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Abstract: The bad effect of zero sequence current in unbalanced load when connected to three-leg inverter, is the
main challenge leading to add fourth leg and using three dimensional space vector pulse width modulation (3-D)
SVPWM technique to handle this problem. The paper presents an analysis and study of this technique, depending on
the average large signal model. This technique simulated by using Matlab/Simulink and the results shows good
performance with low THD for different operating conditions.
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1. Introduction

In the last decades and due to the development in the power electronics sector and the
increase of renewable energy utilization to produce electricity, the challenge is to design and
improve an inverter-based distributed generation (IBDG) unit. Such a unit is able to produce
high quality AC output three-phase voltages for a stand-alone or a grid tied systems [1].

*Corresponding Author abdullah780s@yahoo.com

100


mailto:abdullah780s@yahoo.com

ble Develop t Vol. 23, No. 02, March 2019 www.jeasd.org (ISSN 2520-0917)

Journal of Engineering and Sustail

The need of three-phase four-Leg voltage source inverter (3P4L-VSI) arises to handle the
neutral current in a non-linear and unbalanced load. The ultimate goal of the four-leg inverter is
to have a stable three-phase output voltage with a low harmonic content under different
operating conditions.

Several studies about modeling and control of 3P4L-VSI are presented in industrial
application and distributed generation such as the usage of 3P4L-VSI as uninterruptible power
supply in reference [2], or as a stand-alone system in reference [3]. The recent studies focused on
the practical use of 3P4L-VSI as a power quality improvement as an active power filter [4].

This paper characterized by the previous work dealt with the subject; it is providing a study of
multiple cases of pure resistive load, enhanced by mathematical calculations that compared with
the waveforms of output voltages, line currents and neutral current.

2. Technical Approach to Supply Unbalanced Load

For any inverter fed star-connected 3-phase system, the neutral point problem arises when
unbalanced and non-linear loads connected to such system. To maintain neutral point voltage
equal to zero and to keep the supplied three phase voltages constant at a desired level for the
limited extent of unbalanced load, there are many techniques adopted to deal with this problem
by feeding it through [5]:

a) A delta/star (A/Y) transformer,
b) A split DC link capacitor with three-phase three-leg inverter,
c) A three-phase four-leg inverter using SVPWM technique shown in Fig. (1)
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Fig. (1) Four-leg inverter configuration.

The delta/star transformer is often avoided due to cost, weight and efficiency considerations.
For the split DC link capacitor approach, the three-phase converter essentially becomes three
single-phase half-bridge converters, thus it suffers from an insufficient utilization of the dc link
voltage. In addition, large and expensive DC link capacitors are needed to maintain an
acceptable voltage ripple level across the dc link capacitors in case of a large neutral current due
to unbalanced and/or nonlinear load [6]. Hence, the most preferred solution is the (4L-VSI).

3. Large-signal Average Model of Four-Leg Inverter

The large-signal average model of the four leg voltage source inverter (4L-VSI) is used to find
a trajectory of reference voltage vector in 3-D SVM when operated in steady state condition and
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design of the control loop. The large-signal average model is obtained by replacing the four-leg
inverter switching network in figure (1) by average model. The AC output voltages V,,, , V,,, and
V., are pulsating with sample period (Ty).

By applying pulse width modulation control, different values of output voltages according to

the mathematical formula (1) of the moving average operand [6-7] can be obtained.
t

Xt=i fX, d, €y

T
t—Ts

Then the average AC output voltage of three phases Vi, ,Vpn ,Vin and Iy, =1, are
expressed as:

[Van Von Vcn]T =E- [dan dbndcn]T (2)
Ip = [dan dpn dcn] ’ [Ia Ip IC]T A3)

where d,,, dp, and d., are line-to-neutral duty ratios based on (2) and (3), the average large-
signal circuit model of the four-legged switching network is shown in Fig. (2) [8].

Four-Leg Inverter
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Fig. (2) average large-signal model of the four-legged switching network.

Replacing the four-leg switching network shown in Fig. (1) with the averaged switching
network model, the large-signal average circuit model of the four-leg inverter in the (a, b, c)
coordinate is shown in Fig. (3).
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Fig. (3) Average large-signal model of four-leg inverter.

From the large-signal average circuit model of the four-leg inverter shown in Fig. (3), the
following equations derived using KVL and KCL [7].

[ (di d? di.
(T o) o
VZm di 2 .
lLB d%upy di,
Von| = |L +C +Vgy — Lpy— 4
Vbn ( dt dt? ) BN T im gy (4)
cn
di d? di
(G e -
in=—(a+ip+ie)—C wan+vsntven) (5)

dt

Where i, 4,i;5 and i, are load three phase currents and i,, is the neutral current.

The reference control voltage in the (a, b, ¢) coordinate [Van_ref, Von—refs Vcn_ref]T can be
calculated from (4) and (5) for a given load [9].

4. Analysis of Space Vector Modulation in Four-Leg Inverter Technique.

At 1998, Richard Zhang made a new approach for three-dimensional space vector modulation
(3-D-SVM) to control voltage output of four-leg voltage source inverter supplying three phase
unbalance or non-linear loads [10, 11].

According to this approach after adding the fourth leg to the three-leg inverter, the switching
states increase from eight states in three-leg inverter to 16 switching states in four-leg inverter
[6].

This approach depends on the transformation of variables in a, b, c coordinates X, into an
orthogonal X,g, coordinate in a three dimensional space.

Let X represent voltage or current for three-phase four-leg inverter
X =Xq +jXg + kX, (6)
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The transformation to Vg, coordinate derived as below:

T T
[Vocn—ref VBn—reryn—ref] =T. [Van—ref Vbn—rercn—ref] (7)

The operation of three-leg inverter (3LI1) divided into six sectors depending on the magnitude
value of (a, B) to determine the angle of the reference vector as explained in the equation

below.

Sector No. = <

In three-legged

for

for

for

for

for

for

inverter

(8)

<9<4ﬂ
T=vs7

41‘[<9<5T[
3 - 3
T <2
7 = T

of an eight (23 = 8)switching states combination,

(000,001,010,011,100,101,110,111) two of them (000 & 111) called zero switching vectors
(ZSV) and another six states non-zero switching vector (NZSV).

On the other hand, in the Four-Leg Inverter (4LI1) (2* = 16) there are sixteen switching states,
which expressed in the tables (1&2) below and graphically as shown in Fig. (4).

The two switching states 0000 & 1111 are called zero switching vectors ZSV's located at the
origin point of the (a, B, y) coordinate and the other fourteen active none zero switching vectors
are located in different six layers depend on the level of y as shown Fig. (4) .

Table (1) Equivalent voltage in (a, b, c)corresponding to switching state

0000 0001 0010 0011 0100 0101 0110 0111
v, 0 —E 0 —E 0 —E (-2/3)E 0
1A 0 —E 0 —E E 0 0 E
v, 0 —E E -0 0 —E (2/3)E E

1000 1001 1010 1011 1100 1101 1110 1111
Vv, E 0 E 0 E 0 E 0
A 0 —E 0 —E E 0 E 0
v, 0 —E E 0 0 —E E 0
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Table (2) Equivalent voltage in(a, B8, y)corresponding to switching state

0000 0001 0010 0011 0100 0101 0110 0111
V, 0 0 (-13)E (-1/3)E (-1/3)E  (-1/3)E  (-2B)E  (-2/3)E
Ve 0 0 (-1"3)E (-IN3)E  (A3E  (IAB)E 0 0
v, 0 —E (1/3)E (-2/3)E (1/3)E (-213)E  (213)E  (-1/3)E
1000 1001 1010 1011 1100 1101 1110 1111
V, (213)E  (2/3)E (1/3)E (1/3)E (1/3)E (1/3)E 0 0
Vg 0 0 (-1A3)E (-1A3)E  (IA3)E  (IA3)E 0 0
v, (1/3)E  -23E (2/3)E (-1/3)E (213)E  (-1/3)E E 0

When unbalanced load connected with output of four-leg inverter then

V:m * Vbn * Vcn (9)
Vin +Vpn + Vo #0 (10)
I,=1I,+1,+1,#0 (11)

Apply transformation equation (7) on the load voltage results as:

_1 1 1 -
Van—ref 2 2 2 Van—ref
Bn-ref | = 3 0 7 —7 bn-ref ( )
Vyn—ref 1 1 1 Vcn—ref
2 2 2

That's produce (y) axis arise with different values in a positive and negative direction which
depend on the zero sequence component of (V&I), this officiates to assign vector have three
dimensions in (a, 8,y) coordinates, each vector has spire which graphically represented as
shown in Fig. (4).

5. Space Vector Modulation in Four-Leg Inverter Technique. [6,9,12,13]

For the sake of achieving balanced 3-phase output voltages feeding an unbalanced load at
steady state, the following steps must be implemented:

a.
b.

Selection of adequate switching vector sequence pattern.

The transformation of the reference vector (Vref) from V. coordinate to Vg,
coordinate.

Determine of prism and tetrahedron.

Determine duty ratios of all four legs.

105



Journal of Engineering and Sustainable Develop t Vol. 23, No. 02, March 2019 www.jeasd.org (ISSN 2520-0917)

V—E
2
=3
1 Y
Vi l
Y 3 @
|74 = =B
=0
¥ ey V5 (010X) Va (110X)
101
V-—3 . D> AN
¥g g Vi (011X) V, (100X)
2 NV
I/Y=_§ 1001
Vs (001X) Ve (101X)
Vy=—FE
(b)

Fig. (4) (a) 4Ll switching vector distribution and (b) Middle layer in SVM-4LI.

5.1 Sequencing of the Switching Vectors

The sequence pattern of the 3D-SVM classified into two classes as same as 2D-SVM as
follows:
Class I: This pattern uses both the two zero switching vectors 0000 & 1111.
Class Il: This pattern uses only one of zero switching vectors 0000, or 1111.
Each class has four sequencing schemes:
a. Rising edge alignment
b. Falling edge alignment
c. Symmetrical alignment
d. An alternative sequence alignment

In this study, the symmetrical alignment sequencing scheme with class | adopted as shown in
Fig. (5).

VIJ Vl V9 Vl3 VIS V13 VQ VI VO
0000 0001 1001 1101 1111 1101 1001 0001 0000
1
Al
a (o]
1
A2
b o
1
A3
C (o]
1
A4
n (o]

do/4 di/2 d/2 dy/2 dy/2 di/2 dy2 di/2  do/4

Ts
Fig. (5) Symmetrical switching sequence aligned in first tetrahedron.
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5.2 Transformation of Output Voltages to a Stationary Reference Frame

Transformation of reference voltages [Van_ref Vbn—rercn—ref]T into the af}y coordinate, the

reference voltage is expressed as [Van_ref VBn_rerYn_ref]T, the transformation is achieved by
applying Clark's equation no. (12).

5.3 Projection Matrix Identification.
5.3.1 Prism Identification

The standard method used in 3D-SVM is the same as in 2D-SVM. It depends on the value of
Va—rer and Vg_,r as describe in equation No. (8) and shown in Fig. (4-b). There are six
triangular prisms obtained (triangular prism 1 to triangular prism 6) as shown in Fig. (6) the
angle of each triangular prism section is equal to 60 degrees, each triangular prism contains eight
switching vectors, two of them is zero switching vectors 0000 & 1111 and others six non-zero
switching vectors are distributed according to the value of V,_..

1110 1110 1110

}’, 1100 1100 /. o110
1ooo<- o100 o100
1111 1111
N < i P
Vol 1101 1101 Vea et >°“1
1001 ¥ 0L 0101
0001 0001 0001
Prism 1 Prism 2 Prism 3
1110 1110 1110
0110 'f‘ 1010 1010 >
< : 0010 0010 < j 1000
1111 1111 1111
< 0000 < ‘DDDD < 0000
o111 : < _ 1011 :< 3
'\-.‘_ - 1011 \.I - \
] -
v 1100 1100 v 1001
o001 0001 0001
Prism 4 Prism 5 Prism 6

Fig. (6) Representation of six prism triangle.

5.3.2 Tetrahedron ldentification

After prism identification, it is then divided into four regions with four faces called
tetrahedron. Each tetrahedron contains three NZSV and two ZSV as shown in Fig. (7). The
selection of adjacent switching vectors in tetrahedron occurs according to the minimum
circulating energy and non-conflicting line to neutral voltage. Each tetrahedron has a particular
matrix, which means there are 24 matrices as depicted in table (3 and 4) which cover all
switching states for different operation condition.
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5.3.3. Duty cycle calculation

After determining the projection of V.., in any tetrahedron, this means one can resolve V..
into three components [Va_ref VB_rery_ref]. Each component represents switching vector in
the same tetrahedron, for example, take prism No.1 and tetrahedron No.1 which have three

NZSV(1000), (1001), (1101) and two ZSV (0000 & 1111).
The calculation of the corresponding duty ratio of each switching vector can be done after

matrix determination for the tetrahedron contain V,.., and apply equation (12).

Vref = dl'Vl + dz. VZ + d3. V3 (13)
1 0 1

dl 1 l[l \/§ ] Vocn—ref

dy| = £ 5 T —11|Ven—rer (14)

d3 L) \/§ 0 J yn-ref

dozl_dl_dz_d3 (15)

1110
1100 1100
1000 A0 1000
[alakele]
1101 1101
10071 ref 10071
0001 [a]aaE]
Tetrahedron 1 Tetrahedron 2
1110 1110
e .
5 1100 1100
1000 T13T 1000 Seatiild Virer
0000 0000
1101 1101
1001 1001 /
o001 0001

Tetrahedron 4

Tetrahedron 3

Fig. (7) Tetrahedron representation in prism No.1.

When the reference vector located in other tetrahedron, one must replace projection matrix in
equation (14) for this calculation and use table (3) which shows 24 cases for non-zero switching
vectors and table (4) which represents 24 projection matrices corresponding to Vg, s State.
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Table (3) Non-zero switching vectors sequence V1 - V2 — V3

Tetrahedron 1 2 3 4
Prism
V1=1000 V1=1000 V1=1000 V1=0001
1 V2 =1001 V2 =1100 V2 =1100 V2 =1001
V3 =1101 V3 =1101 V3 =1110 V3 =1101
V1=0100 V1=10100 V1=10100 V1=0001
2 V2 =0101 V2 =1100 V2 =1100 V2 =0101
V3 =1101 V3 =1101 V3 =1110 V3 =1101
V1=0100 V1=0100 V1=10100 V1=0001
3 V2 =0101 V2 =0110 V2 =0110 V2 =0101
V3 =0111 V3 =0111 V3 =0111 V3 =0111
V1=0010 V1 =0010 V1=0010 V1=0001
4 V2 =0011 V2 =0110 V2 =0110 V2 =0011
V3 =0111 V3 =0111 V3 =1110 V3 =0111
V1=0010 V1=0010 V1=0010 V1l=0001
5 V2 =0011 V2 =1010 V2 =1010 V2 =0011
V3 =1011 V3 =1011 V3 =1110 V3 =1011
V1= 1000 V1 = 1000 V1 = 1000 V1= 0001
6 V2 = 1001 V2 =1010 V2 =1010 V2 = 1001
V3 =1011 V3 =1011 V3 =1110 V3 =1011
Table (4) Matrices projection
1 2 3 4
Tetrahedron
Prism
[1 0 1 1 [ 3 V3 1 [ 3 V3 ] [—1 0 —1]
E G 1| 2 72 0 z "z 0 2 _L§0|
1 2 "2 143 0 V3 0 2 2
lo v3 ol 5 7 1 1 3 lo v3 ol
1 V3 7 ~7 M
2 7 U
[ 1 V3 ] [ 3 V3 ] 3 V3 ] (1 V3 ]
-~ = 1 -= = 0 -~ = 0 = = -1
|72 2 | |72 2 | 2 2 2 2
2 -1 0 -1 1 0 1 3 3 3 V3
F B B A IR FR 0 A
2 2 2 2 13 3 V3
7 7 1 2 7 0
1 V3 ] [0 V3 0] [0 V3 0] [ 1 V3 ]
7 7 1 | I | 3 43 z 2z *
3 EER N R 3 77 0 0 V3 o
2 o -1 0 -1 L1 0 3 NE3
3 Vi 2 7z Ol
2 2
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1 V3 ! ] [0 —3 0] [0 —V3 0] (1 V3 N
22 | 1 3 | | 3 V3 | 2 2
1 1 Vi EE 1J l‘i?"J 0 —V3 0
52 T T -1 0 -1 1 0 1 3 3
3 3 R
72 7 O
L 3By 3B 13
2 2 2 2 2 2 2 2
5 -1 0 -1 1 0 1 3 V3 3 NE3
3 .3, 1. z "2 ° 2 "7 °
L 2 2 — - 2 2 1 3 3 NE3
-z 71 2 7 0.
1 0 1 3 V3 ] 3 V3 -1 0 -1
[1 V3 _1] 2 2 z 2 [E V3 0]
6 [2 2 J 1 V3 0 —v3 0 [2 2 j
0 —V3 0 -3 5 1 1 V3 0 —V3 o
1 3 2 72 1
Y

6. Three-phase Four-Leg Inverter Model in Matlab/Simulink Model

Matlab/Simulink software models shown in Fig. (8) represent all the required stages to produce
SVPWM, the control and the power stage.

Voltage
Inductor  Phase-n Transducer
| ek
& g Inductor ~ Phase-b :’&I
TS
. Sample s r
- aud Bold 2 Inductor ~ Phase-c _[:E}'"
|| Counter . T : '
| e | limited L |
Subsystem-5 Bahct((]}Alfa = Subsystem2 |~ " Three phase
‘ G Subsysen-4 ’—L‘ Resistive
| & Subsystem: 1 Cap. ~ Cap.~ Cap.
Inductor [
Sample T [ ]
and Hold |

Fig. (8) Matlab/Simulink model of four-leg inverter.

Subsystem (4) that is illustrated in Fig. (9) receives the data of V, and Vj that produce after the
transformation of the output voltages V,, V}, and V.. This will lead to determining the prism
number as explained in section (5.3.1).

Subsystem (3) illustrated in Fig. (10). It receives data from subsystem (3) with output
voltage V,, V}, and 1, handles these data according to paragraph (5.3.2) to determine the
tetrahedrons that corresponds each prism as explained in the tables (3 and 4).

Subsystem (2) in Fig. (8) process the data from subsystem (2 and 3) that contain the sampled
data Vi, Vg, W, prism No., tetrahedron number, sequence pattern, sample time (7). Then handle
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this data as explained in section (5.3.3) to determine the durations d,, d,, d; and d,, to produce
pulses for upper transistorT;, T5,Ts and T, of the inverter. On the other hand, these pulses
inverted to energize the lower transistors T,, Tg, T, and Tg respectively with take dead time
effect in the account, to prevent short circuit across the DC supply at any interval.

-G +

: "T Constant L
> x
Alfa e + btrac' Rounding
Product

P I-) . function >
1 +
oL rrHH AN N Wy BYCy
Beta — " | Add Abs. Sqrt I_: i 1 ™) Rounding"rism No.
Product Divide—— Subtrac Rounding Gain Subt ounding
\_,,, function UbLrac! fypction

+ _Lb fixx

Constant Agdg Rﬂllllﬂlllg Product
function
Product
Fig. (9) Prism identification.
S
Prism No.  Compare . If condition |J'|_"‘ e
to constant state L _ _
o l pulse condition
Va generator state
. - -
s W Ang fcondition i ot "o
|
to COllStaI]t i » )
‘ If condition == | Tetrahedron No.
Ve state pulse
+* -=J gcncraror
And )
3 \ ‘ If condition o "o
state pulse condition
' And generator  ggate

Fig. (10) Tetrahedron identification of each prism.

7. Simulation Results and Discussion

A Matlab/Simulink program adopted to simulate the proposed system (the four-leg inverter
that uses SVPWM technique) to validate the efficient performance and to handle different
loading conditions described below:

1- Balanced load
2- Unbalanced load
3- Heavy unbalanced load
These three cases have the following parameters:
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1- DC link voltage = 650V

2- Filter capacitor C = 150 pF

3- Filter inductor L = 1 mH

4- Neutral inductor L = 0.5 mH

5- Switching frequency Fs = 12 kHz

6- Modulation index=0.829

7- Unbalance load resistance (R, = 80Q,R;, = 100Q, R, = 150 Q)

Case 1: Balanced loading

If the inverter loaded by a three-phase balanced load, a balanced currents appears in all phases
(I, = 4.0120°,1, = 4.012 — 120°,1, = 4.012 — 240 ). Fig. (11) shows the waveforms of line
and neutral currents and their corresponding output voltages shown in Fig. (12). Fig.s (13)
illustrate the harmonic distribution spectrum of phase current (a).

— Phase-A
—— Phase B
= Phase-C

5 T T T T T
Neutral current
0
-5 | | | | | | |
031 032 0.33 0.34 035 036 037
timelser)
Fig. (11) waveforms of the three-phase and neutral currents.
400 T T T T T
! : ! ! ! phase-a
300 phase-b ||
phase-c
200 ' : Y SN ¥ SU— .
100 2 - 4 B L B —— 7
@
0 I S Y S, R— -
s :
2 | i | :
100 |--\- - ; : - j o S SR -
200 |- A i e i
; ; | ; ; 0 WA W - .
400 i i i i i i

i :
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time(sec)

Fig. (12) output voltage waveforms.
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—FFT

Fundamental (50Hz) = 324.7 , THD= 1.94%
T

T T T T T T
0.45 - —

045 -
— 035 -
03[ -
025 -
021 -

015

Mag (% of Fundamental

01 —

| | |
0 I 1 [ |

4] 100 200 300 400 500 600 700 800 Q00 1000
Frequency (Hz)

Fig. (13) spectrum of phase voltage (a) using FFT analysis.

on the other side, Fig. (14) illustrates the trajectory of the reference switching vector in
(o, B,y) plane. This trajectory is a circular shape; hence, it is the same as that in a 2-D traditional
three-leg inverter.

Reference switching vector
trajectory under balanced load

Gama axis{volt)

400

.. - 0
o 200 -100
-400 400

Alfa axis{volt) Beta axis(volt)

Fig. (14) a trajectory of the reference switching vector in (a, 3, y) plane.

Case 2: Unbalanced loading

In this case, a three-phase unbalanced load connected to inverter terminals (R, = 80Q,R, =
100Q, R, = 150 Q). This leads to inject different magnitudes of phase currents in all phases with
balanced angle displacement of 120° between these currents (I, = 420°,1, = 3.22 — 120°,1. =
2.22 — 240 °). The waveforms of these currents and output voltages are shown in Fig. (15, 16)
respectively. Fig. (17) illustrates the harmonic distribution spectrum of phase current (a).
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Neutral current

5 | | | | | | | | | |
0.26 027 0.28 0.29 03 031 032 033 034 036
time(sec)
Fig. (15) the line and neutral current waveforms.
400 T
phase-a
phase-b ||
phase-c
=
=
o
K=}
=
-400
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time(sec)
Fig. (16) output voltage waveforms.
FFT analysis
Fundamental (50Hz) = 323 8 , THD= 1.95%
oasl . . . ‘ ‘ . . . .
0.4 - -
5] 0.35 - —
2 o3f -
3
S 025 -
=
= 021 |
F o5 -
01| -
i | | | | ]
o] | | |}
100 200 300 400 500 600 700 800 Q900 1000
Frequency (Hz)

Fig. (17) output current spectrum of phase (a) using FFT analysis.

Fig. (18) illustrates the trajectory of the reference-switching vector in (o, 3,y) plane under
unbalance load that appear as an elliptic shape, the shape change from circle shape in case-1 to
ellipse shape as in case-2 due to the unbalanced loading.
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Fig. (18) a trajectory of the reference voltage vector in (o, 3, y) plane.

Heavy unbalanced loading

In this case, assume phase (c) is in an open circuit condition and the other two phases are
unbalanced. This will produce different currents in all phases are (I, = 2.1220°, I, = 4.02 —
= 0.02 — 240°) A. The waveforms of these currents I, 1,,I. and I, shown in Fig.
(19), the output voltages shown in Fig. (20), Fig.s (21) illustrate the harmonic distribution
spectrum of the current in phase (a) and Fig.s (22) illustrate the trajectory of the reference

120°, I,

switching vector in (a, 8, y) plane.
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—— phase-h

031 032 033 034 036 036 037 038 03 04
time(sec)

Fig. (19) the line and neutral current waveforms.
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Fig. (20) output voltage waveforms.
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Fig. (21) output current spectrum of phase (a) using FFT analysis.

Fig. (22) illustrates the locus of the reference vector trajectory in (a, 8,y) plane under heavy
unbalanced loading condition. As seen in this Fig. the shape became more elliptic as in the
previous case, this proven that (y) axis are proportional with the magnitude of neutral current,
which means that the angle (y) depend on neutral current.
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(=]
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Fig. (22) a trajectory of the reference voltage vector in (o, 3, ) plane.
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When the inverter fed an unbalanced load as mentioned in case-3 (the heavy unbalanced
loading), the output voltage of the inverter when compared with a desired voltage for all phases
are illustrated in Fig. (23). These Figures shows the capability of this model, performance to
produce an output voltage same as reference command voltage.

on the other side, Fig. (24) show the pure sinusoidal waveform of the fundamental voltage in
the same graph with the simulated four-legged switching network AC terminal output voltage for
three phases respectively.

mim1

W et Vol a

h

iy

B Fef Vol b

Fig. (23) Comparison between reference command voltages (red line) and inverter output voltages (blue line).
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Fig. (24) Inverter output phase voltages compared with the simulated four-legged switching network AC terminal
output voltage.

8. Conclusions

This paper investigates the proposed three-phase four-leg SVPWM with a large signal inverter
model in Matlab/Simulink.

Three different cases (balanced-unbalanced-heavy unbalanced) of the load operation condition
are studied. Notice the increase in the load unbalance leads to increase of neutral current value
and THD content in output voltages for the three cases consequently. The shape and the
continuity of the reference vector trajectory presented in (a, 8,y) plane shows the performance
change of 3P4L-VSI according to load type for different operation condition. The small
difference between the desired reference voltage and the output voltage of the inverter for all
phases approve the efficiency of this technique to handle the unbalanced load.

This result leads to the truth that the SVPWM solves the harmonic contents problem in spite
of solving the unbalance in 3-phase load. This technique is compatible with hybrid power
networks and it will be the most dominant in the future.
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