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Transformer Design Nine Step Flow Chart
Transformer Heat Flow Analysis
We will need to find an optimum B(core) to
balance wire versus core | osses
1. WireWinding Loss P, (loss) ~ /g2,
2. CoreLoss Pyy(l0ss) ~ gz
3. Find: Bopi(core), L, and Teyre
T(core) © PaRg + Tamp
4. LeakageInductance: L,

Core Geometry Effects
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E. Example of a mainsac transformer

1. E-I Core Example

2. General Transformer Core:
A good website for both transformers and AC inductorsis
WWW. I encousa.com




LECTURE 36

Transformer and AC Inductor Odds and Ends

A. Review of Transformer Design
1. Total CulLossfor al “k” transformer wire windings

\

total k 2,2
P Ofa||(CU) _ I‘(MLT) * gé Nklka
windings Wa ku &=1 ak U
assumes all wire choose a, for each
windings
arethesamesize to minimize the
TOTAL
and (MLT), = (MLT), wireloss

on same core diameter

Re-express power lossin terms of thetotal primary current

Ip(total) = & Nk Ik, Where each | is set by theload Zy

k Np
(NW/Np) has a denominator Ny(primary winding) which isfixed and

| p[volt - seC] for \V

equal to:N, = applied on the primary
p 2 By Ac p
windings on aswitched basis, | = ovdt.
Now we express Ptotal in terms of n, and liga-
Piotg (CU) = r(MLT) ng loyy Thekey pointtonoticeisthat
A u
1
2
Nnp = —5 -
Bok

We find P(Cu) ~ 1/B* explaining Why as B(core) ~ P(Cu wire) - .
In other words, to achieve low B we need to increase the number
of copper wire turns, which increases wire | 0sses.
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2. Use a spreadsheet to find total power loss using both
expressions P(Cu) and P(core) to express Pr. Then take the
derivative of each term and set the sum equal to zero.

Pr = Pjoss(cu) + P(coreloss)

a With dP(core)/dB = b KB 1A/,

total u
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Tofind the By We find B that solves for the for the case

dpP _ 0 = dP(cu) N dP(core)
dB dB dB

Take the sum and solve for By
1

_ér|3ia(total) 6 MLT Ué 1 (fb+2
p'p

Bopt = é
PE 2Ky eVVAAcleu ebee%

Use a spreadsheet to evaluate B, from various transformer values
in thiscircuit application. Next plug B into P(cu) + P(core) and
rearrange into an equality.
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To simplify assumeb factor » 1,core material (b, Kq) and we
find the following inequality where K. is a core parameter
catalogued in a core data base.

1 iE KB
4Ky (Pror) P+
After selecting a core material and geometry from a core

database with K g > specified value we have Ag, Wa, [c & MLT
all deter mined from specific core chosen.

Kgfe =

Given the core choice and all the core parameters, then By
can be calculated via a spreadsheet. From B, we get Ny(opt).
| plvolt - sec]

2 Bopt Ac

Np(optimum) =

All other secondary turns Ny followfrom Ve _ V(desred)

Np N (required)
For each winding Ny the area A from the core window employed

isafraction of window areaof core W, givenvia ay = Vil
P(total)
Next we choose the wire AWGH# from A,k values obtained via
wirefor k K Waak
Awk( . o = —
winding Nk

B. “AC” Inductor Design (Erickson, Ch. 14)

Compare this seven-step design for AC inductors to the four-step



design for “filter” Inductors we did in lecture 33.
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The AC inductor total |oss has two componentswire I°R loss and

coreloss. This AC inductor isvery similar to atransformer.

P(tOtal) = P(cu) + P(core)
loss

~1/B*  lIron~B?°
P(loss) = P(coreloss) + P(wire loss)



PTA

As Bf we find
More Cu More Core
loss <—— —» losses
P ~1/B? ~ B2
cu : Pcore B or BX
_ > B as expected
Surprise!
result only Bopt
true for for minumum loss
transformers

We aim for choosing Bgtimum for Minimum Total Loss.

B P N = | for Pr minimum

optimum optimum ZBopt Ac T
Note: Py, ~ 1/B?is only strictly true for transformer windings or
for some AC inductors such as inductorsin resonant converters or
some flyback inductors. We can trade Fe and Cu to minimize total
loss via this B optimum condition in terms of a transformer core
parameter Kg which givesall the required inductor parameters
and circuit currents.

2/b

2,2

K > r p|pKfe /b
ofc = b+2

2k [P(total)]

We then employ a seven-step approach to AC inductor “Lac”
Design asoutlined below. (1) Usea spreadsheet and acore
data base to guide selection of the optimum inductor _core

Allowed total power dissipation Piot (W)
Winding fill factor of chosen wire Ky

core | oss exponent b

Core | oss coefficient K (W/ecm?T)

All the core dimensions are expressed in cm:
core cross-sectional area Ac (cm?)



corewinding area Wi (cm?)

mean length per turn around core MLT (cm)
magnetic path length in core | (cm)
peak ac flux density B max (Teda)
wire areas of various windings Awt,Apr... (cm?)

2. Evaluate peak flux density for the core of part one
1
é _ 1| ?)?(total) Ob+2
€ 2Ky Wa Ac/le beeE'l
Using only |, compare B t0 core Bs to avoid saturation

3. Number of turnsof wirefor minimum total loss
n = | 10*
2 Bmax AC

4. Air gap length to be cut in inductor core

2
Ig —_ m)A:n 10-4

With A, specified in cm? and |, expressed in meters. Alternatively,

the air gap can be indirectly expressed via a core parameter called
the specific inductance, A, (in mH/1000 turns units):

A = %109
n

5. Check for core saturation including both an Ipc
pedestal with an |, modulation
If the inductor contains a dc component |4, then the peak
total flux density By is greater than the peak ac flux density By
Both amp-turns and volt-sec limits add together to set the
maximum B. The peak total flux density, in Teda, is given by:



6. Evaluate copper wiresize

KyWa

Av £ =

A winding geometry can now be determined, and copper losses
due to the proximity effect can be evaluated. If theselosses are
significant, it may be desirable to further optimize the design by re-
Iterating the above steps. We account for proximity |osses by
increasing the effective wireresistively to thevaluer = r oy, P/
Psc Where P, isthe actual copper loss including proximity effects,
and Py is the copper 1oss obtained when the proximity effect is
negligible.

7. Check thetotal power lossin theinductor dueto
both wire windings and cor e losses.

_rn(MLT) -
Py=——"-"I

Pre = KfeBb max Acle

Piot = Peu + Pre
C. Transformer Design Nine Step Flow Chart
This section isoptional and not essential. It offers an alternative to
the Erickson approach. It assumesthat eddy currents are
negligible. If eddy currents are not small we could account for
them via an effective AC resistance of the wires.

We can estimate the required S,(V-A) of atransformer core
asfollows. S=1,(RMS) VE(RMS). Use Faraday'slaw Vp =Np Ac
w B(core) and the primary current expression, Ip, in terms of
current density and primary wire area, Acpri, to find:



S=Npi Acre W B(core) JRMS) Ag, il 2"
Finally, we can express the primary conductor areain terms of the
corewirewinding areavia
Acupi = Kaw Aw(wire winding area of core) /2 Ny

Thisthen yieds an expression:

Shax(transformer) = 2.22 Ko,f A AudrmsBmax-
In transformer design, we need to insurethat S< S .. If Shax IS
too much greater than S, then to save money we need to step down
the size of the chosen transformer core. If S, > Sy then increase
the size of chosen transformer core to meet thermal and electrical
needs and

specifications.
Start
l Assemble design inputs ‘ Determine conductor sizes
Acu. pri 3nd Agy, sec
z S=Vp, I, e ' Find leakage inductance
Cheoose core material, - .
‘ 0se core materia A ’ Find maximum rating S,
Find allowable power .
u dissipation density Py, q Adjust S,,,, to desired S value
5 Specily core ffux density, End
prg and NSGC

1. Assemble design inputs from PWM converter requirements
V,, 1, we need to know the waveforms for Vp and Ip on the

: N
transformer primary to extract DC, peak and rmsvalues. n = Wp’
S
To start we only know the turns ratio n we haven't the chosen the
absolute turn numbers for any windings. The chosen operating f of

currentsin thewindings and T, allowed for core aswell as



T(ambient) sets the stage for calculating the minimum product
Rc(thermal of core) * P,(heat flow from both core and wire |osses)
such that the core surface temperature never exceedsthe limit set.

2. S= Vprilpri
We need to use maximum expected values throughout. The volt-

amp rating of the transformer acts as a conservative starting point;
V*I, =

Usepthifft)o select a core which hasalarger allowable S due to the
thermal limitsissuesraisedin 1..

Tg(core) = Ta + P(lossin W) * R(°C/W)

3. Choose core material,
core shape, and core size

From a core database we can pick core size based upon the S value
from step 2. We also must choose the wire type hereaswell in
order to select the core with adequate wire winding window, K, .
From this core we have associated set of core parameters such
as.S, R, and P(W/cm®). We also get B, (max) from the saturation
value of the core at the operating frequency. We use B, t0 Set the
absolute levels of both N, and N turnsratios. The tradeoff
between copper and core occurs here via Faraday’ s equation.

Vv prim
Ac W B(max)
If later we find that the core chosen isinadequate we will come
back and EITHER choose a new core size or we will choose a
different wire type.

+

Np

4. Find allowable power
dissipation density Py,
Use Bmax ,the operating frequency and nomograph graph from core
manufacturer, which is only good for sinusoidal currents and not
for sguarewaves etc, to estimate the core energy |0sses..
Peore(W) = Pg, * V(core volume)
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5. Specify core flux density
and wire type to be employed

The core data base will determine B or we use the thermal limits
and the core power lossto set B. From this B value the absolute
value of the primary turns are then estimated.

Typical Core Database

Table 30-4 Database of Core Characteristics Needed for Transformer Design

J s €1 B, es at 2.2_2!:‘-, f
AP = R, P, at T, = 100°C T, = 100°C 3 BAA o
Core No. Material A A, AT=60°C T,=100°C and P, and 100 kH: (f= 100 kH:)
. . Y . . . * .
Rdt kCuRd\.
—— 333 4 [— 2.6 X 10° 4 [——
g 33 2lem'  9.8°CW 237 mWiem iR FomT R
Afmm? V-A
' . . . ° * . .

Thistable helps tells us how much room is needed for each cail in
the limited area wire winding window. The wire type chosen to
employ depends on the total wirewinding area, Ay or W, and the
allocation between primary, Ap, and secondary, As, winding areas.
Thetotal winding areais then:

Aw =Ap +Aq :NpriAcu,pri wird Koy tNsec Acy sec wird Keu

6. Determine conductor sizes
Acu,pri and ACu,sec

Below we assume eddy current losses are small. Knowing the
open area of the core available for wire windings we split it
between Nz° and N in the simple case of two windings. We
demand J; = L~ to achieve the desired wire sizes, if the primary
and secondary waveforms are of the sametype. The chosen wire
geometry factor K, isincluded, to find the wire area of the
primary and secondary wires based upon the constraint.

.2 2
K = K o =K P
Ay Eag(cs
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Generally for the same wiretype in both coils,

Acu,pri/ Acusec = Neec /Npri
Use Ag(prim) & Aqy(sec) from wire tables to get the closest
American (AWG #) or European wiresize. Again this may
involve iteration asthe nearest wire sizeis an artful choice.

7. Find leakage inductance from core geometry and how
we interleave wire windings
2
L) = l\lp iz Where p isthe# of prim/sec interfacesin
Ap p

interleaves winding set-up for the cails. A, isthe reluctance of
the air path for the primary winding. Tailor core/windingsto get
desired L (leakage) for leakage flux at the primary. At thistime
one could also try to MINIMIZE proximity effectsin the wire
windings.

8. Find maximum rating Syax
of Selected Core

Now we are able to calculate the factor Sy = 2.2 f
KaAAwImsBmax for the selected core and compareit to Sp.

S, = Vplp should be < Syx. If Spax iSto0 much greater than S,
then to save money we need to step down the size of the chosen
transformer core and repeat the above design proceedure. If S, >
Sax then increase the size of chosen transformer core to mest
thermal and dectrical spec’s.

9. Adjust S\ todesired SValue

a. General Comments on this artful balance
If S, >> Siax choose next bigger core or operate present core with
additional cooling such asafan.
If Smax >> S, then choose a smaller cheaper core:

12



b. Specificlllustrative Case: fs, = 100 kHz, 1, =
4A rmsand V, = 300 Vrms for asinusoidal excitation. Consider a
4.1 step down transformer. The thermal issues are T, (core)=100
and the ambient temperature is 20 degrees Celsius.

Start the ten step iterative design process with
specific numbers

1. Assemble design inputs
Consider we wish to step-down transformer in our PWM converter

... N . .
CII’CUItN—p = 4. For thermal considerations we state T4 (COre)
sec

=100 and T, = 40 degrees Celsius.

2. S: Vpnlpn
S, =1200 V-A rms

3. Choose core materia
shape, and size
Pick core from manufacturers catalog atransformer corewith S
above 1200 V-A and capable of 100 kHz operation. A ferrite core
double E shape of the type given in the table of data is chosen.
That isa=1 cm E core has S;,,,>1200 V-A for all values of K¢,
larger than 0.2

4. Find allowable power
dissipation density Py,
From table of power loss for that specific core material

(W) = oz MW
3 3
cm cm

Note also that specific core material has athermal

13



resistance,Ro(Double E) = 10°C/W and the core cross-sectional
areafor the flux pathsis A, = 1.510™.

5. Specify core flux density
Npri and Nsec
To meet the peak current specifications and still avoid saturation
B(max) = 170 mT from the core data base. This sets the absolute
numbered primary turns via Faraday’ s equation:

Vi (peak) = 26.5 and N,=6 if weround off
Ac W B(max)
Np to 24 turnswhich isdivisble by 6. Again thisisarbitrary. If
we choose Np=28 then N, would be 7.
Where A = 1.5510*, w(in rad/sec) = 2p*10° and V ey = 300+/2.
Thisyields N1 = 24 and N,=6. But it could equally be N, = 28 and
Ns=7. Try both. But higher N, means lower B S0 try thisfirst.

Np =

6. Determine copper wire
conductor sizes
ACu, pri and ACu,sec

Rdc
J = 33 | ——
rms Kcu Rac
from the core database.

For the chosen rectangular wire we know: K, = 0.6

% depends on proximity effects. Lets assume full winding
dc
interleaving so for assumed ratios of

Re _ 15 5 - 33 _ 35A
Rdc ' M J0.6*15  mm?

Now for both primary and secondary wiresto hit this opt Jvalue
we can determine the wire size of each coil:

In - ds _ J A, = 115 mm?,likewise Ag = 4.6 mm?
Ap As

14



From wire tables we can find standard wire gauges close to these
areas. We assume that thewindings areasfollows. Theprimary is
composed of four sections of 6 turns each and the secondary of
three sections of 2 turnseach. This meansthere will be six
primary-secondary interfaces Next we ask--How flexibleiswire
winding sectionalization or interweaving to achieve both low

L (leakage) and small proximity effectsin the windings.

7. Find leakage inductance

m = 4*10°, N, = 24 and for the chosen geometry |, = 9 and by, =
0.7. hence L(leakage) isfully specified.
m) Ns IW bW

3hw P’

We choose p for 6 prim/sec interfaces and compared top = 1.
L
7.2mH
Whereas for p= 6 we get 0.2 .nH or 36 timeslower |eakage

inductance. We do benefit from proper wire winding
sectionalization

8. Find maximum rating Syax
for the chosen corein the
iterative design

L =

—I; Base line leakage inductancefor p=1 is8.nH.

From core data base
Srax = 2.6*10° /& . For wirewidth K, = 0.6,
Rac/ Rdc
R./Rs=1.5

Shax = 1644 > 1200 V-A from S,. This could be a problem.
Consder that if we used Litz wire instead for the coilsthen K, =
0.3 and we could reduce S5 as follows:

S = 1644 |5 = % _ 1404k siill too high avalue
> 6 J2

15



Adjust S, todesired S
value

Srec> S

ig—gg =only37% over rated, wecouldlivewiththis

We could lower S, vVia several routes:
1. Fewer primary turnsto reduce copper losses. A new bigger
size core could handle higher f max due to lower N,, Consider for
example N; = 20, N, = 5 yet maintain% = 4

2
2. Uselarger area Cuwire
FOR HW#1 give some other suggestions.

D. Transformer Heat Flow Analysis
This section isalso optional for undergraduates.

1. Overview
Table 30-1 Geometric Characteristics of a Near
Optimum Core for Inductor/Transformer Design
Y /f Characteristic Relative Size Absolute
Size
fora=1cm
a | | 1 Core Area Acore 1.5a° 1.5cm?
2 < a—> a Area product AP = A A, 2.1a’ 2.1cm*

2 Core Volume Ve 13.5a° 13.5cm®
winding Volume V,2 12.3a° 12.3cm®
total surface area of 59.6a° 59.6cm?
assembled

ﬁ inductor/transformer
2 Notes: *Total volume is estimated as the volume in
5 the winding windows 2A,,(d+0.4a) plus the two
=9 rectangular volumes A,(a+0.4a), one on wither side

of the core, and four-quarter circle cylinders (radius

. . . b, and height h,,). The 0.4a factors are included to
Middle leg carriesf while outer allow for finite thickness of the bobbin.

|@S Carry f /2 Therefore areas Of *Total surface area is assumed to be composed of

the outer area of the core (50.5a2) plus the area of
core |egs are unequa| ) the top and bottom flanges (5.9a°) of the windings

plus the area of the rounded quarter-cylinder
corners of radius 0.7a and height 2a (total area of
four quarter-cylinders is 8.8a2) minus the core area
covered by the four quarter-cylinder corners [total
area = 4(2a)(0.7a) = 5.6a7).
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If we employ this corein atransformer we specify a4:1 turnsratio
and asinusoidal excitation @ 100 kHz. Consider ageneric
magnetic core with dimensions shownon page 16. The core hasa
black exterior with athermal emissivity, e= 0.9 Thewirewinding
area, A,, = 140 mm? for thedimension “a’ = 1cm

Primary Cail Secondary Coll
lorimary = 4A rms s = 16A

V primary = 300V V= 300/4
We further specify total # of turns:

Nprimary = 32 Neec = 8

Usefor wire Litz wire K, = 0.3
We split core wire winding window between primary and
secondary coils. Each winding must have the same Jto achieve
equal heat loss from both coils,so wire sizeisdifferent in the
primary and in the secondary. The combination of wire and core
losswill act as a heat source. The radiative and convective heat
flow from the core will result in an equilibrium core temperature,
which must not exceed 100°C. T(ambient) = 40°C in the flow heat
equation is assumed.

T(core) = T(ambient) + P(W)R(°C/W)

2. Find: B(core), L,and T e

We employ the wire area formula for both coils where the wire
type, K, and the corewirewinding area, Ay are known aswell as
the number of primary turns:

. _ KawAw _ 03(140) 5
rlmar = — = = 0.64
Acu(p y) 2Nprim > 32 mm

For HW #1find the AWG# and the equivalent

European wir e specification.

Ay (secondary) = KauAw _ 0.3(140)

2 N (2)(8)
This choice of wire gauge insures equal J, = J; and both windings
have

2

.6mm

17



4A 16A
J = = = 6.2 Al mm?

064 26 mm
This choice also guarantees winding power loss’cm® is the same
for primary and secondary coils, P’V=rJ. Now let’s be

guantitative in the winding and core |loss calculations.

a. Copper Winding L oss

P = 22 Ky Frme® Vw(Wire winding window volume) = 3.1W
Next we deal with the associated corelosses dueto J, and J as
well as
Vi, =300V at 100 kHz.

b. MagneticCorel 0ss
V (peak) = N,AWB(max) Where A:=1.5*10"* m?, w(omega) =
2p*10™°
For V, =300 V we find:B,max) = 0.14 Teda for a given core
area.
From core material (3F3) charts.

P(m—vg) ~ 140mw, Now for a=1 cm we know total core
cm

volumeis 13.5 cm®.
P(total) » 1.9W dueto core |osses.
Total Loss= P(wire) + P(core) =3.1+1.9=5.0W.

c. CoreTemp of Transformer: T(core)

Tmax = Tamb © Ptotal [Rq]

Tamb = 40°C, P = Core 1.9 + winding 3.1 = 5.0,

Ry = 10°C/W for simple radiative convective cooling

Tmax = 90°C

What happensto T(core) if we go over Ins(primary) = 4 say to lyms
= 5A dueto aload current increase?

18



5o’
P(winding) = 8215 3.1 = 48W

Assuming Py and R, are the same to afirst approximation.
Tmax = 108°C  Careful it'sjust over the 100°C rule.

Solution:
Forced air cooling for the core to reduce the thermal resistance R,

Notein transformer the primary current |- but B IS the same
since B ~ Vin NOt I(primary) which is unchanged regardless of

theload current. In an inductor in stark contrast if I, - then B, -
and Py~ . Not so for atransformer.

3. Leakagelnductance: L Ooimary

Here we focus on core geometry effects.
NG . lp

~ A (p -

Arp M, Awindow

over hw = |, which isin the core air window. Likewise the flux

Lgp -

Note we use the flux path

path areaisthe air window area l,* b,.
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Mean turn length L,
bobbin N\ O.2a

N .
e == I
: i : | L
i I I 15 | a1
1.9a : : : I =
| i
L__J r' peEER A i)

\I\

0.2a

f—1. 43—

radius = b, /2

I, =(2N1.4a) + (2)1.9a) + 2 (.35 ) = J2

Figure 30-14 Top view of the double-E core bobbin
showing the mean lenzth £, of a single conductor turn
(winding) assuming the winding window is completely Rlled.

10,12 clearance

Afp = —Bhw
For

L = M, N3 £w bw

3hw
Fora=1cmwefind
With |, = 9* 1cm,
by = 0.7, Ny’ = (32)° and
m = 4p* 107
L, = 14mH

E. Example of a mains ac transfor mer

We will do two examples below of mains transformers at 50-60 Hz
operating frequency.

1. E-l Core Example:
Thiscoretypeisavailablein avariety of dimensions,
governed by the parameter d. Itisdesired to use such acoreto
produce a 500 VA isolation transformer with input and output at
he same voltage. If thewiresizeis chosen to keep J <200
A/CM2, what size core will be needed for this application? E-I
laminated core for example a.

Q—pf ¢

—— 2d —»|

2 pe— b

Depth d

20



Sincethistransformer isintended for line frequency use, a
laminated metal structure will be chosen for the core material asit
is cheaper. Thewindow areain the core figureis4d®. For 500 W
at 220 V and output voltage, the wire should be able to carry 2.27
A. Thisimpliesawire size of about #16 AWG, which hasa cross-
sectional area of 1.309 mm?.

There aretwo windings of N turns each, for atotal of 2N
turns which must fit in the wire winding window. With afill factor
of 0.5, the window area should be double the copper area, or 2 X
2N X 1.309 mm?, Thus 4d? >5.236N mm?. With d given in meters,
N < 7.64 x 10°d*.

The magnetic area based on the center leg is 2d%, and the core
should be chosen large enough to avoid saturation. For metal
laminations, B = 1.5 T. The sinusoidal input of 220 Vrys hasa

peak value of 311V, hence from Faraday’s law:
31V 0.330

100pN 2d? <LaT.N> d?
It can be shown that if d islessthan about 2.5 cm, it isnot

possibleto meet both constraintson N simultaneously.
Substituting d = 0.0254 m, saturation can be avoided with 512
turns. Thisnumber of turnswill fit if the fill factor risesto 0.52.
If alower fill factor isvital, alarger core must beused. Thisisthe
smallest value of d, and therefore the smallest core of thistype of
material, that meetsthe requirements. The two wire windings will
be wound around the center post on top of each other, rather than
the two legs for two reasons. First, the transformer will be smaller
If thewindings are located in the center. Second, if both windings
are on the center post, leakage flux effects are much lower than if
thewindings are on separate legs. Theair of the core would be set

tog =0 for atransformer.

2. General Transformer Core:

A transformer core with saturation flux density of 1.5 T is
used for a 60 Hz application. The core area is 1000 mm?, and the
window area is 3800 mm® The magnetic path length is 400 mm,
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and the core volume is 500 cm®. The mean length per turn is 200
mm. The core material has power loss given by
P = 7x10°B** W/cm®

Choosewire sizesto providea 120 V to 20 V voltage
transformation at the highest possible power.

To avoid core saturation, requires that the peak volts per turn not
exceed WBAqoree The 120V AC winding requires no more than
0.565 V/turn. With 170V peak from 120 RMS, at least 300 turns
will be necessary. For the 20 V winding, 50 turnswill be
necessary. To maximize power, the largest possible wire should be
used.

Estimate next both the copper and core losses. With afill
factor of 0.5 and two windings, an area of (3800 mm?)/4 = 950
mm? is available for the copper in each winding. On the 120 V
side, the wire area can be up to (950 mm?)/300 = 3.17 mm?. The
nearest even sizewireis#14 AWG, with an area of 2.08 mm?. On
the 20 V side, the wire area can be (950 mm?)/50 of 13.3 mm~.
Given the high number of turns, the current density must not be too
high. If J <200 A/cm? then the 120 V winding can support up to
4.16 A. The transformer rating will be about 500 VA.

Copper loss requires knowledge about both currents and wire
resistance’s. With mean wire length of 200 mm per turn, the
primary wire length should be about 60 m, while the secondary
wire should be 10 m long. Since #14 wire has about 8.45 mWm
resistance, the primary winding will have R; = 0.507 W. The
secondary's #6 wire has resistance of 1.32 mW/m, so R, = 0.0132
W. With primary current of 4.16 A, the copper loss on the primary
sidewill be 8.77 W. The secondary current should be 25 A,
based on theturnsratio. This current produceslossof 8.25W.
Notice that the two windings have |osses that match.

The magnetic loss reflects the total variation in flux. In this
case, the flux varies from -1.5 T to + 1.5 T as the voltage swings
between negative and positive peaks. The RMS flux density is
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1.514/2 = 1.06 T. Subdgtituting into the core loss equation the
power |oss per cubic centimeter will be
P = 7x10° 1.06°60* W/cm® = 0.028 W/cm®

With total volume of 500 cm®, the core loss should be about
14.2 W. At full load, thistransformer can handle 500 W and
exhibitstotal lossesof 31.2 W. This suggests an efficiency of
94% - afairly typical value for atransformer of this power rating.

Corelosses estimated along the lines of this section are only
approximate, and are strongly dependent on the properties of the
specific core material. It isvery important to recognize the strong
effects of frequency and flux variation on coreloss. Ina
transformer, flux variation istypically large to take full advantage
of saturation limits. In an inductor, flux variation might be
relatively low. Notethat high frequency operation with its
increased loss constants tendsto offset the benefits of the low
flux variation that isassociated with high frequency. Losses
and saturation limits make magnetic design a significant
challenge. The need for smaller, more efficient cores continuesto
drive the devel opment of new materials and geometry’s.

PLEASE READ CHAPTER 5 OF ERICKSON
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