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Abstract: In general the tri-dimensional space vector
pulse width modulation has been widely used for control
of three phase four wire system converters. In this paper,
the output voltage of inverter has been generated by the
grouping of two different control schemes. One is for abc
coordinate-based reference voltage generation for
proposed inverter half-bridge circuit, and other is
equivalent reference voltage of abc in a80 coordinate for
proposed inverter full bridge circuit. A simple bi-
dimensional scheme calculated the generated gating
signal of reference voltage vector location. The proposed
scheme is verified by MATLAB/Simulink .

Keywords: Three Phase Four Wire System, abc, a80,
Space Vector Pulse Width Modulation, Multilevel Inverter.

I.  INTRODUCTION

In three phase four wire system three-leg inverter
configuration have been more popular in
electrification building blocks for electrical drives,
power compensators, conventional and renewable
energies, Flexible AC Transmission Systems
(FACTS), and office automation etc.. This is due to
simple to control and achieve the magnitude of
voltage and frequency by using pulse width

modulation (PMW) techniques. The conventional
multilevel inverter(MLI) topologies such as neutral-
point clamped, flying cascaded and Cascaded H-
bridge are required more power semiconductor
devices, voltage unbalancing problem, power devices
and switching losses[1-2]. The fourth wire or the
neutral wire current in this multilevel inverter
topologies are generated due to unbalanced voltage
and voltage stress across the inverter. The
asymmetrical cascaded MLI topology is most popular
to obtain the same output voltage level than the
conventional MLI due to the lesser number of power
semiconductor devices and other power components.

Numerous PWM techniques are used to control the
MLI topologies. Space vector pulse width modulation
(SVPWM) is widely implemented over the other
techniques due to simple to achieve the desired output
voltage, more switching voltage vectors, lower
percentage of harmonics, switching losses, simple to
implement experimentally and the higher percentage
of dc source voltage utilization [3-4]. Commonly, the
af or abc oriented SVPWM algorithms can be utilised
to determine the reference voltage. The aff coordinate
is only appropriate for balanced or three wire
applications, whereas abc coordinate was considered
for four wire or unbalanced system [5-7].



The af coordinate SVPWM is the merits of
simple to the determine calculation of reference
voltage vector and location. This method is not
suitable for control the voltage unbalanced load or
source conditions [8]. The abc coordinate SVPWM
useful to control the voltage or current when the
unbalanced loads or sources. This scheme is
simple to implement experimentally when the
number output voltage level is higher than three
[9]. Even though, the aB0 coordinate is superior
performance when the output voltage level is
lesser than three. The features of the af0 and abc
coordinate oriented SVPWM algorithms are
combined to make the proposed SVPWM
algorithm [10-12].

In this paper, three phase asymmetrical fifteen
level inverter is proposed as shown in Fig.1.The
half bridge circuit is controlled by abc coordinate
or tri-dimensional SVPWM, whereas af0 or tri-
dimensional SVPWM control half-bridge circuit.
The simple bi-dimensional SVPWM algorithm
determines the reference voltage vector, and duty
cycles are computed by using tri-dimensional
SVPWM. The MATLAB/Simulink is carried to
validate the proposed algorithm.
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Fig. 1. Asymmetrical Fifteen level inverter

I1.  Proposed Hybrid Bi-Tri Dimensional
SVPWM

The Fig. 2 shows that the proposed block
diagram of asymmetrical fifteen level inverter with
the unbalanced nonlinear load. The reference

voltage vector and duty cycle determination in abc
coordinate of the half-bridge circuit are presented
in this section. Also, the full bridge reference
voltage vector and duty cycle determination in a0
coordinate were presented in this section.
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Fig. 2 Block diagram proposed HBTD-SVPWM
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A. SVPWAM in abc coordinate system:

In this section, the reference voltage vector was
calculated by the bi-dimensional procedure in abc
coordinate system. Tri-dimensional abc coordinate
system computed the tetrahedron and duty
cycle.

i.  Size of cubes determination

The voltage sources or output voltage
levels in the multilevel inverter have defined
the size of cubes in the abc coordinate. The
sides of a cube are equal when the output
voltage increment of the level is remaining
unchanged. In this proposed asymmetrical
multilevel inverter, the level of increment in
the output voltage from one to other is same while
the input sources are unequal as shown in Fig. 3.

The proposed inverter maximum voltage level
is

Vbci+Voce2+Voes=Voe. (1)




The output level switching in positive and
negative direction is

Vo ==—7— 2

Fig. 3 abc Coordinate Cubic SVPWM

From the cubic diagram Fig. 3 the number
voltage vector points depend on the number of
level of an inverter, i.e., n%, where n is indicated
the number of inverter output level. Similarly,
the number of subcubes is based on the number
of levels, and it is calculated by (n-1)3.

ii. Reference Voltage Vector Determination

The required output voltage vector is calculated
from the actual voltage by comparing and
adjusting with the output voltage of the inverter.
The normalised reference voltage vector location
is determined by an absolute value of phase
reference voltage as shown in Fig. 4. The
normalised reference voltage of H —bridge circuit
is

Vretn-n =  abs ( e Jb Yo ) (3)

Vpc’ Vpe’ Vie

Fig.4 Reference Voltage Vector Location.

iii. Finding sub prism and Sides of Cube

Initially, the sub-prism was determined to find
the sides of the cube. The V;..;_5 0 or new origin

point is determined from the phase r[eference \'c‘,mmented [G1]: Inserted: i

voltage absolute value. The point of reference
voltage vector from the new origin location is
calculated by

oa = Vyn — abs (V‘ref—Ha)
ob = Vyn — abs (Vreg-ub) 4)
oc = Ve —abs (Vyes-pC)

The new origin is (ao, bo, Co) and other sides of
cubes are equalled in distance from the new origin
location. In this proposed inverter, the sides of the
cube are d=0.1429. The remaining sides are
determined by as per the Fig. 5 of (ao+d, by, Co),
(ao| bo, Co+d), (ao, bo+d, Co), (ao+d, bo+d, Co), (ao|
botd, cotd) and (ao+d, b, cot+d).
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Fig.5 Sides of cube



v. Finding the Tetrahedron from cube

The reference voltage vector area can be
effortlessly calculated by min, median and max
value estimation of reference voltage separate
from the sub-3D square starting point. In this
proposed method, the reference voltage vector laid
simple two steps calculation  determines
tetrahedron.The calculating step procedure is same
when the number of levels is changed. The
following flowchart explains the determination
reference voltage vector located tetrahedron.

= abs (Va, Vb, V)
¥, ety = sign (Va, Vb, Vo),

a=Va-abs (Va)
b=Vb- abs (V)
c=Ve-abs (Vo)
!
Ky = max (Va, Vb, Vo)
Kz = median (Va, Vb, V¢)
K3 = min (Va, Vb, Vc}

Fig.6 Flowchart of abc coordinate SVPWM

vi. Duty cycle computation

The tetrahedron has four corner points, and
duty cycles are computed from the points of
abc phase voltage. The voltage vector of
tetrahedron points are

Van = Hzlm d; + szm d, + Hgn ds + Hgn d,

Vbn = Hén dl + Hﬁn dZ + Hgn d3 + Hgn d4— (5)

Ven = H%n d; + H?n d, + Hgn ds + Hgn d,
From the voltage equation of tetrahedron,

the duty cycles are computed to generate the

pulses
di+do+datds =1 (6)

The general equation is required to
compute the voltage vector of any tetrahedron.
To simply the above voltage vector equation
the maximum, median and minimum value
voltage vector is required in a tetrahedron,

ke
[

= max (a,b,c)
K, = median (a,b,c) 7
= min (a,b,c)

&
|

The duty cycle of any tetrahedron is

d1=1_K1

d, =K, — K,

d; =K, — K3 ®)
dy = K3

B. SVPWM in af0 coordinate system:

In this section, the reference voltage vector was
calculated by the bi-dimensional procedure in abc
coordinate system. Tri-dimensional a0 coordinate
system computed the tetrahedron and duty cycle.

i. Reference Voltage vector computation

The reference voltage vector calculation is
same for abc and af3o coordinate.

2
VrEf = \/5 (VFa + aVFb + aZVFc) (9)

j2rm
3

2
wherea =e 3 and a? = e"(Tn)

The reference voltage vector is abc coordinate
system, and it is not suitable for the full bridge
circuit. The full bridge circuit is generating the
bidirectional or the positive and negative cycle
output. The abc coordinate is not a reliable and
wider control when the reference is positive and
negative magnitudes. In this proposed scheme, the
abc coordinate reference voltage is rotated to
equivalently as aafo coordinate. Hence, the
reference voltage vector magnitude is same in both
coordinate system, and it avoids the Clark's



transformation of the reference voltage.

.2 1 1
Vrer = [I\E(Fa —3F—3F)+

j%(Fb—l«"c)+k%(Fa+Fb+E)] (10)

ii. Rotating and identifying the reference
voltage vector

Rotating the reference voltage vector from abc to
afo coordinate is

z 1 1
ref 3 3 3 Va
vieb=0 1 -1|[v (11)
V2 2 V2l
3 3 3

The reference voltage vector may lay anyone
of the triangle in aBfo coordinate as shown in
Fig.7.
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Fig. 7 Tri-dimensional SVPWM in a0 coordinates

To reduce the computational steps reference
voltage vector location is determined by bi-
dimensional coordinate. The reference voltage

vector in afo coordinate as shown in Fig. 8 and bi-
dimensional value are

xq = int(Vy) (12)

yg = int (Vﬁref) (13)
Xq =71C0S0 = Vyppsingcost  (14)
Vg =71sin€ = Vyersingsind  (15)

zo = Vies sing (16)

Where, r = Vi sin g

Fig. 8 Reference voltage vector calculation

iii. Duty cycle Computation

The reference voltage vector location is
identified from the egn.The triangle is determined
based the reference voltage vector location. The
triangle edges are detected, and the duty cycle is
computed as per the Fig. 9.

Viep = t1V1 — 3V, — t3V3 (17)

to=1—te—ty,—t, (18)

Fig. 9 Duty cycle calculation



111, SIMULATION RESULTS AND
DISCUSSIONS

In this section, the proposed three phase four
wire system for asymmetrical fifteen level inverter
was simulated using MATLAB/Simulink as shown
in Fig. 10. The nonlinear unbalanced load RL is
connected across the output of inverter through the
line. Fig. 11 and Fig. 12 are shows that the
simulated three-phase output voltage and current
waveform of an inverter. The voltage waveform is
very smooth stepped output, and it has carried very
minor distortion. The current waveform is nearly
sinusoidal due to an inductive load connected and
reduces the harmonics in the output waveform.
Even though the phase output voltage of inverter
has presented a smaller quantity of harmonics in
the FFT spectrum. The fundamental output voltage
is 163.8 and % THD is 9.12 as shown in Fig. 13.
The utilisation of dc source and switching losses
are not much efficient due to unsymmetrical
switching sequences.

Fig. 10 Simulink model of HBTD-SVPWM

Threg phase output waveform
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Fig. 12 Three phase current waveform
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1V. CONCLUSION

The proposed hybrid bi-tri dimensional space
vector pulse width modulation for asymmetrical
fifteen level inverter with unbalanced nonlinear in
three phase four wire system was simulated. The
performance of inverter with mathematically



developed algorithm was validated through the
simulation. The reference voltage vector was
computed in Bi-dimensional SVPWM. The
tetrahedron and duty cycles are calculated by the
simple procedure in Tri-dimensional SVPWM.
The simulated results explained the lower
percentage of THD and distortions. Even though,
the THD values are higher than the standard value.
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