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1 Startup

The behavior of the converter at startup is shown in the images below. The input voltage has
been set to 230Vac, 50Hz and 120Vac, 60Hz in both loaded and unloaded conditions. After
applying the AC source, 7V isolated supply has been connected to pin 5 of J5, which enables the

power stage.

Chl: PFC output voltage, J1-1 (100V/div, 50ms/div), 20MHz BWL for all waveforms.
Ch3: Vout voltage, TP5 (10V/div)
Ch4: Resonant current (through L4) (2A/div)

Vin = 230Vac, 50Hz, lout =0

LeCroy
c3 _.-/-"'"JJ r i
c4
c1
F
Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PE:---
value 122.26 kHz

status A

g [Trigger

50.0 msidiv Stop 360V
10 MSis}Edge FPositive

Vin = 230Vac, 50Hz, lout = 12.5A

LeCroy|"
c4
c1
F 3
Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PB---
value 116.47 kHz

R

50.0 ms/divy Stop 360V
500MS 10 MSis)Edge Positive

10.0Vidiy
400 mV ofst -2.0
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Vin = 120Vac, 60Hz, lout =0
LeCroy
7 I
c3 ,f/_ V
Measure ;1 freq(C4) P4--- P§--- PB:---
value 121.85 kHz

status

Vin = 120Vac, 60Hz, lout = 12.5A

imehase -150 rigger
50.0ms/div] Stop 241V

500MS 10MSisjEdge  Positive

7
c4
C1
F
Measure P1:freq{C4)
value 116.21852629 kHz
status A

10.0Vidiv 2.00 Ardiv
400 mV ofst -2.000 A ofst

imehase -150
50.0 msidi

500MS 10 MSIs '
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2 Shut down
The AC source has been switched off and the behavior of the converter measured. The input
voltage has been set to 230Vac, 50Hz and 120Vac, 60Hz, in both cases with the output fully

loaded.

Chl: PFC output voltage, J1-1 (100V/div, 50ms/div), 20MHz BWL for all waveforms.
Ch3: Vout voltage, TP5 (10V/div)
Ch4: Input AC current (J6 1-3) (2A/div)

Vin = 230Vac, 50Hz

LeCroy
-
A
Measure P1:freq{C4) P2--- P3--- P4:--- P5:--- PB:---
value 51.7718411 Hz

status A

10.0ms/div] Stop 3
500MS 50 MSisjEdge Negative

2.00 Afdiv

-398.00 ¥ 100 mA ofst

Vin =120Vac, 60Hz

LeCroy,|
l
F 3
Measure P1:freq(C4) P2--- P3--- P4:--- P5--- PB:---
value 57.8870849 Hz
status A
hase  -18.8mg [Trigger
10.0 ms/div} Stop 355V

500MS 50 MSisjEdge Negative

-398.00 Y
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3 Efficiency

The efficiency data are shown in the tables and graphs below. The data show the PFC + AUX
section, the LLC power stage (only) efficiency and the total plug-to-plug. The Auxiliary power
supply was feeding only the housekeeping for this measurement.

PFC + Auxiliary Flyback section, supplied by PMP30191 Flyback

100%
98%
96%
94%
92%
90%
88%
86%
84%

Efficiency (%)

/I'

0

26 60 75 100 125 1580 175 200 225 260 275 300 325 350 375 400
Output Power (W)

-B-230Vac, 50Hz

PFC + Auxiliary Flyback section efficiency data:

115VAC, 60Hz

Vin (AC) Pin(W) PF Vout (V) lout (mA) Pout (W) Efficiency (%)
230 0.436 0 389.3 0 0 0%
230 10.42 0.472 388.9 23.2 9.02 86.59%
230 21.41 0.708 389.2 50.9 19.81 92.53%
230 41.70 0.862 389.8 102.3 39.88 95.63%
230 80.98 0.938 389.8 201.2 78.43 96.85%
230 159.6 0.973 389.8 400.4 156.08 97.79%
230 240.3 0.984 389.8 603.8 235.36 97.94%
230 399.2 0.992 389.7 1004.1 391.30 98.02%

Vin (AC) Pin(W) PF Vout (V) lout (mA) Pout (W) Efficiency (%)
115 0.573 0 389.1 0 0 0%
115 10.34 0.868 389.5 23.1 9.00 87.02%
115 21.51 0.946 389.5 51.1 19.90 92.53%
115 42.60 0.984 389.5 103.6 40.35 94.73%
115 82.79 0.985 389.2 202.9 78.97 95.39%
115 162.0 0.996 389.3 400.2 155.80 96.18%
115 244.2 0.999 389.2 604.4 235.23 96.33%
115 406.6 1.000 389.1 1001.6 389.72 95.84%
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LLC only, supplied by DC external source

95% ' —"— & 2
900/0 = /'/
9 85% ot
= 80% —r
o 75% Loy
o 70%
2 65%
w 60%
55%
50%
45%
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Output Power (W)
| -m-385Vdc —+—420Vdc 350Vdc
Same graph as above, but expanded in efficiency range 90%...98%
98% :
|
3.9. 96% /J‘/ -
- 95% AV,
2 /
c 94% /
K Ve
& 93% A
w 92% /
91% / /
90%
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Output Power (W)
\ -m-385Vdc  —#—420Vdc 350Vdc
LLC efficiency data:
Vin (V) lin(mA) Pin (W) Vout (V) lout(A) Pout (W) Efficiency (%)
384.9 0.553 0.213 29.88 0 0.00 0.0%
384.9 7.92 3.048 29.87 0.054 1.61 52.9%
384.9 14.86 5.721 29.84 0.106 3.16 55.3%
384.9 28.61 11.01 29.83 0.202 6.03 54.7%
384.9 49.2 18.94 29.48 0.510 15.0 79.4%
384.9 89.6 34.49 29.44 1.01 29.7 86.2%
384.9 167.4 64.43 29.43 2.02 59.4 92.2%
384.7 401.2 154.34 29.42 5.04 148.4 96.1%
384.5 797.2 306.52 29.41 10.09 296.6 96.8%
384.5 997.6 383.58 29.41 12.59 370.3 96.5%
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Vin (V) lin(mA) Pin (W) Vout (V) lout(A) Pout (W) Efficiency (%)
420.0 0.462 0.194 29.94 0 0.00 0.0%
420.0 5.47 2.296 29.88 0.056 1.67 72.9%
420.0 10.19 4.280 29.84 0.106 3.16 73.9%
420.0 19.53 8.20 29.80 0.204 6.08 74.1%
420.0 47.3 19.87 29.81 0.510 15.2 76.5%
419.9 95.9 40.27 29.55 1.01 29.8 74.1%
419.7 175.0 73.46 29.55 2.02 59.6 81.1%
420.0 371.5 156.03 29.49 5.05 148.8 95.4%
419.9 731.8 307.28 29.47 10.08 297.1 96.7%
419.9 914.6 384.04 29.46 12.59 370.9 96.6%
Vin (V) lin(mA) Pin (W) Vout (V) lout(A) Pout (W) Efficiency (%)
350.2 0.653 0.229 30.06 0 0.00 0.0%
349.2 10.18 3.555 29.89 0.056 1.67 47.1%
349.7 18.76 6.562 29.88 0.106 3.17 48.3%
350.0 34.64 12.13 29.86 0.202 6.03 49.7%
350.3 60.1 21.04 29.38 0.510 15.0 71.2%
350.2 102.4 35.86 29.38 1.01 29.7 82.9%
350.0 187.0 65.46 29.38 2.02 59.3 90.6%
350.3 440.6 154.34 29.38 5.05 148.3 96.1%
350.2 876.6 306.99 29.37 10.08 296.1 96.5%
350.2 1098.4 384.66 29.37 12.59 369.8 96.1%

Total efficiency (PFC + LLC + aux. Flyback), plug-to-plug

100% N

90% ——

so% | ||

70% /

60% /'4

50% |
{,
40% U

Efficiency (%)

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Output Power (W)
-=-230Vac, 50Hz 115VAC, 60Hz
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Total efficiency (PFC + LLC + aux. Flyback), plug-to-plug, expanded in range 79%...95%

95%

93% ' | ﬁ |
S 9%
- 89%
Q
5 87%
'a‘:" 85%
W 83%

81%

79% |

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Output Power (W)
| -m-230Vac, 50Hz 115VAC, 60Hz

Total efficiency (PFC + LLC + aux. Flyback), plug-to-plug data:

Vin (AC) Pin(W) Vout (V) lout (A) Pout (W) Efficiency (%)
230 0.595 29.89 0 0 0%
230 3.650 29.87 0.053 1.589 43.54%
230 6.477 29.87 0.103 3.065 47.32%
230 12.49 29.87 0.202 6.046 48.40%
230 27.17 29.90 0.505 15.09 55.53%
230 36.93 29.45 1.012 29.80 80.69%
230 67.22 29.43 2.021 59.49 88.50%
230 158.6 29.43 5.045 148.5 93.62%
230 313.2 29.42 10.08 296.5 94.67%
230 391.6 29.42 12.59 370.3 94.56%

Vin (AC) Pin(W) Vout (V) lout (A) Pout (W) Efficiency (%)
115 0.866 29.99 0 0 0%
115 4.235 29.94 0.053 1.593 37.61%
115 6.877 29.95 0.103 3.085 44.86%
115 12.32 29.95 0.203 6.080 49.35%
115 27.91 29.97 0.506 15.15 54.29%
115 37.24 29.45 1.010 29.76 79.90%
115 68.13 29.43 2.020 59.44 87.25%
115 161.0 29.43 5.043 148.4 92.20%
115 319.3 29.42 10.08 296.5 92.85%
115 400.4 29.42 12.59 370.3 92.49%
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4 Output voltage regulation (PFC and 29Vout) vs. load

The graphs below show the static variation of output voltage versus load regarding PFC output
(top picture, taken at different input AC voltages) and LLC (29Vout) output.

PFC output voltage vs. load and VAC:

390.0
389.8 |- ——f"\-—. = -—

389.6 [
389.4

389.2 [ *— e

Output Voltage (V)

389.0
W

388.8

0 50 100 150 200 250 300 350 400
Output Current (W)
-=-230VAC, 50Hz —+—115VAC, 60Hz

LLC output voltage vs. load:

30.0
29.9 H
29.8

297 \
29.6

29.5 L—. ] .

29.4 ﬂ
29.3

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Output Power (W)
-#-230VAC, 50Hz —+—115VAC, 60Hz

Output Voltage (V)
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5 Power factor
The Power Factor graph versus Vin and PFC Stage output power is shown below.

100% e — —&
98% e .
5 96% el
$ =
C  94% ,
v 92u
o
Q
2 90% — ,/
Q- ggy /
86% /
84%

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Output Power (W)
-m-230VAC, 50Hz 115VAC, 60Hz ‘

6 Output ripple voltage

The output ripple voltages for PFC and LLC stage are shown in the plots below. The input was
set respectively to 120VAC, 60Hz and 230Vac, 50Hz with 29V output fully loaded.

Chl: PFC voltage, J1-1 (5V/div, AC coupling, 20 MHz BWL)
Ch3: 29Vout, TP5 (200mV/div, AC coupling, 20 MHz BWL)
Vin = 120VAC, 60Hz

Measure P1:freq{C4) P2--- P3--- P4:--- P5:--- PB:---
value 60.5694015 Hz

status v

T
5.00 Vidiy

-50 mv

-10.050 " 500MS 100 MS/sjEdge Negative
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Vin = 230VAC, 50Hz
Ch1: PFC voltage, J1-1 (5V/div, AC coupling, 20 MHz BWL)
Ch3: 29Vout, TP5 (200mV/div, AC coupling, 20 MHz BWL)
\ LeCroy

Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PB---
value 50.0226568 Hz

status i

500MS 100 MSisjEdge Negative

7 Transient response

The graphs below show the responses of the main output (29Vout) during output current
variation respectively between 1A & 6A and 6A to 12.5A, measured at 230VAC input.

Ch3: 29Vout, TP5 (500mV/div, 20ms/div, AC coupling, 20MHz BWL)
Ch4: Output current (5A/div, DC coupling, 20MHz BWL)
Vin = 230VAC, 50Hz, lout 1A - 6A transients

LeCroy

2 - ‘"_M‘_} N SR S N

Measure P1:freq(C4) P2--- P3:--- P4:--- P5--- PB:---
value 10.00020564 Hz
status v

20.0 msidivy Stop 330A
500MS 25 MS/sjEdge  Positive
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Ch3: 29Vout, TP5 (500mV/div, 20ms/div, AC coupling, 20MHz BWL)
Ch4: Output current (5A/div, DC coupling, 20MHz BWL)
Vin = 230VAC, 50Hz, lout 6A - 12.5A transients

| } LeCroy|

Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PB---
value 10.00043973 Hz
status v

8 Switching node waveforms

The image below shows the LLC switch node (Drain-Source of Q11), the voltage across C53 and
the current trough L4 (resonant current Ig) at full load and Vin = 230Vac, 50Hz (all waveforms
taken @ 20MHz BWL)

Chl: Vcs3 (100V/div, 5us/div)
Ch2: Vps(Q11) (100V/div)
Ch4: 1g(L4) (5A/div)

& LA

C4| 4
A

Measure P1:freq{C4) P2--- P3--- P4:--- P5:--- PB:---

value 379.1198 kHz

status A

100 Vidiv) 500 Aldi
-93.00 ¥ ofst -10.100 A

100 Vidiv

-109.00 Y
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The image below shows the synchronous rectification Vps voltage of Q10 and both gate
waveforms of Q10 and Q12, as well as the resonant current Ig, at full load and Vin = 230Vac.
Ch1: Vgs(Q10) (5V/div, 2us/div, 20 MHz BWL)

Ch2: Vgs(Q12) (5V/div, 20 MHz BWL)

Ch3: Vps(Q10) (20V/div, no BWL)

Ch4: 1g(L4) (5A/div, 20 MHz BWL)

Cc3

—_———

Cz

Measure P1:freq{C4) P2--- P3--- P4:--- P5:--- PB:---
value 121.22225 kHz

9 Input voltage and current waveforms

The images below show PFC input AC voltage and current (J6) respectively at 90VAC and
120VAC (60Hz) as well as 230VAC, and 264VAC (50Hz) in full load condition.
Oscilloscope setup was the same for all four screenshots.

Chl: Input AC voltage (100V/div, 5ms/div, 20MHz BWL)

Ch4: Input AC current (10V/div, 20MHz BWL)
Vin = 90VAC, 60Hz

Measure P1:freq{C4) P2:--- P3:--- P4:--- P5:- - - PB:- - -
value 60.0795480 Hz
v

g |Trigger
5.00 ms/div] Stop =20 mA
100 MSIsjEdge  Positive

40 mA offsef
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Vin = 120VAC, 60Hz

C4

F
Measure P1:freq{C4) P2--- P3--- P4:--- P&--- PB:- - -
value 60.0233283 Hz
status v

hase

5.00 MS S 00

Measure P1:freq{C4) P2:--- P3:--- P4:--- P5:--- P6:- - -
value 50.6570874 Hz
status v

F Y
Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PE---
value 49.9990553 Hz
status v

5.00MS 100 MSis
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10 Input voltage and current waveforms during inrush

The images below show PFC output voltage, input AC current and 29Vout waveforms during
AC source turn on; the source was set to 120Vac, 60Hz and 230Vac, 50Hz. The main 29V output
voltage was fully loaded as well as unloaded.

Chl: PFC output voltage (100V/div, 50ms/div, 20MHz BWL)

Ch2: 29Vout, TP5 (10V/div, 20MHz BWL)

Ch4: Input AC current (2A/div, 20MHz BWL)

Vin = 120Vac, 60Hz, no load

LeCroy
ce ﬂM“JJJJJ““ F 3 & e
rvl‘[]‘” (L T |11 S P nanans ismmanias.awan nsesinmmseas lanaan an il
A}WV I
F Y
Measure P1:freq{C4) P2:--- P3:--- P4:--- P5:--- PB:---
value 60.0246999 Hz

status A

Same oscilloscope setup as above.
Vin = 120Vac, 60Hz, full load

LeCroy
£l
—

T b I ,
e TV
o r |
F Y

Measure P1:freq{C4) P2--- P3--- P4:--- P5--- PB:---

value 60.0042651 Hz

status A

200 msidiv] Stop -20mA
500MS 2.5 MSIs|Edge FPositive

100 Vidiv

-398.00 Y 400 m¥ ofst]

Same oscilloscope setup as above.
Vin = 230Vac, 50Hz, no load
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LeCroy

A

c8
Y 1JTJT‘I1J1AY-";‘W“"I- “ 2 LM ‘:“’ 25 s
[
}r

)
/

r Y
Measure P1:freqi{C4) P2--- P3--- P4:- P5 PB---
value 49.990781 Hz

status A

Same oscilloscope setup as above.
Vin = 230Vac, 50Hz, full load

imebase -800ms

500MS 2. Edge

LeCroy

] ﬁﬁ AALAR LI T AR LA bRt tdaslitt
a .3 i LA

T T \ “ \[

J"' : Jt [ARRASERANRRS! |

c1

F 3
Measure P1:freq{C4) P2- P3--- P4:--- P5--- PE:-
value 50.0001848 Hz

status A

imehase -800ms

200

500MS 25M
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11 Feedback loop response of LLC converter

The graphs below show the bode plots of main LLC converter (29Vout) when loaded @ 6A and
12.5A. The input voltage was always 230Vac.

6A load: crossover frequency (Fco) = 274Hz, phase margin = 94 deg, gain margin = 16.5dB.

12.5A load: Fco = 311Hz, phase margin = 91.6 deg, gain margin = 16.4dB.

(] (o)
@ 8
0dB 150ded T
40dB "Z-Z‘je,
30s _— d
/ T ‘
d I\\ d
2-Phase \ ‘
d " d
= BA 2y \\ 2
o] - o
a %Z;Ga\? \t:‘-—‘-!h;_"___-_‘ \ o

1 kHz

-60

100 Frequency
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12 Thermal analysis

The thermal images have been taken after one hour in steady state condition, at full load and at
120VAC as well as 230VAC input voltage. The board was placed vertically on the bench
without any forced convection. The ambient temperature was 25°C.

Vin = 120VAC, 60Hz

Vin = 230VAC, 50Hz
T eesse™

—80.3

—70.1

~-26.5

Name | Temperature | Background
Q10 75.7°C 25.0°C
Q12 75.9°C 25.0°C

T1 78.0°C 25.0°C
L4 72.3°C 25.0°C
L3 74.4°C 25.0°C
D3 75.1°C 25.0°C
HS1 68.6°C 25.0°C
L2 56.1°C 25.0°C
C55 66.7°C 25.0°C
Name | Temperature | Background
T1 69.1°C 25.0°C
L4 68.3°C 25.0°C
L3 56.3°C 25.0°C
C55 56.9°C 25.0°C
D3 53.2°C 25.0°C
HS1 52.6°C 25.0°C
L2 39.1°C 25.0°C
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13 EMI measurement

The graphs below show the EMI measurements of the converter connected to an isolation
transformer by means of a Hameg HM6050-2 LISN. The supply voltage was 230VAC. The
converter has been loaded with an electronic load and fully loaded. The output negative terminal
of the converter has been connected to the ground of the LISN. The detector of the receiver was
set to “quasi-peak” and the limit is the equivalent EN55022 grade B.

Line:
RBW 10 kHz ~ RF Att 0 dB
Ref Lyl VBW 100 KHz
90 dBuv SWT 360 s unii dBuy
S0
1 Az | 1 [Hz &
| R
&l
70
|
ENGHOe2.
il
50
40
30
20
10
a
ha)
Start 150 kHz Stop 30 MHz
Neutral:
¢ RB 10 kHz ~ RF Att 0 dB
Ref Lwv] VBUW 100 kHz
30 dBuv SWT 360 s unit dBuv
a0
1 iz T 1] [z |
| B
al
7
ENGE
&0
50
40
3“ L
20
10
a
=10
Start 150 KHz Stop 30 MHz
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