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Abstract— This research presents the detailed implementation of
a current controller with three-dimension (3D) space vector pulse
width modulation (SVPWM) for active filters used in four-wire
unbalanced power systems. Many techniques of current control
are widely known for three-wire balanced systems. However, some
modifications must be done in the original techniques when the
system is unbalanced and has a neutral conductor. Few works are
explicit and detailed on this subject. This paper shows the complete
process of implementation of a four-wire current controller with
a three-leg inverter and makes a comparison of its performance
with the performance of the conventional hysteresis-based current
controller.

Keywords—current control, four-wire active filter, three-leg inver-
ter, space vector

I. INTRODUCTION

Shunt active filters are used in three-phase systems to com-
pensate harmonic and reactive currents. When they are used in
four-wire systems they can also compensate load unbalance. In
four-wire systems the neutral current (if it exists) and the line
currents must be compensated together.

Figure 1 shows a shunt active power filter scheme for four-
wire systems. A three-leg inverter with two-capacitor split dc-
link is used instead of a four-leg inverter. Although a four-leg
inverter increases the robustness of the control system a three-
leg inverter is better due to its simplicity and reduced number
of switches. In the scheme presented in figure 1 the neutral of
the electric system is connected to the middle point of the dc-
link capacitors. The three-leg inverter and the three inductors L,
Ly and L3 act as a current source for the electric system. The
current controller controls the switches S1-Sg through a closed-
loop control which acts in order to inject in the electric system the
appropriate compensation currents. The compensation currents
may be calculated by several manners. In three-wire systems they
can be calculated as seen in [1]-[4]. In four-wire systems they
can be calculated as seen in [5]-[7]. In the scheme presented
in figure 1 the neutral conductor is connected to the capacitors
to allow the flow of zero-sequence currents when the load is
unbalanced. These currents must be compensated by the active
filter.

A good current control method is essential for the overall
performance of the active filter. Many techniques of current
control have been developed in the past years. In [8] there is
a good overview of many current control techniques. However
the referred work treats only of three-wire systems.

Two widely known techniques are the hysteresis-based current
control and the proportional-integral current control with pulse
width modulation (PWM). The first one is robust, fast and
relatively simple. The latter has a lower dynamic response but
is very adequate for the implementation in digital systems and

108

)
v,
AC v‘ @ NONLINEAR
SOURCE A L T A\ UNBALANCED
LOAD
) % AEATEL |4
|
I
|
I
.3 |
[ - I
o) 3 -1
a<g - ®
g W5 | az
59 1 w i
@ > 4
<w 1 2K
wo ]
S 1 <O
=] g 2
3 3
-
____________________________ B CURRENT
CONTROLLER
ica*’ icb ’ tLL* H
MEASURED:
DC-LINK :
VOLTAGE
-------------------------------------------- 5 CURRENT ¥
COMPENSATOR [ esessssesassssssnanssnnnsi

Fig. 1. Shunt active power filter in four-wire system.

has fixed switching frequency. Nevertheless a fixed switching
frequency may be obtained with the hysteresis control through
some additional complexities. Works like [9]-[11] show how this
can be done in three-wire systems. Reference [12] shows an
hysteresis-based current controller for four-wire systems.

II. FOUR-WIRE HYSTERESIS CURRENT CONTROL

This section briefly discusses the hysteresis-based current
control technique for four-wire systems presented in [12]. This
technique will be used later for a comparison of the performance
of the hysteresis-based current control with the performance of
the SVPWM-based current control in four-wire systems.

Figure 2 shows the current control scheme presented in [12].
Three comparators with hysteresis are used to compare the refe-
rence currents with the measured currents in the a50 stationary
reference frame. The currents are transformed from the abc
three-phase system to the «80 system through the abc — a30
transformation seen in (2).

Figure 3 shows a comparator with hysteresis and its input-
output relation. H = 1 when € > § and H = 0 when £ < —9.

The values of d,, 03 and dy (the comparison thresholds of the
three hysteresis comparators of figure 2) are determined in (1),
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Fig. 2. Hysteresis current control in four-wire system.
TABLE I
SWITCHING TABLE
Ho [OJO[O[O [T [T [1]1
Hg |0OJO]J1T]J1T]JOJO]1]1
Ho (O[T O[T [O|T1|]O]|1
S1 101 |O]T]|]O]1]O
So | 1]0]OJO]T|[1]1]O
S3 0[O0 1T]O]1T[O|1]|1

where ¢ is a constant which specifies the width of the hysteresis
bands.

V2 g&éo:ié (1)

V3 V3

Table I shows the gating signals for the power inverter switches
associated with the results of the comparisons. This switching
table is found in [12]. By using this table the switches of the
power inverter are turned on or off according to the magnitude
of the measured currents. If a measured current is greater than
a reference current the state of the inverter switches must be
changed in order to decrease this measured current. If a measured
current is lower than its correspondent reference current another
gating pattern must be produced in order to increase it.

This kind of current controller can keep the currents synthe-
sized in the coupling inductors (controlled currents) within an
hysteresis band, thus following the reference currents as seen in
figure 4.

Although very simple and robust this current control technique
has an inherently variable switching frequency because the on and
off times of the power inverter switches may have any duration
and vary according to the outputs of the hysteresis comparators.

o =26, 05=

III. THREE-WIRE SVPWM CURRENT CONTROL

Figure 5 shows a current control scheme with pulse width
modulation for three-wire systems. A proportional-integral (PI)
regulator is used together with a pulse width modulator. The PI
regulator minimizes the error signals €, and e and provides
reference voltages for the modulator. The modulator synthesizes
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Fig. 3. (a) Comparator with hysteresis. (b) Input-output relation.
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the desired voltages at the output of the power inverter. The power
inverter feeds the coupling inductors and synthesizes the active
filter currents.

There are many pulse width modulation (PWM) techniques
that can be used with this current control method. Reference [13]
shows results of some implementations of current controllers with
some of the available PWM methods. In [14] the space vector
PWM (SVPWM) technique was introduced. This technique provi-
des low harmonic content, improves the utilization of the dc-link
voltage, reduces switching losses of the power semiconductors
and is very easy to be implemented in digital signal processors.

The current control with the SVPWM technique provides cons-
tant switching frequency because the pulse width modulation is
done with constant modulation frequency. And the characteristics
of the SVPWM technique tend to decrease the amount of high
order harmonics at the controlled currents.

IV. FOUR-WIRE SVPWM CURRENT CONTROL

In four-wire systems the current controller must control the
active filter line currents (positive and negative sequences) and
also the neutral current (zero sequence). In figure 6 there are three
reference currents 4, , ¢;3 and 45 which comprise positive, negative
and zero sequence currents of the three-phase system. Three error
signals €, , €g and ¢ are calculated from the reference currents
and from the measured currents i, , g and ¢g. The PI controllers
receive the error signals and send appropriate signals to the
SVPWM inverter. In this case a three-dimension (3D) SVPWM
method must be used because the zero sequence current must be
controlled. The zero axis is necessary and the original SVPWM
technique [14] must be modified [15].

Three-phase abc currents and voltages must be transformed into
the a0 space. The abc — a80 transformation is shown in (2).

* | abc 2D
SVPWM

modulator

apo

Three-wire SVPWM current control.

Fig. 5.
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A. Electrical system modelling

As seen in [12], the set of power switches of figure 1 may
assume eight possible states according to the possible combina-
tions of the six switches. If S7, Sy and S5 are variables that can
assume the values 1 (on state) and O (off state), the three-phase
voltages may be written as follows in (3).

va:SloV *(1*51)"/7
’Ub:Sg'th—(l—SQ)~de (3)
UC:;93'Vd_‘C_—(1—Sg)'Vd;

Considering that V;g =V, = Vi./2 and applying (2) to (3)
the a80 voltages seen in table II are found - the voltages are
normalized with reference to V.. Each of the eight possibilities
corresponds to a vector in the o0 space. (See figure 8a.)

B. Voltage synthesis

Vectors 176 to ‘77> seen in table II are used to synthesize voltages
in the outputs of the SVPWM driven inverter according to the
desired reference vector VTe -

1) Conventional 2D SVPWM: In the original technique [14]
the space vectors, which are different of those seen in table II,
are located in the af plane - see figure 7. Vectors ?0 and
?7 are null and cause nt null voltages in the inverter outputs.
The reference voltage VTe ¢ 1s synthesized during small discrete
intervals T}, (modulation period) when two adjacent vectors
are used to produce an average output vector. Each adjacent vector
remains active during a small fraction of the modulation period
Tpwm.- .

The V,..¢ voltage is obtained from (4) and (5). Figure 7 shows
this.

Towm Vet =T0 - Vi+ Ty - Vo + Ty - Vo+Tr - Vi (4

7 T 7 T, T
Viej = 7= Vi 4 72 - o+ 7= - o4 72— V7 (5)
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Fig. 6. PI current control in four-wire system.
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Fig. 7. Vectors in the a3 plane, conventional SVPWM.

2) 3D S VPWM In the modified 3D SVPWM technique vec-
tors VU to V7 are located in the «30 space. The conventional
SVPWM strategy may be used if, instead of the conventional o3
vectors, the projections of the 3D vectors into the o plane are
used - see figure 8b. This makes the time intervals of application
of null voltages be different of those used in the conventional
technique for the synthesis of Vre -

Sector identification

Both original and modified SVPWM techniques require the
identification of the sector of the o plane the reference vector
Viey belongs to. This can be done with the following algorithm:

Uref:vﬂ
vffef:%-va—%-vg 6)
v:efiig'vo‘ié vg
1 0% .>0
_ ’Tef
x={ L0 ®
1 >0
_ 'y Yref
y {O’T#<O ®)
1 cep >0
_ s Yref
7 {07rd<0 ©)

N=X+2Y+4Z (10)

Table III gives the sector in function of N.

TABLE II
VOLTAGES 30 AS FUNCTIONS OF S1, S2 AND S3

Si] 0 1 1 0 0 0 I I
Sa| 0 0 1 1 0 0 1
S3| 0 0 0 0 1 1 1
el =2 [ 2 T “I [ I [ —L |1 I
wl -t |21 |2 P AT I B SR
S U S S S N T B O B 1?2 1?1
< 2 2 2 2 2 2 2 2
2 1 1 2 1 1
va| 0 5| | vl Vs T v, |0
vg| 0 0 L |-+ -l Lo
s vz vz Vi| vz
wo | —¥3 | 1| 1 | 1| 1 | 1| 1 | V3
0 2 23] 23 23| 23 23] 23 2
Vo V1 VQ V3 V4 V5 V6 V?
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(a) Vectors in the a30 space, 3D SVPWM. (b) Projections into the a3

Determination of the time intervals

Next step is to obtain the time intervals 7} and T, (for sector
1), Ty and T3 (for sector 2), T3 and T, (for sector 3), T, and
Ts (for sector 4), Ts and Tg (for sector 5), Tg e T (for sector
6). These time intervals must be separately calculated for each
sector by the expressions (13) through (18). These expressions
are obtained from (11) and (12). The vectors of (11) are those of
table II.

Vi=V&-a+VI-B+VE-0, ke{l,---,6}) (11
(e} a -1
T _ 7 . Vi Vil | va (12)
Tk+1 - Tpwm VB VB Vg
k k+1
PR IS R VE MRS VR I R T
|:T2:|_pwm' 0 \/§ '|:’Ug:| ( )
E T et B A
T3 T 126 1242 | Lvs

TABLE III
SECTOR IDENTIFICATION.

N 1123 [4]|5]6
Sector [ 2 |6 [ 1[4 ]3]|5
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The time intervals of the 0 axis vectors are calculated by (19)
and (20).
Ty = 0o Tpum/V3 — 2T2/3 — T1/3 +

Tpwm/2  (19)

TO = prm - T2 - Tl - T’7 (20)

Generation of the switching pulses

The generation of the six pulses for the inverter switches can be
done by three digital comparators and an up-down counter. Most
digital signal processors provide this facility. Generally there are
at least three comparators and at least one up-down counter that
allow the easy implementation of the 3D SVPWM technique.

Figure 9 shows the process of pulse generation. Each of the
three comparison values (¢,,t,t.) correspond to one of the three
upper switches of the power inverter. If the reference vector is
in sector 1, Sy (figure 1) must be on only when the counting is
greater than the comparison level ¢,. By analogy, So must be on
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Fig. 10. (a) Source compensated currents, (b) load currents, (c) compensation
currents. Units are amperes and seconds.

when the counting is greater than the level ¢, and S3 is on when
the counting is greater than t¢.. The levels ¢, t; and t. depend
on the sector V.. is in and are calculated from the time intervals
Ty through 7% according to tables IV, V and VL

V. RESULTS

An active filter for a four-wire system (figure 1) was simulated
with the SimPowerSystems blockset of Matlab/Simulink. In the
simulation the nonlinear load of figure 14 was connected to the
sinusoidal three-phase source. The highly nonlinear load currents
where compensated with an active filtering scheme like that of
figure 1. The studied current control method with the neutral
conductor connected to the middle point of the capacitors and
using the 3D SVPWM technique made possible the correct com-
pensation of the harmonic, reactive and zero sequence currents.
This simulation used V; = 100V}, f = 60Hz, L1 = L2 = L3 =
2mH, th =V,. = Vae/2 =200V and T}, = 100us. The PI
regulators were adjusted with kp = 5 and ki = 0.2. Figure 10

TABLE IV
DETERMINATION OF t

Setor | tq
T To/2
2 To/2 +1T3/2
3 To/2 +T3/2+T4/2
4 To/2+Tu/2+T5/2
5 To/2 +1T5/2
6 To/2
TABLE V

DETERMINATION OF ¢y,

Setor | t

1 To/2+T1/2

2 To/2

3 To/2

4 To/2+ T5/2

5 To/2+T5/2+Ts/2
6 To/2+T6/2+T1/2
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TABLE VI
DETERMINATION OF t.

Setor | t.

1 To/2+T1/2+T2/2
2 T0/2+T2/2+T3/2
3 T0/2+T3/2

4 To/2

5 To/2

6 T()/2+T1/2
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Fig. 11. (a) Neutral current of the source, (b) neutral current of the active filter,
(c) neutral current of the load. Units are ampéres and seconds.
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Fig. 12. Frequency spectra of the currents with the studied method. (a) Source
current, (b) load current, (c) compensation current. Frequencies are in hertz.
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cies are in hertz.

neutral

Fig. 14. Nonlinear load used in the simulation.

shows the compensated currents of the ac source, the load currents
and the compensation currents injected in the system by the active
filter, in this sequence. Figure 11 shows the neutral currents of
the source, of the active filter and of the load.

The frequency spectra of the phase a currents are shown in
figure 12. In order to verify the performance of the studied control
strategy it was compared with the hysteresis-based technique for
four-wire systems [12]. Figure 13 shows the frequency spectra of
the phase a currents when the hysteresis current control is used.

VI. CONCLUSION

This research has presented the detailed process of implemen-
tation of a current controller with 3D SVPWM for active filters
in three-phase four-wire systems. A simulation of an active filter
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used with an unbalanced system has validated the studied current
control method.

A comparison with the hysteresis-based control [12] has shown
that the studied method has a better performance. This method
allows the compensation of positive, negative and zero sequence
currents and its performance is excellent, as seen in figure 12.

The next step of this research is to implement laboratory
prototypes of this and other types of current controllers.
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