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ABSTRACT components and capacitorg,Cand improves efficiency.
However, a larger Nalso decreases the conduction angle of the
In this paper, an improved continuous-current- line current and, consequently, increases the line-current
mode, single-stage, power-factor-correction technique is harmonics.
proposed. The proposed technique employs an auxiliary low- To meet PFC requirements in a CCM-BFC
frequency switch to achieve a good input power factor, low converter, the auxiliary inductor;Llshown in Fig. 2, is required
energy-storage-capacitor voltage stress, and high conversion 1171~ Generally, in the CCM “SPFC converter in Fig. 2
ggéfi?ﬁghta&/he improved  performance  was  verified designed for universal-line applications, it is difficult to
' simultaneously maximize the efficiency, meet PFC
1. INTRODUCTION specifications with acceptable margir_ls, and keep 'ghe voltage
stress on the energy-storage capacitor low. Specifically, the
In order to reduce the component count angCM S-PFC converter has difficulty meeting the_ PFC
improve the performance, a number of single-stage, Singr,g:_qwre_ments at high line because of a reduced conduction a_ngle
switch PFC (8PFC) techniques have been introduce&f the line current. In fact, to reduce the Ilne-curre_nt _h_armonlcs
recently [1]{7]. In an $PFC converter, input current N the CCM $-PFC converters, Nneeds to be S|_gn|f|can_tly
shaping, isolation, and tight regulation of outputs ar@Wer compared to the,N/alue for the DCM operation, which
achieved in a simple single conversion step with only orf#S & detrimental effect on the conversion efficiency.
switch. According to the shape of the input inductor
current, the $PFC circuits can be classified as Lg D,

: ! ; Ny Ng Dy Le
discontinuous-current-mode (DCM) and continuous-

current-mode (CCM) SPFC converters. The DCM*S ° +
PFC converters normally have fewer components than the c. = 2RV
CCM S-PFC converters, but they suffer from a higher Viygeq D¢, F L Yo

current stress, lower efficiency, and require larger EMI

filters. As a result, in many applications, the CCMPEC /\/\

converters are preferred over the DCMPEC converters.
Figure 1 shows a typical DCM*®FC converter S w

[4-5]. In the circuit in Fig. 1, inductor dis the boost ®

inductor which shapes the input current to meet the

required harmonic-current standard [8]. Switch S

integrates the DCM PFC front end and the output dc/dc Fig. 1 pcM $-PFC converter with tapped primary winding [4].

converter into one stage. Since during one line cycle the

duty cycle of switch S is approximately constant, the This paper introduces a new technique which improves

average input current of the DCM PFC front-end naturalihe performance of the CCM-BFC converter. The technique

has a low total harmonic distortion (THD). The tappeémploys a low-frequency, low-cost, and low-loss auxiliary

winding N, is the feedback winding used to limit theswitch to extend the conduction angle of the line current without

voltage stress on energy-storage capacitgr a@d t0 a need to decrease.N\s a result, in the improved circuit the

improve the overall efficiency [5]-[6]. Generally, a higherrequired reduction of the line-current harmonics can be achieved

N: reduces the voltage stress of the semiconduct@jithout sacrificing the conversion efficiency.

* This work was supported by Delta Electronics, Inc., Taiwan, through a
fellowship to C-PES. Also, it made use of ERC shared facilities supported
by the National Science Foundation under award number EEC-9731677.
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Fig. 2 CCM S-PFC converter with tapped primary winding [1]. Fig. 4 Average input inductor currepg e of CCM S-PFC

at \f, = 265 Vac. Calculated THD = 97.8%

The performance of both the DCM and CCKPF-C
2. ANALYSIS OF CCM S*PFC WAVEFORMS converters can be improved by implementing windingalll a
part of the primary winding, as shown in Figs. 1 and 2. In fact,
To facilitate the explanation of the limitations ofwith a tapped winding N the voltage stress ongQan be
the S-PFC converter, Fig. 3 shows the calculated averageduced without a reduction of the conversion efficiency
value of boost-inductor currentgjae) at a low line of because a tapped Nrovides a direct energy path from the input
Vin=90 Vac and for N=0. As can be seen in Fig. 3, whento the output, which enhances efficiency [3], [5]. Generally, if
the line voltage is close to the zero crossings, the boake taping ratio NNp = 0.25 is selected, energy-storage-
inductor Lg operates in the DCM, anghe) is very low. capacitor voltage ¥ can be limited to below 400 V in the
For higher instantaneous line voltages, the boost inductemjority of applications. With ¥ limited to around 400 V, a
Lg operates in the CCM mode, and thgal) waveform 450-V rated energy-storage capacitor can be safely used for C
shows a fast rise ofdawe), Since there is a significant Figure 5 shows the line-current waveform at the low line with
current difference betweepgfye) in the DCM and CCM  N,/Np=0.25 along with the corresponding waveform with
mode, the line-current distortion is significant. Figure 4,/Np=0,i.e., along with the i) Waveform in Fig. 3. As can
shows the average boost inductor current at a high line o seen from Fig. 5, with the tapping no current flows during the
Vin=265 Vac. As can be seen from Fig. 4, the ratio of thengle where the tapped-winding voltage,/iW)Vs is lower
DCM/CCM angles at the high line is even larger than ahan instantaneous rectified-line voltageind). This
the low line. As a result, the current distortion at the higbonduction dead angle that occurs around the zero crossings of
line is higher than that at the low line. To meet the IEEe line voltage decreases the CCM conduction angle. As a
line-current harmonic requirements, it is critical that theesult, the circuit with the tapping exhibits increased line-current
values of I and Ly are selected properly. However, evertistortion, as illustrated in Fig. 6 which shows the calculated
with the optimal selection of thesland L values, it is not comparison of the line-current harmonics with and without the
possible to simultaneously achieve a high efficiency, lowapping. As can be seen from Fig. 6, the converter with tapped
voltage stress on the energy-storage capacitor, awihding cannot meet the IEC 1000-3-2 requirement. Moreover,
desirable margin of the current harmonics. even without the tapped winding, the harmonics of the line
current are close to the IEC-standard limits.
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Fig. 3 Average input inductor currepg e of CCM S-PFC Fig. 5 Average input inductor currepgiye of CCM S-PFC
at Vi, = 90 Vac. Calculated THD = 68.9% . at Vi, = 90 Vac with N/N,=0.25.
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that winding N actively participates in reducing the energy-

0.5 Current : K .-
(rms. A) ] storage-capacitor voltage and in providing the energy transfer
0.4 ' IEC1000-3-2 Class b from the input to the output for maximum efficienc
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Fig. 6 Harmonic currents of CCM-®FC with N/N,=0
and NNy=0.25 at \(,=230 V,, Pin=100 W and Vo=5 V.

3. IMPROVED CCM S*PFC CONVERTER WITH
AUXILIARY SWITCH

As can be concluded from the discussion in the Q7
previous section, the performance of the CCRMPBC
depends critically on the value of;.NSpecifically, to
reduce the voltage stress on the energy-storage capaci
as well as to maximize the conversion efficiency, N
should be maximized. However, to meet the line-current
harmonic specifications with a desirable marginshould A
be minimized. Unfortunately, these two diametrically
opposed requirements cannot be met without a major
modification of the circuit. / Vet

As can be seen from Figs. 3 through 6, to reduce
the line current distortion, it is necessary to increase the ¢
current around the zero crossings;, it is necessary to
eliminate the dead angle of the current. With the dead d | I
angle eliminated, the line-current peak will be reduced ON| OFF ON OFF ON
and, therefore, a lower THD will be achieved. To eliminate
the dead angle in the presence of an optimally selegted N @
it is necessary to modify the converter by adding an
auxiliary switch as shown in Fig. 7.

Fig. 7 Conceptual circuit diagram of improved CCM S4-PFC converter
tOF,  with auxiliary switch Sr.

kv’c Vin(rec)
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3.1 Principle of Operation

In Fig. 7, switch S is the main power switch, 25
whereas Sr is the auxiliary switch, which serves to 2
improve the line- current waveform by eliminating the 15
dead time of the line current. During each half line cycle 1 [ -
when the instantaneous line voltage is around the zeroyg | -
crossings, Sris turned on to disable the tapped winding N
and, thus, eliminate the dead angle. Figure 8(a) shows the "0 20 40 60 80 100 120 140 160 180
synthesis of the timing waveform of the auxiliary switch (b)

Sr. The turn-on signal for Sis generated by the
comparator, which compares scaled, rectified-line voltage

Vin(rec)
-

\
\
[ Y IR I I B I |

3

Fig. 8 Improved CCM S4-PFC converter with auxiliary

KvVingeey With reference voltage ¥ When the scaled, switch Sr:
instantaneous, rectified-line voltage is lower than the (a) synthesis of duty cycle af auxiliary switch Sr;
reference voltage, which occurs around the zero-crossings (b) input current waveform with and without Sr.

of the line voltage, Sr is turned on to bypass tapped
winding N;. Otherwise, auxiliary switch, $ turned off so
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The auxiliary switch Sr is a small, low-current-IEC limits with plenty of margin. However, at,#¥230 Vac, as
rated switch because it only conducts current around tehown in Fig.11, the implementation with,/Np=0.25 and
zero crossings of the line voltage. In additiop,p8wer without S does not meet the IEC specifications for tHeabd
dissipation is also very low because its conduction loss, @ harmonic. The implementation with;30 and without S
well the switching loss, is negligible sincecarries a very meets the specifications, but with a very small margin.
small current and switches at twice of the line frequencgpecifically, the margin on the"Ss less than 10% and the
As shown in Fig. 7 the implementation of the control fomargin on ¥ harmonic is about 5%. Finally, the proposed
Sr is simple, too. It requires only a comparator and a smatiproved implementation with ,Sand N/Np=0.25 meets the
number of passive components (resistors and capacitoSL harmonic current limits by a large margin.
since the reference dc voltage can be derived from the
energy-storage-capacitor voltage. Although, in such ¢
implementation, the reference voltage varies with the loz
and line, this reference-voltage variation does not have
detrimental effect on the circuit performance. Furthermor:
Sr does not require an isolated gate drive because it 0
needs to be turned on when S is on. Therefore, tl
additional cost of the proposed circuit is relatively small.

Figure 8(b) shows the average boost inductc
current with and without auxiliary switch Sr. As can be |_>Sou= zov- (@) > 1@
seen from Fig. 8(b), with switch,$he current around zero
crossings is increased, and the peak of the current
reduced significantly compared to the waveform of the
circuit without the switch. Consequently, the line-curren
distortion in the implementation with the switch is
reduced.

THD =91 %

with Sr

THD =73 %

3.2. Experimental Performance Evaluation
- S L — Z0W= (b) > 1

To evaluate the effectiveness of the proposed
concept, a 65-W, 100-kHz, three-output experimental Fig. 9 Measured boost-inductor curregtat Vin = 230 Vac at

converter for universal line range (90 Vac — 265 Vac) was full power:
built. The voltage and current ratings of the outputs were 5 (a) CCM S™-PFC converter without Sr and/N|, = 0.25;
VI9 A, 3.3V/I3A,and 12V /0.9 A. (b) Improved CCM S4-PFC converter with Sr angNy, =

The circuit was built using the following 0.25.

components: 4= 530uH, L; = 250uH, Np = 32 tms, N Figure 12 shows the maximum energy-storage-

= 8 turns (N/Np=0.25), Ns = 3 s, d>- 330pF/450 V,  anacitor voltage of the three implementations as a function of
S — IXTK21N100, Sr—IXYS IXTP 2N80. the line voltage. The proposed circuit with the auxiliary switch
Figures 9(a) and 9(b) show the measured boogishihits the lowest maximum voltage stress of 390 Vdc, which

in_ductor current wave_fc_;rms at¥230 Vac for the circuit 5 1ows a safe use of a 450-Vdc rated energy-storage capacitor.
with and without auxiliary switch Sr, respectively. Both

implementations were designed with the same tapping
ratio of N/Np = 0.25. As can be seen in Fig. 9(a), with S
the boost-inductor current exhibits a conduction dead anglg + T —
due to the tapped winding;Nresulting in a THD of 91%. 80 tpp-- IEC 1000-3-2 Class D
Figure 9(b) shows that auxiliary switch Sr eliminates thé0 B S*PFC with N,/N, = 0.25, no Sr
conduction dead angle of the boost-inductor current. O S*PFC with Ny/N, = 0, no Sr
addition, with $the current around the zero crossing of th ) S O S*PFC with N,/N,=0.25 and Sr
line voltage is increased, and the current peak is decrea :
resulting in a reduced THD of 73%. 2
Figure 10 shows the line-current harmonic
comparison at ¥=110 Vac for three implementations of
the experimental “‘®FC: (a) without N (N;=0) and
without §, (b) with Ni/Np=0.25 and without Sand (c)
with Ny/Np=0.25 and S The IEC 1000-3-2 harmonic
current limits are also shown in Fig. 10. As can be seen Fig. 10 Input-current harmonic comparison at Vin=110 Vac and
from Fig. 10, at =110 Vac all implementations meet the full power.

o

3 o

O oo

3 5 7 9 11 13 15 17 19
Harmonic Current
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Fig. 13 Comparison of three CCM-BFC implementations:
(a) THD comparison;

330 / .
1o W Wwio St, N, = 0.25 (b) power factor (PF) comparison.

290 + i Eff.(%) wlo Sr, Ny/N,=0.25
200 230 240 264 73+ . . . : ;
Vin

Fig. 12 Maximum energy-storage-capacitor voltage stress.

370
350

71 4.

Figure 13(a) shows the measured THD, whereas
Fig. 13(b) shows the measured power factor (PF) of the
three circuits. As can be seen, the proposed circuit showp &9
significantly improved THD and PF compared with th
implementations without the auxiliary switch. Accordin gro 100 110 130 150 170 190 210 230 240 265
to Fig. 13, the maximum improvement of the THD is mor v
than 20%.

70

in

Fig. 14 Efficiency comparison of three CCNHBFC

Figure 14 shows the efficiency comparison of the . :
implementations

three implementations. The measured efficiency shown in
Fig. 14 includes the power stage, the controller and the
driver losses. As can be seen from Fig. 14, the designs

with the tapped winding N i.e,, implementations with ;
_ e . energy-storage-capacitor voltage stress,; Nhould be
Ni/Np=0.25, show no efficiency difference between th?naximized. In the original CCM“BFC circuit without Sr, his

mple_me?tatli)hn ,:'\f[';h ?nd W:cﬂ:r?m t(;]de_t_aUXIllla_ry s_\f[wtc_h ts;]rﬁmited by the harmonic current constraint. However, when an
IS Impiies that Ine 1oss ot the additiona CIrCultry in .%uxiliary switch Sr is added in the circuit, the tapping ratio can
proposed implementation with an auxiliary switch

liaible. At the | i the imol ot 'thSDe increased. Figure 15 shows the measured comparison of the
negigie. e low fing, the |gnp ementations Wity armonic currents of the implementations with the auxiliary
N1/N'p—0.25 are .apprquately 1.5% more efflc!ent .thagwitch and with WNp=0.25 and WNp=0.37. As can be seen
:Ee. |m?f!e.rnenta'.[|or;1'v¥:th [:0’ \évhetre(?z;t _trhhe h'?fh.lme from Fig. 15, the implementation with;Mlp=0.37 has lower
their efliciency 1S higher by about ©.5%. The €MlICIENCY, 3 monic currents and, therefore, meets the IEC specifications
improvement is higher at the low line because the inp ith a higher margin than the ;Mip=0.25 implementation.
current is higher at the low line than it is at the high Iinq:igure 16 shows that the /Np=0.37 tapping ratio also

;I'he(jrsforlf, _thg_ effgct of thg q;.rect-fntetrﬁy-ltranl.sfer of thﬁnproves the efficiency over the full line-voltage range
eedback winding 1S more significant at the low fine. compared to the efficiency of the implementation with

In order to maximize the efficiency and decrease the
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N./Np=0.25. In addition, the maximum voltage on th
energy-storage capacitor withy/Np=0.37 tapping is 390
V. However, it should be noted that an increased tappi
ratio increases current through Sr. Therefore, the tapp

énductor Ly, which helps in reducing the capacitor voltage, is
disconnected from the circuit for a portion of the rectified-line
mgriod.

ing Another low-cost approach to improve the input

ratio should be maximized so that a low current, lowurrent at high line is to replace the semiconductor switch Sr in

power, low cost auxiliary switch still can be used.

80 | IEC 1000-3-2 Class D
60 1 W With Sr, Ny/N, =0.25
40 ; O with sr, NN, = 0.367
20 |

0

3 5 7 9 11 13 15 17 19
Harmonic order

Fig. 15 Input-current harmonic comparison for implementations
with different tapping ratios.

-3 Eff.(%) with $r, N/N,= 0,367
= Vs T
NIy s SN
- e
71 /T Wth S N/N=0.257 ) N
| o
70 e wio~Sr;N="0 \‘0
69
90 140 190 240 Vin

Fig. 16 Efficiency comparison.

3.3 Implementation Variations

The described concept with the auxiliary switch

can be implemented in a variety of ways. For exampl

Fig. 17(a) shows the implementation which uses the

proposed approach to disable auxiliary inductpinktead
of disabling winding N. While the disabling of L

Fig. 7 with an electro-mechanical switch (relay) or mechanical
switch. In this implementation, the switch is permanently turned
on at the low-line range and permanently turned off at the high-
line range to eliminate the dead conduction angle at high line.
While this approach reduces the line-current harmonics as
effectively as the circuit in Fig. 7, it has a higher voltage stress
on the energy-storage capacitor and lower efficiency because at
high line winding N is disabled permanently.

Finally, the proposed PFC concept can be extended to
other DCM/CCM $PFC converter topologies. For example,
Fig. 18 shows the implementation of the proposed concept in the
DCM S'PFC converter.

Lg

\Y

in(rec)

Vin(rec)

/A

(b)

increases the current in the DCM region around the zero
crossings of the line voltage, this approach does not
eliminate the dead angle. Consequently, the circuit in Fig.
17(a) exhibits a higher line-current THD than the proposed
circuit in Fig. 7. Yet another implementation of the
proposed concept is shown in Fig. 17 (b). In this
implementation, both Land N are disabled around the
zero crossings of the line voltage. This approach eliminates Vinteo)
the dead angle completely and increases the line current in/\/‘\
the DCM regions even more than the circuit in Fig. 7. As a

result, the circuit in Fig. 17(b) has a lower THD than the

THD in the circuit in Fig. 7. However, the circuit in Fig.

Fig. 17 Implementation variations:
(a) Disabling of I
(b) Disabling of Ly;and N.

D, Vg N, Ny Dy L

17(b) has a higher energy-storage-capacitor voltage stress
than the original circuit in Fig. 7 because iliary

Di i \'s

Fig. 18 DCM S-PFC with auxiliary switch Sr.
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4. SUMMARY

An improved, cost-effective, single-stage PFC
technique which employs an auxiliary switch is presented.
The proposed technique improves the input power factor,
reduces the stress on the energy-storage capacitor, and
improves the overall efficiency. The performance of the
proposed technique was verified experimentally on a 65-
W, universal-line range, three-output converter.
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