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Abstract - This paper proposes a strategy for the
minimization of the line and neutral ripple current of a
three-phase four-wire, four poles, Voltage Source
Converter. The strategy consists of injecting an
instantaneous zero sequence to the references of a
triangular carrier PWM that does not affects the local
average of the converter output voltages, but only the
ripple currents. A methodology to evaluate the
instantaneous optimal value of the injected zero sequence
voltage is presented. The locus of the synthesizable
voltage vectors and the modeling of the converter are also
presented. Experimental results are presented to validate
the proposed approach.

Keywords - Three-phase four-wire converter, Carrier-
based PWM, Zero sequence injection.

I. INTRODUCTION

Three-Phase, Four Wire Voltage Source Converters
(VSC3F4W) are used in low voltage UPS systems and
Active Filters. There are two topologies for this converter.
The first one (VSC3F4W-3L) uses a conventional three-
phase converter with three switching poles, where the neutral
point is obtained at the central point of the DC side capacitor.
In the second one (VSC3F4W-4L), the neutral is obtained at
the central point of an additional switching pole (figure 1).
This second version is preferable in spite of its higher cost,
for providing higher range at the AC output voltage for the
same DC link voltage. Additionally there is the possibility of
current ripple reduction by zero sequence injection at the
PWM reference signals. Many papers have been presented
about PWM  generation for the VSI3F4W-FL
[3,4,5,8,9,10,11,12]. Many of them prefer the Space Vector
based strategies [3,4,8,10,11,12] because of its better DC link
utilization and lower current ripple. Carrier based PWM are
discussed in 5,8,9,11 without taking into account the ripple
current.

This paper shows that the same performance of the Space
Vector PWM can be achieved by injecting an optimal value
of zero sequence signal v, . to the four carrier based PWM

blocks of the VSI3FAW-FL. The use of triangular carrier

based PWM is justified by:

- its simplicity and good performance;

- its availability in DSPs and microcontrollers dedicated to
“Motor Control” applications;

- the lower computational burden (the PWM generation is
done by dedicated hardware at the processor chip);

- the results compiled in [1,2,4,6,7,14] for three phase,
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three wire converters, showing that the Space Vector

behavior can be obtained by triangular carrier PWM

with zero sequence injection.
Item II discusses the locus of the Space Vectors that can be
synthesized by the VSC3F4W-4L. Item III presents the
converter modeling. Item IV discusses the zero sequence
injection in the carrier based PWM and its effect on current
ripple. Item VI calculates the value of the optimum zero
sequence signal v, . ., that minimizes local RMS ripple

value. It shows that the Space Vector PWM (SV_PWM) [3],
which can be implemented by injecting a zero sequence
signal v, ,, 4 to the four carrier based PWM blocks, has a

behavior that is similar to the injection of v, ,,, oy . Item VI

shows experimental results.
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Figure 1. Voltage Source Converter/ 3-Phase / 4-Wire / Four Legs
(VSC3P4W-FL)

II. ANALISYS OF THE OUTPUT VOLTAGE RANGE

Figure 2 shows the locus of the vectors synthesized by a
VSC3P4W-FL where the local average of the output voltages
VaxsVsys Ve vary in the range *v, and the local average of
Vyy 18 zero (v, =1pu ). This figure shows the axes of the
orthonormal basis @0 and the axes of the basis rst . Figure
3 shows the space vector locus of the output voltage vector
for v,, varying in the range +v,. The voltage v,, displaces
the original locus (figure 2) in the axis 0 direction, by a
+v,amount. For a large range of v,, it is possible to
achieve vectors whose «af coordinates lies inside the
hexagon shown in figure 3. The increased output range is
especially important for converters connected to the line,
where the converter voltages must at least counteract the line

voltages to impose zero current. Additionally, for example,
in an active filter, high amplitude harmonic voltages
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(balanced and zero sequence ones) must be injected.

The use of four independent PWM blocks or the Space
Vector PWM enables the generation of any vector inside the
external surface shown in figure 3.

Eixo 0

Eixo
Figure 2. Locus of the vectors synthesized by a VSC3PAW-FL (v, =0)

Figure 3. Locus of the vectors synthesized by a VSC3P4W-FL

III. MODELING OF THE VSC3P4W-FL

The VSC3P4W-FL in figure 1 can be modeled as a Wye
connection of four voltage-sources Vi, ;Ve, sV, Vyy to the
point X, according to figure 4. The load is modeled as a set
of counter EMF satisfying the

condition v, +Ves+ Ve =0.

[ VersVess VersVen ]

converter
Vrx
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The set of converter voltages [V,y;Ve Vs ] contain the
balanced (v,, vg, v;,) and zero sequence (v, ) components

defined by equations 1,2,3,4 using matrix notation. The sum
of the balanced components is instantaneously equal to zero.

V=V, +V, (1)

V= [VRX;VSX;VTX ]t 5 Vo = [VZ VzVz } )
V, = [va Vs va]‘ =V-Vy 3)

vy =(Vey + Vex t Vi )/3 “4)

Using equations 1,2,3,4 and the “sources displacement
theorem” results in the circuit shown in figure 5, where the
balanced sequence components (v, Vg, v;,) and the zero

sequence component (v, ) are explicitly shown.

| 1
1 ! G2
| 1
| 1

Fig 5. Zero Sequence Components de (v, , Vyy ),

and balanced components (V,, Vg, V7, )

The zero and the balanced sequence components of the line

current can be calculated by the superposition
theorem.(equations 5, 6, 7).
dl

L- dtb =(V, - V) %)
where:

I, = [in ig, irh]t; Ve = [VCRVCS Vcr} (6)

L di
(? + LNj.d_tZ =Vt Vov ~Vax (7

The line currents are obtained by the “Superposition
Theorem” and presented in equation 8.

iy in ] [i,/3

is | _|is |, |13 ®
i i, | |i, /3

iv| |0 i
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IV. ANALYSIS OF THE INJECTION OF A ZERO
SEQUENCE SIGNAL TO THE PWM REFERENCES

Figure 6 shows the waveforms of the reference signals
Vex refs Vsx rrs Vix res Vax np» the converter output

voltages Vi ;Veyr;Viy,Vayy and the ripple at the line and

neutral currents, for one switching cycle. The graphics at the
right side column show the effect of injecting a zero
sequence reference voltage to the four PWM blocks. For this
particular case, current ripple reduction is achieved.

The behavior of the local average of the line and neutral
currents is not altered. This fact can be explained by figure 5.
If a signal v,,,, is added to the four PWM references, it will

appear simultaneously in the components v, and v,,,

causing no changes in the behavior of the local average of
the zero sequence currents (eq.7,8). However, the duty cycle
of the PWM signals is changed, altering the local harmonic
contents of the converter voltages and currents.

This can also be explained based on the space vectors
generated by the converter. For the particular values of

v v Vax s used in figure 6, the

RX _ref > vSXire?/ ’ TX _ref >

sequence of imposed space vectors is Vi, V,,, Vi, Vi,
170,178, 1712, 1714, 1715 (according to table I in appendix).
Figure 6 shows that the injection of v, displaces vertically
the four reference signals viy s Voxr vr> Vix sr> Vax s -

This equally displaces the transitions of the PWM signals
VeysVersVry horizontally. Figure 6 shows that the time

intervals of the active vectors V,,, V,,

178 is not changed,
resulting in the same average voltage vector for one
switching period. The space vector sequence generated by
the use of four PWM blocks and their vector duration is

identical to the one used in the Space Vector PWM [1].

This reasoning suggests the possibility of searching an
optimal value of v, that minimizes the ripple of the

converter currents, which will be presented in the next item.

V.OPTIMAL VALUE FOR THE
ZERO SEQUENCE SIGNAL

The optimization problem consists to find an instantaneous

value of v, (Vo,r =Vo,y o) that minimizes the cost

opt
function (i, ) defined as the sum of the RMS values of the

ripple currents for the line and neutral converter currents.
The constraints for the optimization problem are:
- use of VSC3P4W-FL converter with four identical filter
inductors;

- use of regular symmetrical sampled PWM;

- use of the same carrier for the four PWM blocks;

- over modulation doesn’t occur.
For a given quartet [vee .0 Vg .o Vax ] OF

reference signals, and for a specific value of injected zero

vTX _ref
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sequence reference v, , the circuit is simulated using eqgs.
5,7,8, and the cost function i, is evaluated. The injected
signal v, is varied in a range that avoids over-modulation

in any of the PWM blocks. The search of the minimal value
of iy, leads to the optimal injected zero sequence vy, -

The curve iy,sXV,,, is well behaved, presenting one unique

minimum point (fig 8).

To systematically sweep all the range of vy, . Vo ..
Vix nr  Vax ny and evaluate v, ., for each set of
reference signals:

- the trio v, vt VSX ref Vix o WAS choosen with the help

of figure 7 that shows the projection of the Space Vector
of the employed converter on the @f plane. The angle

of the vector was varied in the range 0~360° and its
amplitude in the range 0~1V, (see fig 7). Each vector on

af plane defines a trio vy v Vox vy Vix o -
For each trio Vex ref Vsx ref VIX ref > the value of Vax o 18

varied in the range (—V, ~+V,)

1.5,

[TRTA
EV/AN A\

N

\
1N I/
LIN/ N/
LN

Figure 7 Choice of vectors on a3 plane

Figure 8 shows the curves for 8 =30° and V=1/3V,. Each
curve corresponds to a value of v,, . (see figure legend).
The “+” symbol shows the minimum point. The complete set
of graphics is not shown in this paper. This exhaustive
method to evaluate v, , is not suitable for practical
applications. At this point, the some reasoning cited in
[1,4,6,14] can be used. It states that the SVPWM can be
obtained for a three-phase three-wire converter by injecting a
zero sequence signal v, . Paper [1,6,14] shows that v, is

such as to make the time interval of the null vectors (¥, and
V;) equal. This is equivalent to sum v, to force the

maximum and minimum reference values to be equidistant to
the zero. For the VSC3P4W-FL case, [1] states that for the
SVPWM the time intervals of the null vectors ¥, andV;
must be equal to minimize current ripple, without proof.

According to figure 6 the sequence of the space vectors is
identical for the Carrier PWM and SVPWM.
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Figure 6. Simulated waveforms for a CPWM applied to a VSI3F4W-FL, showing one PWM cycle ( 7 ): with arbitrary values of reference signals v,, ., (t) s

VK ref (t), VX s (t) and vy, . (t); Voltage Converters V., (t) » Vey (t), Vry (t) and v,y (t); and ripple current Ai,v(t), Az’s(t), Az’,(t) and Ai, (t)
Left: a) v, ., (t) =0. Right: b)v, ., (t);t 0 (reference signals showed in blue, red, green and pink lines).
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To force equal duration for V, and V|, the maximum and
minimum value of the set [ Viy v Vo or Vix sy Vi rer )
must be equidistant. This is achieved by injecting v,
defined in equation. 9

max(V, )+ min(V, ;)
: ©)

ret = [Vax ref 3 VS Xref 3 VT X ref > VNXJqf]

Vo ref s

where : \%
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Figure 8 Plots of i XV, for @ =30° and V=1/3V,;
for: (vyy ., =-1.0V, (green), -0.5 ¥, (magenta),
0 (black), 0.5V, (red), 1.0V, (cyan)

To verify the optimality of the SVPWM and the carrier
PWM (CPWM) with injection of v, g , the value of

iys Was calculated for all of the previously simulated

cases and shown in figure 8 by a “*” symbol. It shows the
quasi-optimum behavior of the SVPWM and the CPWM
with injection of v, . The signal v, g evaluated

by using eq.9 is easy to calculate. The carrier based PWM
is included in all “power electronics” dedicated CPUs,
requiring no extra processing. This makes this solution
preferable = when  compared to the SVPWM
implementation.

VI. EXPERIMENTAL RESULTS

A prototype of a VSC3F4W-FL using IGBTs and
controlled by an DSP TMS320LF2407A was implemented
(figure 9). Experimental results are shown considering:
2V,=37.5V,R=24Q, C=10pF, L =20mH, LN=25mH.
Experimental results are shown in per unit values. The
currents were measured, their fundamental component
evaluated and used to calculate the ripple current (figure
10, 11). The measured currents were numerically
processed using Matlab to extract their fundamental
components, and to obtain only the ripple currents.
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Figure 9. Experimental setup for the VSI3F4AW-FL

Figure 10 presents the ripple at the line and neutral
conductor and their spectra for the case with v, =0.

In figure 11 v, =v,, g is injected, showing a good

improvement in the ripple amplitude.
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Figure 10 Experimental Results — Ripple current and their spectral for no
injection of zero sequence v, =0. Top (line current) and Botton

(neutral current)
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Figure 11 Experimental Results — Ripple current and their spectral for
injection quasi-optimal of zero sequence v, =v,, g . Top (line

current) and Botton (neutral current)
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VII. CONCLUSION

The implementation of the SVPWM for the VSC3F4W-FL
converter by zero sequence injection in a conventional
carrier based PWM is discussed. An optimum value for the
injected zero sequence signal which minimizes the sum or
the RMS values of the ripple currents is evaluated. The
quasi-optimum behavior of the SVPWM for minimizing
current ripple is emphasized. A simple formula for on line
evaluation of the injected zero sequence is shown.
Considering that the Carrier PWM requires no additional
computational load in the commercially available DSPs,
the discussed PWM is an attractive option for
implementing four wire- three-phase converters.
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APPENDIX A: TABLE OF SPACE VECTORS

TABLE 1
Definition of the Space Vectors
Vi Voo Vi Vi sV
A A
v, -V, -V, -V,
-V Vi - Va - Vi v,
Vi Vi - Va - Vq v,
-V, -, v, -V, v,
v, -V, v, -V, v,
-V, v, v, -, v
v, v, v, -V, v
-V, -V, -, v, v
Vi -Va - Va Vi v,
-V, v, -, v, v,
Vi Va - Vi Vi v,
- Vi - Vi Va Vi v,
v, -V, v, v, v,
- Vi Vi Vi Vi v,
v, v, v, v, v,
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