Chapter 14. Transformer Design

Some more advanced design issues, not considered in previous
chapter:

Inclusion of core loss

Selection of operating flux
density to optimize total loss

Multiple winding design: how
to allocate the available
window area among several
windings

A transformer design
procedure

How switching frequency
affects transformer size
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Chapter 14. Transformer Design

14.1. Winding area optimization

14.2. Transformer design: Basic constraints

14.3. A step-by-step transformer design procedure
14.4. Examples

14.5. Ac inductor design

14.6. Summary
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14.1. Winding area optimization

Given: application with k windings n ' n
. 12
having known rms currents and > <
desired turns ratios rmsourrent L AL rms surrent
1 2
Vilt) _W(t) _ Wit
nl n2 nk
Core i <
Window ared\, . rms current
Core mean length

per turn(MLT)

LN,
Wire resistivityp

| Q: how should the window
Fill factor K, area W, be allocated among
the windings?
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Allocation of winding area

Winding1l allocation

CX1WA
Winding?2 allocation
GZWA

5 _ Total window

O<a;<1
oa,+ta,+--+0a,=1
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Copper loss in winding j

Copper loss (not accounting for proximity loss) is

P :IJ-ZRJ-

Ccu, |

Resistance of winding j Is

R. = 0 _
j AW,j
with
|,— =N, (MLT) length of wire, winding |
W,K O,
W,j — n, wire area, winding j
H .
ence s 2p (MLT)
P =_ J
CU,
‘ WK,
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Total copper loss of transtormer

Sum previous expression over all windings:

MLT 5
PCU,tO'[ - Pcul + I:)cu2 -t I:)cuk p\gv K ) z ( )

j=1

Need to select values for a, a., ..., o, such that the total copper loss
IS minimized
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Copper

loss

Variation of copper losses with qj

For a, = 0: wire of
winding 1 has zero area.
P.,, tends to infinity

For a, = 1: wires of
remaining windings have
zero area. Their copper
losses tend to infinity

cul

There is a choice of a;
that minimizes the total
copper loss
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Method of Lagrange multipliers

to minimize total copper loss

MLT) &
PCU,tO'[ — Pcul + I:)cu2 -+ I:)c - p\gv K z

Minimize the function 2

subject to the constraint
a,+a,+--+0a,=1

Define the function
f(ab O PYILEAIN 0 E) cutot(ali O YRS O(k) + E g(ab O UYL ak)
where

K
g(ali Ay oo, ak) - 1_1.21(11'

IS the constraint that must equal zero

and ¢ is the Lagrange multiplier
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Lagrange multipliers

continued
Optimum point is solution of Result:
the system of equations ‘. 5 (MLT) i - ) .
Of(0,, 0y o, 0,E) 0 T WK, |G| T Mo
oa, - |
of(ay, ay -, 0y,¢) _ .= Nl m
=0 m 00
oa, Zl nl,
. n=
of(a,, a,, <, 0,¢) 0
oa, B An alternate form:
of(a,, as,z..., 0€) _ g o - Vo

Z lej
n=1
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Interpretation of result

o = Valn
nzl VJI )
Apparent power in winding j is
v
where V; is the rms or peak applied voltage

I j IS the rms current

Window area should be allocated according to the apparent powers of
the windings
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Example
PWM ftull-bridge transformer

() () |
- g 1.1

....... —
é} n, turns
n, turns {
E} n, turns

------- ) ’—H
' 3(t)

A\ 74

* Note that waveshapes
(and hence rms values)
of the primary and
secondary currents are
different

e Treat as a three-
winding transformer
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Expressions for RMS winding currents

() 4 N2y
1 2TS' n n,
150\ 5T if(tdt =—=21VD
s JO nl 0 0 Ir
n, g
1 2TS_2 L — |
l,=1,= 7T ). |2(t)dt:§Iv1+D 1
i) 4
_ 0.5 0.5 B
see Appendix 1 0 X
i) 4 |
0.9 0.9
O 1 1 »
0 DT, T, TA+DT, o,
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Allocation of window area: @.=

Plug in rms current expressions. Result:

o, = 1 Fraction of window area
(1 + /1+D ) allocated to primary
D winding
a.=qg.=1 1 Fraction of window area
2732 allocated to each
1+ D g e
1+ D secondary winding
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Numerical example

Suppose that we decide to optimize the transformer design at the
worst-case operating point D = 0.75 Then we obtain

a, =0.396
a,=0.302
a,=0.302

The total copper loss is then given by

_ p(MLT) i
Pcu,tot - WK, jil N, | j

_ p(MLT)n?I?
- WAKu

(1+2D +2/DA+ D))
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14.2 Transtormer design:
Basic constraints

Core loss
— B
I:)fe - KfeBmaxAcl m
Typical value of [3 for ferrite materials: 2.6 or 2.7

B¢ IS the peak value of the ac component of B(t)

So increasing B, causes core loss to increase rapidly

This is the first constraint
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Flux density
Constraint #2

Flux density B(t) is related to the vi(0) 4
applied winding voltage according

to Faraday’s Law. Denote the volt-
seconds applied to the primary

winding during the positive portion

!

area)\1

of v,(t) as A;:

Alzfzvl(t)dt

/tl t t

This causes the flux to change from
its negative peak to its positive peak.
From Faraday’s law, the peak value
of the ac component of flux density is
By = 5
2N, A,
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To attain a given flux density,
the primary turns should be
chosen according to

Ay

n=—+—
2B A,
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Copper loss

Constraint #3

» Allocate window area between windings in optimum manner, as
described in previous section

e Total r IS then equal to .
otal copper loss is then eq with

cu WAKU Itot—j:1n_1 J

Eliminate n,, using result of previous slide:

o =|PMla|[(MLT)|( 1
. K, W,AZ || B2

Note that copper loss decreases rapidly as B, ., is increased
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Total power loss
4. Ptot:Pcu+Pfe

There is a value of B

7 max  powert
that minimizes the total loss
power loss
O ()
% Prot (,‘)’JQ\
Z N
(@) @)
_ ()
Ptot - Pfe + PCU g;<> °
[
— B
Pfe - KfeBmax'A‘cI m ; >
Optimum B Brnax

o =|PMla|[(MLT)|( 1
C“ Ky W,AZ || B2
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5. Find optimum flux density B

max

Given that
I:)tot — Pfe + I:)c:u

Then, at the B, that minimizes P,,, we can write

dPtot — dee chu —
dB_—ds_ Tag_ - ©

Note: optimum does not necessarily occur where Py, = P, Rather, it
occurs where

dP,  dP

_ cu

dB_._ _dB._.
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Take derivatives of core and copper loss

212
fe: KfeBEnxAclm Pcu: p)\lltOt (MLTZ) 1‘
K, W,AZ || B2
AP _ (B-1)
dB,, ~ PO Adn dP,, __,(PA31% | ((MLT)| & s
dB.., K, || w,A? | ™
N bstitute i WP __ dP, d solve for B__
ow, substitute Into dBmax__dBmax and solve 10r b,

f N
PAZIZ. (MLT) 1 (B+2) Optimum B__ for a

max 3 given core and
; 2Ky WAL, BKee | application
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Total loss

Substitute optimum B, into expressions for P, and P;.. The total loss is:

B
T _(_B
Al K |ls%2) | PPl (MLT) & (E) (B+2)+(B)(sz)
Pt = \ ] A4K,  W,AZ 2 2
Rearrange as follows:
(%)
2/
WalAJTE g o) (et MK
(MLT) 177 [12 ? 4K, (Pg) P2
Left side: terms depend on core Right side: terms depend on
geometry specifications of the application
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The core geometrical constant L\

5

W, (A (B)(B”) +(B)(sz)

Define Kgfe = MLT) |£§’B)

Design procedure: select a core that satisfies

PATI K "

fe

K
4K, (Py) (")

gfe 2

Appendix 2 lists the values of K, for common ferrite cores
Kqte IS similar to the K, geometrical constant used in Chapter 13:
* K,Is used when B, Is specified

* Ky IS used when B, is to be chosen to minimize total loss

Fundamentals of Power Electronics 22 Chapter 14: Transformer design



14.3 Step-by-step
transformer design procedure

The following quantities are specified, using the units noted:

Wire effective resistivity

P

Total rms winding current, ref to pri |,

Desired turns ratios

Applied pri volt-sec

Allowed total power dissipation
Winding fill factor

Core loss exponent

Core loss coefficient

n,/n,, ny/n,, etc.

Other quantities and their dimensions:

Core cross-sectional area
Core window area

Mean length per turn
Magnetic path length
Wire areas

Peak ac flux density

Fundamentals of Power Electronics

A
W

A
MLT

(Q-cm)
(A)

(V-sec)
(W)

(W/cmeTR)

(cn¥)
(cn¥)
(cm)
(cm)
(cn¥)
(T)
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Procedure
1. Determine core size

PAZIZK 2P
4K, (Py)(#+ 2"

K 10°

gfe 2

Select a core from Appendix 2 that satisfies this inequality.

It may be possible to reduce the core size by choosing a core material
that has lower loss, i.e., lower K.
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2. Evaluate peak ac flux density

|
—
)
+|=
N
~———

| Alz, (MLT) 1
B — 108 p 1 tot
e 2Ky WAY - BKy

At this point, one should check whether the saturation flux densityis
exceeded. If the core operates with a flux dc bias B, then B, + B,
should be less than the saturation flux density.

If the core will saturate, then there are two choices:
* Specify B, ,,using the K, method of Chapter 13, or

« Choose a core material having greater core loss, then repeat
steps 1 and 2
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3.and 4. Evaluate turns

Primary turns:
Ay

2B A,

n, = 10*

Choose secondary turns according to
desired turns ratios:

n2

ny

n3

nl
Fundamentals of Power Electronics 26
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5. and 6.

Fraction of window area
assigned to each winding:

a, = n1|1
nlI tot
n.l
a,= 2l 2
nlI tot
Ny
a, =
nlI tot

Fundamentals of Power Electronics

Choose wire sizes

Choose wire sizes according
to:

< a 1KuWA
wl
nl
< a ZKUWA

w2 — n2

A
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Check: computed transformer model

Predicted magnetizing n, :n,
Inductance, referred to primary:

_ HnfA,

L
Peak magnetizing current: Vv N\

Ay

ot o = |
ek 2Ly . 0
Predicted winding resistances:
= = PN(MLT) N
! A, - My R,
R = pN,(MLT)
2 sz

Ly
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14.4.1 Example 1: Single-output isolated
Cuk converter

I
g + Ve, () — — Vo(t) + I
AA c1 c2

o EEE T 1 T
1 11 > +

— +

ORI | I

+ —

- <
i n:l (1)

100 W f, = 200 kHz
D=0.5 n=>5
K,=0.5 Allow P_, = 0.25 W

Use a ferrite pot core, with Magnetics Inc. P material. Loss
parameters at 200 kHz are

K, = 24.7 B=2.6
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Waveforms

i Ve, Areal,
'/ «— DT —»
DTs — nVC2
. A
1 I/n
— |g
i(t) I
— nlg

Fundamentals of Power Electronics

30

Applied primary volt-
seconds:
A, =DTV,, =(0.5) (5pusec) (25 V)
= 62.5 V—sec

Applied primary rms
current:

=/ D(L) D1, =4n

Applied secondary rms

current:
l,=nl,=20A

Total rms winding
current:

o=l +11,=8A
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Choose core size

. (1.724010"%)(62.5010"°)(8)*(24.7) **°

gfe = 108
4(0.5) (0.25)*929)

K

= 0.00295

Pot core data of Appendix 2 lists 2213 pot core with
Kgre = 0.0049

Next smaller pot core is not large enough.
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Evaluate peak ac flux density

1(v4.6)
_|108 (1.724010°)(62.5010%)4(8)> (4.42) 1
max 2 (0.5) (0.297)(0.635)%(3.15) (2.6)(24.7)

= 0.0858 Tesla

This is much less than the saturation flux density of approximately
0.35 T Values of Bmax in the vicinity of 0.1 Tare typical for ferrite
designs that operate at frequencies in the vicinity of 100 kHz
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Evaluate turns

_qg¢. (6250079
1~ Y 2(0.0858)(0.635)
= 5.74turns

nl
n,=-x=115turns
In practice, we might select
n,=>5 and n,=1

This would lead to a slightly higher flux density and slightly higher
loss.
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Determine wire sizes

Fraction of window area allocated to each winding:

q. = 4A) — 05 (Since, in this example, the ratio of
' (8 A) ' winding rms currents is equal to the
1 turns ratio, equal areas are
5)(20 A) allocated to each winding)
a,= =0.5
(8A)
Wi _ From wire table,
ire areas: Appendix 2:
0.5)(0.5)(0.297
wl = (05X (5))( ) = 14.8[10° cm? AWG #16
0.5)(0.5)(0.297
o= OONOED gy onpoeme AWG 9
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Wire sizes: discussion

Primary

5 turns #16 AWG
Secondary

1 turn #9 AWG

« Very large conductors!
« One turn of #9 AWG is not a practical solution
Some alternatives

« Use foil windings

« Use Litz wire or parallel strands of wire
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Effect of switching frequency on transformer size
for this P-material Cuk converter example

A 4226
3622 . u + 0.1
Ny
. \\.// \./
N 1
‘n 2616 2616 0.08
q) | |
S 2213 2213 1 006
S 1811 1811
o
o AN T 0.04
\\
+ 0.02
\.
T T T T T T T 0
25 kHz 50 kHz 100 kHz 200 kHz 250 kHz 400 kHz 500 kHz 1000 kHz

Switching frequency

« As switching frequency is
Increased from 25 kHz to
250 kHz, core size is

dramatically r

educed
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As switching frequency is
Increased from 400 kHz to
1 MHz, core size

Increases

E|Se_|_ ;xewg
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14.4.2 Example 2
Multiple-Output Full-Bridge Buck Converter

N
160V

:

Switching frequency

Transformer frequency

Turns ratio

Optimize transformer at

Fundamentals of Power Electronics

D, Q D, T 5y
A —|l£ A n: :n b izi(t) S 100 )
+ ) D5
M - > ° g
(1) v (1) % E > — S 5V
- Ds i, (1) _
-
ID2 _”E ID4 : nZH 15y
4 ; .n3 DH I3i(t) 154 )
150 kHz é 7
i 5 p— S 15V
75 kHz
De i (1) _
110:5:15 - >
L Ng
D=0.75
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Other transformer design details

Use Magnetics, Inc. ferrite P material. Loss parameters at 75 kHz:
K., = 7.6 W/Pcr
B=2.6

Use E-E core shape

Assume fill factor of

K,=0.25  (reduced fill factor accounts for added insulation required
iIn multiple-output off-line application)

Allow transformer total power loss of

P, =4 W  (approximately 0.5% of total output power)

tot

Use copper wire, with
p=1.724-10 Q-cm
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Applied transformer waveforms

v,(t) v Areal,
— g =V, DTy

»
»

0 DT, T, TADT, 2T,
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Applied primary volt-seconds

|

v,(t) 4 ¥ Areal;
g =V, DTy

A, = DTV, = (0.75) (6.67 psec ) (160 V) = 800 V—jisec
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Applied primary rms current

- n n
A
Ny ny
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Applied rms current, secondary windings

PAUNE. ey
0.5, -
0
iga(t) f I15V
0.9 ¢, [
1 O 1
0 DT, T, T+DT_ 2T, t
1,=5 15 ¥V1+D =66.1A
;=3 1,5, VI+D =9.9A
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I tot

RMS currents, summed over all windings and referred to primary

n. N N
| = % n—’l|j:|l+2n—j|2+2n—j|3
windings
_ 5 15
= (5.7 A) + 135 (66.1 A) + o (9.9 A)
=14.4 A
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K

Select core size

_ (1.724110"°)(800010"°)°(14.4)*(7.6)!***)

10°

gfe =

4 (025) (4)(4.6/2.6)

= 0.00937

A2.2 EE core data

From Appendix 2

Core Geometrical Geometrical Cross-  Bobbin Mean  Magnetic  Core
type constant constant  sectional winding  length path weight
area area per turn length
(A Kq Kgte A W, MLT I
(mm) cn? cnt’ (cn?) (cn?) (cm) (cm) (9)
EE22 8.26-18 1.8.10° 0.41 0.196 3.99 3.96 8.81
EE30 85.7-18 6.7-10° 1.09 0.476 6.60 5.77 324
—»  EE40 0.209 11.8-10 1.27 1.10 8.50 7.70 50.3
EE50 0.909 28.4-10 2.26 1.78 10.0 9.58 116
44
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Evaluate ac flux density B

Eq. (14.42) 108 Pl (MLT) 1

max

—_—
™
+[
N
~—~—

Brex = K.

Plug in values:

1o° (1.7240107°)(800110"9)*(14.4)*

WA BK

(8.9) 1

mex 2 (0.25)

= 0.23Teda

(1.1)(1.27)%(7.7) (2.6)(7.6)

This is less than the saturation flux density of approximately 0.35 T
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Evaluate turns

Choose n; according to Eq. (14.42):

Ay 4
-_ M g
T8 A
.. (800r10°°)
=10 5023127
= 13.7turns

Choose secondary turns
according to desired turns ratios:

N2= 119 M= 0.62 turns
15
Ns=711g M= 1.87 turns
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Rounding the number of turns

To obtain desired turns ratio
of

110:5:15

we might round the actual
turns to

22:1:3
Increased n, would lead to
* Less core loss

* More copper loss

* Increased total loss
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LLoss calculation
with rounded turns

With n, = 22 the flux density will be reduced to

(80001079
mex = 3 (22) (1.27)

The resulting losses will be

P.. = (7.6)(0.143)*°(1.27)(7.7) = 0.47 W

10*=0.143Teda

o - (1.724010°°)(800110%)%(14.4)* _ (8.5) 1 408
. 4(0.25) (1.1)(1.27)? (0.143)?
=54W

Po =P+ P,=59W

Which exceeds design goal of 4 W by 50%. So use next larger core
size: EESO.
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Calculations with EE50

Repeat previous calculations for EE50 core size. Results:
B, =014Tn =12,P_=23W
Again round n, to 22. Then
B =008TP, =389WP_=0.23WP_=412W
Which is close enough to 4 W.
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Wire sizes for EE50 design

Window allocations

_ L _ 57 _
Gl—g——l4.4—0.396

_Nl, _ 5 66.1_
Oo= =110 14.4 - 0209

_hgl; _ 15 99 _
Os= 1 T110 14.4 - 009

Wire gauges

_ KW, _ (0.396)(0.25)(1.78)

Might actually use foil or Litz wire for secondary windings
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A =8.0010"° cm?
wl nl (22)
[ AWG #19
oK W, 0.209)(0.25)(1.78
AWZ — 2" u Y YA — ( )( )( ) — 930&0—3 sz
n, (1)
[ AWG#8
oK W 0.094)(0.25)(1.78
AW3 — 3" ut YA — ( )( )( ) — 139@_0—3 sz
n, 3)
[0 AWG#16
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