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Abstract—Three-phase four-wire inverters are usually used to
feed unbalanced three-phase loads with neutral currents. The
unbalanced three-phase loads also bring to second-order ripples
in the DC bus, which should be mitigated by bulky DC-bus
capacitors to improve the system performance. In this case, the
DC capacitance is designed for the second-order ripple frequency
instead of the switching frequency, so it can not be reduced
even when SiC MOSFETSs are adopted to achieve high switching
frequency. Although various topologies of three-phase four-wire
inverters has been proposed to provide the path for neutral
currents, they cannot handle the second-order ripples. Also, some
active power decoupling solutions can be adopted, but they re-
quire additional active swithes and components, which increases
the cost of the system. In this paper, a four-leg buck inverter is
proposed, which consists of four DC-DC buck converters. Each
buck converter is independently controlled. This topology can not
only provide neutral currents, but also reduce the second-order
ripples in the DC bus with active power decoupling control. The
proposed topology doesn’t require any additional active switches
comparing to the conventional topologies with neutral legs. The
effectiveness of proposed topology is verified by the simulation
in MATLAB/Simulink.

I. INTRODUCTION

Three-phase inverters have been widely used in the modern
power system to integrate renewable energy resources into the
grid, such as solar PVs and wind turbines. When the inverters
are used to feed the unbalanced three-phase loads, the three-
phase four-wire inverters are usually required to provide the
current path for the zero-sequence currents, i.e. the neutral
currents.

There are various topologies of three-phase four-wire invert-
ers. The simplest one is the conventional three-phase three-
leg inverter with the split DC bus capacitors [1][2][3], which
connects the neutral point of the AC loads to the midpoint
of the DC bus. This topology is called split-link topology.
The split-link topology is the simplest and uses the least
semiconductors (only six switches). However, the voltage
balancing of the split capacitors is difficult [2] and the large
capacitance is required to attenuate the voltage variation of the
split capacitors.

Another topology is the three-phase four-leg inverter, which
adds a fourth leg to the three-leg inverter for providing neutral

currents [4][5][6]. This fourth leg is called the neutral leg. The
four-leg inverter can be controlled by three-dimensional space
vector modulation (3DSVPWM) [7], which has the advantage
of 15% higher utilization of the DC-bus voltage comparing to
the split-link topology. The main drawback of this topology
is the electromagnetic interference (EMI) problems caused by
the high-frequency operation of the neutral leg [8]. Also, the
control of the neutral leg is coupled with the control of the
three-phase inverter.

The third topology is the three-phase inverter with an
independently-controlled neutral leg [9][10][11]. This topo-
logy is a combination of the aforementioned two topologies by
connecting the midpoint of the split DC bus to the neutral leg.
In this way, the neutral current can flow through the neutral
leg and the neutral inductor instead of the split capacitors
with active control. As a result, voltage balancing of the
split capacitors can be maintained and the capacitance can be
reduced. Moreover, this topology also allows the independent
control of the neutral leg and avoids EMI problems of the
four-leg inverter [12][13].

For three-phase four-wire inverters supplying unbalanced
loads, besides the neutral currents, another challenge is the
second-order ripples in the DC bus. The instantaneous output
power on the AC side can be calculated as [14]:

pac:Po+p2w:P0+P2wcos(2wt+¢) M

where P, is the average value of the output power; Ps,, and
¢ are the amplitude and phase angle of the second-order
power ripple po,, respectively. The second-order power ripple
will inevitably propogate to the DC bus and cause second-
order voltage and current ripples in the DC bus. Although the
topologies mentioned above can provide neutral currents for
unbalanced loads, they cannot handle the second-order ripples
in the DC bus. It is often required to limit such ripples because
they can deteriorate system performance [15]. Bulky DC-bus
capacitors can be used to mitigate the ripples but will increase
the weight and volumn of the system.

Normally, with the application of SiC MOSFETs, the con-
verter can be operated at higher switching frequency with high
efficiency so that the filter components and heat sinks can be



reduced to achieve high power density [16]. However, in the
case of three-phase four-wire converters, since the bulky DC-
bus capacitors are designed for the second-order frequency
instead of the switching frequency, the power density of the
converter is still low even when SiC MOSFETs are adopted.

Many active power decoupling solutions has been proposed
for single-phase and three-phase converters to reduce the
second-order ripples and capacitance in the DC bus. These
solutions need extra active circuits to store the ripple energy
so that the ripple energy flowing through the DC bus can
be reduced or even completely eliminated [17]. However, the
extra active switches and other components increase the cost
of the system.

In this paper, a four-leg buck inverter is proposed for
three-phase four-wire systems. It is extended from single-
phase H-bridge inverter proposed in [18]. The proposed four-
leg buck inverter consists of four DC-DC buck converters.
Each buck converter can be independently controlled. The
four-leg buck inverter can not only provide neutral currents
like the conventional topologies, but also reduce the DC-bus
ripples with active power decoupling control. The second-
order ripple energy can be stored in the filter capacitor of each
buck converter so that it will not flow through the DC bus.
The proposed topology doesn’t require any additional active
switches comparing to the conventional topologies with neutral
legs.

The rest of this paper is organized as follows. In Section
II, the four-leg buck inverter is proposed and its operation
principle is introduced. In Section III, the control strategy
of the four-leg buck inverter is presented. In Section IV,
the simulation results of different scenarios are presented to
verify the proposed topology and control strategy. Finally, the
conclusions are drawn in Section V.

II. PRINCIPLE OF THE FOUR-LEG BUCK INVERTER

As shown in Fig. 1 and Fig. 2, the proposed three-phase
four-wire inverter consists of four DC-DC buck converters.
Therefore, it is called the four-leg buck inverter. It consists
of three phase legs and one neutral leg. The phase legs are
connected to the three-phase loads or three-phase grid and the
neutral leg is connected to the neutral point of the loads or
the grid.

A. Without Active Power Decoupling Control

Firstly, the active power decoupling controller is not consid-
ered. Since the output voltage of a buck converter can never be
negative, a DC offset voltage %Vdc is added on the sinusoidal
three-phase voltages as the voltage reference of the phase-leg
buck converters:

Veq = Vo sin (wt) + 2V
Ve = Vo sin (wt — gﬂ) + l‘/d(: (2)
vee = Vosin (wt + 57) + 5 Ve

The neutral-leg buck converter is controlled to generate only
the DC offset voltage Vi
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Figure 2. The proposed four-leg-buck inverter.
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In this way, the symmetrical sinusoidal three-phase voltages
can be obtained from the output of the four-leg buck inverter:

Van = V0a — Von = V sin (wt)
Vpn, = Vop — Von = Vi Sin (wt — gw) “4)

3

Ven = Voe — Von = Vp sin (wt + gﬂ)

B. With active power decoupling control

The four-leg buck inverter is able to decouple the second-
order ripples from the DC bus by actively control the output
voltages of the buck converters. The second-order power ripple
can then be stored in the filter capacitors C, Cy, C and C,, so
that it will not flow through the DC bus. To realize the active
power decoupling control, a second-order decoupling voltage
v4e 18 applied to all the outputs of the buck converters:

Voq = V,sin (wt) + %Vdc + Vge
vop = Vo, sin (wt — §7T + iV 4+ vge

voe = V,sin (wt + 57) + 5 Vae + vae )
Von = %Vdc + Vde
Ve = Ve sin (2wt + 04 ) (6)

As shown in (7), by adding the same decoupling voltages to
all the buck converters, the phase voltages will not be affected:

Van = UVCaq — VCn = VO sin (wt)
Vbn = Ve — Von = Vosin (wt — %71') (7)
Ven = VCe — Von = Vo, Sin (wt + 577)

The currents through the filter capacitors can be calculated
as:



Pcn = UCniCn =

PCa = VCalica = %o.)C’aVo2 cos (2wt) + (%Vdc + vde) wC,V, cos (wt) + V, sin (wt) 2wC, Ve cos (2wt + O4¢ )
+ (%Vdc + vde) 2wC, Ve cos (2wt + 04 )
poy = 2wC V2 cos (2wt + 27) + (3 Ve + Vae) wChV, cos (wt — 2m) + Vo sin (wt — 27) 2wC, Ve cos (2wt + bae )
+ (%Vdc + vde) 2wC, Ve cos (2wt + O4e)
pee = 3wC V2 cos (2wt — 27) + (3 Vae + vge) wC Vi, cos (wt + 27) + V, sin (wt + 27) 2wC,: Ve cos (2wt + O4c)
+ (%Vdc + vde) 2wC Ve cos (2wt + 64.)
(%Vdc + vde) 2wC, Ve cos (2wt + 4.)

(&)

1Cq = Ca%’UCa = wC,V, cos (wt)
+2wC, Vg, cos (2wt + 04.)
icy = CyLvcy = wC,V, sin (wt — 27)
+2wC, Ve cos (2wt + 04 ) (8)
ice = Cofvee = wC.V, sin (wt + 27)
+2wC.Vye cos (2wt + 04 )
icn = Chp %UC'n = 2wC;, Vye cos (2wt + 64.)

The instantaneous power of the filter capacitors can be
calculated as shown in (9) according to (5) and (8):

Assuming C, = C, = C. = C,,, the total instantaneous
power of the filter capacitors can be obtained:

Pc = Pca + Pob + Pce + Pen (10)
= 4wC), Ve Ve cos (2wt + 04.)
+ 2wC, V2, cos (4wt + 204.) (11)
= PC_2w + PC_4w
where
e 2w = 4wCp Ve Ve cos (2wt + 04.) (12)
PC_aw = 2wC, V2 cos (4wt + 204.) (13)

According to (1) and (10), the second-order power ripple
from the unbalanced loads can be compensated by the filter
capacitors if the following equation can be satisfied:

P2w = PC_2w (14)

Therefore, the amplitude and phase angle of v4. can be then
calculated:

— Py
{ Vde T 4wCnVge
ede

15)

where P, and ¢ are the amplitude and phase angle of the
second-order power ripple po, respectively as shown in (1).
In this way, the second-order power ripple can be stored in the
filter capacitors so that it will not flow through the DC bus.
According to (13), although the second-order power ripple on
the DC bus is compensated, another 4*"-order power ripple
PC 4w 1 introduced by the vge and it will cause 4th_order
ripples on the DC bus. However, the amplitude of pc 4., iS
much smaller than P, because V. should be less than 10%

to reduce the DC-bus voltage requirement. Therefore, the 4"~
order power ripple introduced by v4. is less than 5% of the
second-order ripples:

lpc_aw|  Vae

= <5%
|pC72w| 2Vdc

(16)

The total ripples in the DC bus are reduced.

III. CONTROL STRATEGY

The control strategy of the proposed four-leg buck inverter
is shown in Fig. 3. Each buck converter is independently
controlled by the inner current-loop controller Gpp ; (s)
and the outer voltage-loop controller Gpg , (s). The output
voltages of the four-leg buck inverter are balanced three-
phase sinusoidal voltages. Both Gpgr ; (s) and Gpgr . (s) are
proportional-resonant controllers with the resonant peak at the
fundamental frequency:

2&,ws
Gpro(s) =Kyt —" S Kp, 17
PR (5) P- +52+2§Uws+w2 X AR an
2 .
Grr.i(s) =K+ S9S o Kn,  (8)

52 + 2&ws + w?

where K, , and K, ; are the proportional gains of the
voltage and current contrller respectively; Kr , and Kg ;
are the resonant gains of the voltage and current controllers
respectively; &, and &; are the coefficients of cut-off frequency.

As shown in Fig. 3, the reference signals for the phase-leg
controllers are the balanced sinusoidal three-phase voltages
and the feedback signals are the phase-to-ground voltages of
the three-phase loads. The reference signal for the neutral leg
controller is %Vdc and the feedback signal is the voltage of
the capacitor C),.

In the active power decoupling controller, the DC-bus
current ¢ is measured as the feedback and controlled by
the resonant controller Gr_g. (8) to generate the decoupling
voltage vge:

284e (2w) s
2 + 2640 (2w) 5+ (2w)?

where 4. defines the cut-off frequency; K r g4 is the resonant
gain of the controller. The gain of Gg_g. (s) is almost zero
everywhere apart from the resonant frequency 2w. Therefore,
the DC component of the DC-bus current has no effect to
the output of the resonant controller. v4. is then added to the

GRr_de (8) = (19)

X KRr_ge
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Figure 3. Control strategy of the four-leg-buck inverter.

voltage references generated by the current-loop controllers of
the phase legs and the neutral leg.

According to (7), there is no second-order harmonics in-
troduced to the load voltages theoretically. However, in the
practical implementation, the second-order harmonics will still
be introduced to the loads by w4, due to the mismatch of
the filter inductors and capacitors. Therefore, the harmonic
compensators (HC) are added in the current loops of the phase-
leg controllers to compensate the second-order harmonics in
the loads:

2¢pc (2w) s
$2 + 2pe (2w) s + (2w)?

HC (s) = x Kgc. (20)
where £y defines the cut-off frequency of HC (s); Kpc is
the resonant gain of the controller. The resonant frequency of

HC (s) is 2w to compensate the second-order harmonics.

IV. SIMULATION RESULTS

The proposed four-leg buck inverter and the proposed con-
trol strategy are verified by simulation in MATLAB/Simulink.
The simulation parameters are shown in Table I. The switching
frequency is set as 20 kHz. Since each leg of the inverter is a
buck converter, the DC bus voltage should be higher than the
peak value of the voltage of the filter capacitor. The DC-bus
voltage is set as 720 V in the simulation.

Three different scenarios are simulated:

e Scenario I - Balanced loads: R, = R, = R. = 50Q.

e Scenario II - Unbalanced loads without active power
decoupling controller: R, = R, = 5012, R, = 100).

Table 1
SIMULATION PARAMETERS.
DC voltage 720 V
AC output voltage 230 Vrms
Filter inductors 2.5 mH
Filter capacitors 20 uF
Switching frequency 20 kHz

e Scenario III - Unbalanced loads with active power de-
coupling controller: R, = R, = 5012, R. = 100 ).

A. Scenario I and 11

The simulation results of Scenario I and II are shown in Fig.
4 and Fig. 5. It can be seen that the proposed four-leg buck
inverter can feed both balanced and unbalanced three-phase
loads with balanced sinusoidal voltages.

Under the balanced load condition, the three-phase currents
are balanced and the neutral current is nearly zero. Besides,
there is no second-order current ripples in the DC bus since
there is no second-order power ripple under the balanced load
condition.

Under the unbalanced load condition, the three-phase cur-
rents are unblanced and the neutral current is provided by the
neutral leg buck converter. The DC-bus current I, contains
second-order current ripples due to the unbalanced loads.

In both Scenario I and II, The capacitor voltages are shown
in Fig. 4d and 5d respectively. It can be seen that the capacitor
volatges of the phase legs are sinusoidal voltages with DC
offset %Vdc according to (2). And the capacitor voltages of the
neutral leg is %Vdc according to (3). The simulation results of
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Figure 4. Simulation results with balanced loads (Scenario I).
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Figure 5. Simulation results with unbalanced loads without active power
decoupling control (Scenario II).

Scenario I and II prove that the proposed four-leg buck inverter
can feed the three-phase loads, either balanced or unbalanced
loads, which is the basic function of three-phase four-wire
inverters.

B. Scenario 111

The simulation results of Scenario III are shown in Fig.
6. In Scenario III, the active power decoupling controller is
added to reduce the second-order ripples in the DC bus under
unbalanced conditions. Comparing to the simulation results
of Scenario II, the load currents and voltages in Scenario III
are the same because the loads are not changed. However, in
Scenario III, as shown in Fig. 6c, the second-order current
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Figure 6. Simulation results with unbalanced loads with active power
decoupling control(Scenario III).

ripples in the DC bus are significantly reduced comparing to
the simulation result of Scenario II in Fig. Sc. In Fig. 6d, the
capacitor voltages contain second-order voltages according to
(5) due to the decoupling controller. It has been illustrated
in Section II that these second-order voltages will not affect
the output phase voltages of the inverter according to (7), as
shown in Fig. 6b.

C. Transient response

The transient response of a step load change in phase b
is simulated. Before the step load change, the load condition
is Ry, = Ry, =509, R. = 1009Q. At 0.2 s, Ry, is changed
from 50€2 to 1002. The simulation results of load currents
and DC-buc current are presented in Fig. 7. As shown in Fig.
7b, the transient response of the DC-bus current takes around
0.2 s (10 fundamental cycles).

V. CONCLUSIONS

In this paper, a four-leg buck inverter is proposed, which
is a three-phase four-wire inverter consists of four DC-DC
buck converters. Each buck converter can be independently
controlled. The principle and control strategy of the four-leg
buck inverter is presented. The proposed inverter can feed the
three-phase unbalanced loads and provide neutral currents like
the conventional three-phase four-wire inverters. Also, it can
reduce the second-order ripples in the DC bus with the active
power decoupling controller. Simulation results are presented
to verify the effectiveness of the proposed topology in different
scenarios. It should be mentioned that the proposed inverter
doesn’t require any additional active switches comparing to the
conventional topologies with neutral legs. The future work is
to build the four-leg buck inverter with SiC MOSFETs to test
the perfermance including the efficiency analysis.
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