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The Transtformerless Single-Phase Universal
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Abstract—This paper presents a universal active filter for har-
monic and reactive power compensation for single-phase systems
applications. The proposed system is a combination of parallel and
series active filters without transformer. It is suitable for applica-
tions where size and weight are critical factors. The model of the
system is derived and it is shown that the circulating current ob-
served in the proposed active filter is an important quantity that
must be controlled. A complete control system, including pulse-
width modulation (PWM) techniques, is developed. Comparisons
between the structures are made from weighted total harmonic
distortion (WTHD). The steady-state analysis is also presented
in order to demonstrate the possibility to obtain an optimum
voltage angle reducing the current amplitude of both series and
parallel converters and, consequently, the total losses of the sys-
tem. Simulated and experimental results validate the theoretical
considerations.

Index Terms—Optimum voltage angle, single-phase configu-
ration, total harmonic distortion, universal active power filter
(UAPF).

I. INTRODUCTION

HE strict requirement of power quality at input ac mains
T and the output load (sensitive loads) in the area of power
line conditioning is very important in power electronics [1].
Different equipments are used to improve the power quality,
e.g., transient suppressors, line voltage regulators, uninterrupted
power supplies, active filters, and hybrid filters [1]-[6]. The con-
tinuous proliferation of electronic equipment either for home ap-
pliance or industrial use has the drawback of increasing the non-
sinusoidal current into power network. Thus, the need for eco-
nomical power conditioners for single-phase systems is growing
rapidly [2], [7]-[12]. Different mitigation solutions are currently
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proposed and used in practice applications to work out the prob-
lems of harmonics in electric grids. Over the past few decades,
the use of active filtering techniques has became more attractive
due to the technological progress in power electronic switch-
ing devices, enhanced numerical methods, and more efficient
control algorithms.

The series active power filter (SAPF) [13]-[18] provides load
voltage control eliminating voltage disturbances, such as unbal-
ance, sags, notches, flickers, and voltage harmonics, so that a
regulated fundamental load voltage with constant magnitude is
provided to the load. The purpose of a parallel active power filter
(PAPF) [19]-[31] is to absorb harmonic currents, compensate
for reactive power, and regulate the dc-bus voltage between both
active filters. The universal active power filter (UAPF) [32]-
[43] which is a combination of both, is a versatile device that
operates as series and parallel active power filter. It can simulta-
neously fulfill different objectives like maintaining a sinusoidal
voltage (harmonic free) at the load, source current harmonics
elimination, load balance, and power factor correction. For stan-
dard configuration [see Fig. 1(a)], the series converter utilizes
a transformer for isolation. The cost and size associated with
the transformer makes undesirable such a solution, mainly for
office and home environments.

This paper proposes an universal active filter topology
for single-phase systems applications without transformer, as
shown in Fig. 1(b). In this case, the control of the circulating
current becomes an important aspect in the converter design be-
cause this current may contribute to additional power loss and
large circulating current may cause severe instability and also
make damage to the circuit devices. A complete control sys-
tem, including pulse-width modulation (PWM) techniques, is
developed. Comparisons between the structures are made from
weighted total harmonic distortion (WTHD). The steady-state
analysis is also presented in order to demonstrate the possibility
to obtain an optimum voltage angle reducing the current ampli-
tude of both series and parallel converters and, consequently, the
total losses of the system. The operation principle, control strat-
egy, steady-state analysis, simulated, and experimental results
are presented to validate the theoretical considerations.

II. SYSTEM MODEL

The proposed configuration shown in Fig. 1(b) comprise the
grid (e4, i), internal grid inductance (L), load Z; (v, %),
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Fig. 1. Single-phase UAPF: (a) conventional structure and (b) transformerless
proposed structure.

converters S, and .S;, with a capacitor bank at the dc-link and
filters Z, (L., L., and C,) and Z}, (Lh, L, and C},). Converter
S, is composed of switches q., ¢, ; q,, and g,. Converter Sy,
is composed of switches gy, G, ¢;,, and . The conduction
state of all switches is represented by an homonymous binary
variable, where ¢ = 1 indicates a closed switch, while ¢ = 0 an
open one. The converter pole voltages v.g, v.,, vno, and U;Lo
depend on the conduction states of the power switches, that is

Ve

Ve = (QQe - 1)5 (1)
Ve

veo = (20 = 1) @
Ve

Vho = (2% - 1)5 (3)
/ / Ve

Vho = (Qqh - 1)5 (4)

where v, is the dc-link voltage.
From Fig. 1(b), the following equations can be derived:

re 1 . oo\
Veo — Vg = (; + ;p) ie — (5 + Sp) i+ v, —

(©)
r, . 7 1,

o0 = Vo (2’ 5 >zh (; 3P )zﬁw (©)
7,1/ l/ ,,,/ l/

Ve — Uho (26"‘5 )Zé_ (2}1"‘;17) iy +u (1)
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Te l(: . Th lh .
Ve — Vho = 5"’517 le — 2+2p U + Vg — v

(¥
g — Vee — V1 = (14 +1yp) iy ©)
1 . )
PUce = E(Zg + Zc) (10)
1 . . ./
pu = —=(ig — 4 —14y,) (11)

Ch,

where p = d/dt, vy = e, — 141y — lypiy, v = Vcp, and 4 is
calculated using the load model which can be linear or nonlin-
ear; and symbols r and [ represent resistances and inductances of
the inductors L,, L., L,, Ly, and L} . The circulating current
1, is defined by

o = T +Z; :_(Zh—’_z;l) (12)

The demonstration of (12) is presented in Appendix I. By intro-
duction of 7,,, (5)—(11) can be written as

oo lo U )
Ve — Vs = {2@+;+<£+£>p]z@

/r/ l/
R (2 n 5;9) io (13)
r r L, U
Uho — Vhg { 2’1 5’1 + (2 + ;) p} i
/ l/
+w+<;+§)% (14)

rho U\ o _
- (2‘ + 21)) ie + (2’“‘ + 519) in - (15)

Te le . Th lh, .
Ve — Vho = §+§P le — 5+5P th + vy — U

(16)
€g — Ve — U = (7"_(] + lgp)’l.g (17)
1. .
PUce = E(Zg + Ze) (18)
1 L .
pu = —(ig — @ + i + 10). 19)

Ch,

The resultant circulating voltage model is obtained by adding
(13)-(16)

/
— Unho — Uno

-[(G+3)+ (5+%)]
+[(3-%)+
[(2-5)+

/
Vo = Vg + Veo

w\*

(20)
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The voltage v, is used to compensate for the circulating current
1.

The final model is then composed of (13), (14), (17)-(19),
and (20). Given the variables ¢, and ¢; (defined by load model),
Veo, Vbg, Vno, and vy, variables i, i., i5, i, v;, and vee can
be determined from this model.

From the point of view of the controllers, the voltages: v, =
veg — UL, (converter S, ) is used to regulate and compensate for
the load voltage v;, v, = vpo — v;LO (converter Sj) regulates
and controls the grid current in order to maintain the power
factor close to one and v, = v, + Veo — ”;Lo — vy (converter
Se + Sp,) is used to cancel or maintain the circulating current 4,
near to zero.

In the balanced case, filter inductors are equal (L, = L/ and
L;, = L}) the circulating voltage model becomes

Te Th le lh .
Vo = Vg + [(24-2)4— <2+2>p] 1. 21

Thus, it can be noted that to minimize the circulating current
1, the voltage v, must be equal to v, i.e,

Uy = Uy 22)
When i, = 0 (i, = —i,, i, = —i},), the system model becomes
Veo — Voo = Vg + (re + lep)ic — vy (23)
Vo — Uy = (T + Lp)in + v (24)
eg — Vee — U = (1g + 1gp)iy (25)
PUee = Cie(zq + ic) (26)
1. L
pu; = C—h(zg — a4+ ). 27)

This model is similar to the model of the conventional filter
with an ideal transformer. Therefore, we can use v, = v.o — v,
(converter S,) to regulate the load voltage and v, = v;,0 — v},
(converter S},) to control the power factor and harmonics of i,
as in the conventional filter.

III. PWM STRATEGY

The PWM strategy of the converters can be directly calculated
from the pole voltages v, v5, v}, and v . Considering that
vy, vy, and v; denote the reference voltages requested by the
controllers (see Section VI), it comes

*/ *

Veg — Vg = ¥, (28)
/
Upo = Vho = Up (29)
*/ * */ * *
Ueo + Veo =~ Vho — VUnho = Vo, (30)

These equations are insufficient to determine the four pole volt-
ages v}, v}, vj,. and vy} Introducing an auxiliary variable
v} and choosing v}, = v, it can be written as

Vi = Vs U] 3D

v = v (32)
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V=5t Ty T (33)
u;g:%e—%—%‘uru;. (34)

Two methods are presented next in order to choose v .

Method A: General approach

In this manner, the reference voltage v}, is calculated by taking
into account the maximum v* /2 and minimum —v’ /2 value of
the pole voltages, then

* * *
Vgmax = UC/Q ~ Unmax (35)
* * *
Upmin — 71}(3/2 — Unmin (36)
where v} is the reference dc-link voltages, v}, = max ¢ and

v, =mind with 9 = {v},0,v}/2 4+ v} /2 — v} /2,05 /2 —
/2 = 052}

After v} is selected, all pole voltages are obtained from (31)—

(34). Then, v;, can be chosen equal t0 v}, a5 Vypnins OF Vpayy =
(U} max + Vimin)/2. Note that when v% . or v’ . is selected,

one of the converter-leg operates with zero switching frequency.
On the other hand, operation with v}, . generates pulse voltage
centered in the sampling period that can improve the THD of
voltages.

The maximum and minimum values can be alternatively used.
For example, during the time interval 7 choose v}, = v}, .. and
in the next choose v = v, ;.. The interval 7 can be made equal
to the sampling period (the smallest value) or multiple of the
sampling period to reduce the average switching frequency.

Once v} is chosen, pole voltages v, v}, vy, and v}, are
defined from (31)—(34). Since the pole voltages have been de-
fined, pulse-widths 7., 7/, 7,, and 7}, can be calculated by

Te = g + UZCU:O (37)
d:§+£% (38)
T = g + UZCUZO (39)
™ = % + %v,’;’o. (40)

Alternatively, the gating signals can be generated by comparing
the pole voltage with a high-frequency triangular carrier signal.
Method B: Local approach
In this case, the voltage v}, is calculated by taking into
account its maximum and minimum values in the series or
shunt side. For example, if the series side is considered (s = e),

then v}, .. = maxd,andv}, . = mind, with 9. = {v},0}
and if the shunt side (s = h) is considered, then v}, .. =
max ¥, and v}, . =mind, with 9, = {v}/2+v;/2 -

v/2,v5 /2 — v} /2 — v} /2}. Besides these voltages, voltage v’
must also obey the other converter side.Then, these limits can
be obtained directly from v and v> . from (35) and (36).

*
a rmin

rmax
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Fig. 2.  Steady-state circuit of the single-phase universal active filter without
transformer.

TABLE I
PARAMETERS OF THE TRANSFORMERLESS UAPF—VALUES IN P.U.

legl vl PF g re T Ty Te  Tp  Tee  Teh

1.0 1.0 0.85lag 0.001 0.005 0.005 0.0 005 005 1.0 1.0

The algorithm for this case is given by

1) Choose the converter side to be the THD optimized
and calculate v}, between v} x> Vs mins OF Urgave =
(U;smax + v;mnin)/Q'

2) Calculate the limits v}, ,, and v}, ;, from (35) and (36).

3) Dov}, = vl . ifvi,>0vi and vy, = v, s, <
U;min'

rmax rmin
4) Do v} = vi,.
5) Determine the pole voltage and the gating signal as in
previous method.

IV. OPTIMIZATION OF THE VOLTAGE LOAD ANGLE

The steady-state analysis of the proposed active filter is based
on the circuit presented in Fig. 2. The phasor equations that
describe the behavior of the proposed system are obtained in
the complex form. In Fig. 2 is presented the grid (&, and ),
internal grid impedance (r, and x,), series voltage (V%), series
impedance (7., . and z..), series current (/. ), parallel voltage
(V}), parallel impedance (r},, xj, and z.p,), parallel current (13,),
and load impedance (r;, ;). Table I contains the parameters
in p.u. used for the steady-state simulations. The power load
S; presents a inductive power factor (PF') equal to 0.85. The
simulation results showing the behavior of the converter voltages
are presented in Figs. 3 and 4.

It is observed in the Fig. 3(a) the behavior of the voltages con-
verter as a function of the load angle §; (phase angle between the
grid voltage e, and the load voltage v;). The voltage amplitude
of the series converter increases considerably as §; moves away
from §; &~ —4°, which is the point of smallest voltage ampli-
tude. The amplitudes of currents in the series (I.) and parallel
(1) converters and in the grid (/,) are shown in Fig. 3(b). It
can be seen that currents I, and I;, assume the smallest values
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Fig. 3. Steady-state analysis of the single-phase universal active filter without
transformer: (a) converter voltages and (b) converter currents and grid current.
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Fig. 4. Steady-state analysis of the single-phase universal active filter without
transformer: (a) efficiency and (b) power of the ac grid.

for §; =~ —40° and §; =~ —30°, respectively. The grid current
remains constant.

The point of higher efficiency of the system is located in
—50° < §; < —25°, as shown in Fig. 4(a), in which [, and
I;, have the smallest values resulting in the smallest converter
losses; see Fig. 3(b). Also, it was observed from simulation that
the point of larger efficiency corresponds to that of the smallest



SANTOS et al.: TRANSFORMERLESS SINGLE-PHASE UNIVERSAL ACTIVE POWER FILTER

power delivered by grid, that is, §; ~ —36°. This allows choos-
ing the best angle ¢; in order to optimize the system operation.
The efficiency n and the power of the ac grid are presented in
Fig. 4. It is observed that the point of higher efficiency is the
point where the grid provides the lowest ac power.

In voltage sources V, and Vj, which represent the voltages of
converters S, and S, were not inserted the internal losses of
the switches (IGBTs and diodes). The focal point of the steady-
states analysis is to demonstrate that there is an optimum voltage
angle d; which can decrease the amplitudes of converters’ cur-
rents. It is clear that when the currents of the converters decrease
the losses in the converters will also decrease; see Section VII.

In the steady-state analysis, it was considered the behavior of
the frequency fundamental component and the load as RL with
inductive power factor equal to 0.85. But if the load is nonlinear,
it can determined the rms value of the load current signal with
its corresponding phase shift.

V. ToTAL HARMONIC DISTORTION

Table II presents the WTHD values for the standard [see
Fig. 1 (a)] and proposed [see Fig. 1(b)] configurations. The
WTHD has been computed by using

(41)

where a; is the amplitude of the fundamental component, a; is
the amplitude of ¢th harmonic, and p is the number of harmonics
taken into consideration.

The active filter parameters are calculated considering a rated
load with different power factors and the number of harmon-
ics taken into considerations is equal to p = 1000. In Table II
is presented the THD, (series converter) and THDy, (parallel
converter) for the conventional configuration [see Fig. 1(a)] and
for the proposed one [see Fig. 1(b)]. Results in Table II have
been computed the WTHD for different load power factors (¢)
and considering the PWM strategies (Method A and Method B).
Furthermore, the WTHD of the circulating voltage (which is
obtained from circulating current) has been addressed—THD,,.
The proposed configuration presents a small WTHD but its value
is higher than that of conventional configuration. This is because
of the need to compensate the circulating current ¢, via voltage
v,. Method B—series (Method B - parallel) permits to reduce
the WTHD in the series (parallel) converter side, but WTHD of
v, 1s higher than that obtained with Method A, as observed in
Table II.

VI. OVERALL CONTROL STRATEGY

Fig. 5 presents the control block diagram of the system. The
capacitor dc-link voltage v, (v, = E) is adjusted to a refer-
ence value by using the controller R., which is a standard PI
(proportional-integral) type controller. This controller provides
the amplitude of the reference current /;. For the power fac-
tor and harmonic control, the instantaneous reference current i;
must be synchronized with voltage e,. This is performed by the

block GEN-g, from a phase-locked loop (PLL) scheme. From
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Fig. 5.

Control block diagram.

the synchronization with e, and the amplitude /;, the current 7
is generated. The current controller is implemented by using the
controller indicated by block R; which the input reference volt-
age v; used to compose the PWM strategies for grid’s current
compensation.

The instantaneous reference load voltage v; can be deter-
mined by using the rated optimized load angle &; plus the in-
formation 6, from block SY N and the defined load amplitude
V;*. The block GEN-[ uses the input information to generate
the desired reference load voltage v;'. From the difference be-
tween the voltages v; and v; the block of control defined as R,
generates the reference voltage signal v} to be applied to the
PWM strategies in order to to compensate for the load voltage.

The homopolar current i, is controlled by controller R,, that
determines voltage v} responsible to minimize the effect of the
circulating current 7,, maintaining this current near to zero.

The controllers are of type double-sequence digital con-
trollers employed in [44] and all these reference voltages v, vy,
and v} are applied to the PWM block to determine the conduc-
tion states of the converter’s switches.

VII. SIMULATED RESULTS

The proposed configuration was simulated using PSIM soft-
ware with the following circuit parameters:

1) Power system: 1.2 kVA;

2) Source frequency of e, : 60 Hz;

3) Harmonic frequency of e,: 180 Hz;

4) DC-bus voltage, v.: 130 V. and 250 Vy,;

5) Inductors filters, L. and L;: 7 mH;

6) Capacitor filter, C,.: 70 uF;

7) Grid voltage, e,: 110 Vs £ 20%;

8) Grid voltage, e,: 50 Vi and 100 Vs £ 20%;

9) Load voltage, v;: 50 V},s and 100 V53

10) Linear load composed by: R = 5 Q and L = 63 mH.
11) Nonlinear load composed by diode bridge rectifier with:
R=5Q, L =75mH.

The proposed configurations does not use a transformer in
the series connection and consist of four-leg converter. The
capacitors of the dc-bus voltage and the switching frequency
were, respectively, selected as C' = 2200 uF and 10 kHz.
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TABLE II
‘WTHD FOR DIFFERENT POWER FACTOR ANGLES

Standard Proposed (Method A) Proposed (Method B - series) | Proposed (Method B - parallel)
¢ THD. THDy THD, THDy, THD, THD, | THDy THD, THD, THDy, | THD,
-329 1 0.3877 | 0.3077 | 0.5192 | 0.4123 | 0.4096 | 0.4444 | 0.6155 0.6102 0.7254 0.3606 0.5946
-459 | 0.4226 | 0.2838 | 0.5502 | 0.3801 | 0.4569 | 0.4777 | 0.5732 0.6610 0.7588 0.3363 0.6248
-60° | 0.4557 | 0.2655 | 0.5805 | 0.3540 | 0.5108 | 0.5093 | 0.5395 0.7132 0.7814 0.3175 0.6521
-159°10.4239 | 0.3303 | 0.5582 | 0.4320 | 0.3809 | 0.4793 | 0.6586 0.5847 0.7701 0.3814 0.5656
0° 0.4560 | 0.3333 | 0.5924 | 0.4323 | 0.3725 | 0.5094 | 0.6686 0.5808 0.8016 0.3840 0.5496
I 200 T — - 3 200 - - = 200
~ e ~ v = ~ v,
FRL PV & 7 T ! /11 : :oc =S 100 Lh\ /vce
YA AYA2YE RAVANAY
E § : : S S
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% 200 H . . . -~ 200 =~ 2200 % 200
12 120 122 123 124 125 12 121 122 123 124 125 12 121 122 123 124 125 12 121 122 123 124 125
t t t t
(2 (b)
200 i 200 Vor Ve 3 3
g 150 Zu 100 / \ .:.: :;
. S 0 6:&\\/::x;:;:’(:z:;ﬂ;:;:x:::;} 5 S
~° = E
100 S oo R S
50 . . ; ; % 00 -10
12 121 122 123 124 125 12121 1220 123 124 125 12 121 122 123 124 125 12 121 122 123 124 125
t t t t
(c) (d) (© (d)
Fig. 6. Simulated results for a linear load: (a) voltage (¢, ) and current (i,) of ~ Fig. 8. Simulated results for a linear load with §; = —35°: (a) load (v;) and

the grid, (b) voltage (v;) and current (i;) of the load. (c) dc-bus voltage (v.),
(d) voltages v, and v}, .

o

: 7 j/ j >
N h 1 n ln I
w5 e
E MA[\/ T
§ o §
;N< LY
. 5 =
L= Y
-10 -10
12121 122 123 124 125 12 121 122 123 124 125
t t
(a) (b)
Fig. 7. Simulated results for a linear load: (a) currents of converter .S;, (i

and i;}y ) and circulating current (i, ), (b) currents of converter S, (i, and i/,) and
circulating current (i, ).

In order to demonstrate the feasibility of the proposed config-
uration, two different kinds of simulated results are presented.
The first one comprises a linear load and the other one is by
nonlinear load. The PWM modulation method used to simulate
the proposed configuration was the general approach (Method
A). The difference between the methods A or B is that method
B enables improving WTHD of series or parallel converter; see
Section V.

The simulated results for linear load conditions as presented
in Figs. 6 and 7. Fig. 6(a) shows the voltage and current of the
grid, with power factor close to unit. At the grid voltage was
inserted a disturbance of 20% of third harmonic. The voltage
and current of the load are observed at Fig. 6(b). From presented
results, it is noted that even with the presence of third harmonic
at the grid, the load voltage and grid current remain sinusoidal
with low harmonic distortion level. The dc-bus voltage shown
in Fig. 6(c). Fig. 6 (d) presents the filters capacitors voltages
Vee = €4 — vp and ve, = ;.

grid (ey) voltage, (b) voltages of the filters capacitors v.. and v, (c) currents
of converter S}, (i;, and i;L ) and circulating current (7, ), (d) currents of converter
Se (ie and i}) and circulating current (i, ).

The circulating current 7, and converters’ currents are shown
at Fig. 7. The current i, is composed of i, 4., i, and ¢}, ac-
cording to i, = i, + 1, and i, = —(i, +4},). In Fig. 7(a), it is
noted that i, is composed of the sum of the currents i, and 7,
while Fig. 7(b) shows that it is composed of the sum of i;, and
i,

From what is described in Section IV and presented in Fig. 8,
with load angle §; = —35°, it is possible to obtain an optimum
voltage angle reducing the current amplitude of both front-end
and back-end converters, respectively, converters Se and Sj,.
The phase difference between the grid and load voltage is shown
in Fig. 8(a) and the voltages of the filters capacitors v., and v,
are presented in Fig. 8(b). The converters’ currents are shown in
Fig. 8(c) and (d), respectively, converters .S;, and S,. Comparing
the presented result, Fig. 8(c) and (d), with Fig. 7, it is noted
the diminish of the both front-end and back-end converters’s
current by optimized load angle.

The set of simulated results obtained for nonlinear case are
shown in Figs. 9-11. The explanations for this case are similar
to linear results. Fig. 9 shows the compensation of load voltage,
grid current with the power factor close to unit and the dc-bus
voltage. The converters and circulating currents are presented
in Fig. 10. The results form optimized voltage angle are pre-
sented in Fig. 11. As the proposed configuration is not isolated,
the circulating current will always exist. However, their effects
can be minimized making v, close to v, by proposed control
strategies.
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Fig. 12. Experimental results for a linear load: (a) voltage and current of
the grid (top); voltage and current of the load (bottom). (b) DC-link voltage.
(c) Current 7j, (top); circulating current 7, (middle) and current i;z (bottom).
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and circulating current (i, ).
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Fig. 11. Simulated results for a nonlinear load with §; = —35°: (a) load
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(c) currents of converter Sy, (i;, and z;l ) and circulating current (%, ), (d) currents
of converter S, (i. and i,) and circulating current (i, ).

VIII. EXPERIMENTAL RESULTS

The system in Fig. 1(b) has been tested by using a
microcomputer-based system. In the experimental tests, the ca-
pacitors were selected as C' = 2200 pF, and the switching fre-
quency employed was 10 kHz. The selected PWM modulation
was the general approach (Method A). The system parameters
are given by:
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Fig. 13.  Spectral analysis of the experimental results for linear load condition:

(a) Input voltage—e,. (b) Input current—i, . (c) Load voltage—v;. (d) Load
current—i; .

1)
2)
3)
4)

Source frequency of e,: 60 Hz;

Harmonic frequency of e,: 180 Hz;

DC-bus voltage, v.: 130 V. and 200 Vy;

Inductors filters, L. and L;: 7 mH;

Capacitor filter, C,.: 70 uF;

Grid voltage, e;: 50 Vis and 100 Vs £ 20%, respec-
tively, Figs. 12(a) and 14(b)—top;

Load voltage, v;: 50 Vi, and 100 Vg, respectively,
Figs. 12(a) and 14(b)—bottom;

Linear load composed by: R =5 2 and L = 63 mH.
Nonlinear load composed by diode bridge rectifier with:
R=5Qand L =75 mH.

In terms of load types, two sets of experimental results have
been collected. The first one is for a linear load condition as
observed in Figs. 12 and 13. The other is for nonlinear load
condition, composed by diode bridge rectifier, as shown in
Figs. 14 and 15.

In Fig. 12(a) are shown the grid voltage e, and grid current i,
with power factor close to one (top). Additionally, the figure also
exhibits the load voltage v; and load current ¢; (bottom). The
grid voltage has been obtained from a disturbance voltage source
and even in the presence of voltage harmonic in the grid voltage,
grid current, and load voltage are sinusoidal. Fig. 12(b) indicates
the dc-link voltage control and the Fig. 12(c) shows that even

7

8)
9)
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Fig. 15.  Spectral analysis of the experimental results for nonlinear load con-

dition: (a) of the input voltage—e, . (b) of the input current —i,, . (c) of the load
voltage—u; . (d) of the load current—i;.

without transformer the circulating current 4, is controlled to be
close to zero.

The spectral analysis of the presented experimental are shown
in Fig. 13. Note that, for the grid voltage [see Fig. 13(a)] the
third harmonic (20%) is intentionally added in the voltage wave-
form, as observed in Fig. 12(a). But even in this case, the grid
current in Fig. 13(b) and the load voltage in Fig. 13(c) present
low distortion due to the third harmonic component. Fig. 13(d)
shows the spectral analysis of load current.

The same set of experimental results is obtained in the case
of nonlinear load, as observed in Figs. 14 and 15. As noted in
Fig. 14(c), the circulating current ¢, is higher than that of linear
load due to the presence of harmonic content, but even with this
type of load, i, is considered small.

IX. CONCLUSION

A suitable control strategy, including the PW M technique
has been developed for the proposed UAPE. In this way, it
has been shown that the proposed configuration presents low
WTH D, whose value is, however, higher than that of conven-
tional configuration. This is because of the need to compen-
sate the circulating current ¢, via voltage v,. Method B—series
(Method B—parallel) permits to reduce the WTHD in the series
(parallel) converter side, but the WT'H D of v, is higher than that
obtained with Method A. As there was no need to improve one
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of the converters side (series or parallel converter), the Method
A was used to compose the PW M strategy for both simulated
and experimental. The proposed transformerless UAPF is con-
trolled according to two proposed PWM techniques objecting
the elimination of undesirable circulating current. In terms of
the applied control, the converter’s currents can be minimized
by choosing an adequate load angle 9;.

From the model obtained, it has been shown that the cir-
culating current can be imposed as close to zero even in the
unbalanced case, where the values of filters inductance are dif-
ferent (L. # L, and L;, # L} ). This means that the controller
must define v, = v}y + veo — ’U;LO — w0 in order to control the
1, closed to zero. So in the converter design, the circulating
current ¢, is an important variable to be controlled. Because the
proposed configuration is transformerless, the circulating cur-
rent will always exist. But its effects can be greatly minimized
from the insertion of v, close to vy.

The operation principle, control strategy, steady-state analy-
sis, simulated, and experimental results of the proposed trans-
formerless UAPF were presented under different load conditions
and demonstrate adequate harmonic correction and power factor
close to one.

APPENDIX I
CIRCULATING CURRENT

The demonstrations of the circulating current ¢, is primarily
determined by summing the equations (5)—(8), it becomes

le \ . Wl .
+ 2p> o — (2 + §p> i (42)
and subtracting (6) and (7)

Vho — Vhg = vy + rh—l—li in — i—i-ﬁ il
h0 0 g 2 2 h 2 2]9 e

subtracting (42) and (43), then, it has

r, 1, . ro .
ottt {(3-) e ()

+v,+ re+le o + ré+lé" j!
v —4+—=p ) e —4+—=p].
9T\ TP g TP )t

(44)

o Te
Veo — Vg = Vg + 5

(43)

Assuming that (v, = vy + veo — V), — vpo) and consider-
ing the impedances (Z, = Z)) and (Z), = Z}), the previous
equation can be simplified as

re e ) ) Tyl ) .
w=(F+%0) Gt i) = (S +%0) o i) +0,
(45)
being, v,, the voltage responsible to cancel the circulating cur-
rent. Making (zv, = v,), it becomes

Te
0= (=
(3

From (46), it is noted this relationship will be true if (i, + i, =
0) and [—(i5 + zﬁl) = 0]. Therefore, the circulating current is
defined as being [i, = i, + i, = — (i, +i},)].

le . . Th lh . .
+2p> (e +1ip) — ( 5+ 2p> (in +13,) . (46)
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