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A TEACHING PLAN OF THE LEAKAGE
TRANSFORMER

—— The Principles and Characteristics

Tatsuji KOBAYASHI

1. Introduction

The leakage transformer is a device widely used in AC welders
and in neon lamp circuits. Compared with the ordinary transformer,
it has a complex magnetic circuit and different characteristics. The
study of the leakage transformer is, therefore, an interesting subject
in engineering and technical education.

At the university level, the electrical students use the leakage tra-
nsformer to learn the analytical method in general which is applicable
to various magnetic devices. There are many textbooks for this pur-

pose.
At the technician level, the study of the leakage transformer is

usually aimed at the understanding of the electro-magnetic phenomena
of the device in quantitative terms. Many students at the level have
difficulties in their study. In fact, the vocational teachers from deve-
loping countries have often expressed difficulties in teaching this
subject to the students who are concerned with practical aspects of
this device rather than theoretical analysis. The reason for the diffi-
culties is that teachers have no suitable teaching materials.

The purpose of the work reported here is to develop a teaching
plan consisting of two steps each of which has teaching manuals divi-
ded into two parts. The first step is designed to enable the students

to understand the subject in qualitative terms. This approach will
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meet the needs of the students who will be involved in practical
applications and maintenance of welding systems. The second step
is prepared to give the students the understsnding of quantitative
relations among various quantities of the device. This step will be
suitable for the students majoring in electrical engineering at technical
high schools and colleges, or for those majoring in welding engineer-
ing at universities.

The Teaching Manual 1 and 2 for the first step are presented in
chapter 2 and 3 respectively. The Teaching Manual 1 represents the
electromagnetic phenomena which are prerequisite in teaching the ope-
rational principles of the leakage transformer. The manual serves for
the preliminary study for the first step. In chapter 4 Teaching Ma-
nual 3 and 4 are presented and they correspond to the second step.

The difference between the two teaching manuals is that the former
does not take into account the primary and secondary leakage react-
ances while the latter does. In these teaching manuals various quanti-
ties of the device are treated as complex numbers based on the con-

cept of phasor.

2. The Basic Electromagnetic Phenomena in Understanding the
Leakage Transformer
Teaching Manual 1 : The Basic Electromagnetic Phenomena

(a) In Fig.1 the flux ¢ passing through

/--'-) . . .
i, ! ¢ the core is equal to what is obtained by
ﬁc\L dividing by the magnetic resistance R the
i . .
W~ product of the current ¢ flowing on the
=
‘\L’ winding turned around the core and the
—_—— |
5 number of turns W, namely
it W
¢ =—7F (1)

Fig. 1 Iron Core and Flux

When the direction of current along the winding is compared to that

G144P
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of turning of a right-handed screw, the direction of the flux ¢ corre-
sponds with that of the progress of this screw. The product of the
number of turns of winding and current is termed magnetomotive force
(mmf). If {W, ¢ and R in Eq. (1) are compared to corresponding
factors in the electric circuit, it is obvious that {W corresponds to
voltage, ¢ to current and R to resistance respectively.

(b) In the magnetic cir-
limb 1 limb 2 limb 3

cuit as shown in Fig. 2(a),

......................

the whole magnetic resis- i

tance R with respect to q
the magnetomotive force @ w
of the limb 1 is obtained

-

H
A4
T
®

by analogizing the electric

circuit of Fig. 2(b), that is,
_ _RyR,

R—Rl + R2+R3 (2)

where the magnetic resis-

R, (a)

=
&

tances R;, R; and Rj; are "
1

—_—r S

@3
regarded as the concentr- R i R3$ l

ated constants in each of Wi

the magnetic limbs respe-

(b)

ctively.

Further, those parts of Fig. 2 Distribution of Fluxes in Iron Core
the flux which pass into the magnetic limbs 2 and 3 (referred to as
$2 and ¢@3) will be known to flow by analogizing again Fig. 2(b) in
inverse proportion to the magnetic resistance in each of the magnetic

limbs. We have, therefore,

¢2:_E§_3R?¢ (3)
3:—}?2%?5 (4)
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by a voltage applied (provided the number of turns and supply fre-

quency are constant). In other words, the amplitude of the generated

o~~~

flux is not affected by conditions of the magnetic circuit (that is, the

materials and the construction).

(d) The current flowing into the winding from the supply at this
time (exciting current) is intended to retain the flux produced on
what has been mentioned in (c) and it’s amplitude satisfies Eq.(1).
The current, in turn, is influenced by the conditions of the magnetic

circuit (magnetic resistance).

(e) Fig. 3 represents such

®
itiy TN N a core as has been turned
c_\i’ <§/» by another winding 2 arou-
@ W, <.4~> W | Load nd the other limb as shown
' § . . . .
‘~~§., d;/" in Fig. 1. In this figure, the
| ! Lo .
: | exciting current, when only
the winding 1 exists, is
Fig. 3 Cancellation of Ampere-Turns expressed by 7o, and the flux

which is determined by the applied AC voltage is shown by ¢, provid-
ing the number of turns by the winding 1 and the supply frequency
.are constant.

In case that the load has not been connected to the winding 2, the
voltage induced on this winding is determined only by the flux ¢.
But if the load is connected to the winding 2 and the current i,
flows, a new magnetomotive force i;W, acts on this magnetic circuit,
the amount of the original flux ¢ coming to be changed. This flux,
however, as mentioned in (c), is no other than that value determined
by the voltage applied to the winding 1. Accordingly, a new current

i, will naturally be generated and it will flow into the winding I,
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creating the magnetomotive force ¢, W, and cancelling the magnetom-
otive force i,W, produced by the load current.

It follows from the above that even when the load is joined with
the winding 2, the flux in the magnetic circuit is always maintained
at ¢, the current in the winding 1 at this time being the sum of 7,
(exciting current) and ;.

In our foregoing presentation from (a) through (e), it has been
supposed for the simplification of explanation that the magnetic resis-
tance of the ambient atmosphere is extremely greater than that of

the core and the flux does not leak outside the core.

3. The Contents of Teaching in Teaching Manual 2
Consideration taken by instructors As stated in Chapter one, we

aim at in this step the qualitative explanation of the drooping chara-
cteristics and the presentation here is founded on the followiog assu-
mptions and the theoretical backgrounds:

1) Attention is paid only to the flux distribution at each limb of
this transformer and it is treated arithmetically without using the concept
of phasor, meaning to assume the purely inductive load in the theo-
retical sense. But in view of the aim in this step, there is no necessity
to give an explanation to students in advance in this regard, only to
do in the next step. Instructors are expected, however, to give a
supplementary explanation after presenting this matter.

2) As shown in Fig.5(b), the result obtained is of such characteri-
stics that the output voltage with respect to the welding current
drops linearly, being different from the actual drooping characteristics
(Refer to Fig.6). The cause for this difference can be ascribed to
what was mentioned in the above paragraph 1) which instructors
should always bear in mind.

3) The leakage of flux into atmosphere (the leakage flux of the
primary and the secondary windings) and the magnetic saturation
are treated to be disregarded.
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Teaching Manual 2: Qualitative Explanation about the Leakage

Transformer

Fig. 4 shows one example of the basic structure of a leakage trans-
former. The difference between this transformer and an ordinary
one lies in that in the former there is one core (leakage magnetic
limb) inserted in the gap between two limbs, the winding | and the
winding 2 being turned around each of them. The core can be mo-

ved both directions into the paper and out of the paper.

limb 1 limb £ limb 2
T r{
do 411 N R 2 I D N i
: > 1 . } L ; I : —
: I L] N : . :I
<~,'.\*‘> l(,‘b\ll : (‘L‘_:/D
* : 1 [ ] '
" Wf‘%ﬁ_) ;B N ERE (_J———t) Load| |V2
uE "
LT Tivi—o—
Lol i
PAL P PB2 Pa
R , Ri Ro
Fig. 4 Distribution of Fluxes in the Iron Core of the Leakage
Transformer

To the winding 1 (the primary winding) a constant AC voltage
V., is applied. However, the terminal voltage V, on the winding 2
(the secondary winding) or the voltage on the side of the welder is
greatly changed according to the load current (the welding current)
i,, to be exact, this change being of the drooping characteristics as
represented in Fig.6. This characteristics is entirely different from
that of the ordinary transformer, the difference being ascribable to
the existence of the leakage magnetic limb. Also the drooping cha-
racteristics in question will appear different in various ways as shown

in Fig.6 depending upon the positions of the core. The below is our

(148)
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idea of procedure by which we intend to elucidate qualitatively the
above phenomenon.

In Fig.4, R;,, R, and R; are the magnetic resistances of each
limb respectively and R is supposed to contain the resistance of
the gaps existing between the upper and the lower yokes.

First, an alternating flux ¢y is produced in the limb | by the cons-
tant AC voltage V; applied to the primary winding, and its amplitude
is determined only by V; for the reason mentioned in (c) in Teaching
Manual 1 irrespective of in whatever condition the magnetic circuit
stands. This flux, in turn, passes through the limbs 2 and ¢ and
these passing fluxes ¢us and ¢ys are separated from each other

accoding to Egs. (3) and (4). Thus, we can write,

¢_\12=—"R—2§_‘€RT¢M (5)
___ R
i g ——‘——R‘z_{_—Re—¢M (6)

In Fig.4, ¢u, émz and ¢y are indicated by solid lines, and the
exciting current 7, flowing on the winding 1 at this time will satisfy
the following equation :

¢_\'[ — Z.0 Wl

(7)

At the same time, a voltage is induced on the winding 2 by the flux
due passing through the limb 2. Therefore, when the load is joined
to the winding 2 and the secondary current i, flows, the flux ¢, is
generated on the limb 2 by the magnetomotive force i;W, (Refer to
Teaching Manual 1). The value of ¢, is obtainble on the analogy
of Egs. (1) and (2) as:

1. W,

R.R,
R.+Ry

This ¢, will then pass through the limbs 1 and ¢ and ,if these

(8)

Pa=
R;+

(149)
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parted fluxes are expressed as ¢a; and ¢as respectively, it is obvious
that they are indicated by the below expressions :

Das Z?ﬁgﬁz—ﬁh (9)

_ R
¢Ag - R1+R£ ¢A
In Fig.4, ¢a, ¢a; and ¢a¢ are shown by dotted lines.

Secondary, the current 7;, which must cancel the magnetomotive

10)

force of the load current i, flows into the winding 1 on the princ-

B g

the limb 1 which is equivalent to ¢as,

PB=Pa1 (1)
and the current satisfies the below expression,
o= e i
Rt povry

Consequently, the flux on the limb 1 is maintained at ¢u which
is subject to the applied voltage V; and the flux ¢s as expressed
by Eq.{2 is to flow into the limbs 2 and ¢ separately, and these

parted fluxes ¢p, and ¢, are expressed by the following equations

respectively :
= _R;I_%gR7¢ B (13)
Ry
$5¢=Tp 1R, VB (14)

In Fig.4, ¢5, ¢s; and ¢sg are indicated respectively by the one-
dot-and-chain lines.

These are all the fluxes that will appear in each of the magnetic
paths of the leakeage transformer and Fig.5 is a diagram in which
these fluxes have been represented in terms of their relations with
the secondary current 7;. In this diagram, ¢i, ¢: and ¢4 (shown
by the bold line) are the resultant fluxes of the limb 1, the limb 2 and
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$ ¢ ¢
A ES A
¢l M
¢
PM2
-~ - ¢ (ﬁMl
— o _mem [ =
'/./ ~ N LT e $BI
« /‘/.’— ,;‘.——: TTTTT
':. > 2=t > =27 > 22
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(a) Resultant Flux (b) Resultant Flux (¢) Resultant Flux
in Limb 1:¢, in Limb 2: ¢, in Limb ¢: ¢y¢

Fig. 5 The Characteristics of the Resultant Fluxes in Each Limb

the leakage magnetic limb respectively and they are expressible as
well by the following formulae :

P1 (=du—Par+9s) =du (15)
Po=Gyz— Pa 4 PBo (16)
Po=0¢ue+Pa¢+ Py (17

Also there exists the following relation among these expressions :
DA P i (18)

(It is necessary to remember from what has been mentioned so
far that the equal marks in Eq.(18) hold true only when R;=00.)

Here, the characteristics of the resultant flux ¢, is the most nota-
ble in the sense that the secondary induced voltage and, naturally,
the secondary voltage as well are in proportion to the resultant flux
$2. When we look at Fig.5(b), it is evident that as the secondary
current increases, ¢, decreases drastically.

In other words, Fig. 5(b) shows the relation between the secondary
voltage and the secondary current, namely, the drooping characteristics
and it is to be noted that the secondary voltage is determined by the

resultant flux (given by Eq.(16) passing through the limb 2 as has
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been observed after following all the phenomena with this device.

In addition to the above, it is important to realize the following
points as well. At no-load (that is, ¢s=¢r=0) the flux which
passes the limb 2 is ¢y alone and the secondary induced voltage
(no-load voltage) is determined by Eq.(5). In this equation, a varia-
ble which can alter the no-load voltage is R (provided that the
primary voltage applied or ¢y is constant) and the smaller this vari- -
able, the lower the voltage, corresponding to the characteristics as
shown in Fig. 6 (the secondary voltage when ;= 0).

And the flux ¢4 of the leakage magnetic limb increases pronoun-
cedly with the increase of the secondary current. (Refer to Fig.5(c)
and Eq. (7).

On the other hand, when Rz=oco, or if no influence of the leakage
magnetic limb is supposed to exist, the statement so far is valid as
well for the performances of an ordinary transformer.

It is to be remembered as well that there is a little difference bet-
ween the characteristics of this transformer as indicated in Fig. 5(b)
and those seen at the time of actual welding, the characteristics curve
of the latter being shown in Fig.6. The reason for this difference
lies in the fact that the actual load differs in nature from that which

has been supposed here.

4. The Contents of Teaching in the Second Step
Consideration taken by instructors. The student in this step is

presumed to have already acquired considerable knowledge of phasor
conception of electrical and magnetic «uantities as well as the princi-
ples of performances of an ordinary transformer. Therefore, in the
case that the ability of a student is adequately high, an analysis of
the leakage transformer itself may be taken up as an exercise, beca-
use this device is not only important in technical viewpoint but also

one of the ideal teaching materials for having him grasp correctly
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the electromagnetic phenomena and the basic performance of a trans-
former. But here we will present direcly the relation between the
load and the secondary output voltage on basis of the qualitative ex-
planation in Teaching Manual 2.

The saturation of the iron core is not considered here.

Tenching Manual 3 : Quantitative Explanation of the Leakage

Transformer.

In Fig. 4, the relation between the constant AC voltage V. applied
to the primary winding and the alternating flux @y to be determined
by that voltage is expressible as:

Vi=joW Dy | (19)

Further, Egs. from (1) through (18) hold true as they are if various
quantities contained in them are presumed to be phasors.

The secondary voltage has already been explained qualitatively in
Teaching Manual 2 and can specifically be expressed as below using
the result of Eq. (16) :

Vo=joW, (@hlz—(bA+@B2) 20

Here, on the basis of Eq.@0), we try to obtain an expression for
V, using the load Z as a parameter. |

First, representing the flux Pp, in terms of the flux s, By ﬁsing
Eqs. 19, (1) and (9) and for @y, considering Eq. (5), we transform Eq.
ko) and obtain

R,

R+ Ry ™

{Ri(R;+R;) +R;R }(D :I
(Ri+ROR+Ry)

Secondary, if we substitute Eq.(8) by the following equation which

Ve=jo Wz[ 1)

indicates the relation between the load and the secondary current I
12: Vz/Z (22)
We can get

(Rt ROW, Vs
{RiIR¢+R:(Ri+Ry)}Y  Z

And if we substitute Eqgs.@3 and (19 for @1); we finally have the

Oy = 23

(153)



147 BREIIRRRTIE 2545 19804

secondary voltage V, as:

)

o (RW_2_> ReZ i
9= 5 ) 1
{(Rz’i“Rg >Z+]CUW22}

The above expression 4 is an equation for the drooping characte-

ristics whith we have been aiming at and the resultant values of

Primary Voltage V,
Secondary Voltage 2/2 RZVi
Va W) {(Re+ R ) Z+ joo W
Primary Current v I Ry(Ri+ R1)+ RiRy| R?W3 |
5 W3R+ R;) J@ {(Ro+ R1)Z A+ jo W}
Secondary Current Efz RV
L W) R+ R)Z+joW3
Resultant Flux in V1
Limb 1 &, Jo Wi
R'esultant' Flux in R ZV1
Limb 2 @, ijﬁ{(Rz-!—Rz)Z-*—]'@W%}
Resultant Fl i s .
LlenS]L}l) EE] é ux (RZZ-{— Z.w W%)Ifl '
! Jo Wi (Re+ Ri)Z +jo W§)

Table 1 Various Ouantities of the Leakage Transformer

other quantities are shown as well in Table 1.

The secondary voltage Vi at no-load is expressible as below,

(154)
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presuming Z=o0 in Eq.®4:
o W, Ry
Vzo_ ( W1 ) R2+Re
(which can be deduced from Eq. (5) as well.)
And it is to be noted that the device develops linear drooping cha-
racteristics as shown in Fig.5(b) when it has the purely inductive load.

This can easily be realized by providing Z=jwL in Eq.@4) where L

V. (25)

is the inductance of load.

Meanwhile, if the capacitive load Z=1/jwC (C: static capacity) is
connected to this device, this is not done in practice, the secondary
voltage rises higher than at no-load, this being suggested as a theme
for further consideration on the part of the students.

Fig.6 shows the characteristics between the voltage and the current
when the resistive load (Z=R) is joined with the actual welder with
the specifications of Table 2. In this figure, the solid lines represent
the calculated values using Eqgs. @4 and 2 and they are to be noted

to form a convex curve in the upward direction, being different from

(1) Ry=1.20 x10° (H‘])

(2) R =8.0 «10° (u'])

(3) Rg=3.27 x10°  (u7H

V)

Ve

0 40 80. 120 160
L (A)
Fig. 6 Tte Characteristics of Output Voltage
and Current of the Tested Leakage

Transformer

(155)



145  BREEIIERRTZE 25 4% 19804

Rated Input ?02 }1{%&[ 2891 KVA)
Adjustable Range of Current 40 — 180 A
Number of Turns of the Primary Winding 116 turns
Number of Turns of the Secondary Winding 44 turns

Primary L - Secondary

Winding \ .// Winding
T : $
@“ 7
o 50

N 55

120

mm.

255

Table 2 Specifications of the Tested Leakage Transformer

the purely inductive load. Meantime, the dotted lines in Fig. 6 has
been described on the measured values (resistive load), being slightly
Jifferent from the above calculated values. Consideration to define
the reason for this difference is omitted here. Also we do not go
farther here than to point out the importance of the degree of satu-
ration in the leakage magnetic limb when the adequate drooping

characteristics are to be derived for an effective welding.

Teaching Manual 4 : The Drooping Characteristics when the Leakage

Flux is considered.

In our argumen so far, the flux has been presumed not to leak
into atmosphere, but, as a matter of fact, the leakage flux is usually

present with this transformer as with an ordinory one. We like to
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present here an expression to clarify the characteristics of the rela-
tion between the secondary voltage and the current when the leakage
flux is taken into account.

The leakage fluxes into atmosphere as the primary and the secon-
dary leakage reactances X; and X, are considered to be related
respectively to a drop in voltage. In other words, on the basis of and

a development of Eqgs. (19 and 0, we get
Vi =jw WDy +iX. I, 26)
Vz:]'wwz(djmz—@A—l—.@Bz)—szjz (27
And in the same process as we obtained Eqs 1), 22 and 3 in Tea-
ching Manual 3, we will be able to get an expression for the chara-

cteristics of V., as:

(!)W1 WzR ¢ Z Vl (28)

(K(Ry+R 1)~ R X)) Z+jlo WK+ (Ro+ R OXK—R 02X, X,
Where K:(UW12+R1X1+R4X1
Here, supposing that X;=X,= 0, that is, no primary and secondary

v,

leakage reactance is present, it follows that K=wW,? and naturally
Eq. @8 is identical with Eq. 4. Students are asked to confirm this
process by themselves.
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Appendix
1. Derivation of Eq.21
First, we express ®p, in terms of @, by substituting Egs. (11} and
(9) for (139 as below :
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_ R?
- (R2+RE>(R1+R4)
Secondary, if we transform Eq.20) by using Eq.(Al) and considerng
Eq. (5) for ®@y,, Eq. 1) will be obtained as follows :
_ R, . R, : }
VemoWel g ey P O R r RO R R

&, (A1)

o e e 4

o i AR
2. Derivation of Eq. 24)

We can get Eq.@4 by substituting Egs.(19 and @3 for Eq.@1) as
follows.

o Ry .V
Vz——]w WzI:Rz—f'RZ ja) W,

_{R(R:+R)+R:Ry) (Ri+RDOW, _1{_}
(Ri+Rs)(R:+Ry) {RiRs+R.(Ri+Ro)} 5

1. Rﬂ . Vl - W2 . _AVZ
_JRI)W2<R2+R€ j!)W1 Rz‘i‘RZ Z )

_JeW V. WeR.Vi
{1 ’ (R:+RZ }VZ (Re+ReIW,s

V _ Wsz VlZ
2— .
W{(R:+R¢)Z+jo We?)

(Reseacher, Electrical Trades Unit, R & D Centre, IVT)
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