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Abstract—This paper introduces a versatile control scheme for
unidirectional ac-dc boost converters for the purpose of mitigat-
ing grid power quality. Since most power factor correction circuits
available in the commercial market utilize unidirectional ac—dc
boost converter topologies, this is an almost no-cost solution for
compensating harmonic current and reactive power in residential
applications. Harmonic current and reactive power compensation
methods in the unidirectional ac-dc boost converter are investi-
gated. The additional focus of this paper is to quantify the input
current distortions by the unidirectional ac-dc boost converter
used for supplying not only active power to the load but also reac-
tive power. Due to input current distortions, the amount of reactive
power injected from an individual converter to the grid should
be restricted. Experimental results are presented to validate the
effectiveness of the proposed control method.

Index Terms—Active power filter (APF), cusp distortion, har-
monic current compensation (HCC), power factor correction
(PFC), reactive power compensation (RPC), unidirectional ac-dc
boost converter.

I. INTRODUCTION

OWER quality analysis in ac power systems is concerned
P with deviations of the voltage or current from the desired
ideal sinusoid of constant amplitude and frequency [1]. Unfil-
tered harmonics cause interferences in other electric facilities,
creating abnormal and undesirable behavior of electrical equip-
ment and transformer overheating [2]. Uncontrolled reactive
power increases transmission conduction losses and deteriorates
the performance of voltage regulation [3]. Therefore, itis desired
to reduce these effects through adequate means, i.e., harmonic
current compensation (HCC) and reactive power compensation
(RPC) [2]-[5].

Several technologies, typically having high power capaci-
ties, based on power electronics theory have aimed to im-
prove grid power quality and compensate reactive power at the
transmission and distribution system level. Flexible alternat-
ing current transmission systems (FACTS) have been studied
by industrial and academic researchers since 1990s [6], [7].
Alternating current transmission systems incorporating power
electronics-based compensators and other static controllers
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generally enhance controllability and increase power transfer
capability. Among FACTS technologies, the static VAR com-
pensator (SVC), static synchronous compensator (STATCOM),
and unified power quality conditioner (UPQC) all possess the
capacity to compensate reactive power [7]-[11]. Active power
filters (APFs) configurable with various power topologies can
be utilized for improving power quality through HCC and RPC
[2], [5], [12], [13]. Although SVCs, STATCOMs, UPQCs, and
APFs exhibit outstanding performance, they may not be the best
solution for improvement of power quality of an entire power
system due to high capital and operating costs, as well as addi-
tional power losses due to long distance transmission of reactive
power.

To find more economical solutions, the demands of power
quality mitigation have continuously encouraged power elec-
tronics engineers to include HCC and RPC capabilities as an-
cillary services in bidirectional power converters [14], [15]. As
power converters for renewable energy sources become more
popular in ac power systems, the potential for HCC and RPC
will increase, as these control schemes can be employed in
existing topologies without hardware changes. Despite the in-
creased utility and cost savings, the number of renewable power
converters capable of fulfilling these functions is still limited.

Alternatively, vehicle-to-grid (V2G) technology has recently
emerged for incorporation of electric vehicles (EVs) into the
electric grid as energy storage units [16], [17], which can pro-
vide power quality mitigation as an ancillary service. This will
result in enhanced reliability and performance of the power sys-
tem. However, V2G connections require a bidirectional power
converter [16]—[18], which increases system cost and complex-
ity compared to that of a unidirectional power converter. For this
reason, a unidirectional topology is a preferable configuration
for level 1 battery chargers in EV and plug-in electric vehicle
(PHEV) applications, meant for residential interconnections,
whereas V2G utilizing bidirectional converters is more applica-
ble for level 2 battery chargers [18].

The purpose of this paper is to investigate a cost-effective
power quality mitigation solution by utilizing unidirectional
converters [19], [20], even though HCC and RPC conflicts with
the basic purpose and premise of maximizing the power factor.
Since an immense number of these unidirectional converters are
present within residential power systems, these unidirectional
converters, operating in unison, have a high potential as alter-
native HCC and RPC units and, thus, these converters can act
in place of larger, more costly HCC and RPC equipment if they
possess these functionalities.

In recent years, few papers have detailed HCC and RPC func-
tionalities using unidirectional power factor correction (PFC)
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Fig. 1. Proposed system connected to linear and nonlinear loads.

converters in [16], [21], and [22]. In [16], authors broadly re-
viewed battery charger topologies used for EV/PHEV appli-
cations for providing reactive power support to the grid, but
the RPC capability in unidirectional converters was mentioned
briefly and any further analysis was not conducted. In [21], the
feasibility of HCC functionality using a boost converter was
presented as a low-cost solution, but RPC functionality was not
mentioned. In [22], the reactive power support capabilities of the
unidirectional converter within V2G applications were studied
through simulation results, but detailed analysis regarding input
current distortions was not performed.

In this paper, the feasibility and limitations of the unidirec-
tional ac—dc boost PFC converter, when it is employed for HCC
and RPC, are explored. In addition, an approach for estimat-
ing the distortion levels of the current under RPC modes is
analytically justified. This paper starts with descriptions of con-
trol modes and analysis of local loads for the proposed system
in Section II. The distortion levels on the input currents when
the unidirectional ac—dc boost converter is employed for RPC
are analytically explained in Section III. Experimental results
are presented in order to validate the proposed approach in
Section I'V. Finally, Section V concludes the paper.

II. CONTROL MODE

The dual boost PFC converter [23]-[26], often called the
bridgeless PFC converter, is one of the most popular unidirec-
tional ac—dc boost converters. The control algorithms of the
dual boost PFC converter are almost identical to any conven-
tional ac—dc converter using a diode rectifier and step-up chop-
per, except that the dual boost PFC converter controls ac input
current, while the conventional one controls rectified output
current. Fig. 1 shows a prevalent application of unidirectional
ac—dc boost converters. Conventional PFC converters consider
the input current to be a purely sinusoidal waveform, which is
completely in phase with the input voltage. The proposed con-
trol method can ameliorate harmonic current and reactive power
for improved grid power quality, as well as regulation of dc-bus
voltage. The proposed versatile control of unidirectional ac—dc
boost converter has three modes of operation, i.e., PFC, HCC,
and RPC. Also, both HCC and RPC can operate simultaneously
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Fig. 2. Conventional control algorithm for unidirectional ac—dc boost
converters.
i—> R I
Vg v,
Fig. 3. Simple circuit diagram during a positive half period of the source
voltage.

to improve the distortion and the displacement factors of the
grid current.

A. PFC Control

PFC control methods are very common in the related litera-
ture, especially those utilizing feedback and feedforward con-
trollers, [27], [28], as shown in Fig. 2. Fig. 3 depicts a simple
circuit diagram of unidirectional ac—dc boost converters with an
input inductor L and its parasitic resistor R. Kirchhoff’s voltage
law with the source voltage v,, the switch voltage vq, and the
input line current yields to

dis

dt

vy = Rig + L + vy (1)
where v, is the instantaneous value of the source voltage ex-
pressed as Vsin(wt). The switch voltage is always a major fac-
tor in determining the waveform of the input current. In other
words, when producing a sinusoidal input current, the switch
voltage has to emulate the source voltage identically, with the
exact phase difference due to input impedance. The average
switch voltage over a switching cycle in continuous conduction
mode can be expressed as

vg = (1 — d)vgce (2)

where d is the average on-time duty ratio of the switches and
vq. 1s the dc output voltage. When the source voltage is in the
negative half period, the sign of the input current and switch
voltage will be opposite in (1). Therefore, the source voltage
can be considered as a rectified voltage, which can be expressed
by the absolute sign. This indicates that the bridgeless PFC
converter is identical to the general boost converter, using the
single switch in rectified dc link, with regard to its operational
principle. Combining (1) and (2), and rearranging in terms of d,
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Fig. 4. Example of nonlinear load current (THD: 80%, PF: 0.705, P: 550 W,
Q: 200 Var).

the duty ratio equation can be obtained as

1 dis
d= Riy + L— 1—
o (mi 2 )+ (

drp

|“f|) : 3)
Vdc

drr

Theoretically, the duty ratio in (3) should be generated for
the ideal switch voltage as accurately as possible through ade-
quate converter compensators to yield sinusoidal input current.
In order to classify the duty ratio d of the system in (3), the
feedback duty ratio drp and the feedforward duty ratio dgy can
be considered separately. dpp produces the exact phase differ-
ence between the source voltage and the average switch voltage.
dpy produces the inverse of the source voltage waveform as the
average switch voltage. Hence, the input current tracking is im-
proved and the frequency range for which input admittance acts
purely as a resistance can be extended to higher frequencies due
to feedforward control [27], [28].

B. Harmonic Current Compensation

Fig. 4 shows the current waveform of a typical nonlinear load
in a single-phase diode rectifier. Generally, the distorted load
current 7,,, can be written in terms of its fundamental ¢, and
harmonic 7}, components as

Z I, sin(nwit +6,) (4
n=2,3

inon = Il Sin(wlt + 91) +

where wy is the line angular frequency and 6, is the phase differ-
ence between the source voltage and input current. Assume that
the input current from the unidirectional ac—dc boost converter
operating in PFC mode is a purely sinusoidal waveform. The
grid current 7, includes 7y, from a nonlinear load as shown in
Fig. 5(a). These harmonics are undesirable and should be re-
moved. If the unidirectional ac—dc boost converter can generate
the harmonic current capable of canceling the harmonics of the
nonlinear load, the grid current will be comprised of only funda-
mental components of the converter current and load current as
shown in Fig, 5(b). Therefore, the new current reference for the
current controller of the converter from Fig. 6 can be expressed
as

i = I sin(wt) — ipy Q)

where [ is the magnitude reference provided by the dc-bus
voltage controller.
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C. Reactive Power Compensation

Unlike nonlinear loads, the current waveform of a linear load
is sinusoidal at the frequency of the power system [1], but the
power factor can be significantly exacerbated when the load is
capacitive or inductive. Fig. 7 shows the current waveform of
a typical inductive load in a single-phase induction motor. The
current flow, consisting of the converter current with RPC and
the load current ¢, consuming reactive power, shown in Fig. 8,
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Fig. 9. Phase diagram of the grid voltage and current during RPC.
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Fig. 10.  Current reference generator block for RPC.

can be written, respectively, as

is - isa - jisﬂ (6)
7:r = ir(z +j7:7'{3 (7)
Z‘g - ir& + isn, + j(irﬂ - isﬁ)~ (8)

As a result, the grid power factor at the PCC can be im-
proved by injecting reactive power from the converter as shown
in Fig. 9. However, it should be considered that the input current
of the unidirectional converter becomes distorted due to the nat-
ural commutation of diodes; thus, the amount of reactive power
generated by an individual converter should be restricted [22],
[29]. This will be elaborated later in this paper. Since the current
waveform of the converter in RPC mode is not sinusoidal, the
required phase angle of the current cannot be calculated by a
simple reactive power equation. Thus, the phase angle reference
to the input converter current needs to be generated by employ-
ing a proportional integral compensator as shown in Fig. 10, and
can be represented as

¢ = Kpc(Q* - Q) + K.

it = I!sin(wt + @)

S

(Q" — Q)dt 9
(10)

where K. and K, are proportional gain and integral gain
of the reactive power compensator, respectively, and ¢ is the
desired phase to be adjusted from the original current reference.
It should be noted in (10) that the current magnitude reference
I will be adjusted through the dc-bus voltage controller to feed
active power to the dc load. The reactive power will be adjusted
by changing the phase angle ¢. Thus, initially I; is determined
by the dc-link voltage controller and actual active power will
change as result of generating reactive power with respect to the
dc link command. However, since I will be updated by the dc
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link voltage compensator, as the phase angle ¢ changes, the dc
link voltage will be maintained.

D. Control Strategy for APF Functionality

The proposed control strategy of the unidirectional ac—dc
converter including a feedforward controller, HCC, and RPC is
shown in Fig. 11. Two control blocks for HCC and RPC have
been added to the conventional control algorithm in Fig. 2. Thus,
the final current reference for a versatile control strategy based
on (5) and (10) can be expressed as

it = I sin(wt + ¢) — iny. (11)

In addition, it is worthwhile to mention that functionalities
of HCC and RPC in unidirectional ac—dc boost converters are
available only when these converters supply active power to its
dc load. Thus, the current reference able to be used for HCC
and RPC is highly dependent on its power rating and its ex-
isting loads. Since multiple unidirectional converters may be
connected to the power system in residential applications, their
RPC capabilities can be maximized by incorporating these ag-
gregated converters as shown in Fig. 12. The possible supervi-
sory control strategy for future smart grid applications [30] can
be suggested as follows:

1) analyze grid power quality factors, such as THD and PF;

2) calculate the amount of compensation for harmonic pro-
ducing components and reactive power;

3) obtain the available capacities used for HCC and RPC in
an individual converter;

4) determine and distribute HCC and RPC references to an
individual converter;

5) analyze the grid power quality. If the THD of the grid
current is above 5%, the level of RPC needs to be reduced,
otherwise, the amount of RPC can be increased up to each
converter’s maximum capacity to achieve unity power fac-
tor.

6) repeat (1) through (5).
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Using these steps, the grid power quality can be enhanced,
as long as the available converter capacities for HCC and RPC
remain.

III. ANALYSIS AND ESTIMATION OF CURRENT DISTORTION

In the conventional control method of unidirectional ac—dc
boost converters, the magnitude and phase of the current refer-
ence can be obtained in the dc-voltage controller and the phase-
locked loop (PLL), respectively. By adjusting the phase angle ¢
in (10), the current either leads or lags in reference to the voltage.
This allows the generation or consumption of reactive power in
unidirectional ac—dc boost converters. Due to the intrinsic oper-
ation of diodes, however, uncontrolled regions exist, where the
signs of the input voltage and current reference are opposite [31]
and the actual current in unidirectional converters is not capable
of following the current reference exactly. Therefore, an ana-
lytical approach is required to estimate current distortions and
actual generated power. To simplify and generalize the current
waveform in this paper, it is assumed that the duty output from
the controller is zero in these regions.

A. Extended Cusp Distortion in the Capacitive Current

Fig. 13(a) depicts the comparison of the current waveforms
during capacitive power compensation. It can be observed in
Fig. 13(b) that there are two distortion periods: the zero-current
distortion and the cusp distortion regions. Due to the unidirec-
tional power flow capabilities of the converter, the current is
periodically uncontrollable when signs of the input voltage and
current reference are opposite, which creates the zero-current
distortion region ¢. In addition, the current drastically increases
after the grid voltage crosses zero, which leads to the cusp
distortion common to all PFC circuits using boost converter
configurations [32]. This occurs because the inductor voltage is
limited in its ability to drive its current up, even with the switch
closed during this time [31].

It should be noted in Fig. 13(b) that the duration of the cusp
distortion is extended up to ¢, in capacitive power compensation,
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compared to the original ¢, in unity power factor mode. Since
the switch is always ON during the cusp distortion (d = 1 in this
condition), only the source voltage and inductor voltage remain
in Fig. 3, i.e., the averaged source voltage is zero. Therefore, the
input current is described by
Vo [" Vs

is(t) = f]/o sin(wt)dt :Yj(l — cos(wt.)) (12)

where X = w[L and Vj is the peak input voltage. The cusp

distortion continues until the actual current meets the capacitive
current reference

Vy .

y(l — cos(wt.)) = I, sin(wt, + ¢). (13)

By solving (13) in terms of wt,, the extended duration of the
cusp distortion wt, can be calculated as

(VX2 2V, X sing
Vy

+ tan-! I cos ¢
I;sing+V,/X

wt, = tan~

(14)

wt, can be obtained as 2tan~' (X I,/V,) when ¢ is zero in
(14), which corresponds with [32]. Fig. 14(a) shows wt. values
calculated by (14) with various inductances L under v, is 110
Vims. It increases in magnitude as the inductance value and
peak current increase. Additionally, wt, is prolonged, as shown
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in Fig. 14(b), when more capacitive current is required because
the current error between the actual current and reference current
after the zero crossing of the input voltage grows.

B. Analysis of the Capacitive Current

Based on periods of zero current and cusp distortions, the
resulting current waveform in capacitive power compensation
can be defined by

% (1 — cos(wt)), 0 < wt < wt..
I, sin(wt + @), wt. Swt<m—0¢
0, T—op<wt<mw

15(t) =
o (#) % (—1 = cos(wt)), T <wt <7+ wi

I sin(wt + ¢), 7+wt. <wt<2m—¢
0, 21 — ¢ < wt < 2.

15)
Even though the current reference in (10) is used to generate
or consume reactive power, the real current is not capable of
tracking the current reference in an exact manner due to the zero
current and extended cusp distortions. Since the real currents
are distorted, the fundamental current needs to be extracted to
calculate the actual active and reactive power. According to the
Fourier series, the current waveform in (15) can be expressed as
the sum of multiple sinusoids of different frequencies [1]

is(t) = ap + Z [a,, cos nwt + by, sin nwt|

n=1

(16)
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where a, is the dc value (zero under a perfect ac waveform, i.e.,
a, = 0), a,, and b, are the amplitudes of the nth cosine-term and
sine-term harmonics, respectively. Regarding the fundamental
content of the capacitive current in (15), the Fourier series co-
efficient at the fundamental frequency can be solved as

I (cos(¢ + 2wt,.) — cos ¢

ay = % +2(m — ¢ — wt,) sin @) (17)
—%(sin@wtc) — 4sin(wt,.) + 2wt,)
I (sin(¢ + 2wt.) + sin ¢

by = o +2(m — ¢ — wt,) cos d) (18)

+2¢= (cos(wt, ) — 1)2.

Using (17) and (18), the current with the fundamental radian
frequency w can be obtained as

is1 = I51 sin(wt + )

where Iy, = \/a? + b2, = tan™! (a; /by)

It should be noted that ¢ is a displacement angle in the current
in reference to the fundamental frequency, which contributes to
the production of actual active and reactive power, rather than
just at the phase angle reference (¢). The rms value of the current
waveform in (15) can be defined and calculated as

19)

1 2T
2(t)dt

Isrms = o
0

1 [ I2(2(7 — ¢ — wt,) +sin(2¢ + 2wt.))
4m —|—)‘%’z(6wtc + sin(2wt..) — 8sin(wt.))

(20)

Using rms values of the fundamental and total current from
(19) and (20), the theoretical THD values of the input current
under RPC can be obtained as

ISQrms — Iglrms

THDy, = i
slrms

21

1/a%+b§

where I41,ms = Nl

In addition, the active and reactive power under RPC can be
calculated as

P = %V;Isl cos 0 (22)

Q= —%Vslsl sin d. (23)

Finally, using (21)—(23), the theoretical THD values and the
expected active and reactive power in capacitive power com-
pensation mode can be calculated as shown in Fig. 15. It can
be noted that not only the zero-current distortion, but also the
cusp distortion causes the current distortion level to increase at
higher capacitive power.
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Fig. 16.  Current waveforms in inductive power compensation.

C. Analysis of the Inductive Current

Similarly, Fig. 16 depicts the comparison of the current wave-
forms with varying inductive power. Compared to the capacitive
current, the cusp distortion is not as pronounced because the
voltage across the boost inductor is already high enough to
drive the required current. However, in this scenario, the zero-
current distortion still appears due to the uncontrollable regions
caused by the diodes. The resulting current waveform for induc-
tive power compensation is simpler than the capacitive current,
and can be defined as

Analytical results in capacitive power compensation mode. (a) THD
versus peak current for different ¢. (b) Active power and reactive power versus
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0, 0<wt <o
(1) I, sin(wt — ¢), p<wt<m (24)
is(t) =

0, T<wt< T+

I, sin(wt — @), T+ ¢ < wt < 2.

Deriving the Fourier series coefficients in the same way, and
expressing the rms values of the current with respect to the
fundamental frequency

L, (7~ ¢)sing

a; = 25)
™
b= 2 (sing+ (n — 6) cos o) (26)
\/ I8 .
Iirms = E(z('ﬁ - ¢) + Sll’l(2¢)). (27)

Equations (25) and (26) are used to obtain the fundamental cur-
rent in (19), substituting its outcome and (27) into (21)—(23)
yields the expected values of the THD, active power, and re-
active power in inductive power compensation, as shown in
Fig. 17. It is notable that the distortion level remains unchanged
regardless of the magnitudes of the current, but deteriorates as ¢
increases. The currents in inductive power compensation, when
compared to the currents in capacitive power compensation,
exhibit approximately a 30% reduction of THD. For example,



PARK AND PARK: VERSATILE CONTROL OF UNIDIRECTIONAL AC-DC BOOST CONVERTERS FOR POWER QUALITY MITIGATION

when ¢ is 20°, the THD values of the capacitive and inductive
currents at 17 A are 12.9% and 8.7%, respectively, because the
inductive current does not have cusp distortions. As a result, in-
ductive power compensation yields a higher amount of reactive
power (when only absolute values of reactive power are com-
pared) at the same phase angle when Figs. 15(b) and 17(b) are
compared.

The grid current THD highly depends on load currents and
converter currents. If the load power is much greater and more
sinusoidal than that of the converter, the grid current THD is
less affected by the converter current distortion when RPC is
enabled and vice versa. If there is no load current, the grid
current is identical to the converter current. Since the converter
current THD is dependent on many electrical parameters such as
the grid voltage, converter power rating, and maximum shifted
phase angle, each converter has different RPC capabilities even
if the power rating of the converter is similar with others. From
Figs. 15(a) and 17(a), the maximum shifted phase angle, which
should not cause current THD higher than 5%, can be estimated.
Then, using its maximum shifted phase angle and converter
power ratings, the maximum reactive power can be estimated
theoretically in Figs. 15(b) and 17(b). In conclusion, approxi-
mately up to 15% and 30% of available power from a 1.2-kVA
unidirectional converter can be supplied for capacitive and in-
ductive power, respectively. From a single converter, this capa-
bility is relatively small, but RPC capabilities can be multiplied
by utilizing aggregated unidirectional converters as shown in
Fig. 12.

D. Discussion About THD Estimation

Although the current distortion levels based on the emulated
current models in (15) and (24) are mathematically predicted in
previous sections, actual distortion levels under practical imple-
mentations might deviate from these theoretical results because
the quality of current waveforms correlate closely with many
hardware and software components, such as the performances
of the current compensator, filters, and PLL, as well as the noise
immunity of the sensors and the linearity of the inductor [33].
Due to these inherent imperfections, commercial ac—dc PFC
converters in unity power factor mode ordinarily have THD val-
ues in the range of 2% to 5%. Since this imperfection from real
circuits relates to the real current waveforms of the converter,
it also affects THD values of reactive power current and causes
the deviation between the theoretical and actual THD values.
Therefore, the actual THD considering this deviation can be
represented approximately as

THDcom ~ THD‘rh + THDdeV (28)

where THDy,, is the theoretical THD value from (21), and
THDgey is an averaged deviation based on experimental re-
sults in unity power factor mode. In this paper, THDy., 2.14%
will be used for calculating the estimated THD in (28).

IV. EXPERIMENTAL RESULTS

A 700-W dual boost PFC converter was implemented in order
to validate the proposed system. The passive and electronic loads
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Test bench setup.

TABLE I
EXPERIMENTAL SETUP

System parameter Values

AC Source Voltage 110 Vrms / 60Hz

Rated Power 700 W

Switching Frequency 20 kHz

Boost Inductor 1.4 mH (split into two in series)
DC capacitor 2040 uF

DSP

Power device
Grid emulator
Load emulator

TMS320F28035 (TI)
FPDB60PH60B (FAIRCHILD)
3120-AMX (PACIFIC)
63803 (CHROMA) and RLC loads

used as linear and nonlinear loads are connected with the grid
and converter at the PCC. Fig. 18 shows the experimental test
bench and Table I lists some important experimental values.

A. Estimating Current Distortion Levels

The estimated, simulated, and measured output current and
grid voltage waveforms in different operation modes are pre-
sented in Figs. 19 and 20 as an example to show the effec-
tiveness of the proposed approach for estimating current dis-
tortion levels in RPC mode, where the peak current and phase
references are 17 A and 20°, respectively. The waveforms of
measured currents are nearly identical to the waveforms of the
estimated and simulated results. In agreement with the analyti-
cal results, the capacitive current suffers from the zero current
and cusp distortions as shown in Fig. 19, whereas the inductive
current, as shown in Fig. 20, is distorted only by the zero-current
distortion.

Fig. 21 shows test results comparing the measured THD val-
ues with the estimated values. The THD differences between
the estimated THD from (28) and measured THD values from
experimental tests are below 1% and the total averaged THD
difference is approximately 0.3%. In addition, it can be ob-
served clearly that the measured THD values in capacitive power
compensation mode tend to increase as the peak current and
shifted-phase-angle increase, whereas the measured THD val-
ues in inductive power compensation are inclined to be constant
regardless of the magnitude of the current at a fixed phase an-
gle. These features match the previous analytical results. Hence,
the experimental results demonstrate that the proposed ana-
lytical approach is an effective solution for estimating current
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distortion levels in unidirectional ac—dc boost converters with
RPC modes.

B. Harmonic Current Compensation

Fig. 22 shows the experimental results in HCC mode when
an emulated nonlinear load with 82% THD current is con-
nected to the unidirectional ac—dc boost converter operating
at 700 W at the PCC. Before HCC mode is enabled, the con-

Comparison of waveforms in inductive power compensation (I} = 17 A, ¢ = 20°). (a) Estimated result (THD¢op, : 10.9%). (b) Simulation result

THD results in i ive power

Estimated (¢ =30%

——=

THD{%]

]
Estimated ($=20° Mechured (§2303)

\
Measured ($=207

Estimated (¢=107
\
Measured (§=107

9 11
Peak current [A]

(b)

13 15 17

Experimental results for THD of input currents. (a) Capacitive power compensation. (b) Inductive power compensation.

verter current THD is 2.7% and the PF is 0.994, while the grid
THD is polluted with the harmonic current from the nonlin-
ear load, resulting in 15.5% THD with a peak-shape waveform
as shown in Fig. 22(a). However, after HCC mode is enabled
and the converter current is intentionally distorted, it can be
observed that the grid current can be a sinusoidal waveform
with 4.5% THD, along with improved power factor as a result
of canceling the load harmonic current as shown in Fig. 22(b)
and (c).
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Fig. 22. Experimental results in harmonic compensation mode (a) before
HCC, (b) after HCC, and (c) harmonic analysis of the grid current.

C. Reactive Power Compensation

Fig. 23 shows the experimental results in RPC mode when a
passive load consisting of several resistors and capacitors con-
nected to the unidirectional ac—dc boost converter at the PCC
is used as a linear load with a poor PF of 0.779 and gener-
ating 262 Var. Before RPC mode is enabled, the grid power
factor decreases to 0.963 due to this capacitive load, even under
the unity power factor of the converter as shown in Fig. 23(a).
After RPC mode is enabled, the converter consumes 300 Var. It
can be observed that the power factor of the grid is improved
from 0.963 to 0.992 as shown in Fig. 23(b). However, the THD
of the grid current increases from 1.89% to 3.93% as shown
in Fig. 23(c) due to inherent distortions of reactive power cur-
rent in unidirectional ac—dc boost converters as explained in
previous sections. Thus, the amount of reactive power used for
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Fig. 23.  Experimental results in RPC mode (a) before RPC, (b) after RPC,
and (c) harmonic analysis of the grid current.

compensation should be limited to maintain low THD of the
grid current.

D. Combined Compensation Mode

Fig. 24 shows the experimental results for combined opera-
tions of HCC and RPC when the two loads used in previous
experimental tests are connected at the PCC. When the con-
verter is operating in PFC mode, the grid PF and the THD of
the grid current are 0.960 and 11.2%, respectively. HCC and
RPC begin simultaneously, and the resulting grid power quality
improves to 0.992 PF and 4% THD at the same time. From
experimental results, the grid power quality can be partially
enhanced through the proposed versatile control strategy, even
though a unidirectional ac—dc boost converter is implemented
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Fig. 24.  Experimental results in combined HCC and RPC mode (a) before
HCC and RPC, (b) after HCC and RPC, and (c) harmonic analysis of the grid
current.

instead of a bidirectional converter. Experimental results under
all test conditions are summarized in Table II.

V. CONCLUSION

Since unidirectional ac—dc boost converters are already ubig-
uitously connected with ac power systems, existing unidirec-
tional ac—dc boost converters possess the ability to improve
substantially the stability of ac power systems by maximizing
functionalities of aggregated unidirectional ac—dc boost con-
verters. In this paper, versatile control methods for the unidi-
rectional ac—dc boost converter have been presented to enhance
grid power quality through the combination of HCC and RPC,
which can be a more economical solution for future smart grid
applications. In addition, the framework for evaluation of the
current distortion levels in unidirectional ac—dc boost converters
when they are employed for RPC has been presented. The effec-
tiveness of the proposed control method was validated through
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TABLE II
SUMMARY OF EXPERIMENTAL RESULTS

Mode Items Unidirection PFC Loadl Load2 Grid
converter (nonlinear)  (linear)
Conv. Proposed Conv. Proposed
HCC P (W) 695 695 165 N/A 905 905
Q (Var) -20 —125 145 N/A 160 50
THD 2.7% 17.1% 82.0% N/A 155%  4.5%
PF 0.994 0.961 0.559 N/A 0.964 0.989
RPC P (W) 695 695 N/A 330 1067 1067
Q (Var) —20 300 N/A —262 —262 75
THD 2.7% 5.1% N/A 0.86% 1.89% 3.93%
PF 0.994 0.908 N/A 0.779  0.963 0.992
HCC + P (W) 695 695 490 1225 1225
RPC
Q (Var) —20 360 —295 —290 90
THD 2.7% 16.2% 24.3% 11.2%  4.0%
PF 0.994 0.870 0.824 0.960 0.992

experimental results showing improved power factor and total
harmonic distortion of the grid. At the same time, it should be
noted that due to the inherent limitations of the unidirectional
ac—dc boost converter, the grid current will be distorted unin-
tentionally when operating in RPC mode where the THD of
capacitive current is worse than that of the inductive current
due to extended cusp distortions. Hence, the amount of reactive
power injected from an individual converter to the grid should
be restricted. Although, combined operation of these aggregated
converters, each restricted in RPC, can meet the reactive power
demand while still effectively compensating for generated
harmonics.
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