it is an economical method that can be
applied to preinstalled 3-phase 3-leg inverters.

In this paper, we first analyzed the causes of output voltage imbalance of a 3-leg
inverter using Millman’s theorem. Based on this result, we proposed an inverter output
voltage imbalance compensation algorithm using dc offset voltage that appeared at the
neutral point of the load. We analyzed the relationship between the imbalance rate and
total harmonic distortion (THD) for 3-phase 4-wire inverters required for applying the
proposed offset voltage compensation algorithm through PSIM simulation. We modified
the structure of the preinstalled 3-leg inverter into a split-dc link capacitor 3-leg inverter
and validated the validity of the proposed imbalance voltage compensation algorithm
through experiments.

2. Analysis of 3-Leg Inverter Using Millman’s Theory
2.1. Balanced 3-Phase System

The balanced 3-phase system has the same voltage for each phase. This means that the
amplitude and phase angle of each phase is the same, which are connected to a symmetric
voltage source with a phase difference of 120°. In a balanced 3-phase Y-Y connection,
the line current and phase current equal in amplitude and in phase. It is known that the
potential difference between the neutral points of the voltage source and the load is zero by
Millman'’s theory. Then the phase voltage of the load is as follows.

2 1 1

Vergvr—gvs—gvt (1)
1 2 1

VsN:—§Vr+§Vs—§Vt (2)
1 1 2

VtN:—gvr—gvs‘f‘EVt ®3)

Here, V,y is a phase voltage of the r-load, V;y is a phase voltage of the s-load, and
Vin is a phase voltage of the t-load in a balanced 3-phase load. V; is the r-phase voltage, vs.
is the s-phase voltage, and V; is the t-phase voltage in a balanced 3-phase voltage source.
In a balanced 3-phase condition, it can be seen that the phase voltage of the load is only
affected by the amplitude of the source voltage of each phase.

2.2. Unbalanced 3-Phase System

When imbalance occurs between the phase voltages of the source, the load shows an
unbalanced voltage, and the phase voltage of the source and the load do not match. The
voltage between the neutral points is as follows:

Vr Vs Vi
UNHZ%ZE(VWF%‘FVO (4)
ztztz 3
Here, vy, is the voltage between the neutral points of the source and the load. Zy is
an impedance of r-, s-, and f-loads. Vy means the phase voltage of the source (the lower
subscript x =1, 5, t). In other words, when an unbalanced phase voltage is applied to a
load, the source voltage on each phase and the voltage on the load do not match, resulting
in an ac component at the neutral point. Therefore, if the voltage at the neutral point can
be subtracted from the phase voltage of the source, the neutral point voltage can be zero.
However, at the neutral point of the Y-connection load, the sum of the currents must be
zero by Kirchhoff’s current law (KCL) so that the unbalanced current cannot flow. This
means that to improve the imbalance for voltage and current, a current path is required to
flow an unbalanced current to the neutral point.
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2.3. Offset Voltage in 3-Leg Inverter

Figure 1 shows a circuit configuration of a 3-phase 3-leg inverter. The input voltage of
the inverter is one dc voltage source (V ), and the output voltage of each leg generates the
offset voltage at point 11, where the capacitors are series-connected.

IR<H
1 - “_V,f r
Ve T ™
AR <IR<N <.

Figure 1. Circuit configuration of a 3-phase 3-leg inverter.

Figure 2 shows the equivalent circuit of a 3-leg inverter. Each phase voltage has both
ac and dc components and can be interpreted separately. Figure 2a is an equivalent circuit
for dc component, and the ac component does not appear at the neutral point of the load
as the ac voltage is zero. At this time, a dc voltage appears at the neutral point of the load,
which is the same amplitude as V;./2. Figure 2b is an equivalent circuit for ac components,
and the dc component does not appear at the neutral point because the dc voltage is zero.

+ Viy -

* Vv~

(N R

(@)
Figure 2. Offset voltage of a 3-leg inverter by the theorem of superposition: (a) dc component of the offset voltage; (b) ac
component of the offset voltage.
2.4. Concept of the Proposed Imbalance Voltage Compensation
In a balanced 3-phase condition, the neutral point voltage is 0 V, so the voltage at the
neutral point of the load is also 0 V. Thus, by the theorem of superposition, the voltage at the

neutral point of the load is only a dc component. The dc component of the inverter output
voltage is the neutral point voltage, which is called the offset voltage (V). Therefore,

each leg output voltage of the inverter is as follows:

Vi = Voffset + Vr* Sil’l(a)t) ®)
. 2
Vs = Voffset + Vs sm(wt — 37'[) (6)

. 2
Vi = Voffser + Vi sin (a)t + 371) 7)
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Here, V, is the r-leg voltage, Vs is the s-leg voltage, and V; is the t-leg voltage of the
3-leg inverter. The upper subscript of the asterisk (*) means the command value. The
output voltage of each leg of the inverter changes the utilization ratio of the output voltage
according to the offset voltage. Depending on the offset voltage, the output characteristics
can be changed without affecting the fundamental component of the output voltage,
allowing voltage control over the neutral point voltage of the load.

In 3-leg inverters, the output command of each phase voltage is different, resulting
in an unbalanced voltage. If the load is unbalanced, the output voltage of each leg affects
the load phase voltage, resulting in a different output command of the phase voltage from
the inverter’s output phase voltage. In Figure 1, the relationship between impedance and
voltage command for load phase voltages can be expressed by (8)-(10). Here, V,y is a
phase voltage of the r-load, Vy is a phase voltage of the s-load, and Vy is a phase voltage
of the t-load in a 3-phase load. V, is the r-leg voltage, Vs is the s-leg voltage, and V; is
the t-leg voltage of the 3-leg inverter. The upper subscript asterisk (*) means the control
command value.

Z,(Zs+ Zy) v (Zs + Zy) v (Zi + Zy)

Vin = ;- Y — Vi (8)
2y Zs+ ZsZiy + ZiZy Lyl + ZsZy + 2472, Lyl + ZsZy + 247,
X (Z7‘+Zt) * ZS(Zr+Zt) * (Zt+ZS) *
o Vi v - Vi )
Z2iZs+ ZsZy + 2472, 2ls+ ZsZt + ZiZy 2 ls+ ZsZt + 2472y
Z Z Z Z Zi(Z Z
V{;\] _ ( r+ t) v* ( s 1+ 7) V* 4+ t( s+ r) Vt* (10)

CZiZs+ ZsZi+ ZiZy T ZoZs+ ZsZi+ iy S ZyZs + ZsZi + ZiZy

In the conventional method for the imbalance control of inverters operating in an
independent operation mode, the voltage control is performed for each phase to improve
the voltage imbalance rate, as shown in Figure 3a. To control the amplitude of voltage, it
creates a reference value for each phase and uses a PI (Proportional-Integral) controller
for the g-axis value. For coordinate conversion, it uses the g-axis and d-axis values of the
output of the controller. When converting coordinates, the value « is equal to the value
of the r-, s-, t-phase, so for each axis, the value of the coordinate transformation value is
transferred to the SVPWM module to control the output voltage of the inverter [30,31].

On the other hand, the proposed method performs a coordinate transformation for
the d-q command value to control the output voltage of the inverter and transfers it to the
SPWM module, which subtracts the dc offset voltage and the neutral point voltage of the
load from the r-, s-, --command values, as shown in Figure 3b. In SPWM, the frequency of
the reference wave determines the output frequency of the inverter, and the amplitude of
the reference wave controls the amplitude modulation ratio (M,) of the inverter and the
amplitude of the effective output voltage. The output voltage varies linearly at M, below
one, and the switching frequency is constant at the frequency of a carrier wave in general
voltage modulation. The output voltage of each leg has a maximum value of V4./2 and a
minimum value of —V4./2.

The PCS (Power Conditioning System), connected to the grid, maintains a constant
voltage and, therefore, does not produce an unbalanced voltage due to load. However,
when the PCS is operating in an independent mode, the voltage source becomes the output
voltage of the inverter, and the load imbalance results in a voltage with an ac component at
the neutral point (Vgeet). Thus, by calculating the neutral point voltage and subtracting it
from the phase voltage command of the inverter, the neutral point voltage can be made to
zero, thus, providing voltage imbalance compensation. Performing a neutral point voltage
control for imbalance compensation is equivalent to controlling the offset voltage from the
phase voltage command of the inverter. SPWM or SVPWM are mainly used in 3-phase,
4-wire inverters. PWM techniques without offset voltage regulation are SPWM, making it
easier to implement the proposed algorithm compared to other PWM techniques.
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Figure 3. Control block diagram of an unbalanced 3-phase voltage compensation: (a) prior approach using independent

control for each phase; (b) proposed approach using offset voltage of the neutral point of the load.

2.5. Analysis of 3-Phase 4-Wire Inverter

Underbalanced 3-phase voltage and load conditions, applying a constant offset voltage
results in a neutral point voltage of 0 V. Under unbalanced 3-phase voltage and load
conditions, Millman’s theorem confirms that offset voltage with ac components appears
in the neutral point. Because the 3-leg inverter has a floating neutral point, it must satisfy
the KCL at the neutral point of the load, so it cannot have an unbalanced current. Thus, in
the 3-leg inverter structure, even if the voltage at the neutral point is obtained and offset
voltage control of the inverter is achieved, it is inevitable that an unbalanced voltage will be
generated. To solve this problem, the neutral point of the load must be added with a current
path that can allow an unbalanced current to flow. That is, to apply the proposed offset
voltage compensation, the algorithm requires 3-phase 4-wire inverters. So, this chapter
analyzes a 3-leg inverter with split dc-link capacitors and a 4-leg inverter.

Figure 4a shows a 3-leg inverter with a split dc-link capacitor. It is connected by
an inductor between the neutral point of the capacitor and the neutral point of the load,
and has an output voltage of v,y, vsn, and vy with a voltage range between V. /2 and
—Vc/2. The sum of the leg voltage of the inverter relative to the capacitor neutral point
is expressed as follows [29].
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Urn + Usp + Otn = jw(Lf +3LN) 'iLN + (N + vsn + UiN)
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Figure 4. Circuit configuration of a 3-phase 4-wire inverters: (a) 3-leg inverter employing split-dc-link capacitor; (b)

4-leg inverter.

Since the sum of the phase voltages (v,n + vsn + Usn) at balanced 3-phase loads is zero,
the voltage between the neutral point of the output voltage and the neutral point of the
capacitor can be expressed as follows.

k(ven + vsn + Vi)

VNn = jCULNiLN = 3 (12)
where L
k=—"— (0<k<1) (13)
Ly ++

Here, k has a range of 0 to 1. It is determined by the value of the filter inductor (L) and
the neutral line inductor (Ly). Ly can have values from 0 to infinity, which is determined
when designing.

A 3-leg inverter with a split dc-link capacitor requires a higher dc-link voltage to
prevent distortion of the output voltage as the zero-sequence current flows through the
neutral inductor and causes an additional voltage drop. Half of the inverter dc-link voltage
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must be greater than the sum of the voltage dropped by the filter inductor, the neutral
inductor, and the filter capacitor. Therefore, the V;./2 voltage is determined as follows [32]:

% > ijfIg + jwLylo + Vin (14)

Here, I, is the phasor of the filter inductor current, Iy is the phasor of the neutral
inductor current, i.e., zero-sequence current, which is generated by an unbalanced load.
Normally, filter capacitors are limited to be designed within 5% of the rated phase current
so that the current of the filter inductor is close to the output current. In (14), the maximum
value of the right term can be rearranged as:

v,
% > V2wL¢l, + V2wLylo + V2V (15)

In (15), the peak voltages of the filter inductor and the neutral line inductor are
determined by the current flowing to each inductor. The current flowing to the filter
inductor is equal to the output current of the inverter, so the maximum current is limited
to the peak value of the inverter’s output current. The current flowing to the inductor of
the neutral line is equal to the current generated by the load imbalance at the 3-phase load.
The current flowing to the inverter using the neutral line is limited to the maximum output
current of the inverter (= the unbalance current generated by the inverter is limited to the
maximum phase current that one leg can produce), so it is equal to the peak of output
phase current of the inverter. This is equal to the maximum value compensated by the
inverter. Therefore, as the maximum output current of the inverter increases, the voltage
drop generated by the inductor is limited to the maximum output current of the inverter,
which also limits the voltage reduction generated by the inductor.

Figure 4b shows a circuit configuration of a 4-leg inverter. The leg, added to the
3-leg inverter, controls the neutral point voltage and provides a path for the zero-sequence
current (imbalance current) flow. The dc-link capacitor is used to reduce voltage ripple
from the dc bus line. Because the 4-leg inverter does not use the neutral point of the
dc-link capacitor, unlike the split dc-link capacitor 3-leg inverter, there is no voltage
imbalance problem with the capacitor, so the capacity of the dc-link capacitor is relatively
small. Furthermore, since the path (or neutral point voltage) of the unbalanced current
is controlled using a single leg, the inductor of the neutral line does not need to have a
greater inductance than the filter inductor, unlike the split dc-link capacitor 3-leg inverter.

3. Computer-Aided Simulation and Experiment Results
3.1. Simulation Results

The differences between the split dc-link capacitor 3-leg inverter and 4-leg inverter
are the number of switches, the availability of the dc-link capacitor neutral point, and the
inductance value of the neutral line inductor. To compare the output characteristics of
the two structures, we implemented PSIM simulations under the same conditions. The
proposed algorithm was a compensation for the imbalance voltage generated on the load in
independent operation mode but was simulated considering the grid-connected situation.
The simulation parameters are shown in Table 1. The dc electrolytic capacitors were
configured with four capacitors of 6800 pF by combining two in parallel and connecting
them in series. Here, ac capacitor means that the additional ac electrolytic capacitors were
used to improve the heating problem caused by the alternating current flowing repeatedly
through the neutral point.
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In Table 1, the reason for the unbalance rate from 0 to 30% was that the unbalance
rate was regulated below 30% in the 3-phase, 3-wire, or 4-wire facilities in Korea. The load
unbalance factor (LUF) is determined as:

max(|Sy|, |Ss|, |S¢]) — min([S,[, |Ss[, St])]

3[
LUF =
|Sr| + |Ss| + |St|

(16)

Here, 1Sy | is the apparent power (VA), and the lower subscript x means each phase 7,
s, and t. Since the simulation was performed in the grid-connected, the load unbalance rate
was calculated using (16) that calculated the current imbalance rate in a grid-connected
mode. The current imbalance of the grid at the grid-connected was caused only by the
imbalance of the load, so the unbalance rate of the load was the same as the current
imbalance rate.

Table 1. Simulation and experiment parameters.

Item Value Unit
dc-link voltage 800 \%
Filter inductor 1.5 mH

Neutral inductor 3.6 mH
dc electrolytic capacitor * 6800 uF
ac electrolytic capacitor * 50 uF

Filter capacitor 40 uF
Switching frequency 10 kHz
Load Power 30 kW

Power factor 0.99 PF

Load unbalance factor (LUF) 0~30 Y%

* split de-link capacitor.

3.1.1. Comparison of THD in 3-Phase 4-Wire Inverters

First, we compared the THD according to the output power of each inverter under
the balanced load condition. THD was measured from 1 kW to 40 kW. Each phase load
under a balanced 3-phase condition was 10 kW (approximately 5 (3) because it used 30 kW
resistive loads at the grid voltage of 380 V. The inverter was simulated assuming that the
default output power was set to 5 kW and, hence, the inverter supplied at least 5 kW of
power to the grid even if the imbalance compensation algorithm was applied. The loads
of the r-phase and t-phase are fixed (5 ) each), and the magnitude of the s-phase load
was reduced only, increasing the unbalance rate. In the simulation, the power output of
the inverter was 10 kW, which means that the inverter supplied 10 kW to a load and the
remaining 20 kW was supplied to the load from the grid. Therefore, the 30 kW condition
means that the inverter was responsible for all the loads, and the 40 kW condition means
that the inverter was supplying 30 kW, and the grid was supplying 10 kW.

The 3-phase 4-wire inverters showed high THD at low output power, but it tended
to decrease in THD of the phase current as the output power increased. At an inverter
output power of 10 kW, and the split dc-link capacitor 3-leg inverter showed a THD of
56.91%, the 4-leg inverter showed a THD of 42.42%. At 40 kW, the THD of both inverters
was improved considerably: the split dc-link capacitor 3-leg inverter was 4.12% and the
4-leg inverter was 3.10%.

Figure 5 indicated the THD of the phase current depending on the load power capacity.
The 4-leg inverter was superior to the split dc-link capacitor 3-leg inverter in the THD.

Figure 6 shows the THD in the phase current of the inverter as the imbalance rate
of the load increases. At 3-phase 380 V and load power capacity of 30 kW (each phase
load = 10 kW), it reduced the load on the s-phase, increasing the load imbalance, and the
inverter was supplying default output power of 5 kW to the grid.
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Figure 5. Comparison of total harmonic distortion (THD) of the phase current with the increase in
the output power of the 3-phase 4-wire inverters: (a) r-phase; (b) s-phase; (c) t-phase.
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Figure 6. Comparison of THD of the phase current according to the increase in the unbalance rate in
s-phase: (a) 3-leg inverter employing split dc-link capacitor; (b) 4-leg inverter.

In both topologies, the THD of the s-phase, where the imbalance occurred, was higher
than that of other phases. In the split dc-link capacitor 3-leg inverter of Figure 6a, the THD
of the phase, where the imbalance occurred, did not increase, and the THD of the other
two phases decreased. In the 4-leg inverter of Figure 6b, we could see that the increase in
the imbalance rate in the s-phase increased the THD and decreased the THD of the other
two phases.

Figure 7 is the result of the THD of the inverter output current when the inverter
compensates for load imbalance due to the reduction of the s-phase load, with a constant
output of 10 kW, 20 kW, and 30 kW. It could be seen that the greater the output power of the
inverter, the lower the overall THD. As the s-phase load decreased and the amplitude of s-
phase current decreased, the imbalance rate increased, and the THD of the s-phase increased.
At the constant load conditions, the THD of the r-phase and the t-phase were reduced.
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Figure 7. Comparison of the THD of the inverter output current when the inverter compensates for load imbalance due to

the reduction of the s-phase load, with a constant output: (a) split dc-link capacitor 3-leg inverter; (b) 4-leg inverter.
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Figure 8 shows the results of the THD when increasing the s-phase load. As the load
on the s-phase increased, the current on the s-phase increased, and the THD decreased. The
THD on other r-phase and t-phase increased. As a result, we could confirm that the THD
for inverter output current showed the same tendency when current imbalance occurred in
both topologies.
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Figure 8. Comparison of THD of the inverter output current when the inverter compensates for load imbalance due to the

increase in the s-phase load with a constant output: (a) split dc-link capacitor 3-leg inverter; (b) 4-leg inverter.

3.1.2. Proposed Imbalance Compensation for Split dc-Link Capacitor 3-Leg Inverter

The above analysis showed that the 4-leg inverter had better THD characteristics than
the split dc-link capacitor 3-leg inverter. However, it was much more efficient to change the
preinstalled 3-leg inverter to the split dc-link capacitor 3-leg inverter structure. Therefore,
in this paper, we applied the proposed offset voltage compensation algorithm for the split
dc-link capacitor 3-leg inverter.

Figure 9a shows an experimental setup, and Figure 9b is a block diagram of the
proposed imbalance compensation control algorithm using offset voltages. Reference
generator supplies controlled the command values using active components and reactive
components obtained through the d-q transformation of the load current. To obtain the
amplitude and phase angle information for each phase, the current of each phase was
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measured, and the transformation to a synchronous coordinate frame was performed.
It performed a coordinate transformation of the voltage of the inverter to generate the
control commands vy, , sy and v, . The offset voltage reference calculator used load
voltage to calculate the offset voltage. Then, it transferred the obtained switching control
commands (V,n", Vin', and Viy') to the PWM module. The split dc-link capacitor 3-leg
inverter operated as a voltage source in independent operation mode, so the voltage of
the grid was always constant. However, voltage imbalance caused by single-phase loads
occurred at the load terminal. The voltage imbalance rate could be reduced by subtracting
it from the output voltage command of the inverter by applying the imbalance voltage
generated at the neutral point as offset voltage.

k(UrN + osN + ZJtN)

VS*N = Vssin <a}t _ §n> _ k(v,n + U?fN + UiN) a8)
Vi = Visin <wt + §n>  k(vrn + U;N +oiN) )

where k = —L, 0<k<1).
Ln+ Tf
In (17)—(19), the output phase voltage was calculated using the sensed phase voltage
whenever the controller was operated. This required no complex computation, making it

easy to implement controllers, and easy to implement code on a micro control unit (MCU).

DC input SW 3-phase Output SW

Y— [ )ACl verter

/

3-phase output DC input

TMS320F28335

()

Figure 9. Cont.
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Figure 9. Experimental setup and control block diagram; (a) experimental setup; (b) block diagram of the proposed

imbalance compensation using offset voltages.

Figure 10 is a simulation result of performing an imbalance compensation using
the proposed offset voltage compensation for split dc-link capacitor 3-leg inverter in
independent operation mode. The load had an unbalanced current of the r-phase 71.1 A,
s-phase 43.7 A, and t-phase 53.7 A. Each phase voltage was 220 V, indicating that the
voltage imbalance rate was improved and that an unbalanced current was flowing to the
inverter through the neutral line.

If the grid had a problem, the inverter changed from the grid-connected mode to the
independent operation mode. The anti-islanding algorithm recognized the grid problems
and isolated the load from the grid by turning off the switch connected to the grid. At this
time, the inverter was operating as a current source in the grid-connected mode and then
changed to the independent operation mode, acting as a voltage source and maintaining
the magnitude of the voltage supplied to the load. Here, the inverter must maintain a
constant phase angle information and frequency information, obtained using PLL, even
when the mode was changed. If the output current control of the inverter was performed
using the PLL information (frequency and phase angle) obtained from the grid voltage
before the grid problem occurred in the inverter in independent operation mode, PLL
was performed following the phase angle information obtained from the previous PLL
information. At this point, the load recognized that the voltage recognized was maintaining
a constant grid voltage. This means that even if it changed from the grid-connected mode
to the independent operation mode, the AC voltage supplied to the load was constant (the
seamless operation was possible). On the other hand, to change from the independent
operation mode of the inverter to the grid-connected mode, the voltage information on
the grid had to be continuously sensing, while the inverter was operating in independent
operation mode. At this time, when the grid voltage and the output voltage of the inverter
were synchronized, the system switched, on and the inverter changed to the grid-connected
mode to act as a current source [33].
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Figure 10. Simulation results of imbalance voltage compensation using the offset voltage for split
dc-link capacitor 3-leg inverter in the independent operation mode.

Figure 11a is the result of the proposed offset voltage control algorithm in an unbal-
anced load condition where the s-phase load was greater than the r-phase and t-phase load.
At the load imbalance rate of 51.93%, the voltage imbalance rate was 4.98%, but it was
reduced to 1.18% after applying the proposed offset voltage compensation. At the load
imbalance rate of 10.44%, the voltage imbalance rate was reduced from 0.78% to 0.21%.
Figure 11b shows the result of the proposed algorithm in an unbalanced load condition,
where the s-phase load became smaller than the r-phase and ¢-phase loads. We found that
at the load imbalance rate of 9.13%, the voltage imbalance rate was reduced from 0.82% to
0.20%, and at the load imbalance rate of 30.93%, the voltage imbalance rate decreased from
1.90% to 0.39%. Figure 11c shows the voltage imbalance rate in an extremely unbalanced
load condition. The left graph improved the voltage imbalance rate from 5.01% to 0.90% at
the load imbalance rate of 77.01% when the s-phase load is smaller than other loads. The
graph on the right shows a voltage imbalance rate of 3.64% at the load imbalance rate of
92.18% when the load of s-phase is large compared to other loads.
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Figure 11. Voltage imbalance rate according to the unbalanced load conditions: (a) s-phase load is greater than r-, f-phase;

(b) s-phase load is smaller than r-, t-phase; (c) under extreme unbalanced load conditions.

3.2. Experiment Results

For validation of the feasibility of the imbalance voltage compensation algorithm
using an offset voltage, we made the preinstalled dc-link capacitor of 6800 p1F a split dc-link
structure and added ac electrolytic capacitors of 50 uF up and down of the split structure.
Table 2 shows the specifications of the inverter used in the experiment.

Table 2. Specifications of split dc-link capacitor 3-leg inverter for the experiment.

Item Value Unit
Operating range of input voltage DC 650-830 \%
Maximum allowable input voltage DC 900 \%
Output power 10 kW
Output voltage AC 380 \%
Output current 20 A
Output frequency 60 Hz
Total harmonic distortion <2 %

This section presented experimental results that improved the voltage imbalance
through the neutral point offset voltage control when the inverter was in the independent
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operation mode. The Y-connected resistive loads for creating the imbalance conditions
were r-phase 10 (), s-phase 10 (), and t-phase 50 (). For SPWM, the peak of the phase
voltage was only half of the dc-link voltage (V). The experiment waveform, given in
Figure 12, was measured at M, = 0.34, with V;, of 700 V and a reference command value
of the inverter of 117 V. Figure 12a shows the phase voltage of each load and neutral
current in an unbalanced voltage condition. It can be seen that voltage imbalance occurred
in three phases and that there was an unbalanced current flowing through the neutral
line. Figure 12b shows that under voltage imbalance conditions, the phase current of each
load is r-phase 8.46 A, s-phase 4.95 A, and t-phase 2.12 A. Hence, we could confirm that
the imbalance occurred at each phase voltage and at each phase current because of the
unbalanced load condition. Figure 12¢ is an experimental waveform in which the voltage in
each phase was balanced by subtracting the offset voltage (V) from each phase voltage
command. Figure 12d shows that the amplitude of the phase current of each load changed
as the voltage imbalance compensation was achieved.

Te

@l 5.00 AN Ch2| 5.00 AN |M4.00ms A Chl J 9.20 A
ch3[ 100V A @ 10.0AA Ch3[ 5.00A~ |Chd[ 10.0A A

(a) (b)

TokzA |k —— k Prevu | ~I

100V A |M4.00ms A| Chl /7 @l 5.00 AN Ch2| 5.00 A~ M4.00ms A Chl s 9.20 A
ch3[ 100V & @R 10.0A A Ch3[ 5.00 A~ |Chd[ 10.0A A

(c) (d)

Figure 12. Experimental results that improve voltage imbalance through offset voltage (V) control when the inverter is
in the independent operation mode, M, = 0.34 with V. of 700 V and the reference command value of the inverter of 117 V:

(a) phase voltage of each load and neutral line current in an unbalanced voltage condition; (b) phase current of each load
under voltage imbalance conditions; (c) the voltage on each phase is balanced by subtracting the offset voltage from each
phase voltage command of the inverter; (d) phase current of each load under voltage-balanced condition.
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The experiment waveform given in Figure 13 is measured at M, = 0.78, with V ;. of
800 V and the reference command value of the inverter of 220 V. Figure 13a shows the
phase voltage of each load and neutral current in an unbalanced voltage condition. It could
be seen that voltage imbalance occurred in three phases and that there was an unbalanced
current flowing through the neutral line. Figure 13b shows that under voltage imbalance
conditions, the phase current of each load was the r-phase 22.3 A, s-phase 19.1 A, and
t-phase 6.64 A. Consequently, we could confirm that the imbalance occurred at each phase
voltage and at each phase current because of the unbalanced load condition. In this case, the
unbalance rate of the output voltage was 19.15%. Figure 13c is an experimental waveform
in which the voltage on each phase was balanced by subtracting the offset voltage (Vgs.t)
from each phase voltage command. Figure 13d shows that the amplitude of the phase
current of each load changed as the voltage imbalance compensation was achieved. The
unbalance rate of the output voltage was reduced to 6.92%. In conclusion, we could find
that the unbalance rate of the output voltage was reduced by 12.23%, compared to before,
when applying the proposed compensation algorithm.
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Figure 13. Experimental results that improve voltage imbalance through offset voltage (V) control when the inverter is
in the independent operation mode, M, = 0.78 with V ;. of 800 V and the reference command value of the inverter of 220 V:
(a) phase voltage of each load and neutral line current in an unbalanced voltage condition; (b) phase current of each load
under voltage imbalance conditions; (c) the voltage on each phase is balanced by subtracting the offset voltage from each
phase voltage command of the inverter; (d) phase current of each load under voltage-balanced condition.
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Figure 14a shows an experimental waveform when applying the proposed imbalance
compensation control to a three-phase imbalance condition. Figure 14b is an enlarged
waveform before voltage compensation control is applied. It could be seen that the peak of
each phase voltage differed by about 20 V and that the imbalance current flowed. Figure 14c
is an enlarged waveform after the proposed imbalance compensation control was applied.
The phase voltage of each load was balanced, and it could be seen that the amplitude of
the imbalance current changed with the voltage imbalance compensation.
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Figure 14. Experimental results before and after applying the proposed imbalance compensation control: (a) when applying
the proposed voltage compensation control to a three-phase imbalance condition; (b) enlarged waveform before voltage
compensation control is applied; (c) enlarged waveform after the proposed voltage compensation control is applied.

4. Conclusions

Using Millman’s theorem, we analyzed the output voltage imbalance and the cause of
the offset voltage in 3-phase 3-leg inverters. Based on this result, we proposed a voltage
imbalance compensation algorithm using offset voltage. The circuit configuration, for
which the proposed algorithm could be applied, was 3-phase 4-wire inverter structures
such as split dc-link capacitor 3-leg inverter, and 4-leg inverter.



Electronics 2021, 10, 1029 19 of 20

After analyzing the THD according to the imbalance rate of the load for the two
inverters, it was found that the THD characteristics of the 4-leg inverter were generally
good. However, in order to use a 4-leg inverter, a full replacement of the preinstalled PCS
was inevitable. Therefore, we validated the validity of the proposed algorithm with PSIM
simulations and experiments on a split dc-link capacitor 3-leg inverter, which could be
applied by changing the circuit structure of the preinstalled 3-leg inverter.

In conclusion, we verified that the proposed output voltage compensation algorithm
had the effect of improving the voltage imbalance rate by 3.64%, even under the extreme
imbalance rate of the load of 92.18%.
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