LECTURE 34
HIGH FREQUENCY TRANSFORMER
A. Transformer Basics
1. Geometry of CuWire Windings and Core Wire
Winding Window

2. Single Wire Skin Effect and Multi-wire
Proximity Effects Alter Both Primary and
Secondary R(wire coil) via Effective A, (wire)
Changes

3. Transformer Inductance's. L, and L,
a. Magnetizing Inductance, L. Core Flux
b. Leakage inductance, L,: Air Window Flux
A crude estimatefor L, is (1*L,,)/mand

Interleaved Primary/Secondary Winding
effects occur

4, Total CorelLoss. Ry
a. Hysteresis Loss due to frictional movement
b. Eddy Current Loss dueto core currents

5. How isthe Transformer Magnetization Current,
| ,Created?
a. I, IsNot effected by load current at all
b. i, = o dt/L,, volt-second driven only



7. T(max) of the core of a LossyTransformer
a. Heat Balance Equation
T(core) = T(ambient) + P(core and wire
loss)* R(core and Winding Structure)

8. Comparing Inductorsvs Transformers

B. Special Casefor WireLossesin Transformers

with Multiple Windings
1. V ~Number of Wire Turns, | ~ Depends on
Load Impedance in the secondary
2.  Optimum Winding Areafor the k’th coil

Ak = PK/PT
3. Example of PWM Converter

Ak (winding) = f(Pk,D), that isthewinding area
reguired depends on the duty cycle employed in the
electrical circuit. Generally, thisisarangeof D
val ues.



LECTURE 34
High Frequency TRANSFORMERS

In part A we will focus on transformers and the relation between
magnetic and dectrical properties. We then use the information gleaned
from relating the copper wire turnsloss of a transformer to more
accurately treat the case of an inductor which carriesonly AC currentsin
part B. Previoudy we treated only the filter inductor, which had small
AC currents. For HW #1 do problems 1 and 5 of Chapter 14 from
Erickson’stext and the questions we haveraised in the lectur e notes
todate. THISISDUE NEXT WEEK

A. Transformer Basics

Two or more wire windings placed around a common magnetic coreis
the physical structure of atransformer. It'séectrical purposeisto
transfer power from the primary winding to the other windings with no
energy storage or loss.

For HW# 1 show the B-H curve for atransformer with transferred
and core |oss energy indicated.

The choice of circuit topology obvioudy has great impact on the
transformer design. Flyback transformer circuits are used primarily at
power levelsin the range of 0 to 150 Waitts, Forward convertersin the
range of 50 to 500 Watts, half-bridge from 100 to 1000 Watts, and full
bridge usually over 500 Watts. The waveform and frequency of currents
In transformers employed in these unique circuit topologies are all
unique. Intuitively we expect all windings employed on a given
transformer to take up a volume consistent with their expected power
dissipation. What isnot intuitively clear isthat thereisan optimum
cor e flux density, Bopr , Wherethetotal of copper and cor e losses
will be a minimum. This Bgopr Will guide transformer and AC inductor
design. For if we hit the Bopr target we will operate with minimum
transformer |osses and achieve minimum temperature of the core.

1. Geometry of Copper Windingsand Core Wire Winding



Window
a. Overview
Letsfor simplicity consider only two wire windings wound upon one
magnetic core, which actsto couple the magnetic flux between the two
coilswith near unity transfer. The main purpose of a power transformer
in Switch Mode Power Suppliesisto transfer power efficiently and
Instantaneously from an external electrical source to external loads
placed on the output windings. In doing o, the transformer also
prow ides important additional capabilities:
The primary to secondary turnsratio can be established to efficiently
accommodate widely different input/output voltage levels.
Multiple secondaries with different numbers of turns can be used to
achieve multiple outputs at different voltage levels and different
polarities.
Separate primary and secondary windings facilitate high voltage
Input/output isolation, especially important for safety.
A set of k wirewindings introduces some complexity to the issues for
an optimum transformer winding partition
For the case of multiple windings the competing issues are more

Given: application with £ windings
having known rms currents and -

H H rms current rms current
desired turns ratios 7 . . 7
v (1) _ v, (1) . — vi ()
el M -

n, ~ ", -

ny M n2

|- Window area W, é rms current
" 7
I3

Core mean length
per turn (MLT)

g Wire resistivity p .
e Q: how should the window
Fill factor K, area W, be aliocated among

the windings?

complex aswe will see at the end of thislecture. It will require
Lagrangian optimum analysis using one variable for each wire coil. In
the end the winding area all otted to each coil winding will vary asits
power handling requirement compared to the total power level.
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All the wire windings, wound on a given core must fit into itsone wire

winding window which weterm either Ay, or W, in the text below.
Both symbols are found in the transformer literature. Much of the actual
winding areais taken up by voids between round wires, by wire
insulation and any bobbin structure on which the wire turns are mounted
aswdl asinsulation between high voltage and low voltage windings. In
practice, only about 50% of the window area can actually carry active
conductor, Thisfraction is called thefill factor. In atwo-winding
transformer, this means that each winding can fill not more than 25% of
the total wire winding window area

@ = secondary winding

= primary winding

|
h, Al 115

w

Total areafor windings °
An=ApitAsc

Ay i1ssplit into two parts, for atwo winding transformer, according to
therequired wire sizes (AWGH) in each coil whichin turn is chosen for
the expected current flow to avoid overheating of the wires. In short the
primary wire winding area employed in the wire winding window is:

Npri Acuwire (AWG # of primarY)

Keu(Primary)
Note that we use AWG tables for USA wires specified in cir mils. EUC
tables for wires are specified in mm?.
Again K¢, isan estimate of what % of the wire volumeis actually
Cu. K, isspecified for each type of wire and spans arange: K, (Litz

Aw(prim) =




wire) = 0.3 and K (Cu foil) = 0.8-.9. Thisisnearly afactor of 3
possible variation. The sameistrue for the secondary wire area.
Nsec A cuwire (Secondary AWG #)

K oy (Secondary)

Aw(seC) =

With different wire type choices for the primary and secondary
Ka(primary) ¢ Kq(secondary). If wewant heat from I1°R or r ¥ losses
to be uniformly distributed over core window volume, then we usually
choose the same type wire for primary & secondary windings to get
smilar Ky, ,but vary AWG # to achieve the same Jin the two sets of
windings. That way both windings heat uniformly if

r o (primary) = r . J(secondary)

&  lprim 02 ae | sec 92
8A o« (primary) @ &A o, (secondary) g
Areaof Cuwireor AWGH must be different for primary vs secondary

wiressince lec ! lpi. Sowefind in ausual transformer AWG
#(primary) * AWG #(secondary) and for no skin effects follow therule:

| prim _ A (primarywire) _ Nsec

| sec A o, (Secondary wire) N prim
Since both wire windings must fit in the core wire window area A,, or
W, wehaveaconstraint: A, (window for wire) = A(prim) + A(sec)
In short, wire sizeis selected to support both the desired level of current
and to fit into the coreswindow area. Low frequency windings often
use the largest wire that will fit into the window. This minimizes|osses,
and maximizes the power rating for atransformer. High frequency
windings are more complex to deal with for reasons as described below.

b. Single Wire Skin Effect multi-wire and proximity effects.
The tendency for hf currentsin wire coilsto go to the wire surface, alters
the effective A(wire) in turn causing increases in Cu loss expected from
windings at high frequencies as compared to |ow frequencies!
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Proximity effects, due to the collective magnetic field from many wires,
also increases wire losses via cumul ative MMF effects.
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Jflow only on the surface causes
increasein Cu wire |loss!

Skin effects cause non-uniform
current density profilesin all wires,
BUT Non-interleaved windings
allow build-up of mmf in thewire
winding window. Thismmfis
different for each wire position and
ruins the assumption that Jis
uniformly distributed across the
wire area the same way for all
wires. That isdifferent wires have
different Jdistributionsin thereal
world of hf transformers

Again, theincreasng MMF spatial
variation makes the R(each wire
turn) uniquein it'slosses
according to it’sposition in the
wirewinding window. The
Higher the mmf seen by thewire
the mor e non-uniform the J.

Note the interior wires, where primary and secondary meet, as we have
discussed previoudy, have the highest mmf and the most non-uniform J
in the wires causing much higher 1°R | oss.
2. Energy Storagein a Transformer
|deally a transformer stores no energy, rather all energy istransferred
Instantaneously from input to output coils. In practice, all transformers
do store some energy in the two types of inductance' s that associated
with thereal transformer as compared to ideal transformers which have
no inductances associated with them. There are two inductances.
Leakage inductance, L, , represents energy stored in the wire winding
windows and area between wire windings, caused by imperfect flux
coupling for a core with finite m In the equivalent eectrical circuit
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leakage inductanceisin series with the wire windings. and the stored
energy is proportional to wire winding current squared.

Magnetizing inductance, Ly, represents energy stored in the
magnetic core and in small air gaps which arise when the separate
core halves forming a closed magnetic loop core come together. In
the equivalent circuit of areal transformer, mutual inductance appears
in parallel with the primary windings only. The energy stored in the
magnetization inductance is a function of the volt-seconds per turn
applied to the primary windings and is independent of |oad current.

3. Various Frequencies of Interest to M agnetic Devices
and Copper Loss

There are several meaningsto the term “frequency” in switching
power supply applications, and it is easy for confusion to arise. “Clock
frequency” isthefrequency of clock pulses generated in the control 1C.
Usually, the switching frequency is the same as the clock frequency, but
not always. Occasionally, the control IC may divide the clock frequency
to obtain alower switching frequency. It isnot unusual for a push-pull
control 1C to be used in a single-ended forward converter application,
where only one of the two switch drivers used, to guarantee 50% max.
duty cycle. In this case the switching frequency is half the clock
frequency. “ Switching Frequency”, fs,, isusually defined as the
frequency at which switch drive signals are generated. It is sometimes
also the frequency seen by the output filter, the frequency of the output
ripple and input ripple current, and is an important concept in control
loop design. In asingle-ended power circuit such as the forward
converter, the power switch, the transformer, and the output rectifier all
operate at the switching frequency and thereisno confusion. The
transformer frequency and the switching frequency arethe same. Thisis
not true for the bridge converters or center tappped transformers where
the current waveforms may have different frequencies, aswe saw in
prior lectures on transformers in switch mode topologies
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4.  Estimating L eakage(Primary) » L n/m via Associated Flux
Paths

The magnetizing inductance, L, , of atransformer is easily understood
asthe inductance seen at the primary coil winding, L, =
N,%A (core). The assumption for calculating L n, isthat the magnetic
flux flows primarily in the magnetic core, which istrue only for infinite
permeability cores. For finite permeability cores a second inductance
arisesthat must also beincluded in atransformer model, because
magnetic flux also flows outside the core in the wire winding window
wherethewires arelocated. For n{core) = 5000 nearly 0.02% of the
flux flowsin the air outside the core where the wires are wound and
about 99.98% or theflux, f, flowsin the core geometry. Thisleakage
flux creates parasitic inductance termed the leakage inductance.

————— P s e e
N 4 I
i | | - _ | Ia
> b { A »
+ |4 | 1911 b "
I
TR LR TR & HHELY
B | P | BN _
E \..J..-j "-...fl 1! .
¢1=¢+¢“_ Moo sonese oy i .....-PJ ¢2=—¢+¢‘£2

Actually there are two leakage inductance’ s, one for the primary coil and
one for the secondary coil. f; and f, represent outside the core
fluxes, which lead to leakage inductance's. A (leskage) isthe magnetic
reluctance to flux flow in the air and depends on core geometry, core m
and wire geometry. We can calculate these reluctance’ sindividually to
find:.

La = Nf/A, (ar near primary)

Lo = N3/A ;5 (air near secondary)

if Ay = Apthen Ly/Lp » Ni%/N°



10
Well designed transformers.L /Lo » Ni%/N,” and A /A 1, » N.?/N,°

Both magnetizing and |eakage inductance causes voltage spikes during
switching trangitions, resulting in EMI and possible damage or
destruction of switches and rectifiers. L, causes undesired inductive kick
in voltage @ primary/secondary windings when any rapidly changing
current waveform, like a square wave, is employed. Leakage inductance
also delays the transfer of current between switches and rectifiers during
switching transitions. These delays, proportional to load current, are one
main cause of regulation and cross regulation problems in feedback
control circuits.

Protective snubbers and clamps are often then required and the stored
energy then ends up as loss in the snubbers or clamps. Leakage and
mutual inductance energy is sometimes put to good use in zero voltage
transition (ZVT) circuits. This requires caution as leakage inductance
energy disappears at light load, and mutual inductance energy is often
unpredictable.

Previously we showed that L, » L/m,but thisindicated only

the effect of the choice of core material. We also saw that primary-
secondary coil interweaving helped reduce proximity effects, which
raised coil 1° R losses. Now we show the effect of interleaved wire
windings to reduce the leakage inductance. In particular we will

show: |, ~ é Where Pisthe# of prim/sec interfacesin the winding

of the transformer. We actually get a double win from interleaving
coil windings, decreased proximity effectsin copper lossand
reduced leakage inductance as we show below.

The energy stored in leakage inductance is undesired for a
transformer which aimsto transfer energy from one coil to another.

1 R .
E L1 I[Z)rim = 0O rTsz(WlndOW)dVW

window volume
Note below how it varies with non-interleaved and interleaved wire

N | =
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windings as shown bel ow.

P=1 P=2 P=4
L, » full value = L/m L, = Yafull Lp/m L, = 1/16full Ly/m
() G0 ) (=) (=) () [
() () (x) (2) (=) (=)
Slolotototo
ofojo]oo1o 3ol A e -l
() () (=) (o) (o) (o)
() () (x) (&) (o) (o)
ojofololofo
R IR
R A R L S N I
P HCdbededl IR L J IR
mmt | 1 1 | I Il I [ ] [ S|
:n”::“n: I 11 [ | 11 [ |
Al R A
' >MIﬂ_ N7
i N,

Onecan tailor L, (leakage) to be bigger or smaller by up to an order of

magnitude from L ,/m choices or by by choosing winding
arrangements as shown.

Full Winding (L)mex Split WindingsL,

L,° 1.0 L,® 1/4 L,® 1/16
Conclusion: Split or partition windings to reduce L, and to reduce the
copper losses due to proximity effects.

5. Transformer Equivalent Circuit
All of the above discussion results in a transformer modd that
incorporates both the ideal transformer and the two types of parasitic
inductance' s as shown on the top of page 12.
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|
| + +
PO |
N2= €9 v2
|
o | ,
, Ideal ! ; -0
i

transformer B

|deal Transformer Properties

a Ry =R,=0onlyfor superconducting wire, but will be larger
than the expected DC wireresistance sfor all AC currents due to both
skin effects and proximity effects

b. Form(core)® ¥ thenA.=0 P L,® ¥ Thebig
magnetizing inductor draws no current from the input voltage. This

means b i, isnegligible compared toi;. Moreover,All andA|2® ¥p

L, ® O becauseleakage flux © 0. Thisisnot the casein practice.

Consider the extreme case of the flyback “transformer”, where we
purposefully make L, to be small so we can store lots of energy in the
ar gap.

The magnetizing inductance is solely a magnetic property of the
coreandisnot at all effected by the load current drawn by the
transformer secondaries. Its ssimply given by:

Ni

Ac

That isfor operating transformersthe net mmf from the copper
windings Ni; + Ny, issupposed to be small, nearly zero and there
are no amp-turn constraints.

However, the voltage placed across the cail of the transformer is
subject to volt-sec congtraints. That isabove acritical current level, the
above magnetizing inductance will change subject to the level of the
induced magnetizing current. |y levelsare driven only by input volt-

Lm =
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seconds conditions, which determine the magnetizing current under
AC drive conditions.
H(core) I(core) = n ip,.
If ni,, istoo high, then H exceeds H(critical) or Bsat . Then the
coresaturatescausngm ® m.
To determine B(max) for atransformer driven by AC signals we employ
theflux linkage, | = Nf,andv_ =dl /dt. Thisgivesavolt-sec limit.
EA

Y

-B, < B(t) < By

Find v dt =1 = Nf = NB(core)A(core).

Aslong as &r dt < NB(saturation)A(cor €) no core saturation
occursin the volt-sec limit. For asinusoidal voltage v sinwt this means.
Vo/WNA < Bg; Thusthe core saturation parameter sets the maximum
volts per turn allowed on the windings.

Any even small dc current in atransformer winding creates a
different routeto core saturation via amp-turn limits. Thefull core
anti-saturation criterion then becomes (‘)th + NAI DC < By

NA AA
saturation parameter islimiting the AC voltages across the primary and
the DC currentsin thewire cails.

. Thecore

Ni _ Ni
m—— = c®
L /. . m.A
MA.

Above B¢ m ® m, causing afactor 100-1000 changein Ly, Inthe
transformer mode this shorts out the primary of the ideal transformer.

a. Total CorelLoss. Ry,
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For i <i(sat) we get lots of core loss and copper 1oss occurring before
core saturation occurs and L= 0. Over the past twenty yearsthe core
loss due to hysteresis and eddy currentsin cores has improved primarily
by the use of new core materials. Low loss cores are now available up
to5Mhz. To briefly review the origin of the hysteresis core loss we plot
below the B-H curve that the transformer typically operates under.

1
Ay
2mA, For i, << ig Wedon't havea

f};ﬁ{ o0p, for —_ catastrophe but we still create core

SZZ‘;}ZZﬁZf’ £ . . lossvia Dij, swingsin the core.

o H. ~ Wemode thiscombination of
fm hysteresis and eddy current loss by
an equivalent Ry, in paralld | | with
~core B-H loop Lm

The equivalent transformer circuit model then has two currents
i for reactive current in the core and ig,, Which models all core losses

i B Ly — i1~ip, N L R, i
o—r— AN~ o > Y AAA——0
+ A Tk + +
andjng Core Loss Yo @ Secondary

v Cu Loss ep N §N2 €2 W‘Cél‘ v2
of Primary L, inding

o . - o)

N Magnetizing Inductance

6. How isthe magnetizing current i, created?
Thisisimportant enough to consider twice. Theideal transfor mer
model will cause a primary current to flow that is soley related to the
secondary current(s) drawn.

i primary (from aload) » NZ'ZI\(Iload) dueto transformer action. The
1
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magnetizing inductance draws current from the input voltage also, so
thetotal current flowing is:

i = iprimary +im
N2i2
N1
small, even zero. The magnetizing current causesa corresponding core

flux whichisf = LNii1"Nzial _ Niim
Re Rc

In general, in awell designed transformer the V ,(across the primary

winding) waveform alonedrivesi,, If weassumeR; and |, aresmal

so that the full input voltage appears acrossLy,. Then we can say:

i1 - » iym Eventhough i, andi, areboth large, i, can still be

— ML V(1) area A,
Im )
Lm 7 —- I
_ 1= oVt
Be = ———mm
Z N1 Ac

. L (th
We are always conscious i

that B(core) should never /\ ¥ ai
exceed B(saturation), which | \/“’ ~

constrainsthe absolute
number of copper turns
possibleon the primary.

To reduce B, the number of wire turnsin the primary can be increased.
This does not effect No/N; provided N is changed proportionally to
maintain the desired turnsratio. AsN, -, then B, ~ 0V;dt decreases
However, we do have another constraint from the wire winding area of
the chosen core. That iswe cannot increase N arbitrarily as we must fit
the primary and other wiresin the finitewirewinding area. Design
compromises must be made between the allowed number of turns and
the core size.

In summary, neglecting the core winding area constraint, to keep



B(core) < B(sat) :

vdt/NA + Nipc/A A < B(saturation).
7. Transformer Heating Limits

Transformer losses are limited by a maximum "hot spot”
temperature at the core surface or inside the center of the wire windings.
Aswe have shown to afirst approximation, temperature rise (°C) equals
core thermal resistance (°C/Watt) times total power loss (Watts). P =
P(core) + P(windings)

DT = R ¢ x Py(core plus copper)

Ultimately, the appropriate core size for the application is the
smallest core that will handle the required power with losses that are
acceptable in terms of transformer temperature rise or power supply
efficiency. We usually cannot exceed a core temperature of 100°.
Thermal radiation and convection both allow heat to escape from the

core.
Ry (total) = R(conv) R(rad)

R(conv) R(rad)
Typically we find in practice for cores the thermal resistance varies over
arange. 1 < Rg(total) < 10°C/W
Rq(total) depends both on core size/shape and thermal constants.

= Paralld Combination

T(core) - T(ambient) = Ry (W/°C) Pr (total power 10ss)
Practically, T(core), is never to exceed 100°C since core n{T) and wire
Insulation degrades.

Typically, T(ambient) = 40°C, Ry = 10°C/W, and Py = Typically 2-20W
T(core) = RyPy + 40°C=90°C

8. Comparean Inductor versusa Transformer for the Same
sinusoidal excitation: f, Max B, specific core
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FOR HW #1 GO THROUGH THIS SECTION AND VERIFY THE
ARGUMENTS STEPBY STEP

| nductor Transformer

1. Power ratingin V-A 1. Power ratingin V-A
Sr _ :

L Irmslpesk > 5 of Sr = Vplp rating

Sr = 2.2f Llmgl peek For asinusoidal excitation
d .
Vp = NpAc at [ Bc(max) sinwi]

Vp = NpAC WBc(maX)
I, = 3 A(Cu wire)

. NpA
Given L and | ey & Sr = 35 © W B.(max)* JH,
lms We can then say for a sinusoid current
KA
lpeak = V2 lrms A = ﬁpw
The V-A rating The V-A rating

Sr(inductor)= pfL 1%ms

Sr(transformer)=2.2K o fA A wJpB (max)
This Sr(V-A) rating we determine the required core size.
We next relate L sizeto that of atransformer rated at a particular value

of S;.

IL - Bmax(L) - | I, and i« do not affect iy,
for an inductor only! | for atransformer.
_ oVt
| im = —
Brax < B(sat) | Im(max) < ipy(max for saturation)

For both inductors and transformers ardt/N(Cu)A(core) < B(sat)
dc: VgDt < B&N(Cu)A(core)
ac. V(peak)/N < BgwWA(core)
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B. Coppe Winding Lossin Transformers

1. Overview
Consider athree winding transformer wound on a common magnetic
core. There aretwo secondaries with N, and N5 turns. Thereisone
primary with N, turns

— Z; Voltages scale asturns ratios

Ry oA /
i
(5 i) Vi _ V2 _ V3
vt} vyft) m n2 n3
Y W a9 Secondary currents, however,
" . 5 /"“ ¥ scaleonly asloads on each set
e of secondary turns.
. £71)
é v, i1}
—AN
s R

Asan asde, if we assume the magnetic core m® ¥, then Nqi, + Nai, +
Nsiz =0 for athree winding transformer, giving rise to the dot convention
for transformer currentsin the various coils. Primary current due to two
secondary load currents follow the dot convention wherei flow into the
dot is positiven;.
Npip * Ngig + Neisp = 0
primary  secondaries

(1) al currents are into the dotted side of the transformer.

(2) All currentsare RMS

(3) Currents are not related by wiring turns ratics.

2. Optimum Areafor Primary and Secondary Windings

It would appear at first blush that the two secondary windings operate
Independent of each other and of the primary. However, all windings
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must be wrapped around the same core in the one available wire
winding window. Each winding has aresistance, which could be
minimized by using the biggest diameter wire. But thisincreasesthe
resistance of the other windings. The resistance of thej’th winding will
be proportional to N ?(for thej’th winding) rather than N because the
optimum area of thewirein thej’th winding will go as 1’ /N; as we will

show below.
Each winding takes a fraction of

Ayt . A -
> “ the available window winding area
FILS Currant s CUrréns
5 Al I, of the core.
ar = 2k for K" winding
r Wa
j Ak isthewinding areafor theK’th
E ‘ . .
—— winding only.
Ik
W, isthefull core window area for
all windings as shown below.
m
windinp 1 a!facm'ﬁrg
core ""f?m'fngzafbc{::fa: -
w, |

window aren W, o, W,

ton] window

T
e i - arce W,

wire resistivity p

fill factor K,

Thetotal resistance of the K™ winding which employs wire of length K
and area Ay. Clearly, thelength of the wire winding depends on the core
it iswound around but also the number of prior wireturnsthat were
wound the core before thiswinding was started. For asingleturn in the
k’th winding we can say:
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e
Awk
What about Ny turnsin thek’th winding? Will the total wire resistance
of thiswinding vary as~ N, or Ni2? Can you guess why one rather than
the other? Thereisahidden Nk variable here as the choice of A, for
thewirein thek’th winding was set by itsfractional area of the total
winding area or the parameter a,. That iSAu = Wa Kgag /Ny . Later
we will calculate the optimum values of a for each winding. For now
just realizethat A,«~1/ Nx . Thelength of wireisthen:

Ik © Nk * (MLT),
Where MLT = mean length per turn and N = total # of turnsin K"
winding
geareaof wireg

Aw© employed®-  from AWG # gauge tables

R = T for K™ winding

in k winding &
Thetotal area of copper in the K™ winding is given by # turnstimes area
per eechwire. AwcNk = Waax Ky(wirefill factor)

Asaways K, or K¢, depends on wire type chosen for windings: K, =
0.3 for Litzwireand K, = 0.9 for foil. Thisvaries R by afactor three.
Thereal surprise however isin the dependence on the number of turns
Ny.

2
Ni (MLT), )
Ry = r —K Note: Ry ~ N2 not Ny
Wa Kyak
Copper loss (not accounting for proximity loss) is
Poi= Iij
Resistance of winding j is
_ J
Rj =pP Aw.j
with
l,- =n; (MLT) length of wire, winding j
WAKllaj . . d- .
Ay, = T, wire area, winding j
H .
enee P n2iip (MLT)

i = T WLK O
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|sthere an optimum area for each winding to minimize the total wire
losses for all windings? We will try to answer this. For now we recap
our astonishing conclusion that in a multi-winding transformer, the
P(copper) for each winding, K, varies as ~N?(for the k’ th winding).
Intuitively thereisan optimum a
f to achieve Pga (1 Ry) @ minimum
ak ~ ¥ Vil = PPK
a vjljpy 't
| =1

copper ‘l'
loss

For a,;= 0 the wire of winding one has zero area allotted and P; tendsto
infinity, whereas for a;= 1 wires of the remaining windings have zero
area allotted and their copper losses go to infinity. Clearly, thereisan
optimum choice of a, that minimizesthe total copper |0sses.

As a guide we expect the required area to be proportional to the power

Vil (Power inK™ winding)

~ total power inall windings
V| variesastheturnsratio from primary to K"
secondary
| variesasthek’th load

Later we will deal with harmonics of waveforms and power factor
considerations.

Next we show only the flow of the calculations required to find the
optimum relative wire winding areafactors, ax. The calculation will
involve the method of Lagrange multipliers and is only outlined on page
22-23.
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Sum previous expression over all windings:

=P, +P, ,+" +Pcuk_p(MLT)Z( )

P W.K, =1

cutot cu,l cu,2

Need to select values for o, 0., ..., o, such that the total copper loss
is minimized

We next minimize the total power with respect to the a parameters.

Minimize the function

k. [ nil?
Pypi=Po +P,,+- +Pcu’k:___*__p(MLT)Z( “)

cu,tot cu,l cu,2 4 .
WAKu j=1 aj

subject to the constraint
o, +0,+ - +0,=1
Define the function

f(al’ Oy, =oey Olyy E.>) cutor(a’l’ Oy, =--, ak) + g g(ala Oy, ==, ak)

where ]
g(0Ly, Oy, -+, OL) = 1 —]Zl o

is the constraint that must equal zero

and & is the Lagrange muitiplier
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Optimum point is solution of Result:
the system of equations )
g 0D (5 Y _p
af(o;, Oy, ==+, 0y, 6) —0 WK, \/=t7/ cutot
oa, B iy
af(Oh,Osz, -y 0p6) =0 o, =
* PRy
af(al’ a27 ttt aksg) _ O
oo, - An alternate form:
9 f(0L, Oy, =+, 04, E) =0 VI,
& o, ==
2 Vi,

n=1

We then haveto interpret the mathematics in terms of the windings.
Interpretation of result

a — m-m
m o]
V.
n=1 I
Apparent power in winding j is
Vi
where V, is the rms or peak applied voltage

Ij. is the rms current

Window area should be allocated according to the apparent powers of
the windings



