APPENDICES

I. Dynamic Current Sharing for Paralleled Transformers

(i) Single Forward Diode (Fig. 3.2)
Let: Ly +Lg =L+DL, Ry +Rq =R+DR, Ly +Lyp =L- DL, Ry + R =R- DR.

Assume: iy =i =0 and model the diodes have abody resistance of R,

(a) t<t,:
1V, di;
IT—(L+DL)—+(R+DR)| +Rp(ig +i5) - LfE- Reis - Ryi¢
I (1-1)
i Vin di ¢
TT_(L DL)—+(R DR)iz + Rp(iy +i2) - Lt d__ Rei¢ - Rl

Therefore:

S(L+ Ly +DL)+ R+ Ry +2Ro +DRJiy + (s +Ry +2Rp)ip =|Vin /1 + (Ry
|'
I(sL¢ +Ry +2Rp)iy +[S(L+L¢ - DL+ R+ Ry +2Ry - DRfip =[Viy /n+ (Ry

Neglect DF terms, the s-domain solutions are:
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R1200) T R i, (Ri +2Rp)(1¥ ) + (R¥DR)——
T(L+2L1) € R+2R; +4RpU R L+2Ly € R+2R( +4RpU
+ 2 .\ LR
és L+2Ly \(S L SS L+2L, d(S )
L+2L L
Lett, = _L

t S o S
R+2R; +4R;’ 2= R Since during thistime interval Lo

' é _ Lut
|'12—'12(0) ?Ogl+ :
' b (1-ii)
e = lo(1- )
g
here t |/ae 2 vmd
where = lo g o 1 g
(b) DTs> t > t, (i; = 0):
"[(L+DL)ﬂ+(R+DR)i =(L- DL)di_Z_,_(R_ DR)i
I dt ' dt 2 (1-iii)
T|1+|2:O

R¥DRI, L )
sL+R 2s sI_+R12

i10(8) =
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R R
) DR. | —(t-t) -—(t-t) )
\ |1,2(t):(1¢3)7°(1- el )+ip(t)et : (I-iv)

(c) DT+ t; > t > DT, (secondary voltage changes polarity, similar to stage (a)):

i. é DLut DT.
1|1'1,2(t) i12(DTs) ?Ogl =%
i ¢ t (I-v)
lig =1y—;
f f o,[f
¢ 2 v
where t; =1,/ é————0
gb*tli ng
(d) Ts>t > DT+ t; (similar to stage (b)):
_ Ri-pr-t,) _
i1 o(t) =i o(DTs+t)e b (1-vi)
Considering the current continuity among stages;
| DL | DR Rpr Rt
i1o(t ) =i 2(0)+-2(1F—), i1o(DT)=2(1F—=)A-e b ")+ips(t)e b~
2 b 2 R (1-vii)
. . IO _DL . . -FDITS
i12(DTg+1t;) =iy ,(DTs)- 7(1+T)’ i12(0) =11 ,(DTs+1t¢ )e
DR DL, 1- '§DTS
. e
\ i12(0) =% o(—-—) = = (1-viii)
“pT. - Zpor,
el _eL
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Since t, and t; are very brief compared with switching period, therefore, the average current of

each module can be approximated by:

1eDT T u
|12 - e 0 |12(t)dt+ 0 |1 2(t)dtl:|
~ Tsat, DT, +t, g
R
DR, L f —DTS .
=2 )p- 21T ) (1-)
R R R
é DL uL DT, | DT, Lxf - DT,
+§,0)+ L) +ip,(0)et S(1-e L
31,2( ) ( )H R ) +i12(0) R ( )
I DR
., =2(1F—)D [-X
12 2( R) (1-x)
I R- DR
L= - (1-xi)
I, R+DR R
(i) Separate Forward Diodes (Fig. 3.4)
@t<t:
iV, dif . .
'I'?_(L+DL)_+(R+DR)'1+RD'1 Lt g - Rele - Rolts
i _ (I-xii)
T Vin dif . .
f7_(|— |3|—)—+(R DR)i, + Rpi; - LfE' Rils - Rpl¢;
. 1 VinIn+(Rs +Rp)l, ¢ R+Rp. _DL, DRU
l12 = : - s+ )F——(s+ )u,
L+2L; é R+2R; +3RpU R+Ry. € L L
sés+ s+ )
5 L+2L¢ g L
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o_in
n

(b) DT>t >t

i di di
I(L+DL) L +(R+DR+Rp)iy = (L- DL) 2 +(R- DR+ Ro)i;
|

tiz+iza =1,

R+R

lo -
—(@-e ¢t
R+RD) 2 (

R+R,
T Y

D(t- tr)

\ i1,(1) = (1F ) +ig, (L, )e

(C) DT4+ t;> t > DT

. . l,é _ DL ut- DT

i15(t) =igo(DTy) - 2 alF—); S

12(t) =i12(DTy) > L)H [
¢ 2 U
where t; =1,/ 6————~"q.
gb*tli ng

(d) Ts> t > DT+ t; (similar to stage (11)):

i12()=0
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The average currents of the transformers are:

1 P,

z R+R, S R+R
lo DR & Lxfg .Y 1, DL Lxfg - opr,
=—(17 éD - L U+ 2 (1F — - L
2(+R+RD)€D R (1-e )EI 2(1+L)R+RD( © )
é D(R+R)
~logiz R yp, il R Pyaee Dt (I-xviii)
2 € R+Rp R+Ry; R+Rp L Y
e u

Not only that separate diodes reduces the resistance deviation, but aso they eiminate the
oscillation between modules during the off-time. Therefore under the condition
R+ Rp > L xfg, Eq. (I-xviii) isreduced to

l, . DR
27 2 VT R+Ry

)D. (I-xix)
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[1. Electro-Thermal Analysisof Current Sharing

Taking linear approximation, thei-v characteristic of adiode can be expressed as:

i = AT2e /KT (e - 1) @B(1+ KDT)e™ > = C(DT)e™* " (11-i)

With the same voltage drop, v, across two paralleled Schottkies, the current distribution is

l = I1 + |2 = (Cl + CZ)qu/kTo '

;Ilz il I
\ P GG (11-if)
=2

Considering the dispersion of the device parameter between the two Schottkies, it can be

assumed that

§ C1 = (B + 2 )(L+ KDTy) = By(L+ H)(L+ KDT,
i (11-iii)
1C, = (By- O)(L+KDTy) = Bo(1- 5)(1+KDT,).

Thus, the current sharing unbalanceis

€ d u
+ - +— + '
-1, C-G _d KéDTl DT,) 2(DT1 DTZ)H

| C,+C, d 0

D° ;
e u

2+ K DT, +DT,)+—(DT; - DT,)j;

8( 1 2) 2( 1 Z)H

(11-iv)
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The electro-thermal relation ship can be derived by solving the thermal network, shown in Fig.

35

Ro(PL- X)- Ry(P,+X) = Rx b xzpl'Ffj;
2+—
RbRb

DI, =RR, +(R - )R, =P (R, +R))- RC(Pl' R);
2 —_—
"R,

_ Ro
DT, =P, (Ry +R) + (P - B). (11-v)
2+51

The power loss of each individua diode is the product of its forward voltage drop and its

conduction current:

i C
:EF?I_:Vll:ﬁVl; |
I C, (11-vi)
IR =vl, = vl.
t C+G
Combining Egs. (I1-v) and (I1-vi), it can be derived that
DT, +DT, =(R, +R)(R +PR,)=(R + R)v
lor, oL =(R+R- 2R )R- R)=(R+R- 2Dl (i

! 2+ R 2+ X
t Ry R

Combing Egs. (Il-iv) and (l1-vii) gives the current sharing unbalance due to the electro-thermal

interaction:
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2 U
Ry )Du

é
&4
d+Kvl e_(Ra+Rb)+(Ra+Rb

e 2+-C oL
- S . EI (22+a6)l)92+ bb—DD v
2+Kvl §(R +Rb)+ (R +R,- ZREC)DE 2 2
8 "R H
ja =KV (R +R,)
where ! b=KVI(R+R, - ZR)RC ). Current unbalance, D, can be determined by solving the
i R

2nd-order Eq. (I1-viii)

- (2+a- b)+(2+a - b)2+(2+a)bd? 1 1(2+a)d® _ (2+a) d

bd bd2(2+a-b) (2+a-by2 X
¢ >
e u
§1+—KVI(R;+Rb)‘:Jd

_é (d )

\ D=¢ KR, b2 (11-x)
e TR U
é +
é R

By auniform conduction approximation, the thermal coupling resistance can be calculated as

1 d

R :EW’ (11-xi)
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where Ky, is the thermal conductivity of the heatsink material, wand t are the width and thickness

of the heatsink respectively, and d is the distance between the two paralleled diodes. Therefore,

Eq. (I1-x) can be written as

~

¢ 0
é a
§1+KVI(R;+Rb)l:Jd
:e u_ _vii
D a KR, G2 (I1-xii)
é1+—dﬂ
é 2+ a
é KinWR,

i.e., the current distribution unbalance expressed in terms of the diode separation. Egs. (11-x) and

(I1-xii) are plotted in Fig. 3.6 to graphically show the effects of the thermal coupling (or the diode

separation) on the current unbalance.
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[11. Partial Element Equivalent Circuit Method

The loop inductance of the rectangular loop formed by four traces, shown in Fig. 111.1(a),

is by definition as
1.5 _
Lioop = I—@BXd§, (1-i)

where | is the conduction current, B is the magnetic flux intensity, and s is the loop area. Using
the Maxwell equation, B=N" A, and the Stoke' s theorem, @‘;(N ’ X)>d§ =§ Xodl , Liogp Can be

rewritten as

=
1

1
I-Ioop |_

@&xd q‘)Axdl”g. (111-ii)
a

where A is the magnetic potential, and can be decomposed into the contribution from each

traces, i.e,,

— 4 —
A= 4 A, (111-iii)

m=1

where An is the magnetic potentia generated by the current flowing through |,.. Then, Egs. ((111-

ii) and (111-iii) give

D D~
Qo

- .u
Lioop OA, 5 (111-iv)

%))
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Figurelll.1. A rectangular shaped loop described with PEEC method: (a) loop layout; (b)
equivalent circuit representation.
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1 \ 7 T 1 N A T H
Let |_n:|_ A >dl, and anzl_(p A >l (m? n), Eqg. (Il-iv) becomes
{34 4 4 u
1e u
I-Ioop :Téé L, +é é M (111-v)
én=1 n=1m=1 u
é mtn a

Therefore, the loop inductance can be expressed as the combination of the trace partia self-
inductance L,, and partial mutual-inductance, M, (Mn = Mpm). The representation of using
equivalent circuit is shown in Fig. I11.1(b). It should be noted that in this rectangular loop
example, only the paralleled traces have mutual inductance between them, i.e., M1, = My = My =

0, because perpendicular traces have null induced fields.
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