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Figure 5. Two-phase Current Interleaving Circuit

Al

K(D) = interleaved _ 1 — 2.D, D <05
AILfbcoust 1-D (eq. 1)
= Z.DT_"’ D =05
Where:

AlL__poost: Amplitude of the phase current ripple
Alinterleaved: Amplitude of the phase current ripple
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Table 1. DESIGN SPECIFICATION OF PFC BLOCK
AC Input Voltage
PFC Output Voltage

85 — 265 Vg, 50 - 60 Hz
390 - 400 Vpc
3.3 kW
<25% @ Rated Power
2% of Output at 120 Hz
65 kHz

Rated Power

Inductor Current Ripple

Output Voltage Ripple

Switching Frequency
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Table 2. ELECTRICAL CHARACTERISTICS OF MOSFET DIE IN FAM65CR51DZ1 MODULE

Symbol Parameter Typical Value Units
Vps (Q1-Q2) Drain to Source Voltage 650 \%
Vpbs (Q1-Q2) Gate to Source Voltage +20 v

Ip (Q1-Q2) Drain Current Continuous (T = 25°C, Vgg = 10 V) 33 A
Drain Current Continuous (T, = 100°C, Vgg = 10 V) 23 A
BVDSS (Q1-Q2) Drain to Source Breakdown Voltage 650 \
Coss Output Capacitance (VDS = 400V, VGS = 0 V and fsw = 1 MHz) 100 pF
Qg Total Gate Charge 126 nC
Rps(on) ON-Resistance of the MOSFET die 51 mQ
Ro_Jc Junction to Case Thermal Resistance 0.66 °C/W
Ro_Js Junction to Heatsink Thermal Resistance 1.2 °C/W
Ty Maximum Junction Temperature -5510 150 °C
Tc Maximum Case Temperature -40t0 125 °C
Tsta Storage Temperature -40t0 125 °C
Table 3. BOOST CONVERTER DIODE (ISL9R1560) CHARACTERISTICS
Symbol Parameter Typical Value Units
VRRM Peak Repetitive Reverse Voltage 600 \%
VRwM Working Peak Reverse Voltage 600
VR DC Blocking Voltage 600 \%
IFav) Average Rectified Forward Current Tc = 25°C 15 A
IEsm Non-Repetitive Peak Surge Current (Half Wave 1 Phase 60 Hz) 45 A
IRR Reverse Recovery Current (Ig = 15 A, dIg/dt = 200 A/usec, VR = 390 V) 5.0 A
Ty Maximum Junction Temperature -551t0175 °C
Tc Maximum Case Temperature -40to 125 °C
Tstg Storage Temperature -40t0 125 °C
EavL Avalanche Energy (1A, 40 mH) 20 mJ
QRrRr Reverse Recovery Charge (I =15 A, dIg/dt = 800 A/usec, Vg = 390 V) 390 nC
TrRR Reverse Recovery Time (I =15 A, dIg/dt = 800 A/usec, Vi = 390 V) 52 nsec
S Softness Factor tp/t; (IF = 15 A, dIg/dt = 800 A/usec, Vg = 390 V) 1.36 -
Ro_Jc Junction to Case Thermal Resistance 1.98 °C/W
Ro us Junction to Heatsink Thermal Resistance 297 °C/wW

www.onsemi.jp
5



http://www.onsemi.jp/

AND9813/D

FEAEDEA, FTUR @%i&fthec/Nprl (31K
Uﬁ%wtbxﬁﬁ.@ﬁﬁviﬁ?ﬂ$rfﬁﬁ
LET, 2REITIE, P72 ER 17)/
DHEEG A TR S AL, RBRICHV S Y T ) TS S
NHDCENT2 Y £,

Isolation

>

Y

> Output Output
+ Transformel Bridge Filtgr
F . Rectifier
rom |LLC H-Bridge A~
PEC Converter n

5 @

Figure 10. OBC DC/DC Converter Block Diagram

—>

Y.

Figure 1112, ERE— R Z2H 2717V v
VLLCa N —HEEERLFET, AJIELEIFPFC
Tuy b iEEN, 390 V~400 VT, HE
EITHV Ay T VI K-> THRED, BHE220V~450V
T3, DC/DCIT L N—Z AT —JIZBWT, &bE
WEIS % 56D 5B B JCIZIMOSFET A A~ F T4
T 5728, MOSFETD A A~ F > 4L DKL =
PN—=ZOEEE, BERERTT, Sy AX
WREL 725 &, RpsonyPIEANEL 2% DI E
TRVVESERE R IEED LET R, RRFICAAL v TF o
BRNENT 5720, KiafdTF v 72 EHT 5 A
v MI/hEL< 720 E3, /JEBoF v 7 E2EHITN
IXAA v T U ZHIITBD LEI 28, EamE k3
MU, Bf o E—F 2 2O L0 AR ENS
KBRS £, Zhbo#EHNsL, LLC
kAR B P — |2 KIAEMOSFETF » 7 &3 4 5 84
X, AA v F T DE— o F L BERRICY 2 EBE
AA v F T (IVS) & FATT H0REHTT, Bl
ETIE, LLCa VRN —H% hRu P—%, ZVSDOH K
IR 5 ECHEBATREME & b mV I T,

WD TNT N v ar = TlE, xH LED2o
DMOSFETIZAA v F v I _TEFK L, T a2—T
S YA T N50%DIR—7— NERENE 52 LA L Twn
F4, ZEHDOAAL v F o 72T, SAENN80°F T
WET, BloFEE LT, fif i 7 b7 T U v
FAR B P—IILCHIR Z o 7 FEE 2 L7220 TEA
TX, ATFA XA FT—FRDO7 Y —KA —LEEIZ L
0 ARRZVSZ FEBLT& | LLC hAR v ¥— XV il
NHHEIC/RY £9, LorL, OBCT 7Y r—ya v
T, VAT LAIENREBETHY, AT 4 XA 4 —
RKO7 Y —R A —VEMEIZC L D EIHEEPERTH
e, BIESMREFEBT D ETOREC/LRY T,
LERoT, MY 7 R 7A0T7 ) o3P hiRa o—
IZ. —RICOBCY AT MR ST, Ticeh=
NS FIH TIXZRVWHV ) HLV E TODC/DC = v
N—=HIfEHENET,

HE OB AL, =7 BT — NHIE £ 720X
SEYJERTE— RO S 5noFEICEI D, HVA
vT VDRBREBIZE > CTHEBBEREHFTETCEE
4. 2 Z Tlk, DC/DC= v N —F OHIET1EOZER
T LEYA, AT 7Y r—v a3/ — Tk
BT — Nl &2 2 7ZLLC T VT ) v Y a
N—AZEIBEZEAL, 717V v P a— L
FAMG65HRS1DS1D A A F o 728, BHHEK, %
Rl EOMREETMIL £,

LLCHEHR % > 2 [a] B DAEHT
Figure 1212, Hffifb L 72LLCH:E =2 > 3 — X [\
E2UNNE B DS 7 v v 7 &R L £, LLC
& 7 Bl x, RS v F 7 2L, Ea T
y#qxﬁiwbﬁyxwﬁ@4yﬁ7&yx%%
TR S TWE T, Figure 12(a)llR" T L 9
L\ LLCHERIE DO ASTEILEIX, 74T v oay
A%&7D/7@mmﬁﬁf%@ﬁﬁk#5Eté
DEEM TR BT 5T, AEED
FEARJE BBk oy D Frffeiz N T 2 A DI D> 5 20 A
~OZRLVFX—REBIERHESND ERETH L, #
METRFRMT T 15 2 ) L 722 TR UT (LA (FHA) %
W U CLLCHAR[EE Db %2 3247 T & £ 974,
I@mﬂ%ﬁﬂilﬁmmM%ﬁﬁKié%?w
BEEMRZONTOET, |iact)| O FHEIZ, DCHY
ﬁ EIEI I SE LN 28 i (DIFEBq. STH 2 HIVE T,

. wly .
iac(t) = Tsm(Zm‘SWt) (eq. 5)

FHAZER T 5 & vaeOIZTTTEIE V() D FA LSy
TPl TX, Eq.6CTHABLNET,
Vp(t) = Vg : if sin@nfsut) = 0

v _ L (eq. 6)
pt) = — Vq:if sin@2rfsut) < 0
Litio T, RAMRE LET,
4V,
Vac() = VF’jO(t) = —sin(2nfsut)
where (€q.7)

Vp () = Fundamental frequency conponent of V()

Ac%ﬁﬁ*&ﬁradi\ iac(t) E Vac(t) PHWTHKRATE %
bhET,

(eq. 8)
k7 A DEH N = Npi/Neec 2 BT D &0 1K

B9 5 W72 ZERDOACHEMA M HEIIIIEG. 9TH 2 6
n\iﬁ—o

8-n2
fac = = 3-Ry (eq. 9)

ZOACEMEI AT 5L LLCa v N—& 4
R D ACEHAIGF] ¥ 1 X Figure 1312R 4 X 512720 £,

www.onsemi.jp

6


http://www.onsemi.jp/

AND9813/D

Lin Full-Bridge Converter Output Bridge Rectifier Lo
Y'Y Y

Current]
sense

Transfofrmer
Np Ns

f — Col Co2 ==
‘ Load
[

R i

Q2 Q4

_,:} A—':} SEYANAN
0 7] . LLC Tank Circuit Isolation
Q3

Qi1

Vocin [Cint  ciny

—}

Y'Y Y\
Lr
L_mag
—
|
[
Cr

-||——{>{

Q1 Q2 Q3 o4 /I/I/ISIope Compensation »@4 Current sense
+

Error R_sensel§
. - Amplifie
Gate Drive PWM + VRef
l - VOI‘( sense
—h: R_sense2§

Figure 11. Full-Bridge LLC Converter Circuit with Current Mode Control

A

Lf
% p1% D3 401303 i"’
From Full-Bridge Nopri : Nsec
Converter D
é + ¥ +
Co=— Ro “ Vo iac(t)T Vac(t, Co=—= Ro [l Vo
\ - -
—V_in—> - p
A D2% D4 =+
A D24 D4
Cr
@) (b)

Figure 12. (a) Simplified LLC Circuit and (b) Equivalent Model Replacing Primary Side with AC Current Source

|
° L~ =ty
N | it} > n:i1 :
Voo po® ' P
> Ve =17, 10 T Loos ‘ v 3 o vf| &
§ ’ O 8 of «
| I !
I Il |
o} I ¢ |
(P | R, S, B R R
Figure 13. AC Equivalent Circuit for Figure 14. Two Port Network Model of FHA
LLC Resonant Converter Resonant Circuit

www.onsemi.jp
7


http://www.onsemi.jp/

AND9813/D

Figure 130 4R % o 7 [ OQfEQIL. Eq. 10TH

AOIET,
Q= VL/Ve  rae
- nz.RO - nZ.RO
where
N _.
"= Noo
N2
8 ri
fac = —5° ngec Ro
Vo
Ro = Ty (eq. 10)
HIRZ 7 BIRO T A 0%, ACEAMBIEE DIRER
BOEMET, Eq I TERINET,
Mo Voacl _ Vel 4 V.. Sin(2rfeut)
Vinores 0 Vin_res 0o® T 0 %Vin~sin(2nfswt)
B 2nV,
Vi (eq. 11)

BB, LLCHEE X v 7 [ml#1%, Figure 14127R
F27R— MEIEEHEET L2 W T, Z OfseERIEH(s)
EANNA VE—F Ry LV EFRTEET,

Hgy = - Vel _ 1 _N?Tac || SLmag
Vinres 0(8) Z(s)

where (eq. 12)
Vin—res_0(S)

Z,(s) = —n—re00 sl + n2ry | SLmag

lres(s) SC

Eq. 12128 W T, n? - r, DHIL b 7 > 2D 1KRMANC
A Qe S B =V TE A% 7 G I

MEHULEEEBLL) S FE 0 TEBES A 2 IM(fow) D
HiX, wlchExbET,

g o val)lms =V
M(fgy = n- | H({2nFg,, |= Vinfres_fo(t)lrms h @V
Tt Vin
_ 2n'V,
~ Vin (eq. 13)
Eq. 137> 5 AJ3#t ) ODC/DCREE AR LI, K
Ko X o2 9,
Y%
Vo = Mt (eq. 14)
Eq. 10~ 4% MAMICHAT 2 L. BES A T

QﬁQ\4V¥7ﬁVX%mFLﬂm@\k;UEﬂ
{bJE B 5, DRE%k & LT, Eq. 150 X S itk 4 5 2
EMTEET 2] 4]

f2:(m — 1)

M(@Q,m,f,) =
Jme2 — 1) + 2.2 — 1)2(m — 1)2Q2

(eq. 15)

Table 4ICLLC = U R—Z DR EH /T A —Z il &R
LET, INHDONRTA—=F % K033 kW LLC
= //\‘~§' DOEFHAN— R =27 BLOEEEHT 5 v
Ralb—va MEECEALET,

Table 4. DESIGN PARAMETERS FOR 3.3 kW LLC
FULL-BRIDGE CONVERTER

Component Designation Value
Converter DC Input Voltage Vin_bC 390-400 V
Converter DC Output Voltage Vout_DC 250-450 V
Switching Frequency fow 100-150

kHz

Resonant Frequency fres 100 kHz
Resonant Inductor L, 25 uH
Resonant Capacitor C, 100 nF
Magnetizing Inductance Lmag 125 uH
Transformer Turns Ratio N = Npi/ 0.8

sec
Inductance Ratio M= Lmag/ Ly 5
Normalized Frequency 1 =fsw / fres 1-1.55
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Figure 15. LLC Converter Gain Variation in
Accordance with the Load Shift
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Figure 16. LLC Converter Gain Variation in
Accordance with the Load Shift
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Figure 17. Typical Waveforms in LLC Full-Bridge
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Figure 19. Secondary side rectifier diode hard
commutation during the MOSFET turn-off transient
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Figure 20. Secondary Side Rectifier Diode Hard
Commutation During the MOSFET Turn-off Transient
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Figure 21. FAM65HR51DS1 H-bridge Module (a)
Circuit Diagram and (b) Pin-out Definition
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F L7,
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—)VOMEEE T 4 A2 U — FNMOSFET% & ¥ = — /b
DyIalb—varyTHEHALELDER—DEKIZ
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Table 5. ELECTRICAL SPECIFICATION FOR THE 51 mQ SJ MOSFET DIE IN FAM65HR51DS1 MODULE

Symbol Parameter Conditions Min Typ Max Unit
BVpss Drain-to-Source Breakdown Voltage Ip=1mA, Vgg=0V 650 - - \Y
Vasith) Gate to Source Threshold Voltage Vgs =Vps, Ip =3.3mA 3.0 - 5.0 \%
Rps(on) Q1 — Q4 MOSFET On Resistance Vgs = 10V,Ip = 20A - 44 51 mQ
Rps(on) Q1 — Q4 MOSFET On Resistance Vgs =10V, Ip=20A, Ty=150°C - 79 - mQ
dFs Forward Transconductance Vps=20V,Ip=20A - 30 - S
lgss Gate-to-Source Leakage Current Vgs =120V, Vps=0V -100 - +100 nA
Ibss Drain-to—Source Leakage Current Vps =650V, Vgs=0V - - 10 uA

Table 6. ELECTRICAL CHARACTERISTICS FOR THE SF3 51mQ MOSFET DIE IN FAM65HR51DS1 MODULE

Symbol Parameters Conditions Min Typ. Max Unit
Ciss Input Capacitance Vpg =400V - 4864 - pF
, Vgs =0V
Coss Output Capacitance f=1 MHz - 109 - pF
Crss Reverse Transfer Capacitance - 16 - pF
Coss(eff) Effective Output Capacitance Vpg = 0to 520 V - 652 - pF
Vgs=0V
Rg Gate Resistance f=1MHz - 2 - Q
Qgq(tot) Total Gate Charge Vpg =380V - 123 - nC
Ib=20A
Qgs Gate to Source Gate Charge VGSD= Oto10V - 37.5 - nC
Qqgq Gate to Drain “Miller” Charge - 49 - nC

E: ZOX=VEHNIRFLTEE, &Y O~—
POT7x—~y FRIZHERULICRDSEOIZL TS
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Figure 22. An example of Q3D image to extract the
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Figure 23. (a) Q3D-extracted FAM65CR51DZ1 and
FAM65HR51DS1 Parasitic Package Model,
(b) 3-pin Electrical Spice Simulation Model, and
5-pin Electro-thermal Spice Simulation Model
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Table 7. FAM65HR51DS1 CAA PARASITIC R, L C VALUES EXTRACTED FROM ANSYS Q3D ANALYSIS
(VALUES ARE EMBEDDED IN THE Q3D PACKAGE SIMULATION MODEL)

Sink Source DC Resistance AC Inductance @20 KHz Capacitance, pF
ACA SRC_Q1S 1.1616 12.922 80.734
SRC_Q2D 0.62705 14.579
AC2 SRC_Q3S 1.1912 13.133 80.013
SRC_Q4D 0.62058 14.921
BM SRC_Cap2 0.56135 10.968 67.536
SRC_Q2S 1.0246 14.257
SRC_Q4S 1.0501 15
BP SRC_Cap1 0.41802 8.0862 94.311
SRC_Q1D 0.41016 7.2403
SRC_Q3D 0.67266 13.103
Q1_Gate SRC_Q1G 3.1784 8.7028 2.3192
Q1_Sense SRC_Q1SS 3.6118 8.792 2.4423
Q2_Gate SRC_Q2G 13.651 23.466 4.7489
Q2_Sense SRC_Q2SS 11.722 19.889 5.4937
Q3_Gate SRC_Q3G 4.6801 9.4025 2.5984
Q3_Sense SRC_Q3SS 4.2057 10 2.5047
Q4_Gate SRC_Q4G 10.811 22.332 6.0436
Q4_Sense SRC_Q4SS 10.558 18.639 5.3266
www.onsemi.jp
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Figure 27. FAM65HR51DS1 H-Bridge
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Figure 28. Connection of Electro-thermal Die-only
Model to Measure (a) MOSFET and (b) DIODE
Loss-dependent Junction Temperature, TJ
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Figure 29. Connection of Electro-thermal Die-only
Model to Measure the Performance of (a) MOSFET
and (b) DIODE at Fixed TJ Condition
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Table 8. SIMULATION CONDITIONS FOR PFC AND DC/DC (LLC) CONVERTER BLOCK

System Block Vin_rms Tj Fsw Vout lout Pout
PFC 220V 90°C 65 kHz 400 Vpc 35A 1.4 kKW
110V 90°C 45A 1.8 kW
220V 90°C 6A 2.4 kW
220V 90°C 8.25 A 3.3 kW
220V 110°C 8.8A 3.52 kW
DC/DC Converter 400 Voc 90°C 139 kHz 400 Vpg 35A 1.4 kKW
154 kHz 360 Voc 5A 1.8 kW
144 kHz 360 Vpg 6.7 A 2.4 kW
141 kHz 400 Vpg 8.25 A 3.3 kW
110°C 151 kHz 220 Voc 16 A 3.52 kW
PFC Inductor L =150 uH, ESR = 20 mQ
Resonant L, C L_resonant = 25 uH (ESR = 10 mQ) C_resonant = 100 nF
Transformer L_Pri=125 uH, ESR_Pri = 20 mQ, ESR_sec = 30 mQ2
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Figure 30. PFC Circuit Simulation Block Diagram using FAM65CR51DZ1 PFC Module and 5-pin Electro-thermal
Die-only MOSFET Model: TJ was set to 90°C using External Temperature Source
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Figure 31. LLC Converter Circuit Simulation Block Diagram using FAM65HR51DS1 H-bridge Module and 3-pin
Electrical Die-only MOSFET Model: Tj was set to 90°C in the Simulation Setup Option
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Figure 32. PFC Block Efficiency at each Operating
Points: at 1.8 kW Power, Vac_in = 110 vrms (Worst
Case) and Vac_in = 220 vrms at all other Points
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Figure 33. DC/DC (LLC) Converter Block Block

Efficiency: at 3.52 kW, Vout = 220 V lout = 16 A
(Worst Case)
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Figure 34. OBC System Efficiency with WCS at
1.8 kW and 3.52 kW
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Efficiency vs Po curve @Vo=400Vdc
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Figure 35. OBC Efficiency Measured from Bench Test using FAM65CR51DZ1 PFC Module and FAM65HRDS1
H-bridge Module

Table 9. EFFICIENCY SIMULATION RESULTS FOR 3.3 kW OBC SYSTEM

OBC Power Switching Device Efficiency [%]
PFC DC/DC OBC Total

1.4 KW FAM65CR51DZ1 and 98 96.7 94.8
FAMB65HR51DS1-51 mQ Die

NTHLO40N65 (TO247) 97.8 96.2 94.1

NTHLO82N65 (TO247) 98 96.5 94.6

1.8 kKW FAM65CR51DZ1 and 96 96.4 92.5
FAMB65HR51DS1-51 mQ Die

NTHLO40N65 (TO247) 95.3 95.1 90.6

NTHLO82N65 (TO247) 95.6 95.8 91.6

2.4 kW FAM65CR51DZ1 and 97.8 97 94.9
FAMB65HR51DS1-51 mQ Die

NTHLO40N65 (TO247) 97.6 96.3 94

NTHLO82N65 (TO247) 97.9 96.6 94.6

3.3kW FAM65CR51DZ1 and 98 97.3 95.4
FAM65HR51DS1-51 mQ Die

NTHLO40N65 (TO247) 97.8 96.6 94.5

NTHLO82N65 (TO247) 97.9 96.6 94.6

3.52 kW FAM65CR51DZ1 and 98 93.8 91.9
(Worst Cace in DC/DC) FAM65HR51DS1-51 mQ Die

NTHLO40N65 (TO247) 97.8 90.3 88.3

NTHLO82N65 (TO247) 98 91.6 89.8
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Power Loss Distribution in PFC Block

= MOSFETs
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Figure 36. Power Loss Distribution
in PFC Function Block
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