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ABSTRACT

A controlled regenerative current mode trans-
former provides nearly ideal characteristics
as the contreol and driving means for power
switching transistors. Guaranteed transistor
gain, elimination of crossover current, and
positive on/off control with a minimun of
control power are some of the advantages

when used as the interstage transformer.
Design criteria are discussed utilizing DC

to DC converter/regulator circuits to illus-
trate and analyze the transformer's
performance characteristics.

INTRCDUCTION

The design of power switching DC-DC con-
verters brings together two distinct circuit
disciplines. They are low power logic level
control circuits and high power switching
transistor technology. The interstage cir-
cuit which combines these two methodologies
presents many problems which will serve to
introduce the subject of this paper.

One problem is specifying the design require-
ments of the control and power interfaces.
The control stage requires a high input im-
pedance with low power drain for logic level
control circuit compatibility. The power
stage interface on the other hand regquires

a low impedance output and high control power
to guarantee switching parameters. These
requirements generally conflict and result

in multiple pre-—amplifier stages compromising
the control-power interface.

A second problem affecting interstage oper-
ation is related to "crossover current” in
multiple power transistor DC-DC converters.
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Two power transistors operating in a comple-
ment mode will conduct simultaneously during
the "storage time" of the previously "on"
transistor causing collector current overlap.
The condition produces inefficient operation
and excessive peak power levels limiting the
performance of the power transistors. The
control circuit could produce a predefined
dwell period between each half cycle but this
becomes an unnecessary limitation of duty
cycle range and compromises control capabi-

lity.

An additional problem exists for Pulse Width
Modulated (PWM) or limit cycle type DC-DC
converter with a transformer coupled inter-
stage. Added circuitry is required to
prevent the transformer coupled negative
waveform that turns off the conducting power
transistor establishing a dwell or inactive
period from reflecting a positive waveform
to the opposite winding and prematurely
turning on the complement transistor.

The quality of performance realized from the
power transistors is the direct result of

the interstage circuit's performance. The
ability to reproduce and amplify a signal
level's rise and fall time together with it's
capacity to source and sink base current are
a measure of the interstage circuit and af-
fect both the performance and reliability of
the power transistor. For example, if it is
necessary to furnish a continuous maximum
level of base drive guaranteeing a transistor
saturation voltage level, then the power
circuit performance will be optimum only at
maximum load. All other operating loads will
be degraded by excessive base current.

The interstage circuit described in Figure 1
and presented by this paper consists of a
current mode transformer (T1l) and high im-
pedance current source (R1l) in its simplest
form. A controlled regenerative current mode
transformer resolves the problems stated
above relative to drive and control of power
switching transistors.
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FIGURE 1 INTERSTAGE TRANSFORMER CIRCUIT

INTERSTAGE TRANSFORMER

Description

The interstage transformer configuration (1)
presented by this paper is described in
Figure 1 and contains all the elements
necessary to perform control and drive of
power transistors Q3/Q4.

Nand gates 1 and 2 provide control logic
interface.

Low power semiconductors Q1, Q2, CR1
and CR2 are current steering devices
for control windings N1 and N2.

Resistor Rl provides a high impedance
control current source.

Transformer Tl is a current mode device
with control windings N1 and N2, output
base windings N3 and N6 and regenerative
emitter windings N4 and N5. Winding
ratio N3/N4 and N6/NS establish tran-
sistor current gain. Winding polarity
is as shown in the figure.

Power transistors Q3 and Q4 provide
power amplification.

The interstage transformer circuit performs
its interface function in one of three
states. The first state provides the dwell
time required in PWM applications where both
power transistors Q3 and Q4 must be off. To
do this, both control transistors Q1 and Q2
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FIGURE 2 PWM WAVEFORMS

are turned on, magnetically shunting the re-
generative windings N3 from N4 and N6 from
N5. The other two states consist of each
power transistor conducting current indivi-
dually. The power transistor Q3 conducts
whenever control transistor Ql is turned off
and the complement transistor Q4 turns on
when transistor Q2 is turned off.

Interstage Circuit Operation

The interstage circuit will be described
over one cycle of steady state operation.
Refer to Figure 1 for the interstage circuit
and Figure 2 for the applicable waveforms.

The initial conditions of the circuit are
described at time t0 during a CLOCK half
cycle. The PWM waveform is a logic level
"zero", which defines a dwell state causing
nand's LSI 1 and 2 to turn on control tran-
sistors Ql and Q2. The simultaneous conduc-
tion of these transistors prevents transformer
Tl from developing an excitation voltage. The
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current from the high impedance source (v1i,
Rl) is split between windings N1 and N2,
which have opposing dot polarities, producing
a2 net cancellation of excitation voltage.
Magnetizing current (Im) in windings N1, N2 is
decaying slowly and flows in the direction of
terminal 3 to terminal 1 because the previous
power transistor conducting was Q4. The

zero primary voltage of transformer Tl ef-
fectively clamps power transistors Q3, QU
inactive with secondary windings N3, N6.

At time tl, the PWM waveform goes to a logic
"one" which gates the clock signal, inverts
the nand LSI 1 and turns off transistor Ql.
Transformer polarity becomes dot positive
with magnetizing and centertap (V1, R1)
currents transformed to winding N3. Trans-
former secondary winding N3, dot positive,
turns on transistor Q3 and magnetizing cur-
rent (Im) increases as collector current
conducts in winding N4. The derivation of
magnetizing current (Im) is developed in the
Appendix.

The regenerative nature of the transformer
is controlled by the ratio (N3/N4) of the
coupled base and emitter windings. Whenever
magnetizing current causes the transformer
secondary (N3) voltage to increase above a
base-emitter potential, the transistor will
begin to turn on. No matter how small its
forward current gain (beta) some collector
current is present which is transformed to
the base via regenerative winding (N4) as
additional base current. This positive
feedback action continues until saturation
is reached and transistor collector current
is limited by the load. Transistor Q3 base
current (IB3)} is principally determined by
the transformer Ampere-Turns relationship:

(IB3) N3 = (IC3) N4

or rearranging into the familiar current
gain form:

IC3/IB3 = N3/N4

After initial turn on of the transistor Q3

winding N4 becomes the transformer primary

and develops an excitation voltage El equal
to the product of the turns ratio and base

circuit impedances (RB):

El = (N4/N3) (VBE + IB3*RB)

Transformer magnetizing current ramps up
during this period and reaches a maximum

at time t2. The effect of primary magnetizing
current can be observed in the decaying ramp
of transistor Q3 base current waveform (IB3).

At time t2, the PWM signal returns to a
logical "zero™ and the nand LSI 1 turns on
transistor Q1 which "short circuits” the
transformer. Terminal 1 of transformer T1

is one transistor (Ql) saturation voltage
drop above ground and terminal 3 is clamped
one diode (CR2) voltage drop below ground.
The control windings N1 and N2 provide a

low voltage path which magnetically shunts
all load current from winding N3. The "short
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circuit™ current (ICl) in transistor Q1
is determined partly from the Ampere-Turns
ratio:

(IC1l) (N1 + N2) = (IC3) (N4)

with a small contribution from the stored
base charge of transistor Q3.

(ICl) (N1 + N2) = (IB3 reverse) (N3)

The voltage at the base of the transistor
Q3 (VBE) is a function of the turns ratio
and "short circuit" voltage V(N1l, N2):

VBE = V (N1, N2) * N3/(Nl1 + N2)
which typically equals 100 millivolts.

During the period t2 to t3 the base stored

charge of the transistor Q3 is depleted which

will allow the device to turn off. Note that
the complement power transistor Q4, through-
out the turn off process, had a reverse
base-emitter bias voltage applied continuously
to prevent premature turn on from noise.

At the end of its storage time (t3) tran-
sistor Q3 turns off and the transformer T1
magnetizing current continues to conduct

in windings N1 and N2 at a slowly decaying
rate from terminals 1 to 3. Transistors

Q1 and Q2 remain on maintaining zero voltage
across the control windings N1 and N2 prevent-
ing the power transistors from turning on.

After time t3 waveforms CLOCK and complement
CLOCK exchange logical states and the next
PWM positive going pulse arrives at t4.

Nand LSI 2 turns off transistor Q2 causing
transformer polarity to become dot negative
with magnetizing current and centertap (Vi,
R1l) currents transformed to winding Né.

The transformer operation now performs the
complement function of turning on transistor
Q4 with regenerative windings NS and N6.

The equations defining the properties of
transistor Q3 apply to transistor Q4 by
simply substituting the complement terms.

At time t5, the PWM waveform reverts to a
logical "zero" and the interstage circuit
returns to the dwell state after transistor
Q3 storage time (t6) is completed.

The two extreme conditions which the PWM
waveform can assume are zero and 100% duty
cycle. At zero duty cycle the transformer
remains in a dwell state which if maintained
provides the system with a controlled turn
off,

When the PMW waveform is always a logical
"one®” (100X duty cycle) the timing is ac-
complished by CLOCK and complement CLOCK
signals. Normally this condition would be
a problem in other interstage circuits, be-
cause of the overlapping signals during
"storage time”, but not so using a current
transformer.
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Another former problem was related to load
regulation. A transistor which requires a
maximum base current at full load would
overdrive the power transistors at light
load preventing minimum duty cycle because
of power transistor "storage time." The
current transformer has a fixed base to
emitter winding ratioc which guarantees power
transistor gain regardless of load current.
Therefore, the base winding receives only
a2 proportion of collector current which
allows operation to a minimum duty cycle.

Negative Base Bias Capability

It is important to note from the previous
discussion that the power transistors were
not turned off by a reverse (negative) base
bias voltage. The magnetic shunt provided
by transistors Ql, Q2 only reduced the base
voltage below its forward bias potential to
a level of approximately 100 millivolts.
Yet, the magnetic coupling provided an ex-
cellent current sink through the low
impedance control windings which will pro-
duce high peak values of reverse base
current (See Figure 2) limited only by the
base spreading resistance of the power
transistor,

In some high noise applications it may be
necessary to add negative base bias to de-
crease noise susceptibility as shown in
Figure 4. l

Design criteria for the negative base bias

configuration must now consider the increased

winding ratio of windings N1/N3 and N2/N4
or a higher control voltage VCC potential.
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FIGURE 4 NEGATIVE BASE BIAS 1
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In addition, the emitter windings N5, N6
will now contain base current which must be
considered when developing the guaranteed
transistor current gain.

Negative bias can also be obtained without
the expense of a regulated DC bias voltage.
Figure 5 describes a negative bias configu-
ration which requires a capacitor Cl and
diodes CR3 and CRU4.

The above circuit is only recommended in
those applications where considerable design
margin is available to offset the degraded
performance of increased base impedance and
wide variations in bias voltage.

Overcurrent Protection

The operation of the interstage transformer
in a current mode provides an added capa-
bility not otherwise available. The
centertap voltage of the current transformer
Tl in Figure 6 is nearly an exact voltage
representaticon of the current in the power
transistors Q3/Q4. The centertap voltage
(VCT) is described in the following expres-
sion in terms of transistor Q3 base-emitter
voltage (VBE) base resistance (RB) and
ccllector current (IC3):

VCT = (N2/N3) (VBE +

(N4/N3) IC3*RB)
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FIGURE 5 NEGATIVE BASE BIAS 2












