


CHAPTER-II
DESIGN PROCEDURE

2.0 THE ART OF TRANSFORMER DESIGN
The general problem of design may be defined as that o~ 

determining the most suitable form of transformer, if both 

technical considerations and cost are taken into account. 

The satisfactory result is not obtained simply by solution 

of series of equations. The design procedure is basically 

iterative, whether performed by hand or by computer.

The purpose of transformer design on computer is to 

review the fundamental principles and show how they apply to

specimen design. It is not inappropriate to rev iew the

process of transformer design as an "art" as we 1 1 as a

" sc i ence 4, ob

Whate ver the difficulties presented by des ign prob1em

at h and, they are solved by the amalgamat ion of circuit

ana lysis, intuiti on and trial and error. The design

p rocedure is often influenced by previous p rov en designs.

The genera,1 design process involves four phases.

1 ) Netwairk theory and equivalent circuit analysis.

i i ) Model theory.

i i i ) Data storage and iterative computation and

iv) Feasibility.
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In truth a thread of logic-^?22 runs through the design 

procedure. Mostly the assumptions, estimates and

approximation that are used to get the designing started are 

based on the experience, one's own or someone elses, rather 

than guesses snatched out of blue. It is possible to set 

with wild guesses, but more logic and/or experience that 

goes into them the quicker is the design. Bo, if one assign 

a number within reason to cross-sectional area. or 

efficiency, or window area and plugged into the appropriate 

equation the designing can be kept get going.

2.1 BENERAL DESIGN CONSIDERATIONS1*4»22
i) Use of formulae :

Although there are many equations associated with 

transformer design, there are two in particular which are 

considered as the “basic design equations". The first one is 

referred to as the “voltage equation", and the second as the 

"power capability equation".

The voltape equation is

'V' = 4Ff aNB X 10~B

Where,

V = Voltage across the winding in Volts(rms). 

F* Form factor 

f = Frequency in Hertz,

a = Core Cross-sectional area in sq.inch.

(1 >
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N = Number of turns on winding 

B = Flux density in maxwells per unit area 

If the flux density B is in gauss, then

V = 25 .SFf aNB X 10~8 .................... (2)

For sine-waveform, F = 1.11 

For square-waveform, F = 1.0

For eqn (2) 'TURNS PER VOLT' can be deduced.

The power capability equation is

P = 4.55Jf WaB X 10“8 ......

Where,

J = Current density in amperes per sq.inch 

W = Window area in sq.inch 

B = Flux density in gauss.

Also,

f BWa
P = ......... ... ...... . . . .

17.26 S

(3)

(4)

Where,

S = Current density in circular mils per ampere.

The eqn (4) can be arranged to obtain the Wa product, as

Wa
17.26 SP

fB
(5)
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This is the figure of great importance in deciding the

core dimensions, fallowed by the core selection.

These and other relevant equations are the mathematical 

tools devised to reduce the time taken and design to 

accomplish with more accuracy and less effort, 

ii) Specifications :

The first step in the design process is to clearly 

define the aim of the design. This is not necessarily to 

achieve highest possible but rather an adequate performance. 

All designs are a trade off between cost and performance.

The designer must first know what is wanted. To 

establish this he has to answer a series of questions like

* What is input voltage and frequency ?

* What output is required in terms of volts and current ?

* Is there specific need for good regulation ? If yes,then 
of what order ?

* Is size or weight a critical factor ?

* Will there be unusual ambient temperature ?

* What order of efficiency should be aimed for ?

* How will external circuitry affect the insulation 
requirements or rating of winding ?

* What sort of use will it have-continuous or 

intermittent, and for what period ?

* How important is the cost ? And so on.
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Ofcourse, the causal experimenters and professional 

circuit designers are apt to view specifications in rather 

different lights. It is not possible here to deal with all 

things that go into a specification under all conditions, 

but there are number of criteria that are common to most 

situations.

iii) Volt Ampere Ratings :

The design example under consideration assume the 

resistive load^?^fe<. However, in case of reactive loads the 

transformer with larger VA-rating than that indicated by the 

load expressed in watts are required.

If the waveform is non-sinusoidal, a greater heat is 

developed in copper, as in case or converter/inverter 

transformers or rectifier transformer. The precise analysis 

in such cases is complex, it is good enough to simply 

increase the volt ampere rating according to rule of thumb.

Time

transformer 

VA-ratings, 

may operate

is another factor in assessing ratings 

on intermittent load can be designed for 

as in case of domestic bell transformer, 

for few seconds in several hours.

The 

smal 1 

which

Having decided what is really needed, the designer 

should now put together a total specification, and in so 

doing will be wise to lean towards the generous side so far 

as ratings are concerned.
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2.2 GENERAL OBSERVATIONS13*33
After formulating the specifications, the first task is 

either to make a tentative core selection or to check 
whether a core in hand will do the job.
i) Choosing a core size^2,38 .

The choice of core size in either case can be done 

purely on the basis of successive trial designs, but use of 

approximative formulae though do not eliminate but reduce 

the number of trial designs. This is because, the estimates 

of current and flux density are initially based on what is 

"usual" for a transformer of the type and size, and cor^ 

material under consideration.

ii) Magnetizing current :

It is often asserted that the magnetizing current is 

usually so small relative to lo'ad and loss currents that it 

can be ignored, especially in low frequency transformer 

design. It, however should not be forgotten when it really 

counts.

iii) Adjustments ;
As the design proceeds, adjustments are continuously 

being made to previously calculated figures. An adjustment 
to figure is likely to set off a chain reaction of 
adjustments throughout the entire design. This possibility 

should be considered and taken care of immediately.
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Far instance, 
number of turns on 
If this is done to 
change in number 
require revising 
resistance of the 
loss, and so on.

it is usually necessary to adjust the 
winding to compensate for voltage drops, 
primary, the flux density is affected or 
of turns changes the build, which may 
the core dimensions. This affect the 
windings, resulting a change in copper-

It does not mean that one has to get lost himself in an 
eternal round of adjustments. It simply means that watch out 
what is done and what subsequent adjustments need to be 
made. If the design follows the proper course, a point is 
reached after few trials when further adjustments are not 
worthwhi1e.
iv) Selecting the efficiency figure :

An important part of design process is the choice of 
efficiency-figure, which depends on number of things, 
including the intended application and cost. For a given 
specification and core material, however, the mere choice of 
a figure does not guarantee that it can be achieved. In some 
cases 70*/. efficiency may be difficult or impossible to 
obtain. In other case a figure of 95% and higher is easily 
attainable. Nevertheless, this is a case where any number is 
better than none. Adjustments are done in order to achieve 
the desired figure or a lower figure is accpeted.
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v> Flux density :

Generally speaking the amount of flux density in a 

power transformer is chosen to be as high as possible below 
the knee of the B.H curve to give acceptable levels of loss 

and magnetisation volt - amperes. At higher frequencies the 

loss figure rather than saturation may be the governing 

factor.

In other types of transformers the flux density may be 

deliberately kept very low in order to obtain maximum 

permeability and low losses.

vi) Current density :

If the regulation is to be good and/or the temperature 

rise is to be low, the current density figure will be chosen 

to.be at the low end of the "usual" range. If the smallness 

is the main design criterion, regardless of regulation or 

temperature (within limits), the current density will be at 

the high end of the range.

2.3 SPECIMEN DESIGN EXAMPLES :
The design of the fallowing transformers have been 

worked out in simple algorithm s—
1) Power transformer. 5) Rectifier transformer.
2) Auto transformer. 6) Converter transformer.
3) Current transformer. 7) Inverter transformer.
4) Impedance transformer. S) Pulse transformer.
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2.4 POWER TRANSFORMER DESIGN8*9*19,22,27
The design is restricted to low voltage medium current 

specification with magnetising current ignored. The standard 

El- electrical stampings are selected as a “core".

The specifications to be entered are :

Primary voltage, = ....... ,V

Input frequency, fj = ........Hz

Secondary voltage, V2 =  ......,V

Secondary current, I2 = ....... ,A

Ambient temperature, Ta = .... . . , t;?C

Efficiency, = .......

(Refer Fig.l)

The design runs through the following algorithm :
* The output power desired,

P2 = ^2 x I2 .........................<6>
* The input power needed,

pi = p2/\............................<7>
* A conservative figure for current density (S) is 

chosen in CM/A

* Eased on the core-material and the frequency of 

operation a conservative figure for flux density, B(X) in 

gauss is decided.
* The Wa - product is given by

17.26 SPi
Wa = .... ... ...... ................. .......(8)

f B ( X )
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W = core-window area in sq. inch, 

a = core cross sectional area in sq. inch.

By referring to the core-catalogue of El 

stamp ing^7» , 42 ^ a type is chosen, such that the Wa-product 

matches the calculated Wa-product.
--------- - or ---- -------

Wa-product is divided oy the window area of a likely 

looking type to obtain a number for cross sectional area. 

(Refer Fig.2)
* Stack thickness

ST = a/A
* Actual stack thickness

AST = a/sA

Where,

s = Starking-factor

There can be number of other passible lamination sizes, 

but stamping with square cross sectional area is preferred. 

This lowers the winding resistance, ensuring good 

regulation.

Turns per volt :

The basic voltage eqn (2) can be arranged to obtain the 
'turns per volt' figure as,

3.5 X 106
N/V = -—— ....... ..............................(9)

fa B(X)

* Number of turns for primary
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Nj = (N/V)Vi
* Number of turns for secondary, with compensation for 

voltage drop in the winding

V2 N ^
N2 = —— -..

Vi fr^
* Selection of wire-size :

Current in primary

II
Circula 

CM (1) 

Circula 

CM (2) 

Th

' standa 

* Build 
(Refer 

Let,
B ( 

B ( 

B ( 

M (

= Pi/Vi

r mils for primary 

= li X S

r mils for secondary 

= I2 X S

e choice of wire gauge is made 

rd wire tab 1e'^^>20.

calculations •
Fig. 3a & 3b)

t) = Bobbin thickness

F) = Bobbin-figure ( allowance )

1) = Bobbin-length

r) = Edge-distance (Margin)

by refering to the

Vw + 500

8000
(10)

V^ = Working voltage across the windings. 

TPI = Turns per inch [Table - Figure! 

t(P) = Layer insulation thickness.

24





F I ow c ha r-t 

F car*

Bui ici Thickness 

find.

Hechanical Fit

START )
bobbin ismn

8<1>=G~<F>

hinbihg imn
HL-G-ZiHi-}

JL

[
TBRNS P£8 WiM 

TPL-<TPI>x<HL>

r
immm of layers

m=H/m

TOTAL LAYER 
INSOLATION 

THICKNESS

T<P}=<NL~i>xt<P}

±
TOTAL COPPER 

TRIOmss 
t(Cu)=Cf&)xA

TOTAL HINMNG 
THICKNESS

t<«)=
ucunnmua

S\.
/MX 

HO / ALL \ 
—------C HINBIMSS 5

X COMSIMRO /

m



f«r mu3
XHICiiHESS

15X BULGE 
*8<t>

m

QMMM
mcmmmi

FIT

•m
ii

cmms 
mm

j FEBIBES B8SIGH

?



t (C) Coil-cover thickness.

N

d

The

depicted

Note—A

= Total number of turns.

= Wire diameter.

algorithm to carry out build calculations is nicely 

in the flowchart.

If the winding do not fit inside the window properly, 

then one of the several possible solutions is adapted.

i) To increase the core area by increasing the stack. 

This reduces the 'turns per volt' and the total turn=j 

on the winding.

ii) To reduce the flux density, thereby reducing the turns 

on the winding.

iii) To reconsider the choice of wire size.

iv) To reconsider the core size.

Calculation of Losses^i^l,22,36,37
aJ-'-'T'ron Loss 

(Refer Fig.-4)

* Mean Magnetic path length 

Mp = 2F+ 2G+TTD

* Core volume 

v = Mp X a

* Core weight

Wt = 27.68 (Density in gm/cubic cm)

Tab 1e-Figure.
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* Iron Loss at stated flux density

IL = 453.6 Wt X (Watts per Kg)
Table-Figure.

b) Copper-Loss**22 :

(Refer Fig. 5)

* Mean length of turn

Mn = 2CA + ST + 4B(t)j + 6.28 CWltj) + W(t2> +..+ W<tn)/23 

n = winding number

* Total wire length 

ln = Mn X Nn

Nn = Total turns on winding

* Hot resistance of wire 

R = ln.(Ohm/foot)
Tab 1e-Figure

* Voltage drop across winding 

Vd = In X R

* Coppler Loss 
CL = In2R

* Total Transformer Loss 

TL = IL + CL.

* Efficiency

This is generally lower than initial estimate.

PoTv= —1—
P2 + TL

* Temperature rise*^»22»^2 :
(Refer Fig-6)
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Fig. 5 Calculation of mean length of turn, Ai.
n



(B) Calculating perimeter of C§ 

Fig. 6- Transformer coofing surfaces.

Stew)



The most important single parameter is the temperature 
rise.

The area of cooling surface is 
Cs = 2 (WL) C A + 2B(t) + TT <£ t(W) )3
* The temperature - gradient across the transformer thickness

20 (CL)
Tq =    .... (9.4t + H)

CS
(Refer Fig.7)
t = Half the insulation of primary plus the rest of the 
insulat ion
H = Working height of the coil.
* The ambient temperature limit that a transformer can war*: 
safely is

1 a = T l ~ Tg
Ti = maximum tolerable temperature.
2.5 AUTO TRANSFORMER DESIGN4*11,22,29

The auto transformer is the power transformer with 
different features. (Refer Fig. 8)
* the specifications to be entered are :

line

* Primary voltage, = ...... . V
* Input frequency, fj = ...... , Ha
* Output voltage. \>2 = .... .., V
* Output current. I2 - A
The design-algorithm runs through exactly
of power transformer design with fallowing

on the same 
differences :
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Fig. jj 7‘. Maantng of factor H.



Fi
g.
 8

 (
Co
mp
ut
er
 P

ic
tu
re
)



* Maximum output power
P0 = V2 k I2
* The rating required by secondary turns 
p2 =!(V2 - Vi)! x I2
* Turns for secondary
N2 = [Turns/volt] X (V2—Vj)
* For better regulation, the current density 
<S) is kept small as possible.
2.6 CURRENT TRANSFORMER22»38,39

Designing techniques of current transformer i 
illustrated with its typical application in moving coil AC 
Ammeter.
(Refer Fig. 9)

* The specifications to be entered are :
* Meter-movement current, 1^ = ...... , mA
* Current measurement range, 1^ = ........ mA
* Voltage drop across bridge rectifier, V3 = ....... . V
(From manufacture's data)
* Voltage drop in secondary, V4 = ..... V
(To start with a small value is presumed)

To reduce the copper loss by Keeping the turns small 
the use of high permeability, low loss core material i 
preferred.

* Primary winding can conveniently a 'sing1 e-turn' (N1 = 1)
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* 'Mi 11i-ampere-turns' figure 

= II X 1
I2 = 1.11 X IM
* Secondary winding turns

Ml Ij
No =

12

* Voltage across secondary 

V2 = V3 + V4
* The flux density is kept small by choosing relatively 

larger core area.

* A conservative figure for current density is assumed.

* Here onward the design essentially follows the same 

procedure of power transformer.

2.7 IMPEDANCE TRANSFORMER7’22
The use of impedance transformer in transistor 

amplifier is illustrated in Fig. 10.The designing is carried 

out in light of this circuit.

The specifications to be entered are :

* Power output, PQ = ....... , W
* Efficiency, T^=........

* Voltage swing across primary, VSQ =     V (rmsi

* Collector (DC) current, Ic = ........ A

* Load current, Ic =  , A

* Load resistance, R|_ = ........ J\_

* Resistance of transistor, ry =   .
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•* Lower cut off frequency, fl = --- , H
* Upper cut off frequency, f O = . ■ « --- , H

* Input power
Po

Pin = —,.... .

* Resistance looking in to primary
(VSQ)2

R'L =-----------------------------

Pin

* Required turned - ratio

^2 \1 R|_

rj . R [_
* Rp =----------

ry + R|_
* Primary winding inductance at f^

RP
L =------2TTf i ^
* Leakage inductance at f2

ry + R[_
2TTfo

* Load current in

Po
the secondary

! S = ------J rL
* To achieve the good value of primary inductance 

grade of core material is preferred
oooc
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* A core with moderate sice chosen as a trial

* Determine

v

v = a X 1 = Core volume
* By referinq the standard 'Henna-curve ' (Fig. iga) the 

corresponding value of

NlIC
y 1
at is determined 

1
Ni = y -----

*C

* A current density S = 1000 Cli/A is assumed.

The remaining design excursion goes all along the oower 

transformer design.

2.8 RECTIFIER TRANSFORMER2’22,28,36
Rectifier transformer requires special consideracion . 

The waveform-distortion is the basic problem in rectifier 

transformer, that results into a greater heating of cooper. 

Various rectifier circuits and the filters impose the 

different kind of problems, and are to be considered 
according1y.
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Impedance Transformer

!_r2/v x (1CT2)

Nl/I x (1CT3)

Series A

FigurelO a :Graph of Lr2/v Vs, Nl/I
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* Specification to be entered are :

* Output dc voltage, c = ........ , V
* Load current, I|_ =  , A

* Load resistance, Rj_ = ...... , A,
* Filter capacitance, C = ........ A*'F

* The transformer resistance (Ry) is either estimated or 

assumed a optimum value of ratio CRy/R(_) = :<, that is fairly 

1 ow.

Ry = • P.L
From the standard curve [Fig 11 all drawn between

(Vdc/Vrms) ratio and (C.RL/1000) value for specified value*

; , for calculated value of (C.RL/1000) is noted down. The

reference is made to( fig.11a ). The secondary voltage is

determined as

2 (Vdc + IL Ry)
Vo =-------------------

(Vdc/Vrms) K

Here after the design procedure follows the power 

transformer design.

Once the winding resistances are known, actual value of 

Ry is determined and compared with initial figures. The 
adjustments are made if necessary.

2.9 CONVERTER TRANSFORMER22’31
The converter transformer design employ the same basic 

equations with form factor, F = 1.0, signal form being a
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Rectifier Transformer.

Vdc/Vrms

CR(L}/1000

----- Series A

fig 11 a ; Vdc / Vrms Vs CR(L) / 1000
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square wave. The design is based on the transistor converter
circuit.
(Refer Fig.12)

* The specifications to be entered are :
* Battery voltage. Vjn = ......., V
* Collector current, Iq = ........ mA
* Base drive voltage, VE = ......., V
* Current gain, nfe(min) = ........
* Output dc voltage, Vcjc: = ......., V
* Input frequency, f^n = ........ Hz

* The input power to primary winding 
Pin = Vin Iq
* The primary current 
Ip = 0.707 Iq

* The base current
ic

1B “-----------
^fe (min)

* The power required to drive the base is 
PEi = VB X IB

After this, the design procedure is similar to that of 
power transformer.
2.10 INVERTOR TRANSFORMER22*23

The designing of inverter transformer is more or less 
similar to that of converter transformer. The additional 
spec i f ic at i onV. it requires is the output frequency, mainly
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determined by the nature of load. 

(Refer Fig.13)

To obtain the frequency-stability, the core material 

possessing sharp loop is preferred.

2.11 PULSE TRANSFORMER10*17*24*25*26
A Pulse transformer basically couples a 

electrical pulses to a load with its shape 

characteristics maintained.

(Refer Fig.14)

source of 

and other

* The specifications to be enterec are :

* Source resistance, R^ =  , A.

* Load resistance, R;_ = ........ J

* Transformation ratio, n = ........

* Amplitude of pulse, V = ..... . V

* Pulse duration, t^ = ........ ms

* Pulse period, tp = ........ ms

* Permissible tilt, P =  , */*

* Allowable rise time, T„ =  , ms
[Below 1 */. of td]

* The primary inductance 

Rtd
l_p =-------------- 100

P

Where, R = Rj // P-2
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R1 = Rt + Rp

RL + RB

* As a first approximation the primary and secondary 

winding resistance RP and Rs respectively can be taken to be 

5 to 10*/. larger than generator or load resistance. This 

allows smaller wire size to choose, and consequently reduce 

the leakage inductance.

* To keep the leakage inductance and capacitance 

minimum, a core material with high permeability is chosen. 
For higher^* frsauency operations ferrite core in pot

shape (Refer Fig.15) is the good choice.

* The primary turns is calculated from empirical formula
Np = ,J Lp /A|_

Lp = Primary inductance in nH.
Aj_ = Inductance per turn square (nH/turn^)

This is supplied by core manufacturer.

* The secondary turns are 

Ns = n X Np

* The check on core saturation is made as,

Bma
Lp

------ + a (i-
4-
“fl

t p
Where,

Attenuation factor, a = Rs^^i + ^2 ^

■'sat
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Adjusting screw

Yoke

Pot core

Coil former with 
1, 2 or 3 sections

Pot core

<*•

M
'"i

&

Threaded flange or 
threaded sleeve
Base plate and 
2 tubular rivets

Fig.No.15 Pot-Core



Ae = Effective cross sectional area in mm2.
The core with different Ae are tried for optimum flux 
density.

* Number of turn/cm^ of winding space is 
2NP X 102

Tw =------------------
Wf X Aw

Wf = winding factor 
A^ = Winding area in mm2

With known, a suitable diameter of bare copper wire 
and size can be selected.

*The output voltage 
V2 = naV.

The pulse transformer design is usually an iterative 
process and • goes through number of steps and due 
adjustments, often repetitively.

I I J f I I \ I

I I f

I

DATA TABLES =C>
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r A
1ML . S.SILK D,• SILK

8 8 7
8 7 7
9 9 8
10 10 9
12 12 1 1
13 13 12
15 15 14
17 17 16
20 20 20
24 24 23
26 26 26
29 29 99

33 -r~y

38 38 37
42 42 40
47 47 44
52 52 49
57 57 53
63 62 58
6B 67 62
75 73 67
79 78 71
86 83 75
92 89 80
100 95 86
109 103 92
120 112 99
135 123 107
15 1 137 1 18
175 154 130
1 89 164 137
208 179 151
227 192 161
256 208 172
285 227 185
322 250 200
377 278 217
444 312 238

:nml . =Cnamal , S . 5 I L k = S

.COTTON=Slng1e Cot ton , D

("TURNS PER INC H i

S.COTTON

7
7
8 
9
i 1 
12 
1 4 
1 6 
18 
21 
24 
27 
29 
35 
37 
40 
44 
47 
5 1 
54 
58 
60 
63 
67 
70 
81- 
86
99
100 
109 
1 1 4 
120 
126 
131 
138 
1 43 
149 
157

D.COTTON1

7
7
8 
8 
10 
1 1 
13 
15 
17 
20 
21 
23 
26 
29 
31 
33 
36 
38 
40 
42
45
46 
48 
50 
52 
58 
60 
63 
67 
70 
72 
76 
80 
87 
92 
100 
1 10 
1 17

Si 1 kSingle Silk D.SIL.k “Double

D.COTTON- Double Cotton.

Tabie No. 3
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