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CHAPTER-I1I

DESIGHN  PROCEDURE

2.9 THE ART OF TRANSFORMER DESIGN

The general problem of design may be defined as that of
determining the most suitable form of transformer, if both
technical considerations and cost are taken into account.
The gsatisfactory result is not obtained simply by solution
of series of equationsz. The design procedure is basically

iterative, whether performed by hand or by computer.

The purpose of transformer design on computer 1s to
review the fundamental principles and show how they apply to
specimen design. It is not inappropriate fto review the
process of transformer design as an "art" as well as 2

IS5
.

igeience" %,

Whatever the difficulties presented by design problem
at hand, they are solved by the amalgamation of circuit
analvsis, intuition and trial and error. The design
procedure is often influenced by previous proven designs.
The general design process involves four phases.

13 Network theory and eguivalent circuit analysis.
1i) Model theory.

11i3 Data storage and iterative computation and

iv) Feasibility.
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In truth & thread of 1091:3122 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 owun or someone else’'s, rather
than guessgs snatched out of blue. It is possible to get
with wild guesses, but more logic and/or experience that
goes into them the guicker is the design. Bo, 1if one assion
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 GENERAL DESIGN CONSIDERATIONS1,4,22
i} Use of formulae :

Although there are many eguations associated with
transformer design, there are two in particular which are
considered as the-"basi: design equations"”. The first one is
referred to as the "voltage equation", and the second zs the
“power capability egusation®.

The voltage eguation 1is

SRV - alNE ¥ +—8
QW»”MM vl 4FfaNB X 143 AmeawaEa e ewae (1)
Where,
V = Voltage across the winding in Volts{(rms).

F= Form factor

i

£ Frequency in Hertz,

H

a Core Cross—-sectional area in sg.inch.
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N

i

Number of turns on winding

B

Flux density in maxwells per unit area

If the flux density B is in gauss, then

V = 25.8FfaNE X 1578 B <3
For sine-waveform, F = 1.11
For sguare-waveform, F = 1.8

For egf (2) "TURNS PER VYOLT® can be deduced.

The power capability equation 1s

P = 4,55JfWak X ig™ B Y 4.5

Where,

T
a7

Current density in amperes per sq.inch

W

]

Window area in sg.inch

B Flux density in gauss.

Also,
fBlWa

P = I 3

17.26 5

Where,

5 = Current density in circular mils per ampere.
The eqg™ (4) can be arranged to obtain the Wa product, as
17.26 5P

Wa = R &< 2
fE
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This is the figure of great importance in deciding the

core dimensions, followed 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 fto
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 gquestions like
* What is input voltage and frequency ?
#* What output is reguired in terms of volts and current ?
% Is there specific need for good regulation 7?7 If ves,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 7
#* How will external circuitry affect the insulation
requirements or rating of winding 7
* What sort of use will it have-continuous or
intermittent, and for what period 7

#* 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®q4%, 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 fransformer. 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 is another factor in assessing ratings. The
transformer on intermittent load can be designed for small
VA-ratings, as in case of domestic bell transformer, which

may operate for few seconds in several hours.

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 generpus side so far

as ratings are concerned.
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2.2 GENERAL OBSERVATIONS1S,33

After formulating the specifications, the first task is
either to make a tentative core selection or to check
whether a2 core in hand will do the job.

i) Choosing a2 core sizels,38 ;

The choice of core size in either case tan 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 &8 transformer of the type and size, and core
material under consideraftion.
i1} Magnetizing current :

It is often asserted that the magnetizing current is
usually so small relative to load and loss currents that it
can be ignored, especially in low freguency transférmer
design. It, howsever should not be forgotten when it really
counts.
i1i?) Adjustments =

As the design proceeds, zadjustments are continuously
being made to previously calculated figures; An  adjustment
to figure is likely fto set off &2 chain reaction of
adjustments throughout the entire design. This possibility

should be considered and taken care of immediately.
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For instance, it is usually necessary to adjust the
number of turns on winding to compensate for voltage drops.
If this is done to primary, the flux density is affected or
change in number of turns changes the build, which may
require revising the core dimensions. This affect the
resistance of the windings, resulting a change in copper-—

loss, and so on.

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 trizls when further adjustments are not
worthwhile.

iv) Selecting the efficiency figure :

An  important part of design process is the choice aof
efficiency-figure, which depends on number of things,
including the intended application and cost. For a given
specification and core materizl, however, the mere choice of
a figure does not guarantee that it can be achieved. In some
cases 784 efficiency may be difficult or impossible to
obtain. In other case a figure of 93% 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.

o~ ‘g
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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 1loss
and magnetization volt — amperes. At higher frequencieg the
loss figure rather than saturation may be the governing

factor.

In other types of transformers the flux density may be
deliberately kept very 1low 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 “"usuzl" 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 following ftransformers have been

worked out in simple algorithm -

1 Power transformer. S} Rectifier transformer.
2) Auto transformer. &) Converter transformer.
3) Current transformer. 7) Inverter transformer.
4) Impedance transformer. 8) Pulse transformer.
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2.4 POWER TRANSFORMER DESIGNB.?,1%,22,27

The design is restricted to low voltage medium current
specification with magnetizing current ignored. The standard
ElI- electrical stampings are selected as a “core'.

The specifications to be entered are :

Primary voltage, Vi T canennnyV
Input freguency, T1 T sveveane, HE
Secondary voltage, Vo = iivannn gV
Secondary current, .IE O A
Ambient temperature, T, = .......,QC
Efficiency, T\: ces e nn )

(Refer Fig.1)
The design runs through the following algorithm :
* The output power desired,
P o= Un X T tiracennsnannannsnnn=nas (8]
#* The input power needed,
Py = Py s erara s crsnarenannns (7

¥ A conservative figure for current density (8) 1is

chosen in CM/A

* Eased on the core-material anmd the Treguency of
operation a conservative figure for flux density., BX} in
gauss is decided.

* The Wa - product 1s g:iven by

17.26 BPFy

Wa = T £ =3
f B(X)
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z
]

core~window area in sg. inch.

i

a core cross sectional arez in sg. inch.
By referring to the core—catalogue of EI
stamping7’12742, a tvpe is chosen, such that the Wa-product

matches the calculated Wa-product.

Or -
We~-product is divided oy the window area of a likely
looking type to obtain 2z number for cross sectional area.
{(Refer Fig.2)

¥ Stack thickness

BT = a/A .
* Actusl stack thickness
AET = a/sA
Where,
s = Starking-factor

There can be number of other possible lamination sizes,
but stamping with sguare cross sectional area is preferred.
This lovers the winding resistance, ensuring good
regulation.

#* Turns per volt :

The basic voltage eq™ (2) can be arranged to obtain the

‘“turns per volt’ figure as,
3.5 X 1@@

M/V = I S 2
fa B{X}

* pNMumber of turns for primary
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Ny = (N/VIVy

* Number of turns for secondary, with compensation

voltage drop in the winding

Ve Ny
N~ =

2T T

* Selection of wire-size :

Current in primary
I1 = Py/Vy
Circular mils for primary

CM (1)

I;1 X 6§
Circular mils for secondary
CM (2) = I= X &
The choice of wire gauge 1s made by refering
‘standard wire table ' ©:7,28,
% Build calculations .

(Refer Fig. Za % 3b)

To

for

the

Let,
B(t) = Bobbin thickness
B(F) = Bobbin-figure ( allowance )
B{(l}) = Bobbin-length
M(r) = Edge-distance (Marain)
Vg + 296
= cesesesasannsnansaannesnnens {16
B
VN = Working voltage zacross the windings.
TPI = Turns per inch [Table — Figurel
t(P) = Laver insulation thickness.
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Flow chart
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t(C) = Coil-cover thickness.
N = Total number of turns.
d = Wire diameter.

The algorithm to carry out build calculations is nicely
depicted in the flowchart.
Note—-A

If the winding do not fit inside the window properly,
then one of the several possible solutions is adapted.
37 To increase the core areaz by increasing the stack.
This reduces the ‘turns per volt’® and the total turnsg
on the winding.
ii) To reduce the flux density, thereby reducing the turns
on the winding.
1iii) To reconsider the choice of wire sice.
ivy To reconsider the core size.
Calculation of Losses®:21,22,36,37
V///li}ﬂffﬁn Loss

(Refer Fig.—4)

* Mean Magnetic path length

Mp = 2F+ ZG+TD

* Core volume

v = Mp X

o

* Core weight
Wt = 27.68 (Density in gm/cubic om)

Table-~Figure,
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* Iron Loss at stated flux density

IL = 453.6 Wt X (Katts per kg)

Table-~Figure.
b Copper—Lossiv22 :
kRefer Fig. 93
* Mean length of turn
Mn = Z[A + BT + 4B(L)] + 6.28 [W(ty) + Wltn) +..4+ W(tL) /2]
n = winding number
#* Total wire length

1, = Mg X Np

1}

MNpn Total fturns on winding
% Hot resistance of wire

R = 1n+«(0hm/foot)
Table—-Figure.

#* Yoltage drop across winding
Yd = I, X R

* Coppler Loss

CL = IL<R

* Total Transformer Loss

TL = IL + CL.

#* Efficiency

This is generally lowesr than initizl estimate.

n =

P2 + TL

. >.32
* Temperature risel4,22,32 ;

(Refer Fig-6)
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5 Calculdtion of mean length of turn, M.

Fig.




COOLING AREA Cg /
' '

/ ]
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)\

/JJ I MARGINS
JJJ""
- {

/ JJJJJ
(A) C is cooling area.
““““ |
. R
. *:(LB(t)
2 PERIMETER £

-~ -~

[ R= S t(W)

(B) Calculating perimeter of C_S

Fig. 6- Transformer cooling surfaces.




The most important single parameter is the temperature
rise.
The area of cooling surface is

Cs = 2 (WL) [ A + 2B(t) + TT(E t(W))]

¥ The temperature - ocradient across the transformer thickness
288 (CL}
Tq = (2.4t + H)
Q Ce

(Refer Fig.7}

t = Half the insulztion of primary plus the rest of the
insulation

H = Working height of the coil.

* The ambient ftemperazure limit that & transformer can wors
safely 1s

Ta = T1 - Tg

Ty maxwimum tolerable temperature.
2.5 AUTD TRANSFORMER DESIGN4,11,22,29

The auto transformer is the power transtormer with
different features. (Refer Fig. 8)

#* the specifications to be entered are :

# Primary voltape, Vi = tooveney V
* Input freguency, f{ = ...u.e.y HZ
* Output voltage., Vo = ...uie.e, V
* QOutput current. I = suvesney A

The design—aloorithm ruans through exzactly on the same

line of power ftransformer design with following differences :
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* Maximum output power
Py = Vo x Iz
* The rating reguired by secondaryv turns
Po =1V = V43t x In
¥ TJurns for secondary
Ne = [Turns/voltl X (Vo=-V i
* For better regulation, the current density
(S) is kept small as possible.
2.6 CURRENT TRANSFORMERZ<,38,3%
Degsigning techniaues of current transformer is
illustrated with its ftypical applicztion in moving coil AD ~
Ammeter.

{Refer Fig. 93

* The specifications to be entered zre :

#* Meter—-movement current, I = weneenny mA
* Current measurement range, Iy = vivasnnny, mA
* Yoltage drop across bridge rectifier, Vo = (.00, V

(From manufacture’'s data)

<

¥ Yoltage drop in secondary, Va = cevenany
(To start with a small value 1is presumed:?

To reduce the copper loss by keeping the turns small,

the wuse of high permeability, low loss core material is
preferread.
* Primary winding can conveniently a ‘single—~turn’ (N3 = 1)
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* 'Milli-—-ampere—turns’ figure
= Iy X1

In = 1.11 X Ipm

¥ Secondary winding turns

Ny I3

Iz
* Upltzage across secondary
v2 = VS + V4
# The flux density is kept small by choosing relatively
larger core area.
¥ A conservative fTigure for zcurrent density 1s assumed.

#*# Here onward the design essentially follows the =zame

procedure of power transformer.

2.7 IMPEDANCE TRANSFORMER/»<2

The use of impedance transformer in transistor
amplifier i1s illustrated inm Fig. 1¢, The designing is carried
out in light of this circuit.

The specifications to be entered are :

* Power oufput, PO T sssnaney W

* Efficiency, TS ey

* Voltage swing across orimary, ng Fouseaanas ¥oirmsl
#* Collector (DC) current, Ie = sneiivdy, A

* Load current, Ie ® cvviesen,y A

* Load resistance, R % tovanea,y U

* Resistance of transistor, PT F aannnsnay A

29
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#* Lower cut off frequency, fy = Hz

= s s vy

* Upper cut off freguency, o = tassenae, Ho
* Input power
Po

1

Pin =

* Resistance looking in to primary

(ng)2
R | = =————————

Pin
% Reguired turned - raftio
Ry /R'L
N \ Ry

PT-R)L
+* F{P I e o e e o e i

T + R
* Primary winding inauctance at f4

# Load current in the secondary

#* To achieve the good value of primary inductance a

grade of core material is preferred
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* A core with moderate size chosen as a trial.

* Determine
L ICE
= —“: “““““
v = a X 1 = Core valume
* By refering the standard "Henna-curve’ (Fig. f¢&) the

corrasponding value of

Nilg
Yy ¥ —7==me
1
at » is determined
1
Ni =Y e *
Ic
Ny
N: - ._.._.........._..__l. ______
J Ry /Ry
* A current density & = 1688 CM/A is assumed.

The remaining design excursion zoes all along the power

transtormer design.

2.8 RECTIFIER TRANSFORMERZ:22,28,36
Rectifier transformer requires gpecial consideraztion .

1er

~h

The waveform—distortion is the basic problem in  recti

2

transformer, that results into a greater heating of cobper,

11

Yariogus rectifier ocir

N
et
n

and the filters 1imposs the
different kind of problems, and are +to be considered

accordingly.
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Impedance Transformer
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* Specification to be entered are :

* Dutput do voltage, Vge & cevinnny V

¥ Load current, T |
* Load resistance, R = wsnenaay SU
* Filter capacitance, C = ....4..4 MF

* The transformer resistance (Ry) is either estimated or

assumed a optimum value of ratio (Ry/Ry) = x, that is fairly
low.

Rt = % « Ri

From the standard curve [Fig 11al drauwn between

(Vdc/Vrms) ratio and (C.RL/ISEE) value for specified value:
v, for calculated value of (C.RL/1688G) is noted down. The

5

reference is madete( fig.ilz ). Th

B

secondary wvoltage 1is
deftermined as

2 (Vde + I Ry)

Here after the design procecure TfTollows the power

transformer design.

Once the winding resistancesare known, actual value of
Rt 1is determined and compared with 1initial Jigures. The

adjustments are made 1T necessary.

2.9 CONVERTER TRANSFORMERZZs31
The converter transformer desion employ the same basic

equations with form factor, F = 1.¢, signal form being &
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sguare wave. The desion is based on the transistor converter
circuit.

(Refer Fig.12)

# The gpecifications to be entered are

* Battery voltage, Vin T sessseey M
* Collector current, Ip = (uivvve., MA
* Base drive voltage, Vg & cavauany V
#* Current gain, Ofo(min) = ssss==n>

* Dutput dc voltage, Yge = cennane,y V
* Input freguency, fin T sexer-ey HE

* The input power %o primary winding
Pin = Vin  Ip

* The primary current

Ip = &.787 I¢

4+ The base current

* The power required to drive the base is
Fp = Vg X Ig
After this, the design procedure is similar to that of
power transformer.
2.18 INVERTOR TRANSFORMERZZ,23
The designing of inverter transformer is more or less

similar to that of converter transformer. The additional

ey

specification} it reguires is the output freguency, mainly
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determined by the nature of load.

(Refer Fig.13)

To obtzain the freguency-stability, the core

possessing sharp loop is preferred.

2.11 PULSE TRANSFORMER1%,17,24,25,26

A Pulse transformer basiczally couples =&
electrical pulses to 2 load with 1its shape
characteristics maintained.

(Refer Fig.14)

* The gpecifications to be enterec are

* Source resistance, Ri & tvanwney SU
* Load resistance, Ry = ey JU
# Transtformatior ratio, N = ...eeea,

* Amplitude of pulse, V 2 i . ¥

* Pulse duration, e ® ciennnn . MS
* Pulse period, tp I 1181
* Permissible tilt, P2 iy %

# Allowable rise ¢time, Te = (vevena, MS

[Below 1 % of tdl

¥ The primary inductance

material

source  of

and

34
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* Az a first approximation the primary and secondary
winding resistance Rp and Rg respectively can be taken to be
9 to 1$% larger than generator or 1load resistance. This
allows smaller wire size to choose, and conseguently reduce

the leakage inductance.

* To keep the leakaoge inductance and czpacitance
Min1mum, a core material with hich permeagbility i3 chosen.
For higher4115a&ﬁ Treguency operations ferrite core in pot

shapz (Refer Fig.15}) is the good choice.

# The primary turns is celculated from empirical formula

Np = \] Lp/AL
Lp = Primary inauctance in nH.
A = Inductance per fturn sguare (nH/ turn<)

This 1s supplied by core manufacturer.
¥ Tha secondary fturns are
NS = n ¥ Np

* The check on core szturation is made as,

____________ j o cmmmimemm—— ) v
E‘ma)._{ = + aftil } \x Bsat-

Attenuation factor, z = Ro/{(Ry + Ra)
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Adjusting screw

Yoke

Pot core

Coilformer with
1, 2 or 3 sections

Pot core

Threaded flange or
threaded sleeve

Base plate and
2 tubular rivets

Fig,No.15 Pot-Core




- . . . ~
A, = Effective cross sectional area in mm<.
The core with different A are tried for optimum flux

density.

o2 . . .
#* MNumber of turn/cm< of winding space is

2Np X 182

Ty 7 ==——————— e
We X Ay
Weg = winding factor
Ay = Winding area in mm<

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

2 The output volrage

Yo = naV.
The pulse transformer design is usually an lterative
process and. goes through number of steps and due

adjustments, often repetitively.

ey ie s b

DATA TABLES —>
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f (TURNS PER 1INCH )
ENML . S.51LK D.SILK S.COTTON D.COTTON"
B 8 7 7 7
8 7 7 7 7
4 Q 8 8 8
1¢ 8% 4 ? 8
12 12 11 i1 1d
13 13 2 12 11
15 15 14 14 13
17 17 16 16 15
20 29 2 18 17
24 24 23 21 20
2 2 26 2 21
29 29 29 27 2
I3 33 32 29 26
38 38 37 35 29
z 42 40 37 31
47 47 44 4¢3 33
52 52 49 44 36
57 57 53 ’ a7 38
3 62 58 51 40
68 &7 62 54 42
75 73 67 58 435
79 78 71 63 44
86 83 75 63 a8
e 82 27a) &7 1%
145 5 B8& 74 32
109 183 2 81 58
12¢ - 112 9 86 &
135 123 : 1a7 9 63
151 137 118 120 &7
175 154 130 109 7
189 164 127 114 72
o8 179 151 124 76
227 192 161 126 89
256 248 172 131 87
285 22 1835 128 2
322 2549 206 143 100
377 278 217 149 119
\___444 212 23 157 117 y
ENML.=Enamal . 5.51Lk=S1ingle Silk y D.SILF=Double Silk
S.COTTON=Single Cotton , D.COTTON= Double Cotton.
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