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ABSTRACT In this paper, we propose a novel switching modulation scheme for three-phase four-leg
inverters that enables the separation of the fault points occurring in AC distribution networks. The proposed
method is aimed at continuously supplying normal voltage to the remaining healthy phases while applying
zero voltage to any faulty phase when a single line-to-ground (SLG) fault occurs in the distribution network.
This modulation scheme allows isolation without physically blocking the point of failure. This can prevent
unnecessary continuous outages in the AC distribution network. To this end, we propose a novel coordinate
transformation method to extract accurate values for the magnitude of unbalanced three-phase voltages.
A novel space vector pulse-width modulation (SVPWM) method for switching schemes that are used under
fault conditions is also presented. The proposed coordinate transformation considers a plane lying in a three-
dimensional (3-D) space that describes the rotation of a three-phase voltage vector. This transformation
converts a physical quantity that rotates in 3-D space into a value that moves in two-dimensional (2-D)
space. Subsequently, the use of synchronous reference frame (SRF) transformation enables the detection
and control of the voltage magnitude in case of an SLG fault. Additionally, switching vectors are selected
to apply zero voltage to the faulty phase by analyzing the switching vector diagram of a four-leg inverter.
Mathematical analyses conducted for the entire process are detailed herein. Further, the experimental results
of four-leg inverters designed for the 10 kW class verify the proposed strategies.

INDEX TERMS Single line-to-ground (SLG), four-leg inverters, three-dimensional (3-D), space vector
pulse-width modulation (SVPWM), coordinate transformation, microgrid.

NOMENCLATURE Vi, VES Reference stationary components given in the

X4 pe  Variables in a-b-c coordinate. . .
" . . . proposed coordinate transformation.
Xo,8,y  Variables in o-B-y coordinate.

>

ny Normal vector of k-phase.
Ry Rotation coordinate transformation matrix of I. INTRODUCTION
k-phase. Presently, owing to the acceleration of problems such as
Pgj Phase adjustment matrix. depletion of fossils fuels and environmental pollution, the
f/ref Reference voltage vector given in the proposed conventional power grid system is facing an era of change.
coordinate transformation. This change necessitates sustainable power generation using

eco-friendly sources such as solar, hydro, wind, and hydro-

gen fuels [1]. To connect these renewable energy sources
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FIGURE 1. Topology of four-leg VSI under SLG fault condition.

microgrid was defined as a solution for the stable integration
of distributed generators [2], [3]. A microgrid is a small
electrical distribution system that is composed of a power
converter, distributed generators, load, and an energy storage
system.

Since the introduction of microgrids, a wide range of
research into their operation had been conducted, whereas
their energy efficiency and power quality have improved
along with renewable energy sources. The high power quality
of four-leg inverters, in particular, has led to an increasing
interest in four-leg microgrids [4], [S].

Principally, several studies have been performed on com-
pensation methods that mitigate the presence of numerous
non-linear and unbalanced loads that can occur in four-leg
microgrids. [6], [7] proposed the control scheme using a sym-
metrical sequence decomposition to handle the unbalanced
load condition. These functions can provide good power
quality to the loads under severe unbalanced conditions.
However, faults such as an SLG were not considered in these
approaches.

Meanwhile, considerable research has been conducted on
fault protection, which is a technique for fault tolerance con-
trol based on the power converter topology. However, these
studies mainly address the problem of open and short-circuit
failures of the semiconductor switch [8], [9]. Therefore, when
afailure occurs in a protected distribution area, a blocking and
isolation strategy is required to minimize the area affected by
the fault.

In [10], [11], additional protection facilities are added in
the distribution network to safely separate the fault point
when a single line-to-ground (SLG) occurs in power grid.
In this case, the load current is cut off through a load-break
switch or the fault current is limited by circuit breakers.
Additionally, using an automatic circuit recloser, auto shutoff
and reclose operations are repeatedly performed to protect the
power equipment. Further, various protection coordination
operations are performed, these include preventing a failure
from spreading through a distribution line by isolating the
accident point using a line fuse [12], [13].

However, in the case of simply ensuring the separation
from the fault as described above, a problem may occur,
preventing power from reaching the other normal loads. If a
critical load is connected to the distribution network, signif-
icant economic loss can be caused in the event of a power
outage owing to an accident.
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FIGURE 2. Three-phase four-leg VSI output voltage vector (a) 3-D space
representation (b) Projection in o3 plane.

In order to address these problems, the single-phase unin-
terruptable power supply (UPS) systems where the battery
device is connected are widely used as a method of supplying
power to the distribution network in case of an accident.
However, even when using single-phase UPS systems, certain
facilities and control methods are required individually for
critical loads [14]. To solve this problem, studies proposing
protection coordination logic to locally separate only the fault
point using several connectors have been conducted, these
approaches include the accurate prediction and detection of
the failure point on the power line and the decentralization
of the distribution network as much as possible. However,
these systems increase the complexity of the power grid and
are not suitable for small-scale distribution networks because
of the economic burden that comes with the installation of
numerous blocking circuits [15]-[19].

In conclusion, the limitation of conventional studies on
distribution network fault are as follows: 1) it is necessary
to add external equipment to isolate the fault point. 2) It can
block up the the normal phases. 3) It increases the complexity
of the distribution system. Given the aforementioned reasons,
in this paper, we propose fault current isolation using a novel
switching method of the four-leg VSI, different from the
physical blocking system such as conventional protection
circuits. As shown in Fig. 1, when an SLG fault occurs,
the use of circuit breakers means power is cut off from the
AC load customer. However, the proposed novel switching
method applies zero voltage control only on the failed phase.
Through this method, power can be continuously supplied
to all the other healthy phases with no additional equipment
to improve the reliability of islanded microgrid under SLG
fault.

The remainder of this paper is organized as follows.
Section 2 describes the conventional three-phase four-leg
topology, Section 3 details the proposed coordinate trans-
formation method under SLG fault, and Section 4 presents
the proposed space vector pulse-width modulation (SVPWM)
method. Section 5 and 6 detail the experimental results and
conclusions, respectively.
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FIGURE 3. Three-phase voltages under U-phase SLG fault by proposed
switching method.
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FIGURE 4. Voltage vector trajectories (a) Balanced three phase voltages
case (b) U-phase SLG fault case (c) V-Phase SLG fault case (d) W Phase
SLG fault case.

Il. THREE-PHASE FOUR-LEG INVERTER TOPOLOGY

A three-phase four-leg VSI is shown in Fig. 1. It comprises
eight switches at the top and bottom and is divided into
fourteen effective voltage vectors and two zero voltage vec-
tors based on the on and off state of the switch. Table 1
summarizes all possible switching vectors and «, 8, y volt-
ages. Fig. 2 expresses the combination of all vectors in space.
Particularly, Fig. 2(a) shows a 3-D representation of the
four-leg VSI output voltage vector, and Fig. 2(b) shows their
projection to the o8 plane. Unlike the conventional three-leg
topology, four-leg VSIs have the advantage of being capable
of controlling the zero sequence component during voltage
synthesis and can independently control voltages in each
phase [20].

Therefore, when an SLG fault occurs, by appropri-
ately selecting and combining voltage vectors, it is possi-
ble to control the voltage as shown in Fig. 3. However,
before the application of the switching method for voltage
control as aforedescribed, a novel coordinate transformation
method is required that can detect and control the magni-
tude of the unbalance three-phase voltage under an SLG
fault.
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TABLE 1. Normalized four-leg VSI outputs voltages.

Sl Sz S3 S4 Van V/m Vcn Va Vﬂ Vr
2 0000 0 0 0 0 0 0
- 1 1 1
v, 0010 0 0 1 == == =
2 6 2 NG
_ 1 1 1
y 0100 0 1 0 |- - -
3 6 2 NG
1% 0110 0 1 1 2 0 2
4 3 NG
_ 2 1
v, 1000 1 0 0 = 0 -
; 3 NG
- 1 1 2
1% 1010 1 0 1 e
6 6 2 NG
% 1100 1 1 0 1 1 2
7 6 2 NG
. 1110 1 1 1 0 0 NE)
/, 0001 S | 0 0o 3
- 1 1 2
V . i [ L
" 0011 1 1 0 . 0 7
- 1 1 2
V . . _ L 2
g 0101 1 0 1 . > NG
_ 2 1
|4 - _ |2 0 _
' 0111 1 0 0 3 NG
_ 2 2
v ) ] 2 0 -2
; 1001 0 1 1 3 NG
B 1 1 1
V i L .
9 1011 0 1 0 . 0 NG
= 1 1 1
vV _ = L _
g 1101 0 0 1 . 0 NG
V., 1111 0 0 0 0 0 0

IIl. PROPOSED COORDINATE TRANSFORMATION
METHOD FOR SLG FAULT CONDITION
As mentioned above, the application of zero voltage to the
faulty phase and the supply of normal voltage to the healthy
phases under SLG fault conditions is the core of the pro-
posed method. However, when an SLG fault occurs, the
desired controlled three-phase voltage to be output is in an
unbalanced state; thus, the zero sequence component repre-
sented by the y-axis of the conventional 8y plane cannot
be zero when using conventional Clarke transformation as
shown in (1) [21]. Figure 4 shows the voltage trajectories
that appear when the three-phase voltages are in a balanced
state and when an SLG fault occurs for each phase, respec-
tively, using the MATLAB tool. As seen in Fig. 4, owing to
the y-axis component, each distorted voltage vector in the
form of an ellipse appears as a trajectory rotating in a 3-D
plane.

Therefore, because it is impossible to convert a physical
quantity of three phases into an AC quantity of two phases

18559



IEEE Access

C.-G. An et al.: SVPWM Control Strategy for Four-Leg Inverters Under SLG Faults in Islanded Microgrids

(a)

(b)

%

BTN
N

FIGURE 5. 3-D space representation of the four-leg VSI outputs under SLG fault condition (a) u-phase fault case (b) v-phase fault case (c) w-phase fault

case.

using (1), it is inevitably difficult to configure the PI voltage
controller. To solve this problem, a novel coordinate trans-
formation is required to make the y-axis component zero
and to represent the distorted voltage plane in a new coordi-
nate system. Figure 6 clarifies how the proposed coordinate
transformation is applied to the conventional PI controller.
If an SLG fault does not occur, the controller is config-
ured using the conventional transformation matrix by (1).
However, when an SLG fault occurs, new transformation
matrices and a phase adjustment matrix for each phase must
be applied. After obtaining the stationary components by the
proposed method, the SRF transformation enables the detec-
tion and control of the voltage magnitude even under an SLG
fault.

In this section, the proposed transformation matrices for
rotation in a new coordinate system are obtained using a
y-axis transformation.

X7 L[V -2 -127 [x
X =2 0o A2 —Ep| %] o
x, | live i vz | oL x

A. U-PHASE SLG FAULT

The switching vector for applying the zero voltage to the
faulty phase is to make the switching state of that phase and
the n-phase the same. Through this principle, the switch-
ing vector combination for the application of the proposed
method under u-phase SLG fault is selected as follows:

Switching vectors: ‘71 s ‘72, ‘73, ‘74, ‘713, ‘7]4, ‘715, ‘716‘

When the selected vectors are connected and displayed as
above, it can be observed that the distorted voltage vectors
appear based on the combination of specific voltage vectors
as shown in Fig. 5. By setting a new y-axis that exist on
this plane and rotating it based on that axis, the proposed
coordinate transformation to a new plane is complete. In a
scenario where a u-phase fault occurs, the normal vector
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]VU is obtained from the vector product of ‘714 and \713,
as shown in (2). This normal vector, K/U obtained in this
process becomes the new y-axis when a u-phase SLG fault
occurs. Additionally, it was confirmed that the scalar product
of Ny and V5 is zero, meaning six effective vectors and two
zero vectors exist on the same plane. After settling the IVU
obtained through the process above to the new y-axis, the new
o-f axes can be calculated using the relationship between Via
and V3. Therefore, when a u—phasg SLG fault occurs, the new
coordinate transformation matrix Ry is obtained as in (3).

ny = ‘714 X ‘713
= (1/v6,=1/v/2, —1/3/3) x (v/2/+/3,0, =2/3/3)
(v2/+/3,0,1/3/3)

(@)

Ve N6 —1/V2 —1/3
Ry = |Via x Vi3 x Via| = 1/V6  1/¥2 —1/43
Via x Vi3 V2/V3 0 1/+/3

3

B. V, W-PHASE SLG FAULT

Next, when an SLG fault occurs in the v or w-phases, vectors
with the same n-phase switching state are selected and these
are shown below:

SWitChing VeCtOl’S:‘_}l, ‘72, ‘75, ‘767 \711, \712, ‘715, ‘716

(v-phase)
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Switching vectors:‘71, ‘73, ‘75, ‘77, ‘710, ‘712, ‘714, ‘716
(w-phase)

In the case of a v-phase SLG fault, the vector product
of Vs and Vg is calculated to obtain the normal vector
]VV through the same principle. Moreover, it was con-
firmed that all vectors exist on the same plane through the
scalar product of Ny and V5. Using the above method, the
transformation matrix under a v-phase fault is obtained as
follows.

ny = Vs x Vg

= (V2//3,0,1//3) x (1/v/6, —1/+/2,2//3)

= (—1/v6, =/2/2, —1//3) )
Vs V2//3 0 1/V/3
Ry = [Vsx Vg x Vs|=| —1/4/6 —1/¥2 1//3
Vs x Ve 16 —v2/2 —1/V3

©)

In the case of a w-phase SLG fault, a new y-axis can be
obtained using the same method. This part is similar to the
other cases, thus it is not explained in detail; however, the
relevant equations are shown below.

nw = Vs x Vg

= (V2/+/3,0,1//3) x (1/v/6, 1/5/2,2/3/3)

= (—1/36, —1/3/2,1/3/3) (6)
Vs V2/\/3 0 1//3
Ry = |VsxVixVs|=|-1/46 1/4/2 1/43
Vs x Vg —-1/V6  —1/v2 1/4/3

@)

In conclusion, the transformation matrices to rotate to a
new coordinate plane through the relation of vectors was
performed after setting a new y-axis for SLG faults in each
phase. However, the coordinate components transformed
through these equations have a phase difference of 120°.
Therefore, by applying the phase adjustment matrix as shown
in (8), the novel coordinated system has a phase differ-
ence of 90°. Consequently, the distortion component for
each phase, shown in Fig. 4, is converted into a stationary
coordinate component. This component is later used in the
configuration of the PI voltage controller through an SRF
transformation.

V32 0 0
Paj=Q/V3)| 1/2 1 0 (8)
0 0 32

IV. PROPOSED SVPWM CONTROL STRATEGY

Unlike the proposed coordinate transformation method, it is
worth noting that the hexagon where the proposed SVPWM
method is actually performed is a distorted plane. Further,
to apply this control method under SLG fault conditions in
a four-leg inverter, some extra steps are required.
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FIGURE 7. Three-phase four-leg VSI output voltage vector under u-phase
SLG fault by proposed method (a) 3-D space representation,
(b) Projection in o3 plane.

First, the identification of the reference vector position is
needed in the distorted plane owing to the vector selected for
a specific situation. Second, the determination of the appli-
cation intervals and the process of reference vector synthesis
are required. Third, building a vector sequence is necessary.
A detailed description of this process is provided in this
section.

A. SECTOR IDENTIFICATION

To determine the reference vector position, the conventional
three-phase four-leg inverter has twenty-four tetrahedrons;
however, the proposed scheme controls the switching of a
specific phase and the n-phase equally when selecting a
switching vector for zero voltage control.

Therefore, the voltage vector diagram is divided into six
sectors within the hexagon similar to the 2-D SVPWM
method. However, owing to the specific vector selection,
this sector identification process has to be operated within a
distorted hexagon. Fig. 7 shows the results of projecting a dis-
torted 3-D plane into 2-D after setting a new y-axis through
the proposed coordinate transformation method described
above. Here, the X and Y axes represent the reference
values of the stationary components in the conventional
2-D SVPWM method. However, because it has a distorted
hexagon, all the inner angles are not the same; thus, the
size of the sectors appears different. Accordingly, a different
calculation process is required to synthesize the reference
voltage vector for each sector. In this study, the reference
vector position was determined using (9).

Y| < |X]| (sector =1)
X=>0
X=>0 Y| > |X| (sector =2)
X <0 (sector = 3)
X <0 Y| < |X]| (sector =4)
Y <0 Y| > |X| (sector =15) &)
X >0 (sector = 6)
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(a)

(c)

FIGURE 8. 3-D space representation and reference voltage synthesis under u-phase SLG fault case (a) sector I (b) sector II, (c) sector III.

B. DETERMINATION OF THE APPLICATION INTERVALS
AND REFERENCE VECTOR SYNTHESIS

When an SLG fault occurs, six voltage vectors can be output
using the space vectors of each phase. Therefore, six sectors
are given and the method for finding their areas is outlined
above. This section describes the process for tracking the
reference voltage according to the range of the sector area.
For brevity and owing to the symmetry between sectors,
not all processes are explained herein. We consider only the
reference voltage synthesis process for sectors I, II, and III
when a u-phase fault occurs. For example, sector I can be
expressed as shown in Fig. 8(a).

Generally, when performing the PWM technique, the out-
put voltage decreases on average and is placed at a point
between \714 and 1713 inside the qhexagon. At this point,
an arbitrary output voltage vector Vs existing between the
two vectors is the result of the values obtained from the
temporal synthesis that use voltage vectors corresponding
to two sides of the triangle that exist at its location. Here,
by calculating the coordinates of the voltage vector, the duty
ratios di,dp and do(=1 — d; — dp) can be obtained for
reference voltage tracking.

‘7ref =diVis+ Vi3 (10)
di = |Vs [ Via| [c05(6) = sin(6)]
dy = ‘«/Ef/,ef / \713) sin(8) 11

where 6 and § refer to the rotation angle around the o-axis and
the rotation angle in each section, respectively. Next, Fig. 8(b)
shows the reference voltage synthesis process for sector II.
Similarly, an arbitrary output voltage vector Vs between Vi3
and \71 5, and the duty ratios were obtained as follows.

‘7ref =diVi3 +daVis (12)
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di = |Vs [ Viz| [c0s(d) = sin(d)]
dy = |V2Vns [ V15| sin(®) (13)

In the case of sector III, it can be described as follows.

Vieg = diVis + da V3 (14)
dy = ‘Vref/‘_}g,‘ cos(8)
d = |Vns [ Vo] sin(®) (15)

The calculation process for duty ratios mentioned above
includes the reference voltage, the rotation angle conversion
for each sector, and the trigonometric function calculations.
Therefore, finally, the rotation angle from the «-axis is con-
verted through the proposed SVPWM voltage vector dia-
gram. Based on this process, it is necessary to analyze the
process of calculating the switching application time for each
sector. Table 2 summarizes the rotation angle conversion for
each sector. For this process, the position of the sector for
each phase was selected as shown in Fig. 5. Because the pro-
posed SVPWM voltage vector diagram appears as a distorted
hexagon, it is apparent that it has a different conversion value
from the conventional 2-D SVPWM method.

After performing the angle conversion using Table 2,
the duty ratio for each sector is generalized as follows. The
detailed calculation processes for each sector are left in the
the appendix A.

[ Vs (cos(nm) + sin(nmr)) }
dy =

+ V;;S (sin(nm) — cos(nm))

Sl

[

dy = Y2 [Vg‘s cos(nm) — Vi sin(nrr)]
Ve

(if sector =1, 2,4,5) (16)
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TABLE 2. Rotation angle conversion for each sector.

SECTOR 5 n
1 4 0
I O-r/4 1/4
11T 0-m/2 1/2
v -7 1
\Y% 0-5x/4 5/4
VI 0—-6r/4 6/4

dy = - [V;S cos(nm) + Vg, sin(m'[)]

Va
dr = VLB [VES cos(nm) — Vi sin(m'[)]
(if sector = 3, 6) (17)

where \7A and \73 denote two effective vectors that exist in the
sector, and Vg, and Vg refer to stationary components that are
the reference values of the proposed coordinate transforma-
tion. n represents the substitution value for each sector for the

generalization of the equations.

C. BULDING A VECTOR SEQUENCE
The process of obtaining the reference voltage and duty ratio
for each sector is described in preceding sections. By synthe-
sizing the selected six effective vectors and two zero vectors
within the modulation period, the average value of the output
voltage can be obtained the same regardless of the vec-
tor arrangement. However, in this study, the symmetrically
aligned modulation scheme, which is generally known to give
superior performance in harmonic, was used [22].

To achieve this, the method shown in Fig. 8 is applied
such that the effective voltage vector always exists in the
center within a modulation period. Here, when an SLG fault

VOLUME 10, 2022

TABLE 3. Parameters of simulation and experiment.

Parameter Value Unit

DC input voltage 380 Vde
Capacitance (Cy) 22 uF
Converter Side Inductance (L.) 1.5 mH
AC Output Voltage (line to line) 190 Vims
AC Load (per phase) 900 w
Switching frequency (f;) 10 kHz

Power switch (CAS120M12BM?2) - -

Filter
Capacitor

| [ DpcLink
; Capacitor

Control
Board

Voltage Sensor
(AC Grid & DC Bus)

MC Relay

FIGURE 10. Hardware configuration of three-phase four-leg inverter
system for experiments.

occurs for each phase, the process of how to position these
eight vectors can be indicated. Moreover, to calculate the
duty ratio of the switching vector, it is necessary to calculate
the switching function in all sectors for each phase. As the
explanation of this part includes a lot of mundane details,
information on the sequence and calculation of duty ratios
is included in an appendix B.

V. VERIFICATION OF THE PROPOSED METHOD

To verify the feasibility and effectiveness of the proposed
method, some experiments and simulations were conducted.
The hardware configuration and parameters of the three-
phase four-leg inverter system used in the experiment are
shown in Fig. 10 and Table 3. In the experiment, the coordi-
nate transformation and the SVPWM method under SLG fault
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FIGURE 11. U-phase fault condition experiment results (a) conventional coordinate transformation, (b) proposed coordinate transformation.
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FIGURE 12. V-phase fault condition experiment results (a) conventional coordinate transformation, (b) proposed coordinate transformation.
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FIGURE 13. W-phase fault condition experiment results (a) conventional coordinate transformation, (b) proposed coordinate transformation.
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FIGURE 14. Waveforms of the proposed SVPWM method under u-phase SLG fault condition (a) switching duty, (b) output voltages (c) output voltages
and current.
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FIGURE 15. Waveforms of the proposed SVPWM method under v-phase SLG fault condition (a) switching duty, (b) output voltages (c) output voltages

and current.

s Vs W, N Phase Switching Duty by SVPWM (W Phase Short) ‘

V', W, N Phase Voltage by SVPWM (W Phase Short)

, Vs W, N Phase Voltage by SVPWM (W Phase Short)

llllll

wmmﬁmmwwwwwww

w, \llm.v Voltage

(a)

Q\/ WW W W M\/

/\/ﬁ\\/\\ ,\
\.(’\/\/ V.V

(c)

FIGURE 16. Waveforms of the proposed SVPWM method under w-phase SLG fault condition (a) switching duty, (b) output voltages (c) output voltages

and current.

conditions were applied. And the efficiency and loss of the
inverter system was analyzed through the PSIM simulation.
In simulation circuit, the thermal module of the power switch
(CAS120M12BM?2) was used. The parasitic components of
the filter were also considered.

A. PROPOSED COORDINATE TRANSFORMATION

Figs. 11-13 show the experimental waveforms from the coor-
dinate transformation method for each phase. Notably, the
voltage to be transformed or observed through the proposed
method is the output voltage of three phases, that is, the unbal-
anced voltage output through the proposed SVPWM method
in case of SLG fault. Fig. 11(a) shows the waveforms given by
a conventional stationary coordinate transformation when the
u-phase voltage is controlled to zero owing to an SLG fault
on the u-phase. As seen in the X-Y plot, the stationary com-
ponents have a distorted trajectory. Fig. 11(b) confirms that
the complete stationary components can be obtained through
the proposed coordinate transformation. Additionally, it is
shown through the X-Y plot that it has the trajectory of the
normal voltage vector. Further, Fig. 12(a) and Fig. 13(a) show
the waveforms of the conventional method in the case of an
SLG fault on the v and w-phases, respectively. Because the
waveforms are distorted, it is difficult to accurately detect
the magnitude of the voltage. By applying the proposed
method, a novel coordinate system can be made as shown in
Figs. 12(b) and 13(b), this allows the detection of the volt-
age level. As mentioned above, the stationary components

VOLUME 10, 2022
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FIGURE 17. Comparison of losses between conventional method and

proposed method.

TABLE 4. Comparison of effciencies between conventional method and
proposed method.

Conv. 3D Prop. 3D

Conv. 3D SVPWM SVPWM
SVPWM Load oo

(Load Balanced) U (Loa (U-phase

nbalanced) SLG fault)
Py, [w] 42 53 40
Peona [W] 170 252 138
Py [w] 446 501 288
Efficiency 96.8 96 96.5

[%]

obtained through the proposed method are converted to SRF
to use as the input to the PI voltage controller in the proposed
SVPWM method.
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TABLE 5. Switching duty ratio based on sector and each fault case.

U Phase V Phase W Phase
Sector d, d,
v, v, v, v, v, v,
| N _ _ _ _ _ _
1 ‘VA‘ (Vas Vﬂs) m Vﬂs V14 V13 Vs V6 VS V7
V2. 1. _ _ _ _ _ _
I 2 ARG 7, Vi 7, 7, 7, 7,
1 e 1 e ~ - _ _ _ _
1 W s ‘73 Vis v, , Vo 8 M
1 R V2 . | _ _ _ | _
1\ 7(_Va: + Vﬁ:) _fV/Zs V; V4 V]z Vn VIZ VIO
7l Vil
N 1 R _ _ _ _ _ _
¥ N7 ) 7, 7, 7, 7 7 7
1 e 1 7 - _ _ _ _ _
VI _W B ‘73 ", Vi Vs Vs Vi Vs

B. PROPOSED SPACE VECTOR PWM METHOD

Fig. 14 shows the waveforms made by applying the proposed
method under a u-phase SLG fault. First, when a u-phase fault
occurs, the switching duty of all phases is confirmed as shown
in Fig. 14(a). As seen in the figure, the faulty u and n-phases
have the same switching duty, such that a phase voltage will
not be generated because they are in an equipotential state.
As shown in Fig. 14(b), the reference of the actual voltage
that will appear based on the switching duty shown in this way
is verified through the waveforms of the digital-analog con-
verter. Fig. 14(c) shows the waveforms tested in connection
with the AC load. When a u-phase fault occurs, zero voltage
is applied to the u-phase and normal voltages are applied to
the remaining healthy phases. Further, the v-phase current is
shown. Moreover, Fig. 15(a) shows the duty when a v-phase
fault occurs. It shows that the switching duty of the v and
n-phases have the same waveforms. Thus, the same output
reference appears as shown in Fig. 15(b). From Fig. 15(c),
it is confirmed that zero voltage was supplied to the faulty
v-phase. Finally, Fig. 16 shows the experimental waveforms
for the w-phase fault. As expected, it confirms that the duty
of the w and the n-phases were the same, zero voltage was
applied to the w-phase, and the voltage and current were
applied only to the loads in the other phases.

C. EFFICIENCY AND LOSS

Fig. 17 shows the comparisons of the inverter losses and
filter losses between the conventional 3-D SVPWM method
and proposed SVPWM method. Py, and P.y,q denote the
switching loss and conduction loss of the power switches,
and Py denotes loss in LC filter. In simulation, the rated
load, 20kW class balanced and unbalanced load was used.
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Under balanced load condition, the loss in the n-leg switches
is virtually zero. However, the loss increases as the n-phase
current increases under unbalanced load condition. In pro-
posed method, there is no loss in the u-phase switches because
a zero voltage is supplied to the u-phase. Table 4 lists the
overall efficiencies of the inverter system at the rated 6.6kW
per phase.

VI. CONCLUSION

A novel SVPWM control strategy for four-leg inverters under
SLG fault in an islanded microgrid is proposed herein. The
proposed part is divided into the proposed coordinate trans-
formation method for the detection of unbalanced voltage
and a novel SVPWM scheme for driving the four-leg inverter
under SLG fault. In the coordinate transformation method,
a MATLAB tool was used to analyze the unbalanced voltage
trajectories in a new plane. Additionally, a process for setting
a new axis through mathematical analysis was presented.
Further, a new vector combination for the application of a
zero voltage to the faulty phase is proposed in the novel
PWM scheme. The implementation of the proposed SVPWM
method involves, 1) the process of sector identification in
the new plane, 2) synthesis of the voltage reference, and
3) the building of vector sequences are additionally described.
The above process was experimentally verified by construct-
ing a 10-kW class three-phase four-leg inverter.

APPENDIX A

The process of calculating the switching duty ratio for the
voltage vector synthesis has been described in the previous
section I'V. Along with the detailed process for obtaining (16)
and (17), the duty ratios for each sector using these equations
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FIGURE 18. Symmetrically aligned modulation scheme applied to the proposed method (a) u-phase fault
condition, (b) v-phase fault condition (c) w-phase fault condition.
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are shown in Table 5. The proposed SVPWM method has
a distorted hexagonal shape different from that of the con-
ventional 2-D SVPWM. For this reason, it can be obtained
(16) and (17) by considering internal angle. The detailed
explanation is as follows.

First, the case where voltage reference is in sector I, II,
IV and V can be obtained by (16). By applying the trigono-
metric function, (10) and (11) were obtained. These can be
given by (A1) and (A2) for the general form.

‘7ref =d\Vs +d2Vp
(if sector =1,2,4,5) (Al)

dy = \7,4/\714’ (cos 8§ — sin §)
dy = ‘ﬁVrgf/VB‘ sin &

(if sector =1,2,4,5) (A2)

Next, the process for angle conversion was used by Table 2
(i.e. 8 = 6 — nir). Therefore, the switching duty ratios can be
described by (A3) and (A4).

dy = Vref/VA‘ (cosé — sind)
‘7ref
= — [cos(0@ — nm) — sin(6 — n)]
Va
_ )V”f ‘ cos 6 (cos(nm) + sin(nm))
o ‘7A + sin @ (sin(nw) — cos(nm))
_ L [ VX (cos(nm) + sin(nm))
i + VES (sin(nm) — cos(nm))
(if sector =1,2,4,5) (A3)
dr) = )«/5\7,6,»/\73‘ sin §
‘7ref
=112 sin(6 — n7)
7
‘7ref
= —[sin6 - cosnmw — cos O - sinnm]
i
2
4 [Vgs cos(nm) — Vi sin(rm)]
P
(if sector =1,2,4,5) (A4)

In case that reference voltage is in sector III and VI, duty
ratios can be expressed by (17). Through trigonometric cal-
culations, (14) and (15) can be obtained. It can be written as
the general form shown in (AS5) and (A6).

‘7ref =d ‘7A + dz‘_}g
(if sector = 3, 6) (AS)
dy = ‘Vref/VA‘ cosé
dr) = ‘Vref/‘_}B‘ sin §
(if sector = 3, 6) (A6)
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By applying the angle conversion, the duty ratios can be given
by (A7) and (AS).

dy = Vref/VA)COSS

\7ref / VA) cos(f — nm)

Vref
= [cosO - cosnm + sinf - sinnm]

N

Va
1

= — [VO’:S cos(nm) + Vg, sin(nn)]
Va

(if sector = 3, 6) (A7)
V,ef / 173) sin §

= \7,ef sin(6 — nn)/‘VB‘
‘7ref
= —— [sinf - cosnmw — cos O - sinnm]
Vg
1 * * o
- [Vﬂs cos(nm) — V7, sm(nn)]
7|
(if sector = 3, 6) (A8)

Through the above process, the generalized equations for the
duty ratio for each sector were obtained.

APPENDIX B

The sequence of the symmetrically aligned modulation
scheme using the vector combination selected through the
proposed switching method is shown in Fig. 18.
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