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SUMMARY

The design of a two-transformer 
inverter,operating from 20 volts D.C. 
and capable of providing a 150 volt, 
400 cycle per second, square wave 
output into loads up to 20 watt, is 
detailed. A system of stabilizing 
the inverter frequency with respect 
to load variations is employed.
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1. INTRODUCTION

The design requirement called for an inverter capable of 

supplying a 150 volt square wave of stable frequency (400 c/s) into 
a resistive load dissipating up to 20 watt. It could be assumed that 

a voltage regulator would provide a constant 20 volt input to the 
inverter over the range of load currents encountered.

A two transformer type of inverter was chosen for this 

application as it gives much better frequency stability with load 

variation than the conventional single transformer type. Bell and 
Wright (Ref. l) give reasons for the improved frequency stability. As 

the output transformer in the two transformer version does not saturate 

there is no high collector current spike at the end of each conducting 

half cycle and much higher powers may be handled by given transistors. 

In addition, since the frequency determining core is quite small, it 

may be made from rather expensive square hysteresis loop material 

which saturates abruptly. An additional advantage is that the fre

quency of oscillation may be trimmed simply by adjusting the value of 

a feedback resistor.

2. BASIC PRINCIPLE OF OPERATION OF THE INVERTER

Detailed analyses of the two transformer inverter have been 
performed by Noordahus (Ref. 2), and Bell and Wright (Ref. l).

The basic circuit of a two transformer inverter is depicted 

in Fig. 1. In general, when the supply voltage is connected, to such 
a circuit, one transistor will be "on" and the other will be "off" due 

to unbalances in the circuits The supply voltage will be applied, to 

one half of the primary winding of the output transformer, Tg, via the 
"on" transistor. By transformer action a voltage step equal to twice 

the supply voltage will appear across the full primary winding of the 
output transformer. The total primary voltage is fed to the circuit 
consisting of Rp in series with the drive transformer Tq. To ensure 

that well defined switching occurs the core of Tq should be made of a 

material having a square hysteresis loop, or in other words,a core 
which will saturate abruptly (Refer to Sec. 5 for more details). When 

voltage is applied to the drive transformer it will, by transformer 
action, hold one transistor "on" and the other "off". After a certain 

time interval t (defined by the saturation flux density of Tq, the core 
area of Tq, and the voltage per turn of the windings of Tq) Tq will
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saturate, the voltage across the drive transformer will rapidly fall 
and cause the "on" transistor to come out of saturation. The whole 

process is regenerative and reversal of all transformer voltages 

rapidly occurs. The frequency of operation is simply ~ if it is<2 T
assumed that the time to reach saturation in each direction is the 
same (Refer to Sec. 5 for complete details).

It will be shown later that it is possible, particularly 
under heavy load conditions, for both transistors to be in the "off" 

condition and the circuit may not start to oscillate. However the 

addition of a starting circuit consisting of a diode and a resistor 

(to be discussed in Sec. 6) ensures that the circuit will always 

start to oscillate.

3. OUTPUT TRANSFORMER DESIGN

It is essential that the output transformer does not 

saturate. If this occurs, the switching will not be controlled by the 

saturation of the drive transformer but by the coming out of saturation 

of the transistors due to the saturation of the output transformer. 

Moreover the point at which the transistors come out of saturation 

will be very dependent on the load and hence the frequency of operat
ion will vary considerably with the load.

The general specification for the output transformer is as

follows:

Voltage per half primary 

Operating frequency 

Output voltage 
Output power (max.)

20 volt peak square wave
400 cycles per second

150 volt peak square wave nominal
20 watt

A turns ratio of 1:8 from half primary to secondary would 

give a nominal no load output voltage of 160 volt, and somewhat less 
as the load is increased.

Other requirements to be met by the transformer are, firstly, 

that the peak flux density in the core should be kept well below the 

saturation value, and secondly, that the magnetising component of the 

input current should be small in comparison with the load current 

referred back to the primary. The leakage inductance between the 

primary windings should be kept low to provide clean switching of the 

transistors. To achieve the low leakage the primary should be bifilar
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wound

After several theoretical calculations checked by experiment 

the following transformer design was finally adopted.

Core: Silicon Steel - English Electric Co.

- Type Z37IOI8 C-Core 
(consisting of two sets of

C cores made from 0.004 in.strip)

Primary Winding: 2 coils each l80 turns - 22 B & S

- bifilar wound.

Secondary Winding: 1440 turns - $0 B & S.

An estimate can now be made of the peak flux density and 

the peak magnetising current to check that they are not excessive.

(ii) Peak Flux Density in Core

The peak flux density in the core is given by the equation

Bmax
P nn8

WJf 10 gauss
p '

where
V
P
N
P
A

f
hence

peak primary voltage per half - 

number of primary turns per half = 
core area (cm^) = 

frequency of operation =

20 volt 
180
1.72 cm^ 
400 c/ s

B - 4.0 kilogauss 
max

The saturation flux density for Silicon steel is approxi

mately 18 kilogauss, and hence the peak flux density is well below 
the saturation value.

(ii) Peak Magnetising Current in Transformer

The peak value of the primary magnetising current should be 

small in comparison with the full load primary current, say 10%. 
Assuming 80% efficiency of the transformer the full load primary 
current would be approximately 1.25 amp.. Hence it would be desirable 

to keep the peak magnetising current below 125 mA»

For simplicity neglect the effect of leakage inductance and 

assume that a voltage step of value V is applied, to one half of the 
primary winding having an inductance Let 3^ denote the magnetising
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current (current through L ) then

dim
V= Lp dT

For V constant the current will rise linearly with time. If 

the current increases from zero to a peak value of 125 mA in a half 
cycle period sec.) then

di
—— = 0.125 x 800 = 100 amp/ sec.

The required primary inductance would therefore be given by

L
P

V
di__m
dt
20 
100
2C0 mH

H

The theoretical estimation of primary inductance is extremely 

difficult, chiefly because of the small residual air gap the size of 

which is not known. English Electric Co. quote a figure of 1.25 mil. 

maximum for the total air gap of a pair of C cores properly mounted. 

Hence it will be assumed that the air gap lies between zero and 1.25 

mil..

The primary inductance may be calculated from the relation
H e// A 10-9 
------- -----------  Henry

effective permeability 

number of primary turns = 180
2core area = 1.72 cm

length of magnetic path = 12.5 cm

where
P

Veff 
N
P
A

English Electric Co. provide graphs of incremental permea
bility as a function of A.C. flux density and D.C. magnetising force. 

In this particular arrangement the two halves of the primary are 

working in push-pull and hence there is no nett D.C. flux in the core. 
Now the peak flux density is 4 kilogauss approximately so if we take 

the value of incremental permeability at 2 kilogauss flux density and 
zero oersted magnetising force we should get an approximate figure for 

this quantity, 

hence
^ejf 6000 for zero air gap



For air gap of 1.25 mil
7

where

eff
A

P P,

A

p0 (gaussian) = 1
= magnetic path length through iron 

= length of air gap

=

ij = total magnetic path length
4.87

4.87 , 0.00125 = 2560
£000 ' l

Substituting these values for p in the expression for L«
eJ <J *

we find that for zero air gap Lp = 542 mH and for 1.25 mil. total air

gap Lp = 135 mH. Hence we may assume that the primary inductance lies
somewhere between 124 and 342 mH. The mid figure in this range is

239 mH which would be adequate.

After manufacture of the transformer an estimate was made 

of the primary inductance under actual operating conditions by 

observing the slope of the ramp component of magnetising current in 

the collector current of the transistors. A value of 1^ = 220 mH 

was obtained which was in reasonable agreement with the estimated 

figure.

4. TRANSISTOR SELECTION

During cut-off the transistors have to withstand a voltage 

equal to twice the supply voltage. It is wise to allow a good margin 

of safety unless special precautions are taken to ensure that no 

spiking on the voltage waveform occurs during switching.

The peak collector current for 20 watt output would be 
1.25 amp. assuming 80% efficiency. If all the losses were assumed to 
take place in the transistor (not really a valid assumption but a 

conservative one) then, for 80$ efficiency, each transistor would have 
to dissipate 2 watt.

The following summarises the transistor requirements

VCE max = 50V

1^ max = 1.25A
max = 2W
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Type 2ITL160 germanium transistor was selected in this 

application. It provided a comfortable margin of safety on the above 
specification but had the advantage that only a small heat sink was 
required. A matched pair was used.

5. DRIVE TRANSFORMER DESIGN

This particular design called for a unit which would provide 
400 cycle per second power of fairly stable frequency. The initial 

aim was to keep the frequency within ±1$ under all conditions.

As mentioned earlier, the two transformer inverter could be 

expected to give a better frequency stability under load variation 

than a single transformer type. To ensure that there is negligible 

ambiguity in the instant of switching the core material of the drive 

transformer should have an abrupt saturation. The so-called square 

hysteresis loop materials fit this requirement.

A square hysteresis loop or B-H curve (where B is the flux

density in the core and H is the magnetising force) is one in which
dBthe incremental permeability; — is very high and constant until core

saturation is reached. Saturation = 0 ; occurs very abruptly andan
without the need for much increase in magnetising force H. The more 

usual core materials have a non-square hysteresis loop which gives 

rise to a more gradual saturation and requires a large increase in 
magnetising force. In this latter case switching usually occurs when 

H saturates rather than B which in turn leads to poor frequency sta

bility if the load on the drive transformer varies. One of the most 

commonly used core materials having a square hysteresis loop contains 
50$ nickel and 50$> iron. Such material is sold commercially under a 

variety of trade names.

Stability of frequency under moderate changes in ambient 

temperature is also required. This would rule out a material such as 

ferroxcube, the saturation flux density of which is very temperature 

dependent.

After due consideration it was decided to use HCR. HCR alloy 

(50°jo nickel, 5Ofo iron) is specially noted for its square hysteresis 
loop. The saturation flux density is also fairly stable with temperature 

in the region of ambient. For HCR B^^ (15 kilogauss nominal) changes 
by 2cjo from -60°C to 20°C, and by yjo from 20°C to 50°C* It was decided 
that the smallest available HCR lamination in the Laboratories be used.
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This was pattern 224. It was appreciated that toroidal HCR would give 

a more square hysteresis loop than the laminated cone, but since 
toroidal cores were not readily available it was decided to use the 

laminated core.

The circuit of Fig. 1 indicates that the series connection 

of the primary of the drive transformer, Tq, and the feedback resistor 
Rp is directly across the full primary voltage of the output trans

former. An expression for the operating frequency will now be derived. 

The following is a summary of the parameters to be used in the derivat

ion.

nq = number of turns on the primary of Tq 
ng = number of turns per side of the secondary of Tq

cp^ = peak flux in saturating core of Tq 
Bs = saturation flux density of core of Tq 
A = minimum cross-sectional area of core of Tp 

Rq = effective resistance across conducting side of secondary

winding of Tq
Rp = feedback resistance

f = frequency of oscillation
Vcc = DC supply voltage

Assume that a voltage step equal to 2 Vcc suddenly appears 

across the full primary winding of the output transformer. If it is 

assumed that Tq performs linearly until saturation occurs then a 
voltage step equal to 

2 Vcc
1 + n2 \ ^ Rp will be applied to the primary of Tp.

x- %
Define this voltage as Vq. Applying Lenz's equation

= -i
dt nq

During a half a cycle cp goes from -q^ to where is

the flux corresponding to saturation of the core 
1

4nl <Pm
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9M B A s

Vq
t--- =r—t mks units4nl Bs A

V,
4nq Bg A

10® cgs units
(B in gauss, A in cm^)

Substituting the value of derived above

f = V,
2 r

1 +
n.

nn

cc 
F"r
! F

3_q8 cycle/second
F n, B A 1 s. 1 o

The assumption that is constant over a half cycle is not 

quite valid. Actually the applied voltage across the primary will drop 

as the transformer approaches saturation. However an exact analysis is 

not warranted as the circuit can be readily trimmed by adjustment of

Rp*
It is normal to arrange to drop about half the applied 

voltage across the primary of Tq and half across the feedback resistor. 

For this condition

nl
Vcc

TT17A

After two attempts a core consisting of 27 laminations of
pattern 224 HCR (0.004 in. lamination thickness, 0.25 in. width of

2centre Ifeg) was chosen. For this core A = 0.174 cm . Substituting 

f = 400 c/s, Bg = 15000 gauss, Vcc = 20V, A = 0.174 ciF in the above 

equation gives nq = 480 turns. Actually 500 turns was chosen.

It is essential that there is adequate available current to 

saturate the core. According to the Telcon catalogue the magnetising 
force at 400 cycles per second to produce saturation is 1.5 oersted. 

The current to produce saturation may be calculated from the relation

ship

Hs ^ 71 nl Is
101

where
I = saturation value of core magnetising current in amps. 

I = magnetic path length in cm.
Hs = magnetising force to produce saturation measured in 

oersted.
10 £ Hs 
4 nnqhence
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Substituting l = 5-72 cm, Hg = 1*5 oersted, n-^ = 500 gives 
Is = 13.6 mA

For proper operation the magnetising component of primary- 
current should be kept much smaller than the load component.

Set reflected load current = 30 mA
then R-o = = 660 ohm.t 30 mA
Actually 470 ohm in series with a 250 ohm potentiometer was

used.

For good frequency stability it is desirable to add external 
passive components to "swamp" the transistor input impedances which 

are load current and temperature dependent.

For the transistors used, 20 mA base current was adequate 

to saturate them up to 1.25 amp collector current. Since adequate 
drive is available the base current was set to 30 mA. On the 2N1160 

used for measurement purposes the input resistance varied from 18 ohm 
to 34 ohm as the collector current changed from 0.1 amp to 1 amp.

To effectively "swamp" the transistor input resistances,

external base resistors of 120 ohm value were added. At 30 mA the
voltage drop across this resistance would be 3.6V. Additional drops

of about 0.5V at full load across the emitter base junction and
about 0.5V across the starting diode (to be discussed later) indicate

a total secondary voltage requirement of 4.6V, say approximately 5V
nl

and set the drive transformer turns ratio to 4. Hence the total 

secondary current would, be 4 x 30 = 120 mA. Additional shunt 
resistors of 180 ohm value were placed across the secondary windings 
as indicated in Figs. 2 & 4 to absorb the excess current. The equi

valent resistance, defined, earlier as R0, as seen across the secondary 
would be the effective resistance of the parallel combination of the 
two 180 ohm resistors and the sum of the external base resistance and 
the input resistance of the conducting transistor (120 ohm + 25 ohm 
approximately). Hence RQ ~ 55 ohm and is very nearly independent of 

transistor input resistance variations.

The frequency as predicted by the expression
V,

f = cc

2 ; 1 + n2 -2 rnq -J- nl A 
Rq /

10^ cycley'sec.

will be a little greater than the true value mainly because the voltage 

across the drive transformer will drop somewhat as saturation is
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approached.
The details of the drive transformer are summarized below.

Core: Interleaved stack of pattern 224 HCR
(Telcon). 27 laminations used.

Primary Winding: 5C0 turns 33 B & S.

Secondary Winding: Two coils bifilar wound 123 turns 

30 B & S.

6. STARTING CIRCUIT
The basic circuit of Fig. 1 will not necessarily start to 

oscillate particularly when heavily loaded. A permanent bias is there

fore applied so that the circuit has a loop gain greater than unity 

and will always start to oscillate. The usual starting circuit con
sists of a resistance (Rq) and diode connected as shown in Fig. 2.

This circuit supplies sufficient DC base current to assure a loop gain 

greater than unity. The diode is reverse biased for starting and does 

not enter the argument, whereas it becomes forward biased when 

oscillations occur.

An estimate of the required value of biasing resistor may be 

made by determining the value of base current to provide a loop gain of 
unity when full load is connected (Ref. 3)• For the purpose of de

termining the loop gain it is convenient to break the loop at the base 
of Qq as shown in Fig. 2. Assume that the base of Qq is fed with a 

current iq and determine the feedback current which will flow through 

the resistance R. equal to the input resistance of the transistor.
i 1 / ’ x

The loop gain will be 7b (iq being feedback current) and must be
•*"b

greater than unity for oscillations to occur.

P

V1

N„

I

I
E
B

Define the following parameters
incremental collector current through Qq 

incremental collector voltage of Q-^ 

current gain of Qq

incremental secondary voltage per half winding of Tq
Primary turns x\

turns ratio of T1 half secondary turns

Primary turns 
L2i half secondary turns

d.c. emitter current through Qq

turns ratio of To;

d.c. base current through Qq
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rl

RB
R

£

Re

load resistance

feedback resistance

external base resistance

shunt resistance on secondary of T^
input resistance of Qq

■B
rE

= intrinsic base resistance of Q-1
intrinsic emitter resistance of Qq 

intrinsic collector resistance of Qq

The following equations apply for

= ^b

Vo =
Prl h

w22

w22 v2
b

The voltage across the full primary of the output trans

former is 2 Vg. Assuming that Q2 is cut off the impedance as seen
p

from the primary of T-j_ will be Nq RQ where

'o “s RB+RiRq r£

The voltage appearing across the half secondary of Tq is

given by
2 Nq v2 R0

V1 R + N 2 R 
Flo

'1
RB+Ki

Note that the small voltage drop across the starting diode 
Dq has been neglected in the above analysis.

V = 2 Wl v2 Ro
(RB + Rq) (Rp + Nq^Rj

The loop gain A = ix

A
2 (3 Rr N, R K L 1 c

V <bf + V Eo) (rb + Ri)
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For oscillations to occur A > 1 

aP RLK1Ro
»22 <RF + "l2 V (RB + V > 1

„»1 „„ > <RF + BX2 V <RB + V2 PBr K-------------

2R- "l <VV( 1+-2Tx h Rs
+ rt

2^Rl
RB + Ri < N1H22

R.F
It,

2Rt
1 + 2N, R 1 s

Now R^ ~ r£ + prR since (3 RT « rE L
(See Ref. 4 PP 119 and 126).

where

= K = K
E T. ~W

K =

E
kT

k = Boltzmann constant (I.38 x 10 ^3 joule/°K) 
T - absolute temperature (°K)

-19q = electronic change (1.60 x 10 coulomb)

KHence 'B LB

<
B

2 £ RL - R.

y2 &

1 + 2RF
2N, R 1 s

^RB + rB^

IB >

2R.
K| 1 +

F \
2I R 1 s

2eHL rf „ A, , ^F
qE? " q2 B B\
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The following values may be substituted for the parameters 

to determine the minimum value of Ig to produce reliable oscillation.

K
R1
R

R£
rt

B

25 mV at 27°C 

600 ohm 
120 ohm 
180 ohm

16 ohm (full load)

4
2.5 ohm

p ~ 50
The above figures give an ID . = 0.18 mA.

n Iulxl

The required value of starting resistance, R^, may be cal

culated approximately by neglecting the secondary winding resistance
of T. and assuming that each transistor is fed with I .-L B

R VCC
tii ~ ?r

B min ■

■ 2lT5a5K " »•*

The starting resistance is to be less than 55K. A 10K 

resistance was inserted since it drew negligible power. After the 

addition of the starting resistor and diode no starting difficulties 

were encountered. Without them however the inverter would, not 

always start to oscillate on heavy load.

7. FREQUENCY COMPENSATION

As the load current was increased the frequency of oscillat

ion increased. This was to be expected since the conducting transistor 

comes out of saturation earlier under higher collector currents. From 
the point of view of compensation this behaviour was very convenient 
since a decrease in input voltage reduces the frequency. A small 
adjustable resistor was made (using Eureka wire) and inserted in series 

with the supply (See Fig. 4). This resistor caused a decrease in 

supply voltage to the basic inverter with increase in current, and 

tended to compensate for frequency variations with load. Note that 
this resistor consumes about 0.4 watt at full load.
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An alternative method of compensation which would produce 

negligible power loss with a moderate step up ratio in the output 
transformer but which could introduce earthing problems is indicated in 

Fig. The load current flows through the compensating resistor Rc 
and effectively reduces the voltage applied to the drive transformer.

8. PERFORMANCE OF THE INVERTER

The final circuit indicating all component values is shown in 
Fig. 4. The stability of the frequency with load variation is compared 

for the uncompensated and compensated conditions in Fig. 5- From this 

figure it is clear that the frequency stability of the compensated 

inverter with respect to load variations is quite good above about 
5 watts. Curves of input current, frequency, output voltage and output 

power as functions of output current are plotted in Fig. 6.

9. SWITCHING TRANSIENTS

Spiking on the collector and output waveforms will occur at 
the instant of switching. When the "on" transistor, say, switches 

off the magnetising current to the corresponding primary winding is 

suddenly interrupted. A sudden reversal of voltage occurs producing 

a full primary voltage drop which may be considerably greater than 

twice the supply voltage, instantaneously. A reverse voltage may 

appear across Q2 making the collector positive with respect to the 
emitter. Referring to Fig. 7(a), if vT is the magnitude of the 

voltage transient occurring when Qq switches off then by transformer 
action the voltage appearing on the collector of Qg will be v<p - Vcc, 
and hence will be positive for vT greater than Vcc. Fig. 7(b) shows 

that Q2 is forward biased for reverse current flow. The clamping 
action produced by this reverse conduction tends to reduce the voltage 
spike at the instant of switching in push pull convertors (vrp tends to 

become clamped to Vcc). It is to be noted that the reverse current 

through Qg actually flows in reverse through the voltage supply. In 
the case of a battery supply this would be a charging current and 
hence some of the energy stored in the output transformer by way of core 

magnetisation would be returned to the power source. The current 

reversal may introduce problems in the design of voltage regulators.

The energy stored in the core by way of magnetisation per

second is
^cc x 1m (peak) 20 x 0.123

2 2 = 1.25 joule
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Part of this energy is returned to the power source during switching 

and the remainder is dissipated in the load and elsewhere during 
switching.

A typical waveform appearing across the load is shown in 
Fig. 7(c). The spikes are accentuated under light load conditions.
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