Design Analysis of DC-DC module 50Vi40A
MEG=10° k=10 m=10° w=10"°% a=10"" pElU'_D pEEB-lﬂ_gp—rn]
LLC Converter Analysis
Verified : 2 Aug 2018
C rter Specificati Use TPH3212 or TPEEHOTOLX
Ving; = 380 Vinyg = 390 Vingy = 400
Vo = 350 Io_max = 40 Tocp = 44 Coss gay=225-p Cequ_winding = 50-p
Design Parameter
Vo_eff .= Vo + 0.03 Vo _eff = 5005
Io(x) == Io_max-x
Po(x) == Vo-Io(x) Po(100%) = 2 = 1l:II'3
1. Resonant Component Design
HNp = 40 MNs=3 Nt:=ﬂ=3
Ns
ILm = 385un
Ls:= 550 Cs = 46n
Fo = _ Fm = ! Ep= NtVo
29r-/Ts-Cs 270+[(Ts + Lm)Cs 4Lm Fo
Fo=1.001 = 1[!5 Fm = 35377 x ll]3 Iy = 2.596
To:=Fo ! =9994x 10 °
16-(2Coss_gaq + Cequ_winding)-Lm
td =
To
— 9
td = 308.184 = 10
tg:= 310n
17! -1
Flta) = (zw E) Ts(ta) = Fs(ta)
4 Toty
F = 0422 « 10 =
{ta) by can 16(2Coss_gay + Cequ_winding )
Lyg gare = 3.873 x 104
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2. Transformer Design and Analysis

Design Guide

Cipre dimension - 51 unit
MILT - Btean lengdh per tum
Fg-Esfmated Rac/Rde

Pl:ote_T{td:I = Pev(Bm, Fo,60) Ve (@]
o

T1 P40 EPCOS 3C95, Ae 188u, Ve 17430u, MLT=582m_ 2w 326u
Mat = "3C95"
|_F1.|: Cmx B x (L, «T* -0, IT+fIifl[[ﬂ|
Ap=188u Ve= 17430n MLT = 82m #
Pew(B,F.T) = QZ_Iﬁ-Fl'MS-BZ'M(d.ﬁz- 10 5-'['1 — 0.0079T + 1_332)
Peore_Tx(Fx) = Pcv(l _Vocff JFx, ﬂ])-ve.-
2 2Nz Ae-Fx
g
&l
Peore T=(Fx)4|
2
s<10" 1x10° 1.5%10° 2x10°
Fx
2.1 Core Analysis
Ap . Vo eff oo AB
2Ms-Ae-Fo 2

Pev(Bm.Fo,65) = 1.143 x 10°

AB = 0266 Bm = 0.133
Peore_T(ty) = 1.896
2.2 Winding Analysis
4 2(12 :
256-Nt -Coss_gqpy -| — 2 2
. 1 12 (?1) 2 16w '(To'tdl + g )
Eﬂ'lm]_{tﬂ} = 1.3 - 12 - 2 + 4w 4+ 2
"r_ 4. — tay To
71
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Iprigypsl 100%, t4) = 6.027

Isecgyss( 100%, tg) = 45.887

f
Tprigngs = ta) 4|
2
0 02 04 06 08 1
=
mk
IPIiR_Lﬁl[tdl}lS
10
5
1x107% 481077 86:107% 1241077 1621077 2107
ta
2 2
_ = _Fo (5 _ a3 Nthm) Fslt)
hmnm(x,ta]-—h{x}ﬁjm ) +[12 > In{x}J -

2
2 4 312
Isecpas { } — ££ (S-“ - “)-Nt e [H) . 12—'11.'4-1'0 ﬂ-ﬂd-(To-tdl + l;dlz)
W) = 5 12 Lo (To + 2-14;) To + 2-tg To-(To + 2-ta1)
71
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Tsecgags .t /

et

2

1x107%  48107%  g6107% 124<1077 1621077 2«10
ta

ko = 035 Winding Fill Factor
Aw = 326u Winding Area

Aeff = ko-Aw = 1.141 x 10~

Lt = Iprigys( 100%. t4) + %-Isﬂ:nm{lm%,td} = 11.763

Iprigag( 100%. t
ol = } = 0512
Lo
100%. tg
02 = Lsecaus| )1 _ 0.488
Loe Nt
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Litz winding 0.101mm (AWG38) 400 strand

Awl = 2LAT 1076 AWG 38, Litz wire 8.01*10~-9, 230
Np strands, choose 200 strands
A2 o2-Aeff 1113 lﬂ_j AWGE 38, Lizwire 8.01%10~9, 1760
Wes T . strands. choose 1200 strands
Promary Winding:

dw_pri:= 0.1lm ow_pri = 200
Rdcpri = Np———F
o _pn-{u_zmmar _piig]
Rdcpri = 0.048
Fapn = 1.1 Litz wire has little eddy current loss.

Peu_pri(x,tg) == Fm-Rdcpd-IpIinbm{x,td:IE

Iprigags( 50%. tg) = 3.429 Iptigy,ss| 100%, ty) = 6.027
Peu_pri( 50%.t4) = 0.621 Peu_pri(100%, t4) = 1.919
Secondary Winding:
Litz winding 0.101mm (AWG38) - 1000 strand,
actual it is copper foil
dw_sec:= (.1lm ow_sec == 1000

_Ns pMLT

oW _sec- (ﬂzﬁﬂ' dw_secz)

Rdesec = 1.201 = 10

Fpeee = 1.1 Litz wire has litle eddy current loss.

Pcn_sec{x . td} = Fpoor Rﬂcsec-lﬂlum{x ,td:]z

Tsecrags| 50%. ta) = 23.094 Tsecpags| 100%, tg) = 45887
Peu_sec(350%.t,) = 0.704 Peu_sec(100%,ty) = 2.781
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Pcu_"l'{x,td] = P'l:u_pn'{x,td] + Pl:u_sec(x,td]

Total coppper loss

Peu_T(50%.ty) = 1.325 Peu_T(100%.t4) = 4.7
2 3 Total TransFsrmmer Loss

BI{x,td] = Pccme_'[{td} + Pcn_'l'[x,td}

P 50%, tg) = 3.222 Pr{100%,tg) = 6.596

3. Resonant Inductor Design and Analysis

Ls -PQ3230 3C95, PQ3230_ Ae 167u, Ve12500n, MLTS4 6nn, Awr149.1 Core dimension - Sl unit

LT - Mean lengh per tum
Aer= 167Tu  Ver:= 12500n MLTr = 64.4m Awr = 149 1u Fr-Estmated RacRdc
Matr = "3CO5"

Povr(B.F,T) = |827.10° zFl'nBz'm{z.ES — 36610 °T+ 1.83-10° 4T2] if Mat = "3C06" ~ Fo < 200k

917107 P2 B2%(330 - 472107 2T + 2.33-107 *12) i Mat = "3C96" A Fo = 200k
1.28-10 31:2'95]32'94{2_{:3 — 24110 T+ 13810 41'2] if Mat = "3F33"

92.156-F1'M5-B2'44{4_52- 0 5-'I'1 — 0.0079T + 1_332) if Mat = "3C95"
0 otherwize

- [R5 mma—

It( 50%, tg) = 4.912 Ir( 100%, t4) = 8.736

Irgngs( 50%., ty) = 3.429 Irgygs( 100%. tg) = 6.027
3.1 Core Analysis

Nr = 20

e 0-4;:1“ —2082x 100  AWG 38, Liiz wire B.01*107-9 372 strands

Ls=55%10 °
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Bms(x,tg) == N AC - Ir(1.tq) = 8.736 Assume Lk=22uH

Peore_Ls{x,ty) = Pev{Bmr{x,ty),Fs(tg), 100) Ve

Peore_Ls1(x.t3) == Pev(Bm(x, ), Fo. 1{10]-&@@ Fo = 1.001 x 10° Fs(tg) = 9.422 x 10*
o

Bmi(50%, t3) = 0.056 Bmr{100%, t3) = 0.1

Pcore_Ls(50%.tq) = 0.226 Peore_Ls(100%,1t4) = 0.922

Pcore_Ls1(50%.t4) = 0.227 Peore_Ls1(100%.tq) = 0.924

3.2 Winding Analysis

dw Is:= 0.1lm ow _Is:= 320 Fpi,=12

Porosity n=1 solid copper - unit porosity

b= e 4

m _
JE) §=2.443 x 10

Spedfc functions for winding loss analysis [ Fundamentak of Power Blectronics, R. Enckson, pp 518 ]

Gy o SHBRE) + 5i02h) oy = S(O) cOS(S) + cosh(6) sin(d)
cosh(24) — cos(24) cosh(2d) — cos(2¢)
2 effective skin
Fr(d, M) == <1>[Gl+:¢} + ;(M2 —1)(G1(e) - 262{-1:1)] ¥ 1. depth
Effective skin depth ratio ¢;=ﬁ‘“’5—u & = 0.400
Fg .= Fr($.2) Fp 1. = 1012
Rdc Ls = Nr— P PMLTE
B o Ls D dw Ls° Rdc_Ls = 0.012
Peu Ls(x.tg) = Fg 1 R.dc_Ls-Irum{x,td:jz
Peu_Ls(350%.t,) = 0.14 Pcu_Ls(100%.ty) = 0.433
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3.3 Total Incductor Loss

Pui:x.,td] = Pcmve_]'_sl[x,td] —+ Pl:u_l_.i{x,td:]

Py 50%,t3) = 0.367 Prof 100%,t4) = 1.357

3.5

3

24

April 01, 2019 © 2018 Transphorm Inc. Subject to change without notice.

dg0010.0



Design Guide

4. Resonant Capacitor Analysis

DI = "COG"
DF _Csl = |0.0015 if DI = "COG"
00250 if DI = "XTR"
00020 if DI = "FP"
0 otherwise
Csl = Cs
rCslI:: } — DF Cs1
27e-Fs{ty) Cs1
nCzlx = E
C=1
nCszl =8
m Lo{x)-Fo 2 2
= —_— | +
Mx,td} ( NtFE{'td} ] Im

Drata from Kemet web at 500 kHz

DF Csl=15x 103

1Csl(tz) = 0.055

nCslx=1

j{ﬂ To(x)- F.:_-.J Imz

Vs x.1g) = %{Fs{ltd] - %J " Nt; it;]u Cs
j [*n:— Ic:(xj-Fc:)2 . ILmz

Ves sl x.ta) = Ne] f:s {FsEta] ﬁ) * Nt-;it_.;]ﬂ_cs
Posnd = o Tt
Vs, mal 100%,15) = 592.537
Ves_ad 100%, tg) = 418.987
Pe.(50%. tg) = 0.081 Pc.(100%. 1) = 0.25
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5. Output Capacitor Analysis
Co : 230 uF Polymer, 42mOhm

Co = 330u o= 42 x 11]_3 nCo = 13

" aCo-Co 2

AVe(x,tg) = Javc_ﬁ,,(x,:d}z + AVe colx.t)°

11 T
AV cdx.tg) - —-Iu{x}-(% - 1)%’ AVe_scalta) = ——-

Teapags(x.ta) = To(x) j“;% N [z _ 8 }(Nt—xm)z_% -

s 2l Io(x) Fo

E-rCo

2
o 'Ic‘:-nms{l't,td}

PE,DI:::: . td} =

AV, 100%,t4) = 0.065

Leopns( 100%. t4) = 22.486

Peol 100%,tg) = 11.326
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6.Input Bulk Capacitor Analysis Cap selecton is limited by cap % and
bus ripple voltage
Cb : Nichicon-270uF
Ch = 540mu Ch = 0.20m oCh =1 Thpin = P0% Apin = 57 Pox = 310
Pox
AV, = enin AV, = 5.708

Vimg - 270 Hmin- (80-%-nCb-Cb)

0.5-{30-%:.{:1:-(:1:}-[[vmm - u_j-aw.rq,]z - ‘Fﬁnuz]
B Pox

3

Th = 3438 » 107

Mmin

April 01, 2019
dg0010.0

© 2018 Transphorm Inc. Subject to change without notice.



Design Guide

7. Primary Switch Analysis

Vg s1=12 Ig slon:=1

31 = "TPH3212"

Bon sl:= |0.074 if S1 = "IPPGOROTACS' Qg sl =

025 if S1 = "TPH2002"
0.199 if S1 = "IPP199"
0.15 if S1 = "TPH3006"
0.072 if S1 = "TPH3212"
0.50 if S1 = "GAN40G31"
0450 if S1 = "STP11NM60N
0 otherwise

Qes2 sl = |17n if S1 = "IPPSOROTACE Qed sl =
2n if S1="TPH2002"
Sn if S1 = "IPP199"
2.5n if S1 = "TPH3006"
46n if S1="TPH3212"
04n if S1 = "GAN40G31"
6n if S1 = "STP1INM60N
0 otherwise

Cds_tr sl := |580p if S1 = "IPP60R0TACE"

T0p if 51 = "TPH2002"

180p if 51 = "IPP199"

110p if 31 = "TFH3006"

225p if 51 = "TPH3212"

80p if 51 = "GAN40G31"
130p if 51 = "STP11NM&OND"
0 otherwise

7.1 Conduction loss

Peon s l(x . td:] =Kt s1-Ron_=1-Isl le[:x, td}1

Iz _sloff == 0.83

K- Temp co=fat 120deg C
Cds_s1- BEfective Coss (ime related)

Et s1 =14

Tentative, to check actual Coss(Tr)

138n if 51 = "IPPe0ROT4CE"
6.2n if 51 = "TPFH2002"

32n if 51 = "IPP199"

6.2n if 51 = "TFH3006"

9n if 51 = "TPH3212"

04n if 51 = "GAN40G31"
30n if 51 = "STP11NMGOND"
0 otherwise

Tln if 51 = "IPPSOROTACE"
22n if S1 ="TPH2002"
22n if 51 = "TPH3006"

3n if S1 ="TPH3212"
13n if S1 = "GAN40G31"
15n if S1 = "STP1INM60ND"
0 otherwise
Cds_25V sl == |300p if S1 = "IPP6OR074CE"
100p if S1 = "TPE2002"
180p if S1 = "IPP199"
210p if S1 = "TPH3006"
225p if S1 = "TPH3212"
80p if S1 = "GAN40G31"
200p if S1 = "STP11NM60ND"
0 otherwise

Islpags(1.tg) = 4.238

Ktsl=14
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Peon_s1(50%,t,) = 0.573

4 Pcon_s1{50%,tg) = 2.29

Pcon_s1({100%,t,) = 1.811

4Pcon_s1(100%.ty) = 7.243

Pcon_s1(20%,t,) = 0.226

04

7.2 Switching loss

Eoff(tg) == 0.2u

Poff(ty) == Fslty)-Eoff(ty) Poff|ty) = 0.019

7.3 Gate drive loss

Pdrv_s1(ta) == Vg_s1-Qg_s1-Fs(tg)

Pdrv_s1(tg) = 0.01 2Pdrv_sl(tg) = 0.02

7.4 Total Primary Switch Loss

Psi(x.tg) = Peon_sl{x.ty) + Pdrv_s1(ts) + Poff(ty)
PSJIi(x,td] = 21"51{]{,“}
Ps;(100%.t4) = 1.84

Ps peil 50%., t4) = 1.203 Ps ol 100%, t5) = 3.68

Vg 51 =12

0a 08

2 Poff(ty) = 0.038
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8. Synchronous Rectifier Analysis

D1 = "BSC0O30M0SNS5"

Vg dl = 10 Et dl:=14 Tdead dl == 20n Ndl =3
26m if D1 = "BSCO30N0OENS5"
10.8m if D1 = "IPE108N15N3"
20m if D1 = "TPB200N15N3"
16m if D1 = "B3C016LS"

33m if D1 = "PHP45NOQ13T"

0 otherwise

Ron 5= |34m if D1 = "BSCO30N0ENS: Ron 10 =
11.3m if D1 = "IPB108N13N3

20m if D1 = "IPB200N15N3"

23m if D1 = "BSCO30N0OENS!

36m if D1 ="PHP45NQ15T"

0 otherwise

Qg dl(Vg) = [|20n+ (Vg — 4.7)-4.2553n if D1 = "BSCO30NOSNS5S" Vg _th:= |3 if D1 = "BSCO30N0OSINSI"
180 + (Vg — 5.6)-3.75n 1if D1 = "IPB10SN15N3" 3 if D1 ="TPBI0SIN15IN3"
1ln + (Vg — 5.6)-2.14n if D1 = "IPB200N15N3" 3 if D1 ="TPB200MN15IN3"
25n + (Vg — 2.8)-103n 1if D1 = "BSC016LS" 1.5 if D1 = "BSC016LS"
16n + (Vg — 4.2)-2.8n if D1 = "PHP43NQ15T" 2.7 if D1 = "PHP45NQ15T"
0 otherwise 0 othersrise

Qur_dl = || 94n if D1 = "BSCO30N0ENS5" Vi dl:= |1.0 if D1 ="BSCO30N08INS53"

415n if D1 = "TPB10SN15N3" 1 if D1 = "TPB10SN15IN3"

332n if D1 = "TPB20ON15N3"
40n if D1 = "BSC016LS"
360n if D1 = "PHP43NQI15T"
0 otherwise

8.1 Conduction Loss

Ron dl = 3m

Tdlgs(x.tg) == Isecan(x.ty)

Ron_dl _Idlm{x,tdjz

Peon_d1(x,ty) = Kt dl- T

Pcon_d1(350%,tg) = 0.373
4 Pcon_d1(350%.1y) = 1.493

Qg d1(10) = 4255 = 10 8

1 if D1 = "TPB200N15N3"
0.8 if D1 = "BSC016LS"
088 if D1 = "PHP45NQ15T"
0 otherwise

Peon_d1(100%.tg) = 1.474

4Pcon_d1(100%,t4) = 5.896

April 01, 2019
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8.2 Bodydiode and Output Loss

2 2
dl_d1(x.ty) = To(x)-m- F?td} - N‘Lj"} dl_d1 - Slope of diode current during tum-off

Pdead_d1(x.tg) = 0

Tdead dl =2 x 107 ° Idlggs| 100%, t3) = 45.887
‘Prev_di(tg) = 0 Pdead_d1(1.ty) = 0 Prev_dl(tg) =0  Pdead_d1(100%.,t5) = 0
Pdb_dl(x.ty) == Pdead d1(x.ts) + Prev_di(ty) Pdb_d1(1.t3) =0 Pdead_d1(350%.t3) = 0

8.3 Gate drive loss

Pdrv_d1(ts, Vg) := Nd1-Qg_d1(Vg) VgFs(ty) Pdrv_d1(ty,10) = 0.12 Prev_dl(ty) = 0
4Pdrv_d1(ts.10) = 0.481

8.4 Total Synchronous rectifier loss

Ppi(x.ts. Vg) := Peon_d1(x,tg) + Pdb_d1(x.t4) + Pdrv_dl(te, Vg)

Psglx.tg) == 4Ppy(x.t5. Ve_dl) 4 Pdead_d1(100%, Vimyg ) = 0

dI_d1(100%.ts) = —33.64 x 10° 4Prev_d1(Vima ) = 0

Pcon_d1(100%.t4) = 1.474 2.3
225
Pdb_d1(100%,14) = 0 Ppal 100%. t4, V) 5
Pdrv_di(ty, Vg_d1) = 0.12 Peon_d1{100%.1) 175
Ppi( 100%,t,. Ve _dl) = 1.594 — 5
Dl{ ty. Vg ] Pﬂrv_dl{td,'ﬁ.?g} 1.
I 1.25
Pegpl 100%,t4) = 6.377
SR{ td] Pm(m, td,VE} 1
Peon_d1{ 50%, Vimg ) 0-73
— 0.5
025 R
555 6 65 7 75 8 85 9 95 10
Ve
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9. ZVS analysis

1 _
Ecoms = E-{ZCds_ir_sl}—‘Uiﬂ:m,z Ecoss = 3422 x 10 °

2
1 Nt-Vo _3
E;, = —Lm Erp = 1.297 x 10
b=y (-ﬂ_m-Fu) tm
3x10")
2.25%10']
Peplx. Vimg )
5“[—100 1.5%10"]
Vo-To(x)
7.5%10%

10. Sendondary filter loss

ICE LP02-101-1 Ridc at 25degC=034mohm, L=05nH, lsa=404
Byf=001m

Py e(x) = Ryelo(x)”
11. Total Efficiency

111 Output power
Fa(x) = Vo-lo(x)
11.2 Loss
Primary switch loss Ps ol 50%.t4) = 1.203 Ps ol 100%.1,) = 3.68
Sync Rect loss Psn[m'd} = 1974 Pm{mﬂ!i,ld] = 6377
Transformer loss Pr{50%,t5) = 3.222 Pr{100%,t4) = 6.596
Resonant Inductor loss Pp.(50%.14) = 0.367 Pp.(100%, tg) = 1.357
Resonant capaditor loss Pc,(50%,14) = 0.081 Pc.(100%,t4) = 0.25
April 01, 2019 © 2018 Transphorm Inc. Subject to change without notice.
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Output Capacitor loss Peol| 50%.t5) = 2.987 Pco(100%, t5) = 11.326
Secondary filter loss PLe(50%) = 4x 107> Pr(100%) = 0.016
PCB Trace loss Ppch(x) = 1= Ppch(30%) = 0.25 Ppch(100%) = 1

Bias Power & Cooling fan Phias = 0.8

Cooling fan Pfan(x) == 1x Pfan(50%) = 0.5 Pfan(100%) = 1 Use 40x40x15mm Fan
Total loss

Pioss power| . ta) = Pr{x.tg) + Pe(x.tg) + Prax.tg) + Poolx.ta) + Ps pm(x.ta) + Paglx.t4) + Pra(x) + Ppeb(x)

PLose( %, ta) '= Piocs power|X.ta) + (Pbias + Pfan(x))

Pioss_power| 90%.13) = 10.088 Ploss powesl 100%, t4) = 30.602

Pposs( 50%,ty) = 11.388 Ppose( 100%. ty) = 32.402

11.3 Efficiency
Owerall system efficency

_ Po(x)
Alx-ta) = Po(x) + Pposs(x.13)
n(350%.t5) = 98.874-% n(100%,t4) = 98.406-%
Power stage efficency
nplx.tg) = Po(x) Po(50%) = 1 x 10° Po(25%) = 500 Po(100%) = 2 x 10°
Po(x) + Pioss_power| % ta)

gl 50%.,t4) = 99.001-% 1l 100%. t4) = 98.493-% 1l 25%,tg) = 99.011-%
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Tigl 100%. ) = 98.493-%

gl 50%, t5) = 99.001-%

Tipl25%.t3) = 99.011-%
0.995
0.984 P
0.974 //
0963 /

nglx. %) 0.953 F
0.942
0.931
0921
0o,
0 0.1 0.2 03 04 05 06 0.7 ne 09 1
X
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