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Abstract— This paper proposes a CVCF control method for
a matrix-converter-based single-stage isolated AC-DC
converter under standalone operation of a single-phase three-
wire system with unbalanced loads. The proposed method
consists of a line-to-line voltage control loop and an imbalance
compensation loop for suppressing neutral-point potential
fluctuation. In the proposed converter, the high-frequency AC-
link inductor current must also be regulated within each
switching period. Therefore, the control variables 6 and o are
determined from the u-w phase current command and the
neutral-line current command based on an inductor-current
waveform model. In addition, the switching pattern is selected
according to the polarity relationship between the line-to-line
voltage and the neutral-line current. As a result, stable CYVCF
operation is maintained even when the heavier-load phase
changes. Simulation results verify the effectiveness of the
proposed method under steady-state unbalanced-load
conditions, transitions between balanced and unbalanced loads,
and load-step conditions.
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I. INTRODUCTION

In recent years, the installation of photovoltaic (PV)
systems in residential applications has increased in order to
promote decarbonization and improve energy resilience. In
Japan, single-phase three-wire distribution lines are widely
used in residential distribution systems. This distribution
system allows 100 Vrus loads to be connected to the neutral
line while providing 200 Vrus line-to-line voltage. The Power
Conditioning System (PCS) requires both grid-connected and
standalone operation in order to use PV-generated power
effectively [1]. In grid-connected operation, the PCS transfers
the generated power from PV to the single-phase grid. On the
other hand, the PV-PCS operates as a distributed power source
in standalone mode during emergency conditions [2-5].

CVCF control methods for conventional single-phase
three-wire inverters have been reported in order to maintain
output voltages under unbalanced or nonlinear load conditions
[6]. Previous studies have shown that CVCF operation is
maintained under such conditions by controlling the output
voltages with PI controllers. On the other hand, residential
PCSs require higher efficiency and higher power density. A
typical isolated PCS uses a two-stage configuration consisting
of an isolated DC-DC converter and a single-phase inverter
[7]. However, this configuration requires multiple power-
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conversion stages, which increase conversion loss. In addition,
the two-stage configuration requires a DC-link capacitor,
which may increase the system size. Therefore, this
configuration makes it difficult to achieve both high efficiency
and high power density. For this reason, previous studies have
investigated single-stage isolated converters, which eliminate
the need for a DC-link capacitor in the two-stage configuration
and reduce the number of power-conversion stages.
Accordingly, a single-stage isolated AC-DC converter based
on a single-phase matrix converter has been proposed [8-11].
This converter uses a high-frequency inverter to generate
high-frequency AC, and a matrix converter on the transformer
secondary side directly converts it to utility-frequency AC.
This configuration uses no DC-link capacitor and reduces the
number of power-conversion stages. Therefore, it improves
efficiency.

However, when this single-stage isolated AC-DC
converter is applied to a single-phase three-wire PCS and
operated in standalone mode, the neutral-point potential
fluctuation caused by load imbalance must be suppressed in
order to maintain CVCF operation. When the neutral-point
potential fluctuates, an amplitude difference appears between
the output voltages of the u-o phase and the w-o phase, making
it difficult to maintain each phase voltage as a 100 Vrms
sinusoidal waveform. In addition, unlike conventional
voltage-source inverters, the proposed converter must treat the
high-frequency AC-link inductor current as an additional
control variable within each switching period. Therefore, the
conventional CVCF scheme for voltage-source inverters
cannot be directly applied to the proposed converter. The
authors have previously investigated an imbalance
compensation control method assuming prior knowledge of
the load information. In this method, stable voltage control
cannot be maintained when the heavier-load phase changes
because the control strategy also changes according to the load
condition.

This paper proposes a control method for maintaining
CVCF operation in a single-phase three-wire single-stage
isolated AC-DC converter based on a single-phase matrix
converter, regardless of which phase carries the heavier load
during standalone operation. The proposed control consists of
two control loops: a voltage control loop for regulating the
output line-to-line voltage to 200 Vgryvs and an imbalance
compensation control loop for suppressing the neutral-point
potential fluctuation. In addition, the control variables dand o



are determined from the u-w phase current command and the
neutral-line current command based on an inductor-current
waveform model. Furthermore, the switching pattern is
selected according to the polarity relationship between the
line-to-line voltage and the neutral-line current. The main
feature of the proposed method is that the output voltage of
each phase is stably maintained without changing the control
configuration, even when the heavier-load phase changes.
Simulation results confirm that CVCF operation is maintained
even under unbalanced load conditions with phase-to-phase
load variations.

II. CIRCUIT CONFIGURATION

A. Conventional Circuit

Fig. 1 shows the conventional isolated DC-AC converter.
The conventional circuit consists of an isolated DC-DC
converter and a single-phase three-wire inverter and has a two-
stage configuration with a DC link. Several topologies, such
as full-bridge converters, serve as the isolated DC-DC stage.
This paper adopts a Dual Active Bridge (DAB) converter as
the conventional configuration and assumes bidirectional
power control. As shown in Fig. 1, this circuit requires two-
stage power conversion. Therefore, the conversion loss
increases and the efficiency decreases.

B. Proposed Circuit

Fig. 2 shows the proposed circuit. The proposed circuit
connects a single-phase matrix converter to the transformer
secondary, forming a single-stage configuration without a DC
link. The control principle is the same as that of the DAB
converter, and bidirectional power control is achieved by
phase-shift control. The conventional circuit achieves CVCF
operation by regulating the terminal voltages of the AC side
filter capacitors C, and Cy. In contrast, the proposed controller
must treat the high-frequency AC-link inductor current as an
additional control variable within each switching period.
Therefore, the conventional CVCF scheme for voltage-source
inverters cannot be directly applied to the proposed circuit.

Accordingly, this paper investigates a CVCF control
method for the proposed circuit shown in Fig. 2. The proposed
control introduces a voltage control loop to regulate the output
line-to-line voltage vy and an additional control loop to
compensate for neutral-point potential imbalance.

III. CONTROL METHOD

A. CVCF Control Method

Fig. 3 shows the switching pattern of the matrix converter
and the high-frequency inverter. Fig. 3 shows the switching
pattern for the case where the w-phase output power is smaller
than the u-phase output power (Py < P,). The switching period
is denoted by T, and each operating interval is determined
accordingly. The high-frequency inverter operates with a duty
ratio of 0.5, and the matrix converter applies voltages to the u-
o and u-w phases. The phase shift o represents the delay of the
matrix converter output voltage vmc with respect to the rising
edge of the high-frequency inverter output voltage viny. The
parameter « represents the interval during which the proposed
method applies voltage to the u—w phase. This interval
corresponds to the duration in which either the upper switches
or the lower switches in the u-phase leg and the w-phase leg
of the matrix converter turn on simultaneously. In the control
based on the switching pattern shown in Fig. 3, ¢ is the
primary control variable for adjusting the output voltage and

Fig. 1. Isolated two-stage AC-DC conventional converter
for single-phase three-wire.
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Fig. 2. Isolated single-stage AC—DC converter
with a matrix converter for single-phase three-wire.
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Fig. 3. Gate pulse waveform of the proposed method.

the load power. In addition, controlling « and the u-o phase
voltage application interval, which corresponds to 75w /2 - J-
ain Fig. 3, adjusts the average value of each phase current.

Under an unbalanced load in a single-phase three-wire
system, active power sharing among phases becomes non-
uniform and the neutral-point potential varies. As a result, the
u—o and w—o output voltages, which ideally have equal



amplitude and a 180 degrees phase difference, become
asymmetric and show an amplitude difference. This paper
compensates for neutral-point potential fluctuation by
controlling & and « so as to adjust the phase currents.
Consequently, the proposed control achieves CVCF operation
in the single-phase three-wire system even under unbalanced
load conditions.

When the w-phase output power exceeds the u-phase
output power (P, < Py), the voltage applied to the transformer
in Fig. 3 changes from vy, to vwo. In this case, exchanging the
switching functions S,x and Syx of the u-phase leg and the w-
phase leg yields the switching pattern of the matrix converter.
The subscript x denotes both the P-arm and the N-arm. The
relationship between the heavier-load phase and the neutral-
line current i, determines the switching pattern.

Fig. 4 shows the waveforms of the u-w line-to-line voltage
vuw, the u-phase output current #,, the w-phase output current
iw, and the neutral-line current i, under balanced and
unbalanced load conditions. Under balanced-load conditions
(Pu = Py), iu and iy, have the same amplitude, and i, is zero.
When P, > P, i, has a larger amplitude than iy, and i, is in
phase with v. Conversely, when P, < P, iw has a larger
amplitude than i, and i, is out of phase with vy.

The heavier-load phase can therefore be identified from
the polarity relationship between v and i,. Specifically, the
u-phase is the heavier-load phase when vy and i, have the
same polarity, whereas the w-phase is the heavier-load phase
when their polarities are opposite. Based on this relationship,
the proposed control method maintains CVCF operation
through switching pattern selection according to the sign
relationship between vy, and .

B. Line-to-Line Voltage and Imbalance Compensation
Control

Fig. 5 shows the control block diagram of the proposed
CVCF control method. The output voltages of the single-
phase three-wire system are the u-o phase voltage vy, and the
w-0 phase voltage vwo. These voltages must have the same
amplitude and be 180 degrees out of phase. By controlling vy,
and vy to satisfy these conditions, the control method
generates a 200 Vrus sinusoidal line-to-line voltage vyw.

Under unbalanced load conditions, fluctuations in the
neutral-point potential cause an amplitude difference between
vuo and vwo. To address this issue, this paper decomposes the
single-phase three-wire output voltages into the differential-
mode voltage ww and the common-mode voltage vem, and
controls them independently. The voltages vuw and ven are
defined by (1) and (2), respectively.

Vuw = vuo - Vwo (1)
V.tV
v — _uo WO 2
=" @)

The voltage vem corresponds to the neutral-point offset
voltage that appears in the u-o and w-o phase voltages. The
proposed control consists of a voltage control loop for
regulating the line-to-line voltage v.w and an imbalance
compensation control loop for controlling the common-mode
voltage vem to zero. By forcing vyw to track its instantaneous
reference, the controller maintains the desired line-to-line
voltage. In addition, by controlling vem to zero, the neutral-
point potential fluctuation caused by unbalanced loads is
compensated. As a result, the proposed CVCF control
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Fig. 6. Typical waveform of the proposed converter.

suppresses interphase voltage imbalance and maintains single-
phase three-wire operation even under unbalanced load
conditions.

In the proposed circuit, § and « must also regulate the
high-frequency-link inductor current within each switching
period. The PI controllers generate the neutral-line current
command i, and the u-w phase current command iy A S«
calculation block placed after the PI controllers converts these
current commands into the time intervals d and o within the
switching period. Based on the previously derived current—
phase-shift and current—applied-time characteristics, this
block determines the final values of Sand « from iy* and iy
In this study, the o - « calculation block implements the
parameter-determination procedure derived in Section III-C,



i.e., it computes (5, &) from (i,", iww) under the physical
constraints in (12).

C. Characteristics of Current versus Phase Shift and
Applied Time

Fig. 6 shows the waveforms of the matrix-converter output
voltage vmc, the high-frequency-inverter output voltage viny,
and the inductor current i flowing through the leakage
inductance Li. This section focuses on the case where the w-
phase output power is smaller than the u-phase output power
(Pu> Py). In the opposite case (Pu < Py), the circuit outputs -
Vuo during the J interval and vy, during the 75w / 2 - 6 - &
interval. Due to the symmetry of the circuit and the single-
phase three-wire output with respect to the u and w phases,
the subsequent derivations can also be applied to the case (P
< Py), provided that vy, and vwo, as well as i, and i, are
exchanged appropriately, together with the corresponding
polarity of i, and the switching pattern selected in Section III-
A.

The slope of the inductor current iy varies with the
voltage applied across the leakage inductance L. The
following analysis therefore divides the operation into the o
interval, the « interval, and the remaining interval Tgy /2 - O -
a, according to the relationship between vmc and viny. Here, N
denotes the turns ratio of the high-frequency transformer, and
NV denotes the dc voltage referred to the primary side. The
current waveform is symmetric, and its sign changes every Ty
/ 2. Therefore, the following discussion focuses only on the
positive half-cycle. Integrating the current slope over each
interval based on the voltage waveforms shown in Fig. 6 gives
the current values in each mode within a half switching period.
Here, iy denotes the current at the beginning of the half cycle,
whereas iy, i, and i3 denote the currents at the mode transition
instants. Equation (3) gives these currents.
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During the « interval, the matrix converter applies voltage
to the u-w phase, and the inductor current flows from the u-
phase side to the w-phase side.

In contrast, during the remaining intervals, the matrix
converter applies voltage only to the u-phase, and the current
flows from the u-phase to the neutral point o. Therefore,
current flows continuously through the u-phase during 7w/ 2.
Time-averaging the inductor current over these intervals gives
the average u-phase current /,, the neutral-line average current
I, flowing into the neutral point 0, and the w-phase average
current /.. The average u—w-phase current /.y is defined by
(4) and given by (5).

I,=1I-1, “4)
| 2NV 8 ANV, 8" + TV =) =207 (M =W) (5)

uw L T
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Similarly, the neutral-line average current /, flowing into
the neutral point o is obtained by time-averaging the current
over the interval during which the matrix converter applies
voltage only to the u-phase, as expressed by the following
equation.

(T, —20)(NV, —v,,) + 2NV, 5(T,, —25) — 4NV, a8

1(1
2Lleak sW

(6)

Equations (5) and (6) determine the time intervals dand o
within a switching period from the current command i," and
iww . The following discussion rearranges these equations with
respect to . For brevity, only the result for /, is presented here.
Equation (7) gives the resulting quadratic equation for «.

Aa*+Ba+C,=0 (7)
Equation (8) gives the coefficients in (7). Applying the

quadratic formula to (7) leads to the expression for « shown
in (9).
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Equation (9) includes the two unknowns « and o.
Therefore, the following analysis further rearranges the
equation with respect to . As a result, (10) gives the quartic
equation for &, and (11) gives its coefficients.
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Ferrari’s method analytically solves the quartic equation in
(10), giving up to four candidate solutions for J. The analysis
then selects a valid solution for 6. For each selected o, (9)
gives two candidate values of . Physical constraints on dand
a therefore uniquely determine a feasible solution pair. The
phase shift & must be nonnegative because it determines the
transmitted power in the high-frequency link. In addition, as
in a DAB converter, a large J increases the harmonic
components of the transformer current and the reactive power.
The analysis therefore limits Jto the range from 0 to 7zw / 4.
The applied time o must also be nonnegative because it
represents the interval during which voltage is applied across
the u—w phase, as shown in Fig. 6. In this study, « is further



limited to 7sw / 2 or less in order to simplify the current model.
The half switching period consists of the three intervals a, o,
and Tg / 2 - 8- a. Therefore, all three intervals must remain
positive, which requires 6 + a < Ty / 2. Moreover, the
condition « > ¢ is imposed because the current waveform
model in Fig. 6 is derived only for this interval relationship.
Accordingly, the analysis selects 0 and « so that they satisfy
all the conditions in (12).

0<s<tn  sco<lv_s (12)
4 2
This study assumes linear loads for basic verification.
Future work includes extending the parameter-determination
method to nonlinear loads and developing the analysis for
current waveform modes other than that shown in Fig. 6.

IV. SIMULATION RESULTS

A. Simulation Conditions

Table 1 shows the circuit parameters and control
conditions used in the simulation. The study selected the
system parameters on the basis of a Japanese single-phase
three-wire residential distribution system. The u-w phase line-
to-line voltage reference vy~ was set to 200 Vrus, and the u-
o0 phase voltage reference vy," was set to 100 Vrys. The output
frequency was set to 50 Hz. The dc voltage V4. was set to 400
V to represent a typical residential PCS battery voltage. The
switching frequency fiw was set to 50 kHz. The leakage
inductance Li was set to 40 puH, and the output capacitors Cy
and C, were set to 4 pF each. To verify the control
performance under unbalanced load conditions, the simulation
used different load resistances for the two phases.

B. Simulation Waveforms

Fig. 7 shows the waveforms under an unbalanced-load
condition without the proposed control. The upper traces
represent the u—o-phase and w—o-phase output voltages,
whereas the lower traces represent the phase currents, i,,, i,,
and i, . Without neutral-line current control, each phase
handles a different amount of active power, resulting in
neutral-point potential fluctuation. Consequently, the u—o-
phase and w—o-phase output voltages, which should have
equal amplitudes and be 180 degrees out of phase under
balanced-load conditions, become asymmetric and show an
amplitude difference.

Fig. 8 shows the steady-state waveforms under the
proposed control with unbalanced loads. The upper traces
present the u—o-phase voltage, the w—o-phase voltage, the u-
phase current, the w-phase current, the neutral-line current, the
matrix-converter output voltage, the inverter output voltage,
and the inductor current, whereas the lower traces show
enlarged views of these waveforms. In Fig. 8, the simulation
uses load resistances of R, = 40 Q and R,, = 10 Q. The u—o-
phase and w—o-phase voltages maintain almost the same
amplitude even under unbalanced-load conditions. In addition,
the neutral line carries the difference between the u-phase and
w-phase currents, indicating compensation of the imbalance
component. The enlarged lower traces also show that the
control properly adjusts 6 and «according to the load
condition. The distortion near the zero crossing of the output
voltage results from the limitation on the secondary-side duty
ratio used to suppress the peak transformer current. Under this
condition, the RMS voltage errors of vy, and vy, , relative to
the reference value of 100 Vrums , were within 1.1% and 1.5%,

TABLE L SIMULATION CONDITIONS.
Symbol Parameter Value
Ve u-w phase line-to-line voltage 200 Vrums
Veo, Ve Phase voltage command 100 Vrus
Jout Output frequency 50 Hz
Ve DC voltage 400 V
Jew Switching frequency 50 kHz
NN, Tum ratio 1:1
Li Leakage inductance 40 uH
Cu Cy Output capacitor 4 uF
200 u-0, W-0 Outpgt Voltage vy, Vo [V] _ 10ms _
100 /»\\ A NG

9] [ ________ X X \/

200 Vao . N N
u, w Phase Output Current 7, i, [A] neutral-line current i, [A]
10
5
0
-10

i Step change in loads

Fig. 7. Waveforms under an unbalanced-load condition without the
proposed control.

respectively. In addition, the THD of vy , calculated up to the
40th harmonic component, was 1.1%.

These results confirm that the proposed control maintains
constant output-voltage amplitudes by using the neutral-line
current even under steady-state unbalanced-load conditions.
Moreover, the enlarged traces confirm that the computed &
and « remain within the feasible region defined in (12),
supporting the practical validity of the proposed parameter-
determination method.

Fig. 9 shows the waveforms when the load condition is
alternately switched between balanced and unbalanced states.
The following discussion focuses on the transition interval
from the balanced condition to the unbalanced condition. The
output voltages vy, and vy, remain almost constant even when
load imbalance occurs. Under the unbalanced condition, the
neutral-line current appears, whereas almost no neutral-line
current flows under the balanced condition. This result
indicates that the neutral line carries the current imbalance
caused by the unbalanced load, thereby allowing the converter
to maintain the required phase voltages under unbalanced-
load conditions.

Fig. 10 shows the waveforms during a load step. The
following discussion focuses on the interval in which the
power relationship between the u-phase and the w-phase
reverses. The PI controllers keep the output voltages vy, and
Vwo almost constant even during the load step. Although the
power relationship between the u-phase and the w-phase
reverses during the transition, the converter stably supplies the
required power in all cases.

V. CONCLUSION

This paper proposed a CVCF control method for a single-
phase three-wire single-stage isolated AC-DC converter based
on a single-phase matrix converter under standalone operation
with unbalanced loads. The proposed method employs a line-



to-line voltage control loop and an imbalance compensation
loop to suppress neutral-point potential fluctuation and
maintain balanced phase voltages. In addition, this paper
determines the control variables, 0 and ¢, from the u-w phase
current command iy* and the neutral-line current command
i, based on an inductor-current waveform model.
Furthermore, the proposed method selects the switching
pattern according to the polarity relationship between the line-
to-line voltage and the neutral-line current and thereby
maintains stable CVCF operation even when the heavier-load
phase changes. Simulation results demonstrated the
effectiveness of the proposed method under steady-state
unbalanced-load conditions, transitions between balanced and
unbalanced loads, and load-step conditions. Experimental
verification will be addressed in future work.
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Fig. 9. Operating waveforms during transitions
between balanced and unbalanced loads conditions.
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