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Abstract This paper focuses on the design and analysis of
the single-phase Low-Frequency Active Power Factor Cor-
rection (LFAPFC) circuit. The LFAPFC circuit has several
attractive features such as low electromagnetic interference,
low switching frequency and ease of implementation when
compared with the High-Frequency Active Power Factor
Correction circuit. Moreover, its performance is much bet-
ter than that of the Passive Power Factor Correction circuit.
However, few of the previous studies focus on determin-
ing the values of major parameters of the LFAPFC circuit
and their corresponding performance. To conduct an in-depth
study on the LFAPFC circuit, this paper proposes a system-
atic design method based on analyzing the characteristics of a
symmetric trapezoidal current waveform. Using the proposed
method, output performance indices such as total harmon-
ics distortion and power factor of the LFAPFC circuit can
be estimated. In addition, the relationship among the out-
put performance, inductance and conduction parameters of
the power switch is derived and investigated. Using the pro-
posed method, designers can determine suitable values of
conduction parameters and inductance for specific applica-
tions. Computer simulations and real experiments are carried
out to verify the effectiveness of the proposed method.
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1 Introduction

For modern power electronic devices such as power supplies,
adaptors, electronic ballasts and motor drives, a full-bridge
rectifier is commonly required. Conventional approaches use
bulky electrolytic filtering capacitors in the rectifier to reduce
voltage ripple. However, they result in a very low power fac-
tor (around 0.5-0.7) and cause serious harmonic pollution.
Since 1990, the International Electric Committee (IEC) has
issued a regulation on the line current harmonic emission in
its IEC 1000-3-2 for personal computers, lighting equipment,
portable tools, balanced three-phase equipment, etc. [1]. To
meet the IEC regulation, a common approach is to employ
a Power Factor Correction (PFC) circuit in power electronic
devices to force the input current waveform to faithfully fol-
low the sinusoidal input voltage waveform so that the Total
Harmonics Distortion (THD) is nearly zero and the Power
Factor (PF) is close to one [2].

In general, PFC circuits can be divided into two main
categories—passive and active. With attractive features such
as continuous input current waveform as well as smaller
inductance, active PFC circuits such as boost converters with
high switching frequency strategies have been commonly
adopted in various power electronic appliances designed to
achieve high PF and low THD [3-5]. However, the use of
high switching frequency carriers leads to several draw-
backs such as Electromagnetic Interference (EMI) issues
and significant switching losses. To overcome these draw-
backs, many approaches employ soft-switching techniques
and additional electromagnetic interference filters. However,
this will increase cost as well as the complexity of the cir-
cuit design. It is not surprising that the Passive Power Factor
Correction (PPFC) circuit is still commonly used in many
applications [6—14]. In general, the PPFC circuit consisting
of low-frequency inductors and capacitors is designed to sup-
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press the high-order harmonics of the input current so that
PF and THD can be improved and also comply with the IEC
regulations. Although the PPFC circuit is simple and easy to
implement, it has several drawbacks. For example, it consists
of bulky passive components and its performance may dete-
riorate if the input voltage or load conditions are changed.

In addition to the PPFC circuit and the High-Frequency
Active PFC (HFAPFC) circuit, the Low-Frequency Active
PFC (LFAPFC) circuit [15,16] can be viewed as a trade-off
between the PPFC circuit and the HFAPFC circuit. Com-
pared with the conventional PPFC circuit, the LFAPFC
circuit has higher PF and smaller THD. Although its per-
formance is not as good as that of the HFAPFC circuit, the
LFAPFC circuit is cheaper and can also comply with the
harmonic limit regulations [17-21]. In fact, in many appli-
cations the LFAPFC circuit has been used as an alternative
to the HFAPFC circuit. However, in most existing literature,
proper inductance and switching strategies of the LFAPFC
circuit are determined by either trial and error or through
computer simulations, with both approaches typically being
inefficient and difficult to comprehend. To facilitate the
design of the LFAPFC circuit, this paper proposes a new
design method that is based on a symmetric trapezoidal
current waveform. Using the proposed method, major per-
formance indices such as PF and THD can be estimated. In
particular, the proposed method simplifies the procedures for
determining proper inductance and conduction parameters
based on input conditions and output performance require-
ments. Several experiments have been conducted to verify
the effectiveness of the proposed approaches. Experimental
results indicate that the proposed approach for designing the
LFAPFC circuit based on the symmetric trapezoidal current
waveform is indeed feasible.

The remainder of the paper is organized as follows. Sec-
tion 2 addresses the principle of the LFAPFC circuit. The
proposed approach for designing the LFAPFC circuit based
on the symmetric trapezoidal current waveform is introduced
in Sect. 3. Experimental results and conclusions are given in
Sects. 4 and 5, respectively.

2 Principle of low-frequency active power factor
correction circuit

Figure 1 illustrates the circuit topology and typical wave-
forms of the LFAPFC circuit. The key issues in designing
the LFAPFC circuit are choosing a proper inductor and deter-
mining the switching timing and conducting duration of the
power switch for each half cycle of the input voltage, so
that the input current waveform can be reshaped to comply
with the regulations/standards. However, the analytical rela-
tionship among the input voltage, input power, PF, THD,
conduction parameters of the power switch and inductance
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has yet to be thoroughly explored. Furthermore, in most of the
existing approaches, the design parameters are determined by
either trial and error or through computer simulations [15-
21]. As previously mentioned, these approaches are usually
inefficient, time-consuming and not easy to comprehend. To
cope with this problem, this paper is aimed at developing
a simple and systematic approach for determining suitable
values of conduction parameters and inductance for specific
applications.

2.1 Circuit analysis

According to the conducting status of the power switch and
the input current of the rectifier, the operation of the LFAPFC
circuit can be divided into four modes for each half cycle as
illustrated in Fig. 1b. Without loss of generality, only the half
cycle for which Vj, is positive is analyzed in the following.
In such a case, ijy () is greater than zero in Mode 3. In the
following derivation, it is assumed that the output voltage is
fixed in the steady-state operation and all the circuit elements
are ideal. In Fig. 1a, vi(¢) is the input voltage, ij(¢) is the
input current, v, is the output voltage, and vy, is the voltage
drop across the inductor. In Fig. 1b, T; = ¢, is the delay time
of the power switch, and T,,, = £, —#; is the conduction time
of the power switch. In addition, the frequency of the input
voltage is denoted as wy .

Mode 1 and Mode 4 (0 <t <1513 <t < T)

In Mode 1 and Mode 4, the power switch Q is turned off.
Both the inductor voltage vy () and input current i;,(¢) are
Zero.

v (1) =0 ey
lin(1) =0 ©))

Mode 2 (1] <t < 1p)

InMode 2, the input voltage is smaller than the output volt-
age, i.e., vin (f) < v,. To increase the conduction angle of the
input current of the conventional rectifier, the power switch
Q is turned on, while the inductor is used for energy storage
in this mode. The formulas of the inductor voltage vy (¢) and
input current i, (#) are described by (3) and (4), where the
peak value and the Root Mean Square (RMS) value of the
input voltage are denoted as Vin_pk and Vi _rms, respectively.

v (1) = Vin(t) = V2 - Vin_ms - [sin(or1)] )

) Vin_PK

iin(t) = (cos(wp t1) — cos(wit)) 4)
wr L

Mode 3 (1) <t < 13)

In Mode 3, power switch Q is turned off. However, the
inductor current is not equal to zero. The energy stored in
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the inductor is released through the diode in this mode. The
inductor voltage vy (¢) and input current i;, (¢) are described
by (5) and (6), respectively.

L () = Vin(t) — Vo = /2 - Vin_ms - Isin(wr0)| — v, (5)
Vin_Pk

iin(t) = wr L

v

(cos(@L1) —cos(@rt) = 7t = 1) (6)
Equations (4) and (6) indicate that the input current depends
on the conduction status of the power switch and the induc-
tance, i.e., 11, 1, t3 and L.

2.2 Output voltage and power factor

From (6), if t = 3 and i;, (#) = 0, the output voltage v, can
be described by

vy = Vin_pk - (cos(wpt1) — cos(wp13)) @
wr (13 — 1)

\ }
Mode 3

Mode 4

Equation (7) indicates that the output voltage is a function
of #1, 1p and t3. Note that the design parameters #; and £,
are related to the conduction duration, while 73 is related
to the load conditions, namely the value of v, depends on
conduction status and load conditions.

Based on (2), (4) and (6), the RMS value of the input
current can be determined using

1 T
Iin,rms = ?/() ii2n(t) - dt

V2
F— {cos*(wrtr) - (13 — 11)

_2-cos(wpty)-[sin(wpt3)—sin(wpt))]

L,
= + 13511 + [sin(2wL134)—sin(2thl)] (8)
5 oL

2 3 3
3 442 2., _ L
. (T nt3 + 113 3)
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Based on the relationship vi, () = Vin_px - sin(wrt) and
Egs. (2), (4), (6), one can calculate the input power using

Pin

1 T
7/0 Vin (1) - fin (£)d?

V2o 1 cosQupt) + cosQuwpi3)
w-wr - L 2 4
—cos(wrty) - cos(wpt3)]

Vi -V,
— PR ros(wpts) - (12 — 13)

7L
n sin(wy t3) — sin(wg )
wr,

©))

According to the obtained fip yms and Py, the power factor
can be estimated by (10).

P,
PF=__ 0 (10)

Vin_rms - in_rms

Compared with the conventional PPFC circuit design, the
computations of fin rms and P, are much more complex and
involve many parameters (e.g., t1, f2, 3, L). Moreover, the
equation used to describe the relationship between conduc-
tion parameters and inductance is highly non-linear. All these
factors contribute to the fact that the entire design proce-
dure of the LFAPFC circuit is complex, time consuming and
difficult to comprehend. It is conceivable that in most exist-
ing approaches, the values of conduction parameters and the
inductance are usually determined by trial and error.
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Fig. 3 THD under different load conditions of the LFAPFC circuit

3 Design of the LFAPFC circuit based on
symmetric trapezoidal current waveform

3.1 Analysis based on symmetric trapezoidal current
waveform

As mentioned previously, most of the existing approaches
still rely on a trial and error approach to select a proper
inductor and the corresponding conduction parameters (7
and To) of the LFAPFC circuit. One of the major reasons
why it is difficult to determine the circuit parameters is that
the input current waveform of the LFAPFC circuit as shown
in Fig. 1b is highly non-linear and asymmetric over a half-
cycle. Suppose that the RMS value of the input voltage is
110V, 60Hz and the ripple of the output voltage is less
than 5 %. Figures 2, 3, 4 show the simulation results of the
input current waveforms, THD, and PF of the input current
under different load conditions, respectively. The values of
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major parameters used in the simulation are listed as follows:
Ty = 0.46ms; Ty, = 1.85ms; L = 38.8 mH; output capac-
itor C = 1800 wF. The results shown in Figs. 2, 3, 4 reveal
that if the input current waveform is closer to a symmetric
trapezoid, the THD will be small and the PF will be high.
Moreover, the inductance and the conduction parameters of
the LFAPFC circuit can be determined analytically accord-
ing to the desired regulation, as will be shown in the next
section.

It is observed that when an LFAPFC circuit is well
designed, as shown in Fig. 5, the waveform of the input
current ijp(¢) is very similar to a symmetric trapezoid. In
the following analysis, ijn(¢) is considered to consist of two
parts as described by (11).

iin(t) = i7(t) + iin7 (1) (11)

where i7(t) is the desired current waveform which can be
determined according to the regulations, and #;,(¢) is the
difference between i;, () and ir (¢). Figure 6 illustrates the
typical waveforms of ij,(¢), i7(¢) and ijT(¢). According to

0.98 <

0.96
& 0.94 /
0.92 /
7

0.9 P4

0.88 ' ; : ;
100 150 200 250 300 350

PO(W)

Fig. 4 PF under different load conditions of the LFAPFC circuit

Fig. 5 Input current of the
LFAPFC circuit approximated A
by a symmetric trapezoid

Fig. 6, ijnT(¢) can be viewed as an odd symmetric current
waveform centered at (MZT*T, 0) for % <t < %
(where n is the cycle number, and n € N). Moreover, if there
is only a slight difference between i;, (¢) and i7 (¢), the aver-
age power produced by the input voltage vi, () and i, (¢) is
very small and thus can be neglected, that is, the input power
Py, can be expressed as:

Vin 4 b %
| |
' t
| |
N
iin & ]
| |
T | t
| |
it A l ;
| |
| |
> t
| |
| |
LinTh I I
| |
. N .
| I
| |

Fig. 6 Typical waveforms of vi,(?), iin(¢), i7 (¢), and ijpT(¢) of the
LFAPFC circuit

> ¢
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Fig. 7 Waveforms of v, (0) Vin iT
and i7 (9) of the LFAPFC circuit A
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Py = ?/0 Uin (1) - Tin(1)dt = 7/0 Vin (1) - (7 (1)
+ iinr (1))dt
1 T
~ 1 / V() - i ()t (12)
T Jo

According to (12) and Fig. 6, we have come up with the
following observations:

1. To simplify calculation, i (¢) rather than i;, () is used
to compute the input power Pi, without sacrificing too
much accuracy.

2. When an LFAPFC circuitis well designed, the fluctuation
of the waveform of i;,(¢) can be neglected.

For simplification, the time variable ¢ is replaced by the elec-
trical angle 6 in the following derivations.

As shownin Fig. 7,0 = wy, - 1,01 = wp - 11,60 = oy, -
1,00 = wp - Ty = 01,00 = wp - Ton = 0 — 01,05 =
wr - t3.Since I7_pg = ijn(t2), for0 <6 < m,i7(0) can be
expressed as:

0, 0<0 <0 and 6 <O<m
I

. Bog 0 =0, 61<0=<6,

ir®) = It _pk, h<0=<m—0,
FLE©O —03), T~ <0 <63

(13)

According to (4), (12) and (13), the input power P, can
be rewritten as:

@ Springer

2+ Vin_pk - IT_pK - (sin(62) — sin(0;))
7T - (62 —61)
2. Vli pk - (cos(01) — cos(62)) - (sin(6r) — sin(6))
76, —61) oL

Py =

(14)

It is clear to see that (14) is much simpler than (9). Since
the THD of the symmetric trapezoidal waveform can be accu-
rately estimated, the conduction parameters 6; and 6,, can be
determined according to the regulations. In other words, the
drawbacks resulting from using the trial and error approach
can be avoided. After the values of the conduction parameters
of the power switch are decided, the desired inductance can
then be determined using (14). Figure 8 shows the relation-
ship between the inductance and the conduction parameters,
where the input voltage is set to 110 Vs and the input power
is set to 746 W. One can also find that, with a fixed 6,4, as the
value of 6, increases, the inductance required to suppress
the increasing rate of the input current during the conduction
period increases as well. In contrast, when 6, increases, the
maximum inductance decreases.

According to (7) and assuming 03 = m — 61, the output
voltage V, can be rewritten as:

v, — 2 - Vin_pk - cos(61)

15
7'[—91—92 ( )

When t; = t,, the output voltage can be further simplified
as:

_ 2 - Vin_pK - cos(62)

1%
¢ T—2-6,

(16)
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In most existing literature, the PF and THD of the LFAPFC i ——in:0¢=0

circuit are difficult to estimate even when the conduction
parameters and inductance are given. Nevertheless, as shown
in Fig. 6, the THD obtained using the symmetric trape-
zoidal current waveform can give a good estimation of the
actual THD of the input current, namely designers can eas-
ily determine the desired switching conditions to meet the
regulations. However, the magnitude of i;,7(#) may exhibit
significant fluctuation under different switching strategies.
IsSpice simulation results of the THD obtained using the
symmetric trapezoidal current waveform and the actual THD
of the input current under different operation conditions are
depicted in Fig. 9. Based on the results shown in Figs. 8 and 9,
we have come up with the following observations.

1. As the value of 6; increases, the value of 0, that yields
the smallest THD of the symmetric trapezoidal current
waveform will decrease, while the resulting THD will
increase.

2. When the value of 6, is fixed, the output voltage increases
as the value of 6y, increases. The reason is that as 6y,
getting larger, the desired inductance defined by (14)
becomes larger as well. As a result, the energy stored
in the inductor increases and so does the output voltage.

3.3 Comparison with passive LC circuits

The above discussions provide insights about the system-
atic design for the LFAPFC circuit. Designers can firstly
determine the desired current waveform according to the IEC
regulations, and then find a suitable inductor. One interest-
ing observation is that (14) actually suggests an alternative
design approach—to determine the inductance firstly, and
subsequently choose proper conduction parameters based on
(14). For the purpose of comparison, constant multiples of
the inductance used in the passive LC circuit is employed in

NN
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Fig. 9 Comparison curves between the THD obtained using the sym-

metric trapezoidal current waveform and the actual THD of the input
current. a0 = 0°,b 6y =5°, ¢y = 10°,d 6y = 15°
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Fig. 10 Comparison of various orders of harmonics of the PPFC circuit and different LFAPFC circuits obtained from IsSpice simulation. a 1st
harmonics to 11th harmonics. b 13th harmonics to 39th harmonics
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the design of LFAPFC circuits, while the conduction para-
meters are determined using (14). In this paper, (17) is used to
determine the inductance of the passive LC circuit developed
in [11], where Lon represents the reference inductance. The
selection of Loy depends on the volume of the inductor and
the THD of the input current. Usually, if the value of Loy is
set between 0.014 and 0.027 H, lower THD and higher PF
can be obtained. In this paper, the value of Loy is set to 0.022
H.

Vims
L=LonN— a7
Irms ' fline

In addition, (18) can be used to estimate the volume of the
inductor, where K depends on the cross-section-window-
area product given by (19) [22]. In (19), Bmax is the maximum
flux density, kg is the window-filling coefficient, and J is the
desired current density.

K =L'1ers'Ika (18)
L1 N -1y, K
Ae’Aw=( ka)( Lms)= L (19)
N - Bmax kR'-/ kR'-]'Bmax

When the desired inductance is determined, the proper val-
ues of conduction parameters 6; and 6, can be determined
using (14).

In summary, the proposed symmetric trapezoidal current
waveform approach provides two different design strategies.
The elaboration of these two design strategies is given in
the following. It is assumed that the input voltage and input
power are constant and the efficiency is 1.

First design strategy The designers can firstly determine
the conduction parameters 6; and 6,, according to the IEC
regulations on harmonics, and then find a suitable inductor.
Suppose that the design requirement is that the power factor
is larger than a prescribed value, say 95 %, and ijT(¢) is
very small—so much so that it can be neglected. One can
exploit the desired current waveform i7(6) described by (13)
to calculate THD so as to determine the proper values of 6,4
and 6,,. After the values of 6; and 6., are determined, the
inductance L can be obtained using (14).

Second design strategy The volume of the inductor is taken
into account. After determining the inductance using (17) and
(18) [11,22], one can calculate the values of conduction para-
meters 6 and 0, based on (14). Moreover, through computer
simulation, one can determine the values of 6, and 6,, that
yield the best power factor.

In general, there is a trade-off between the volume of the
inductor and power factor (i.e., IEC regulation) in a practical
design procedure. To have a fair comparison, the LFAPFC
circuits designed using the aforementioned design strategies
will be compared with a PPFC circuit. In particular, for the

Table 1 Values of various orders of harmonics of the PPFC circuit and different LFAPFC circuits obtained from IsSpice simulation

Harmonics IEC-1000-3-2 PPFC: LFAPFC LFAPFC LFAPFC
Class A (A) L =6mH (A) L =6mH (A) L =12mH (A) L =24mH (A)

1 10 8.15417256 6.94483734 6.96605375 6.97312588
3 23 3.57142857 1.07496464 0.63649222 0.072843

5 1.14 0.68599717 1.42857143 0.75884017 0.54526167
7 0.77 0.44766619 0.65770863 0.58203678 027369165
9 0.4 0.2758133 0.28288543 0.20509194 0.00707214
11 0.33 0.15346535 0.41937765 0.04773692 0.11032532
13 0.21 0.11951909 0.24328147 0.12137907 007694484
15 0.15 0.09335219 0.0990099 0.076471 0.00260255
17 0.132 0.06577086 0.15063649 0.01800566 0.045686
19 0.118 0.05374823 0.08769448 0.05190948 0.03536068
21 0.107 0.04596888 0.01909477 0.04596888 0.00143564
23 0.098 0.03536068 0.05162659 0.0106082 002475248
25 0.090 0.02970297 0.01626591 002220651 0.02008487
27 0.083 0.02652051 0.03182461 0.0311174 0.00095474
29 0.078 0.02192362 0.04031117 0.01746818 0.01541726
31 0.073 0.01838755 0.00169731 0.00551627 0.01287129
33 0.068 0.01697313 0.03536068 0.0151768 0.00070721
35 0.064 0.01485149 0.03677511 0.01145686 0.01048091
37 0.061 0.01272984 0.01768034 0.00304102 0.00884724
39 0.058 0.01131542 0.02333805 0011173974 0.00056577
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Fig. 11 Waveforms of the input current, voltage and PWM signal under different inductances. a L = 6mH, 6; = 25°,0,, = 14°. b L =

12mH, 64 = 10°, 65y = 32°. ¢ L =24 mH, 6 = 5°, 6pn = 60°

Table 2 Simulation results of the LFAPFC circuit and the passive LC
PFC circuit

P Al A2 A3
L (mH) 6 6 12 24
THD (%) 45.5 27 16.4 8.62
PF 0.77 0.957 0.98 0.98
CF 1.839 1.603 1.44 1.389
K (m]) 849 485 822.7 1587

P Passive LC, A1-A3: LFAPFC circuit with different inductances

purpose of comparison, the inductances used in the design of
LFAPFC circuits will be constant multiples (e.g., one time,
two times and four times) of the inductance of the PPFC
circuit. The following is an illustrative design example.
Suppose that the input voltage is 110 Vs and input
power is 746 W. The desired inductance of the PPFC cir-
cuit calculated using (17) and (18) is 6 mH. As a result, the
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inductances used in the design of LFAPFC circuits will be
6, 12 and 24 mH. In addition, several prescribed values of
64 are also given. With these given inductances and 6,4, the
values of corresponding 6., can be determined using (14).
Performance indices such as THD, volume of the inductor
and PF of the PPFC circuit and that of the proposed LFAPFC
circuit are analyzed and compared using IsSpice. The sim-
ulation results of IsSpice indicate that the best conduction
parameters for the LFAPFC circuit with 6 mH inductance
are: 6 = 25°, 6on = 14°, THD=27 %; the best conduction
parameters for the LFAPFC circuit with 12 mH inductance
are: 6y = 10°, 6, = 32°, THD=16.4 %; the best conduction
parameters for the LFAPFC circuit with 24 mH inductance
are: 65 = 5°,0,n = 60°, THD = 8.62 %. Comparisons of
various orders of harmonics of the PPFC circuit and differ-
ent LFAPFC circuits obtained from IsSpice simulation are
shown in Fig. 10a, b. Note that the dash blue line in Fig. 10a,
b represents the IEC 1000-3-2 CLASS A regulation. In addi-
tion, the values of various orders of harmonics of the PPFC
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circuit and different LFAPFC circuits obtained from IsSpice
simulation are listed in Table 1. From the results shown in
Fig. 10a, b and Table 1, it is found that the harmonics of the
LFAPFC circuit with 12 mH inductance comply with the IEC
1000-3-2 CLASS A regulations. Its PF is around 98 %.
Figure 11 and Table 2 list the simulation results of the
LFAPFC circuit and the passive LC circuit. In particular,
Fig. 11 shows that using the proposed switching strategy,
the shape of the input current waveform meets the design
requirements. Moreover, from the results listed in Table 2,

the volume of the inductor used in the LFAPFC circuit can
be effectively reduced when the inductance is the same as
that of the passive LC circuit.

4 Experimental results
Several experiments have been conducted to verify the effec-

tiveness of the proposed approach. Figure 12 shows a picture
of the prototype developed in this paper, while the load is a

Ver

o

Load

j—o
T L}_’ i N
J 3 >
. L
TOSHIBA TLP250 =

(b)

R

250W Variable Speed
Washing Machine Motor

Lo
SIEMENS TCA785
Va

Low Frequency
Power Inductor

Low Frequency
Active PFC Circuit

Fig. 12 The LFAPFC circuit developed in this paper. a Implementation of the LFAPFC circuit. b Picture of the developed LFAPFC circuit

@ Springer



268

Electr Eng (2016) 98:257-270

v, + 50 Vidiv, i, : 2 Aldiv, v,, : 10 Vidiv, Time : S ms/div

. . . . - . . . -
A% 8 8 8 8 388843 AsNNENasssaassaasaanl

v, 50 Vidiv, i, :2 Aldiv, v

s Vg - 10 Vidiv, Time : 5 ms/div

Fig. 13 Waveforms of input line current under different load condi-
tions of the LFAPFC circuit, vi, = 110V, L = 46.6mH,C =
1800 uH, T; = 0.46ms, To, = 1.85msa P, =250 W, THD=13.5%
b P, =175W, THD=19.1%
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Fig. 14 THD of input line current under different load conditions of
the LFAPFC circuit
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Fig. 15 Waveforms of input line current under different load condi-
tions of the passive LC circuit, vi; = 110 Vi, L = 16.8mH, C =
1800 pH. a P, = 138W.b P, =275W

direct drive variable-speed washing machine. In this paper,
the switching control signals are implemented using the
phase shift control IC-TCA785 manufactured by SIEMENS.
The TCA785 can detect the zero crossing point of the input
voltage so as to generate PWM signals for the gate driver. To
protect TCA785 and also suppress noise, the photo coupler
TLP250 is used to isolate the control signal and the driving
signal. As shown in Fig. 12a (based on datasheet of TCA785),
Vi1 1s generated from a circuit that consists of a resistor, a
diode, a Zener diode and a capacitor. The value of Vi used
in this paper is 15 V. In addition, Vi, is provided by an iso-
lated power supply, the value of which used in this paper is
12 V. The boost converter used in the full bridge rectifier is
the KBJ1506 (manufactured by Pan Jit International Inc.),
while the diode is the UF1606CT made by TRSYS. In addi-
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Fig. 16 Waveforms of input line current under different load condi-
tions of the LFAPFC circuit, viy = 110V, L = 16.8mH, C =
1800 wH, T; = 1.157ms, Top, = 0.74ms. a P, = 138W. b P, =
275W

tion, the N-channel power MOSFET IRF460 manufactured
by IR is also used in this paper. Figures 13 and 14 show the
experimental results of the LFAPFC circuit under different
load conditions. The experimental results agree well with
simulation results shown in Figs. 2, 3, 4; i.e., the THD can
be reduced as the input current waveform is controlled to be
close to a symmetric trapezoid. Figures 15 and 16 show the
experimental results of the passive LC circuit and the pro-

posed LFAPFC circuit. The detailed output performances are
listed in Tables 3 and 4.

It should be noted that the peak current can be suppressed
and the size of the inductor can be effectively reduced with
the LFAPFC circuit. Moreover, both theoretical analysis and
experimental results suggest that the output performance of
the LFAPFC circuit can be well predicted using the pro-
posed method if the load condition is given. It is well known
that the complex and costly HFAPFC circuit is suitable for
closed loop operation while the low-cost PPFC circuit is for
open loop operation. In contrast, the LFAPFC circuit can also
be designed for open loop operation with limited additional
components when compared to the PPFC circuit. In addition,
itis also possible to design an LFAPFC circuit for closed loop
operation if a low-cost microcontroller is used to determine
the conduction parameters based on different load conditions
and output voltage through a lookup table approach.

5 Conclusions

Although conventional PPFC circuits are still widely used
in home appliance and consumer products, they also suf-
fer from drawbacks such as bulky circuitry and the fact that
their performance is sensitive to input voltage and load condi-
tions. In contrast, the LFAPFC circuit has several advantages
over conventional PPFC circuits. The LFAPFC circuit results
in high power factor converters with low THD of the input
current. Moreover, the size of the inductor can be signifi-
cantly reduced. To facilitate the use of the LFAPFC circuit,
this paper has conducted a thorough study on the analy-
sis and design of the LFAPFC circuit. The relationship
among the conduction parameters, inductance, and load con-
ditions for the LFAPFC circuit can be derived using the
proposed method. Moreover, this paper also provides an
effective design procedure for selecting the desired induc-
tance and conduction parameters when the input voltage,
rated power, and performance requirements are given. Using
the proposed method, designers can save considerable time
in selecting suitable desired inductance and conduction para-
meters for the LFAPFC circuit. Considering issues such as
cost, complexity, EMI, and implementation, the LFAPFC
circuit is a highly competitive alternative to the HFAPFC
circuit. In particular, the LFAPFC circuit is suitable for frac-
tional horsepower variable-speed motor drives used in home
appliances.
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Table 3 Performances of the

. . P, =138 W P, =275W
passive LC circuit
THD (%) PF CF n (%) THD (%) PF CF n (%)
51.9 0.788 2.02 914 35.1 0.777 1.898 89.5
Table 4 Performances of the
LEAPEC circuit L =16.8 mH L =29.8mH
THD (%) PF CF n (%) THD (%) PF CF n (%)
24.5 0.959 1.637 91.6 16.4 0.979 1.479 91
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