








It was shown in [14] that bulk-capacitor voltage Vg is a
function of input voltage vy, ratio of inductances Lg/Ly;,
ratio of number of turns N;/Np, and output voltage V,, i.e.,

Vy =f(vp,Lg /Ly, N, /N, Vi) 2

The bulk-capacitor voltage increases with increasing rms
value of the line voltage, and it decreases with increasing
turns ratio N;/Np and increasing ratio of inductances Lg/Ly,,
as illustrated in Figs. 6 and 7, respectively.

For proper PFC operation, in order to meet the IEC
61000-3-2 Class C limits, the zero-crossing distortion of the
line current due to the tapping of the primary winding should
be optimized, and the boost inductor should be prevented
from operating in CCM.
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Fig. 6. Calculated voltage Vg vs. ratio N1/Np (Lg/Ly=0.25).
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Fig. 7. Calculated voltage Vg vs. ratio Lg/Ly (N1/Np=0.133).

Following the same procedure for the analysis of the
bulk-capacitor voltage as in [14] and assuming that the boost
inductor operates in DCM, the line current waveform and the
corresponding THD can be easily calculated. For example,
calculated line current waveforms at three different turns
ratios N;/Np, at nominal low line (V=120 Vrms), are
shown in Fig. 8. It follows from Fig. 8 that with increasing
turns ratio N;/Np the dead-angle of the line current around
zero crossing increases, resulting in an increased THD. As
another example, Fig. 9 shows calculated THD vs. N;/Np for
three different values of Lg, at nominal high line (V=230

Vrms). It follows from Fig. 9 that THD significantly
increases with increasing N;/Np, whereas the presented
variation of Ly does not have significant effect on THD. It
can be seen in Fig. 9 that for a THD lower than 20%, which
is a typical requirement for lighting applications, turns ratio
N,/Np should be smaller than 0.15.

In order to ensure DCM operation of boost inductor Lg,
time Tggs g, 1.6., the time to completely reset the boost-
inductor core, should be shorter than the turn-off time,
Torr g1, of switch Q, around the peak of the line voltage
(worst case), i.e.,

TRESfLB < TOFFle : 3)

In this way, the current flowing through the boost
inductor decreases to zero before switch Q; is turned on,
ensuring a high power factor and a low THD.

The turn-off time, Topr_qi, of switch Q; operating at
CCM/DCM boundary can be expressed as

VN, /Ng L, @

T =(-——0"P %
orr_a1 = V, + VN, /N

where, Ty is the switching period of switch Q;.

The time to completely reset the boost-inductor core can
be expressed as
(viv =N, V3 /NN, V,, /Ny
[Vy + (1= N, /NN, Vi, /Ny = vitI(Vy + NV, /Ng)
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where, V;f\f is the instantaneous rectified line voltage.

2
:  _N,N,=0.8, THD = 73.2%

[}
' N,/N, = 0.4, THD = 22.4%

N,/N; = 0.1, THD = 13.1%

Line Current (A)
=)

-1 Vo=24V . ’
l,b=3.8A \ [
1 :
V=120V, l‘ 'I
2 b
0 Time

TLINE

Fig. 8. Calculated line current waveforms for different ratios of
Nl/Np.

Using (2)-(5), the maximum ratio Lg/Ly vs. Ni/Np that
will ensure operation of Lg in DCM can be calculated. In
Fig. 10, the calculated maximum ratio Lp/Ly vs. Ni/Np that
will ensure operation of Lg in DCM is presented at nominal
low line (120 Vrms). Figure 10 also includes the calculated
minimum Lg/Ly; vs. Ni/Np that will ensure limiting the bulk-
capacitor voltage below 400 V at the upper end of the low
line-voltage range (140 Vrms).
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The calculated maximum and minimum ratios Lg/Ly; vs.
N;/Np in the high line-voltage range are presented in Fig. 11.
As follows from Fig. 11, in the high line-voltage range, the
possible range of ratio Lg/Ly is much narrower than at the
low line-voltage range. It also follows from Fig. 11 that the
minimum possible turns ratio N;/Np is 0.1.
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It can be clearly seen from Figs. 10 and 11 that different
ratios of inductances Lp/Ly; are required in the low line-
voltage range and in the high line-voltage range, i.e., that a
variable boost inductance is required in the universal line-
voltage range.

Based on the calculated results presented in Figs. 6-9,
turns ratio N;/Np = 0.13 (N; =4, Np = 30) is selected for the

final design. It follows from Fig. 11 that for N;/Np =0.13 in
the high line-voltage range, ratio Lg/Ly should be around 0.6,
i.e., the desired boost inductance is 390 uH for the selected
Ly = 645 uH.

Finally, it follows from Fig. 10 that for N;/Np =0.13 in
the low line-voltage range, ratio Lg/Ly should be smaller
than 0.32, i.e., the desired boost inductance should be smaller
than 206 uH for the selected Ly; = 645 uH.

III. EXPERIMENTAL RESULTS

To verify the proposed variable boost-inductance
technique, a 24-V/91-W single-stage PFC flyback prototype
for HB LED applications was built. Figure 12 shows a
photograph of the variable boost inductor with a dc bias
winding, while Fig. 13 shows the measured boost inductance
vs. dc bias current. As shown in Fig. 13, the effective boost
inductance drops faster with increasing dc bias current when
the turns number Npjas of the bias winding is higher, and
therefore, it requires a lower dc bias current. However, a
higher turns number Npsg leads to a higher resistance, hence,
higher winding loss for the same load current. Moreover, a
lower boost inductance generally results in a lower overall
efficiency of the LED driver. Therefore, turns number Npjag
should be minimized to ensure low-enough boost inductance
and DCM operation at low line while maintaining relatively
high efficiency. A turns number Nga5 of 12 was selected for
the final design. The dc resistance of winding Ngjag is 20 m€Q
while the turn-on resistance of bias control switch Q, is
1.8 mQ (<<20 mQ). At low line, switch Q, is turned off, and
the entire load current Io = 3.8 A flows through the bias
winding resulting in a power loss of 0.29 W, i.e., a 0.3%
decrease of efficiency. At high line, bias switch Q, is turned
on and bias winding Ngyas is essentially shorted since its dc
resistance is much higher than the turn-on resistance of
switch Q,, resulting in a power loss of 22 mW at [ = 3.8 A.

The measured line voltage and line current waveforms at
full load are shown in Fig. 14. At nominal high line (230
Vrms), THD = 10.39%, PF = 0.9474, Vg = 327 V, and
efficiency = 91%; while at nominal low line (120 Vrms),
THD = 12.24%, PF = 0.9873, Vg = 193 V, and efficiency =
88% were obtained. Figure 15 shows that the measured line-
current harmonics are below the IEC 61000-3-2 Class C
limits with enough margin. The measured efficiency vs.
output power is shown in Fig. 16.

Measurements with an actual LED load were also
performed. Four LED strings each with 7 series-connected
white LEDs (Philips Lumileds, LXHL-LW3C) were
paralleled and directly driven by the proposed PFC flyback
prototype with an output voltage of 24 V. The measured LED
current and output voltage ripple are shown in Fig. 17. The
peak-to-peak output voltage ripple is 30 mV, resulting in a
low LED current ripple (1.6% of the average current).
Therefore, the proposed PFC flyback circuit is suitable for
directly driving LED strings, and no post-regulators are
necessary, which is a significant advantage over the
conventional PFC flyback circuit without an energy-storage
capacitor at the primary side.
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Fig. 12. Photograph of the variable boost inductor.

400
375
350 X \ - Ngus =47 Ts
& \ N B Ngps=12Ts
I 325
2 \ Ny
o 300
g X =y
S 275 \ \.\_
S 250
2 225 O —
o T~
175 ———y
150 +—1/—1/"—"17—-—"T"—"7—"T—T"T—T—T—T—T—7
005115 2 25 3 35 4 455 55 6 65 7 75 8
DC Bias Current (A)
Fig. 13. Measured boost inductance vs. dc bias current.
|
|
|
/ Vo=24V .\ 1
S 16=38A. .\ ]
-~ Vin=230 Vs
o oo TV e
Err()r! Ch3 100% Cha S00mA L A Chd r -10.0m&

(a)

208

lo=38A ... .. ]
Vin =120 Vims ]
ol b b b T b b b bae i
M 4 0rns 12 SMSHK 20.0ns ot

4 Chd r -10.0mé

S00méA &

(b)

Fig. 14. Measured line current (500 mA/div.) and line voltage (100
V/div.) waveforms, (a) Viy=230 Vrms; (b) Vixy= 120 Vrms.
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Fig. 15. Measured line current harmonics, (a) Viy =230 Vrms;
(b) VIN =120 Vrms.
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IV. SUMMARY

A single-stage PFC flyback with a wvariable boost
inductance for HB LED applications for the universal input
voltage is presented in this paper. Experimental results
obtained on a 24-V/91-W prototype show that the proposed
PFC converter achieves an efficiency of 88%, a power factor
of 0.9873 and a THD of 12.24% at nominal low line (120
Vrms), and an efficiency of 91%, a power factor of 0.9474
and a THD of 10.39% at nominal high line (230 Vrms). Line-
current harmonics satisfy the IEC 61000-3-2 Class C limits
with enough margin.
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