Appendices

A.l. Analysisof Remanent Flux in Proposed Integrated M agnetic
Structure

In order to find the worst-case maximum flux density in each core leg, one must find the
worst-case remanent flux density distribution in each core leg. If the direction of the
remanent flux density of each core leg is the same as that defined in Figure A-1, the
remanent flux density will add up the dc flux density and the ac flux density, and the
worst-case maximum density can be obtained.

To calculate the worst-case remanent flux density, it is necessary to identify the remanent
flux density and magnetic field intensity inside each core leg. outer leg 1 is used as the
example to illustrate (see Figure A-2). As shown in Figure A-3, the remanent flux
density, By, after the gapping is smaller than the original remanence, B, when the coreis
not gapped. If there is aremanent flux, j 1, or the flux density By, in the core portion Aj,
the remanent flux density in the air gap lg should be the same assuming that no flux
fringing exists. Based on Figure A-3, we have

Hyg = 0 = B Eq. A-1
m  m
Hye =By - B Eq. A-2
mym

where m and B; are the reative permeability and the remanent flux density, respectvely,
for the selected ferrite material (ungapped).

Because of the flux continuity in outer leg 1, the magnetizing force or the magnetic field
strength in the base plate or bottom of the E-core (I1e, A1p portion in Figure A-2) can be
estimated to be

A
B1r N Br
His = Bur - By = il Eg. A-3
Mym My
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Figure A-1 Flux distribution within each coreleg
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Figure A-2 Dimensions of integrated magnetic core
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Figure A-3 Sketch of remanent flux in outer leg 1
Following a smilar procedure, we can derive the magnetizing forces or the magnetic
field strengths for the center post and outer leg 2:

Outer leg 2:
Hoq = Bar Eq. A-4
M
Hoe = Bar - By Eqg. A-5
mpym
BZr :22 - Br
H 2cB = W Eq A-6
Center post:
Heg = Bar Eq. A-7
My
Hee _Bo- B Eq. A-8
mpym

If we apply Ampere’'s Law to the loop consisting of outer leg 1 and outer leg 2, and the

loop consisting of outer leg 1 and center post, we can obtain the following equations:

Higlig + Hiclica + Higlicg + Hoglog + Hocloca + Hocglocg = Njig + Noip; =0 Eq. A-9
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Higlig + Hacliea + Hieglics - Hegleg - Heelee = Naiz - Nyip =

cg'cg
The definition of the dimensions can be found in Figure A-2.

By substituting Egs. A-1 through A-8 into Egs. A-9 and A-10, we can get

Eq. A-10

& A0 e A 0
¢ lica +l1eg —— = loca +1oeg = - | | |
C B+ o AzB—_ 1ca +licg *loc +1ocg 0
B1r I1g + =t BZr gl - B -
m . m Z 1)
¢ - ¢ -
e a e a
Eq. A-11
e 0
¢ Ich+|1cB Al 6 B+ I,
1cA T 11cB -
Blrgllg m _- B E? +-£1=B EqQ. A-12
¢
e o
The relationship among the fluxes of the three core legs gives
Byr AL+ By Ac = By Ay Eq. A-13
By solving Egs. A-11 through A-13, we have
C
Az X Ac
B, = %o B Eq. A-14
A+l Ac+ P
2
B, =—2 c 2B, Eq. A-15
A+l Ac+ P
2
K C
K Ii Ao(Cy - Cy)- K2
By = —2-¢ ¢ B, Eq. A-16
Aﬁ Ac+ LA

where
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’ m
loca *12e8
K2:|2 + B
’ m
|
Ko =log +1* Eq. A-17
C, = l1ca +11cg *12ca *12c8
m
C, = l1ca +11ep - lec
m

Example: E32/6.4/20 (Philips Planar Magnetics) E-E combination
Corelengths: 11ca= 12ca=9.6mm, l1c5= 12c5=28.6mm, |,:=9.6mm
Core cross-sectional areas: A1=A,=70mm?, A1p=As=65mm? A=130mm’
3F3 materials; 100°C core temperature, m=2800, B,=150mT
Gap lengths: 114= 153=0.18mm, |,=0
Based on Egs. A-14 through A-17, the remanent fluxes are estimated as:
outer legl: By=8mT
outer leg2:  Bx=13mT
Center Post:  Bc=3mT
If the air gap length is 1% of the core leg magnetic mean length, the remanence is
only 5% of the ungapped value
If the outer legs are properly gapped, the center post gapping does not have much

influence on the overall remanences.
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Figure A-4 Influence of outer leg gaps on the remanent fluxes
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Figure A-5 Influence of center post gap on the remanent fluxes
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A.2. Derivation of Small Signal M odel for Forward Improved | M
Circuit

Figure A-6 shows the dectrical equivalent circuit for small signal analysis. The parasitic
elements, including the leakage inductance, the junction capacitances of the MOSFETS,
the ESR and ESL of the capacitor, and the resistance in the conduction path (including
traces, windings, and semiconductor devices), are neglected in this analysis. In Figure
A-6(b), all of the secondary side components are reflected to the primary side. The

relationships between the reflected components and the original ones are given as

follows:

Ly = LN?
Lop = LoN?

_Cq
Cfp - AZ

Eq. A-18

R = R N?

— IO
lop =50
Vop = NV,

where N is the primary-to-secondary turnsratio.

There are three inductors and two capacitors. The power stage appears to be a fifth-
order system. The inductor currents: i_1p, iL2p, @nd im and the capacitor voltages: V.
and Vo, are the variables for the state space equations. However, a close examination
of the three inductors reveals that only two of the three inductor currents will be
independent variables.

Thefluxesin the three core legs are related as

Jc=i2-11 Eq. A-19
Recalling one definition of the inductance,
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L= 'I— Eq. A-20
produces the following equation

Lmi = szizp - Llpilp' Eq A-21

It becomes obvious that only two inductor currents are independent variables. In
order to facilitate the stability analysis, the current of L, can be expressed as the

function of the other two inductor currents:

Lap Lip
Im = Ioy - i Eqg. A-22
m I—m 2p I—m 1p q

Np : Ns
T |
L”J o| L1| liu — —
im "] cf | +
[ = Vo
O, =4 E LI Te
Vin n QT| | IL2 o -
Ve Q1J: -
CCT_ M
(3
' .
|
.mj L2p|§Y liz" JJ lop.
Lm Cfp | +
C) 1LT TV"F’ 2 Rup
" Vin J QTI Llplg Tilp _I.—‘ o
Q1 |- l |
CCT YC J'_ d
(b)
Figure A-6 Equivalent electrical circuit of FI?M: (a) original, (b) reflected to the
primary side
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A.2.1. State Space Average Model
Figure A-7 shows the two operation stages for the steady state. For [0, DT], the

following equations can be derived:

di
I-md_;n:\/in
di,
by TV
di,
2p dtp =Vip - Vop Eq. A-23
av,
Ccd—tc—o
av ) V,
g e l2p” RT;

Thefirst three equationsin Eq. A-23 are linearly related (3'-2""=1%), as we predicted.

Thus, only two inductor currents are used as the independent variables in deriving of

the average state space moddl.
‘ lop
im L2p| lin —
m Chp | +
T =~ Vop
] R
Qu [ e B L7 Te
+ —
Ve Q1+
o 7
(3

] Cip | +

Vin

)
1
<
(g}
Q
=

(b)

Figure A-7 Two stages for steady state operations
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If we define the state variable as

X:[ilp lop Ve vop]T Eq. A-24

Eq. 3-67 can berewritten as

x = AX+ By, Eq. A-25
where u=vi,, and
€0 o o 1Y
= L
¢ 0o
é -1
A =@ 0 0 0 Lo, Y Eq. A-26
€0 0 0 0 g
é 1 1 0 -1
&En Cp RrCipf
, T
e 1 u
Bi=&0 — 0 04 Eq. A-27
8 Lap g
Similarly, for [DT, T], we have
di
Lmd_;n in~ Ve
diq
1p? =Vec Vop Vin
di,
2p —dtp =- Vop Eq A-28
dv, Loy . adq 0
C.—==ip-Ii Pj P 413
c d m~ 'lp Lm 2p g N B1p
av ) Vv
o d(t)IO i1p +igp - =

The fourth equation in Eq. A-28 has utilized Eq. A-22. Again, if we use only the four
variables iy, iz, Ve, and v, to form the state space equation, we will have

X = AX + ByU Eq. A-29

where
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and

g 0 0 1 -1 3
L L
é 1p 1p u
¢ 0 0 o -t
g L2p u
=é a
Ao é (I—lp + Lm) I-2p 0 0 u
g Cc.lpm, Cc.lpm, 3
é 1 1 0 -1 g
g Cn Ctp RipCipH
. T
€.1 u
B,=é— 0 0 0¢
glip g
The state-space average technique will give
X = AX +BU
1 - 1 AN
S 0 o &+ 10
€ Ly Ly
¢ R
¢ 0 0 0 —=u
A= +d'A, =€ |, , u
WA +dA g d (Llp +'—m) d'Lyp 0 o U
€ Ciln C.ln, u
é a
s 11 -1 g
8 Cfp Cfp RLPCpr
. T
ée.d d u
B=dB, +d'B,=é— —— 0 0G4
glip 2p )

where d isthe duty cycle, and d'=1-d.

For im, the average technique gives

d |
Lmd_;n:Vin - dVC

Eg. A-30

Eq. A-31

Eqg. A-32

Eg. A-33

Eqg. A-34

Eg. A-35

Figure A-8shows the equivalent circuit for the average model described in Egs. (A-

32~35).
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Figure A-8 Average circuit model for power stage

A.2.2. Transfer functions
By introducing the perturbations to the average model derived previously, we can derive

the small signal modd as follows:

X =AX+BU+Pd Eqg. A-36
where
P=(A- A)Xg +(B - By g Eq. A-37
éllpdc@ é I-1p + I-2p +Lm a
€l €& Liptly | a
—é2pdc(_ ¢ opU Eqg. A-38
®© T8V 0 BlpTloptlm g d
s u é \V/ u
&Vindkc 0 @ —inde ]
é 1-D a
é Vinde u

Then the following transfer functions can be derived from the Laplace transform of Eq.
A-36:

=(s - AP Eq. A-39
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Gyy :é =(s- AJ'B Eq. A-40
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Figure A-9 Simplified block diagram of voltage mode contr ol

Figure A-9 shows the ssimplified block diagram for the voltage mode control. All of the
transfer functions defined in Figure A-9 can be solved from Egs. A-39 and Eq. A-40. In
the practical control loop design, Point A in Figure A-9 is usually broken to measure the
Contral to Output transfer function, which is represented by

Vo

VCOI']

Goc =

= Gy XFM Eq. A-41

where FM isthe PWM modulation gain. Gy is expressed as follows:
Duty-cycle to output function Gy

2 Do /|~2
g 1+5*&cLiplm - Coloplm ,2/|D (L1p+L2p+|_m)]V_
Gog =-2| = € Jin
° qln D(s) N
u=0
Eq. A-42

where D isthe steady state duty cycle, D'=1-D, and
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Lop(lip *Lm) Sszzp(Llp Lo, Lm(lip * Lop)Ce o
Ripllip *Lop *Lm) @ Lip*Llap+Llm  (Lyp+Lop +Lm)D%
3 Ccl—lp I—2p|—m 4 Ccl—lp LZmeCfp

RpD?Z(Lip +Lop +Lm)  D2(Lyp +Lop +Lp)

D(s) =1+s

S +S

Eq. A-43
The control-to-output function consists of two pairs of double-poles and two zeroes.
When the duty cycleis smaller than the critical point, i.e.,

Llp _ L Ry

D<Dcrit: - = !
Liptlyp Loth R+R,

Eq. A-44

the transfer function contains a pair of complex zeroes,:

s, =+]2of,
1- D

D

Eq. A-45
B M

Lip +Lop + L

At complex zeroes, the phase will be boosted by 180 degree.
If D>Dcrit, the transfer function contains a pair of real zeroes:

s, = +2pf,. Eq. A-46
Note that the phase at real zeroes will not be boosted. The difference between the real
zeroes and complex zeroes is demonstrated in the plots of Figure A-10.

All of the poles are the functions of duty cycle, L1, L2, Lm, Cf, Cc, and RL. They can be
solved from Eq. A-39~40. The close form expressions are too complicate. Pspice
simulation of the average circuit modd is still an easy way to locate the pole-zero

positions.
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Figure A-10 Control-to-Output Function under Different Duty Cycle
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Figure A-11 Control-to-Output Function under Different Load Condition
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A.2.3. Current mode control
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Figure A-12 Simplified Diagram of Power Stage with Current Mode Control
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Figure A-13 Block diagram with Current loop
Figure A-12 shows the ssimplified diagram of power stage with current mode control. By
employing the current mode control model provided in [D7], the block diagram of the

complete system with current loop is shown in Figure A-13. The feedforward terms Kr
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and Kg are usually very small, they are neglected in the following discusson. The
sampling function [D7] He(s) is expressed as

He(s) @+ +— Eq. A-47
2 Wn Wy
where
Wn :pfS
-2 Eq. A-48
Qz =—
p

and fs is the switching frequency.

If point A in Figure A-13 is broken apart to measure the “control” to output function and
loop gain, the control to output function with current mode control can be derived.
However, the expression is too long and too complicate. The ssimulation of the average
circuit model shown in Figure A-8 appears to be more suitable for generating the plots of
the transfer functions.

Figure A-14 shows the plots of the control-to-output function with current mode control.
The first pair of double-poles (the lowest frequency) is split due to the introduction of
current mode control: one pole is pushed to a lower frequency, while the other pole
migrates to a higher frequency. The second pair of poles is dightly affected. And the
zeroes at low duty cycle remain unchanged.

Stability Condition Discussion:

For both voltage mode and current mode control, the light load and low line condition is
the worst case for the control loop design.
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Figure A-14 Plots of control-to-output function with current loop (Ri=0.5 for
current mode control)
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Figure A-15 Control-to-output function of current mode control under different
load conditions (D<Dcrit)
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A.3. Analysisof Soft-Switching Techniquein Forward Improved
Integrated M agnetic Circuits

In high power applications, large MOSFETs will be adopted for both Q1 and SRs (Q3,4).
The turn-on loss in Q1 at high switching frequency may be excessively large because the
effective capacitance across the drain to the source of Q1 is quite large. To analyze the
mechanism for the soft-switching, the equivalent circuit of a FI°M circuit is employed.
To smplify the discussion, the leakage inductances of the windings are neglected.

Figure A-16 shows the turn-on procedures of Q1. It consists of two stages:
Vdsl>Vin:

After Q2 turns off, the magnetizing inductance (Lm) current, along with the reflected L1
current, discharges Cp. The primary winding voltage gradually reduces to zero. If the
magnitude of the magnetizing current is larger than the reflected L2 current, then the next

stage continues. Otherwise, Q1 can be turned on with Vin applying on it.
Vdsl<Vin:

The magnetizing current will supply the reflected L2 current and the discharging current
for Cp. As the voltage on Cp is discharged to zero, the body diode of Q1 conducts. Q1
can then be turned on at zero voltage.

The delay time between Q2 turn-off and Q1 turn-on is estimated to be

c.Vv.,.D C.V,
ty » ——— + p_In Eq. A-49
(1' D)' pN ||mN - |L2N/N|
The condition for achieving ZVSis
loy > 1oy /N Eq. A-50
where
DI,
. @Imdc+7, Eq. A-51
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DI
LN @ e +% Eg. A-52

D'ZLZ , Eq. A-53

|
N @1 mN " lLl'\/‘ Ay Eq. A-54

By subgtituting Egs. A-51~54 into Eq. 3-50, and some smple calculations, the ZVS
condition can be obtained as

I L2N @) L2dc ~

Dim 1o Do o
2 N 2

N _2fgly 1-D

Eqg. A-55
I-m Vo I-2

As seen from Eq. A-55, the light load and high line (small D) conditions are easier to
achieve ZVS. Decreasing L2 or Lm can help extend ZV S range
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Q2 turns off, Vds1>Vin
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Figure A-16 Turn-on procedure of Q1
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Figure A-17 Waveform in FI?M considering switching transient
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A.4. Equivalent electrical circuitsfor proposed integrated magnetic
structure

The dectrical circuit models are usually easy to understand than the magnetic structure.
The methodology derived in [B5] is adopted for the derivation of the electrical equivalent
circuit models. Figure A-18 defines the fluxes. Figure A-19 shows the derived results.

£V
A ipa|B Jla ] 1b J ca]2b ] 2a
g s} g e U
% ;p/ % 1 1La . . 1 P
Ei (e g ey | T, 4
= I~ N : . I . H .
£ |4 =l @h1®: e lice: @2 @:
N || L—T | N2 R S A N TN S A
i1 Np i2 ; ' jca ! - -
| la ] 1b | 2b ] 2a
C"‘Vl - g ~ v +E outer leg 1 center post  outer leg 2
@) (b)

Figure A-18 Derivation of magnetic reluctance circuit for the proposed integrated
magnetic structure: (a) proposed integrated magnetic structure, (b) definition of
winding currents and fluxes, (c) magnetic reluctance cir cuit

A-164



N2 N2
—Lab —=Laa
LiLa Liib — N22 N22 <E
C ~g E
+
° °
Vi N2 NZ N3¢ N2 V2
— L2o v L2a -
N
D ’ i D
€)
B _ Vp " A
N1=N2=Ns i
P ? Lm Lplk
Lita L1 Latb LoLa
c E
+ +
V1 Lia Lib
- L2a
D
D - .
i1 i2
(b)
Np : Ns LiLK
j 1cT LpLK . c
m_T_‘ i +
j ila ; L1 Vi
i J 2L D_
RiL V2
' 2,
N1i1 AN
L2k
(©)

Figure A-19 Electrical circuit model of proposed IM structure: (a) complete
electrical equivalent circuit model, (b) equivalent circuit when N1=N, () magnetic
reluctance circuit (left) and electrical equivalent circuit (right) when Ni3=Nz; and | 1.5
and j 2.p areneglected
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