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Abstract: This paper proposes a three-phase
universal power filter with a reduced number of
switches. Such a topology uses only ten switches.
The topology and its operating principles are pre-
sented. A suitable control strategy is proposed to
improve the use of the topology. Simulation and
experimental results are presented.
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I. INTRODUCTION

The strict regulations about the flow of electrical en-
ergy has stimulated the use active power compensation
schemes [1,11]. The active power compensation is nor-
mally achieved with the help of switching converters con-
nected as an active filter to the load and the grid. A uni-
versal power filter provides simultaneously voltage and
power factor control. One series-active filter may elimi-
nate voltage disturbances, such as sag, notch, flicker and
imbalance. That is, the series-active filter is responsible
by voltage regulation and voltage harmonic compensa-
tion. The purpose of a shunt-active filter is to absorb
current harmonics, compensate for reactive power and
negative sequence current, and regulate the dc-bus volt-
age between both active filters. That is, a shunt-active
filter is responsible for controlling the power factor, har-
monic compensation and dc-bus voltage regulation.

The study of topologies with a reduced number of
switches is an important topic in power electronics since
it may provide alternative solutions to reduce the cost of
the energy conversion process still preserving power qual-
ity. In the recent years, several research groups have been
investigating such topic [2,4,5,7,9].

This paper proposes a three-phase universal power fil-
ter with a reduced number of switch. Such a topology
uses only ten switches, while the standard topology (six-
leg converter) uses twelve-switches [8]. The topology pro-
posed and its operating principles are presented. Partic-
ularly, a suitable control strategy is proposed to improve
the use of the topology. Experimental results are pre-
sented.

II. CONVERTER VOLTAGES

Fig. 1 shows the system configuration. The converter
topology is composed by the converter G and converter
L. Converter G is composed by switches qg1, 7,1, qg2,
Q42> g3 and g3. Converter L is composed by switches g1,
T 912, G2, g3 and g3. The leg constituted by g3 and g5
is shared by both series and shunt converters. The switch
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pairs qg1 — Tg15 992 — g2, Q1 — Q15 Q12 — Qg2 and g3 — g3
are complementary. The conduction state of all switches
can be represented by an homonymous binary variable
qg1, qgla dg2, qg2a qi1, 91> G125 9i2> 93 and qs, where g=1
indicates a closed switch, while ¢ = 0 indicates an open
one.

The voltages delivered by the converter are the grid
voltages (vg1,v42 and vg3, among points g1, g2, 3 and n,
respectively) and the load voltages (v;1, vi2 and w3,
among [1, {2, 3 and m, respectively). These voltages
depend on the conduction states of the power switches
and may be expressed in terms of the previously defined
binary variables gg1, @42, g3, @1 and g2 as

Vgl = Vg0 — Uno = (2¢41 — 1)% — Uno (1)
Vg2 = Ug20 — Uno = (2qg2 — 1)% — Uno (2)
Vg3 = Vg30 — Vno = (23 — 1)% — Uno (3)
v = U0 — Umo = (2qn1 — 1)% — Umo (4)
Vi = V20 — Umo = (2qi2 — 1)% — Umo (5)
vz = v30 — Umo = (2¢3 — 1)% — Umo (6)

where E (E = v.) is the de-bus voltage, vg10, V920, Vg30
and v;10, V120, vi30 are the grid and load voltages, respec-
tively, referred to the de-bus mid-point ('0'), and v, and
vmo are the voltages of points n and m referred to the
dc-bus mid-point. Note that

Vg30 = Vi30 = V30-
III. PWM CONTROL

Pulse-width modulation can be determined directly
from the grid and load voltages referred to the dc-bus
mid-point, which in turn are defined from the desired ref-
erence phase voltages for the grid and load. If the desired
reference voltages are given by vy, v3e, vgs, vfj, vy and
v}y, then the voltages referred to the mid-point ‘0’ can be
expressed by

Vg0 = Vgt Upg (7)
Vgoo = Ugo +Upg (8)
Vgzg = Vg3t Ung 9)
Vo = U1t Uno (10)
Vg = Vit Ung (11)
Uizg = U3t Uno (12)
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Figura 1 Three-phase universal power filter system.

By using equation (9) and (12) and considering that
for the shared leg vysy = vj3y = v3, we obtain

Vpo = Vgi + Ung (13)

where vy, = vgg — vj5. This equation shows that vy, and
vy o cannot be defined independently. For example, if v}
is chosen, then vy, is automatically defined since vy, is
given.

By placing (13) into (10) and (11), the reference mid-
point voltages become

Vg0 = Vg1t Ung (14)

Vgoo = Vgt Ung (15)

Vg = g3+ Uno (16)

Ve = Uit Uyt s (17)

Vg = Uzt Uy +Ung (18)

Now the set of reference voltages is composed by vy, vy,

Vg3, Uy + vy and v, + vy, The difference between these
voltages is restricted to the interval [—E, E].

In the following, two techniques will be presented for
generating the PW M gating signals for the converters.

Method A (global apportioning factor)

The voltage v}, can be calculated based on the global
apportioning factor u, that is

* 1 * *
Uno = E(NJ - 5) — Wmax T (M - 1)vmin' (19)
where v}, = maxV and v};, = minV where V =

{v51, V52, Vg3, V) + Uy, vy + vyt This expression was
derived by using the same approach as used to obtain
the equivalent one for the three-phase PW M modula-
tor [6], [3].

The apportioning factor u (0 < p < 1) is given by

n = tm'/to (20)

to split the free-wheeling period ¢, at the beginning (¢,; =
uto) and at the end (t, = (1 — u)t,) of the switching
period [6], [3]. The apportioning factor can be changed
as a function of the modulation index (mi) to reduce the

THD (total harmonic distortion) of one of the output
voltage [6], [3].
In this case, the proposed algorithm is:
Step 1. Choose the global apportioning factor p and cal-
culate v}, from (19).
Step 2. Determine vyyg, V320, V30, Vjjg, and vjy, from
(14)-(18).
Step 3. Finally, once the mid-point voltage have been
determined, calculate the pulse-widths 741, 742, 73, ™1
and 752 by using
T T,
T; = 5 + E’Ujo
and programmable timers.
Method B (local apportioning factor)
The voltage v}, can be calculated based on the local
apportioning factor s for the grid (s = g) or load side
(s =1), that is

for j=g91,¢2,3,11,0r 12 (21)

1
U:;O = E(:LLS - 5) - Msv:max + (MS - 1)v:min' (22)
where v} . = maxV, and v} _; = minV, if s = g or
Vi max = maxV; and v} . =minV] if s = ., where V,; =

{051, V50, Vg3 ) and Vi = {vgs, vfy + vy, v + vy b Besides
(22), the voltage v}, must also obey the other converter
side (reference load voltages Up = {v}; + vy, v + vy}
(if s = g) or reference grid voltages U, = {v;;,v;5} (if
s =1)). Then, from (17)-(18) and (14)-(15) the limits for

*

vy, for s = g and s = [, can be calculated as

Vromax = F/2—maxU (if s=g9) (23)
Vromin = —FE/2—minU; (24)
Vromax = P£/2—maxU, (if s=1) (25)
Vromin = —E/2—maxU,. (26)

In this case, it is possible to control how the harmonic
distortion is split between the converters A and B. The
proposed algorithm is:

Step 1. Choose the local apportioning factor ps so that
grid or load converter is optimized and calculate v, from
(22).
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Figura 2 Control block diagram of the system.
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Step 2. Determine the v}, limits v} .. 0 min

(23) and (24) or (25) and (26). Limit v} t0 v} max
> ,U:l() max and U’;k'LO to U’;kLO min if ,U:l() < Ur*LO min*

Step 3. Determine vy, 590, V30, Vg, and vj, from
(14)-(18).

Step 4. The same as the Step 3 of the Method A.

IV. VOLTAGE ANALYSIS

The maximum three-phase voltage capability for sinu-
soidal steady-state operation of the G and L converters
is obtained when the desired voltage for the shared leg is
given by v3; = 0 (i.e., vy = —vy3). In this case the max-
imum amplitude of the sinusoidal voltage for each phase
voltage is (F/+/3)/2. This corresponds to same voltage
capability of the four-leg converter [7,10], while the max-
imum amplitude for the six-leg converter is E/ V3.

With the use of the proposed schemes the maximum
three-phase voltage capability for sinusoidal steady-state
operation of the G and L converters is Vy +V; = E/\/g,
where Vj is the amplitude of the grid voltage and V; is the
amplitude of the load voltage. That is, we can define the
amplitude of grid and load voltage as: V, = (1 —8§)E/v/3
and V; = 6E/+/3 where the constant § is given by 0 <
0 < 1. We conceive three control modes:

i) mode 0: (§ = 1/2): V, = V, = (E/V/3)/2 that
corresponds to v3, = 0.

ii) mode G (0 < 0 < 1/2): i.e., V; >V}, what increases
the voltage capability of Converter G toward to that of
the six-leg converter.

iii) mode L (1/2 < § < 0): i.e., V; > V,, what increases
the voltage capability of Converter L toward to that of
the six-leg converter.

V. OVERALL CONTROL

As discussed in the Section IV, to obtain with the pro-
posed converter the same maximum voltages of the six-leg
converter, the de-bus must be doubled. However, the pro-
posed converter allows to split voltage capability and to
relax some control objectives which may avoid the need
for doubling the dc-bus voltage.

For that, system is designed such that in steady-state
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the voltages vq1 —vg3 are small than the voltages vy —v;3.
That is, the system operates as in mode L of Section IV,
where more voltage is available to the converter L. In this
mode the system can compensate the steady-state load
voltage imbalance and control the grid current. In the
other hand, the compensation for a short time interval of
fast variation of e41 — e43, where it is need large values of
Vg1 — Vg3, can be accomplished with the system operating
as in mode G, relaxing the power-factor control provide
by converter L (because the available voltages v;; — 3 is
reduced).

Fig. 2 presents the control block diagram of the system.
The capacitor voltage v, (de-bus voltage) is adjusted at a
reference value by using controller R.. This controller de-
fines the amplitude I} of all three-phase grid currents. To
obtain a unity power factor, the instantaneous reference
currents iy, i¥, and i3 (i%43) must be synchronized with
the voltages egs1, es2 and eg3 (es123). This is obtained by
using block syn.

The regulation of the voltages is implemented by using
the block R,. The block sd detect the positive sequence
of the grid voltage. Block R; implements the current
control strategy. The change of the converters mode of
operation is done by detecting the fast voltages variation
and defining the power factor. That is implemented in
block fd.

VI. SIMULATION RESULTS

The system presented in Fig. 1 have been studied by
simulation supplying a RL load. In the tests the switch-
ing frequency was 10kH z and C' = 1000pF'.

The simulation results were obtained to study an un-
balance transient of grid voltage (es1, €s2, and eg3). In
the test third-order harmonic voltages are added to the
grid voltages at ¢ = 2.6s. Fig. 3 presents simulations
results. The six parts of this figure are: (a) the grid
voltages, (b) the grid currents, (c) the load voltages (d)
the load currents, (e) the converter grid voltages (after
the transformer) and (f) converter currents. The power
filter compensates the harmonic voltages and warrant si-
nusoidal grid currents with power factor close to one.
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Figura 3 Simulation result: (a) grid voltages, (b) grid currents, (c) load voltages (d) load currents, (e) converter grid

voltages and (f) converter currents.

VII. EXPERIMENTAL RESULTS

The set-up used in the experimental tests is based on a
microcomputer (PC-Pentium) equipped with appropriate
plug-in boards and sensors.

Fig. 4(a)-(c) presents a experimental results (i.e.: vs —
3xig, Ve, 411) obtained with system operating ac/ac con-
verter in steady-state. The converter L supplys an in-
duction motor with ws = w; = 1207 rad/s. The overall
control of system is adequate.

VIII. CONCLUSIONS

This paper proposed a three-phase universal power fil-
ter with a reduced number of switches. Such a topol-
ogy uses only ten switches, while the standard topology
(six-leg converter) uses twelve-switches [8]. The operat-
ing principles are presented. A suitable control strategy
are presented to improve the use of the topology. Exper-
imental and simulated results are presented.
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