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Small-Signal Modeling of a Controlled Transformer
Parallel Regulator as a Multiple Output Converter
High Efficient Post-Regulator
Agustin Ferreres, Jose A. Carrasco, Enrique Maset, and Juan B. Ejea
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Abstract—This paper presents a post-regulator based on the
use of a controlled transformer, which adds or subtracts an additional voltage to the output filter of a converter in order to regulate its output voltage. So, their actuation is complementary to
that of more known post-regulators, such as the magnetic amplifier
(magamp) and synchronous switch post-regulator (SSPR), because
the regulation is achieved by controlling the voltage across the filter
inductor instead of its charge time. Besides, the post-regulator processes the power in parallel to the one flowing from input to output
and only handles a percentage of it. The post-regulation by controlled transformer is suitable of being employed in any isolated
PWM power converter and combines a good efficiency and the easiness of design of classical switched power supplies. The work describes the post-regulation strategy for obtaining two outputs independently regulated, and presents a model to obtain the control
transfer function and the cross-impedance expressions.
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Fig. 1. Post-regulator circuit with controlled transformer.

Index Terms—Magamp, PWM, SSPR.

I. INTRODUCTION AND BACKGROUND

T

ECHNIQUES that regulate the different outputs of a multiple output PWM converter may cause cross-regulation
effects between the different outputs or may completely eliminate such effects [1], [2]. Among the post-regulating techniques
that eliminate cross-regulation for medium-high output currents
the most usual are the magamp and the synchronous switch postregulators (SSPR) [3]–[5]. Both techniques are well known, the
idea is to include an element that acts as a switch in order to control the time during which the output inductor is charging at a
constant voltage, equal to the secondary winding voltage minus
the output voltage.
The alternative that this paper presents consists in the
post-regulation by controlled transformer [6], [7]. The principle employed by this technique is based on the addition
or subtraction of an ac voltage in the ac path of the inverter.
The practical implementation of such technique is shown in
Fig. 1. As it can be seen, an auxiliary transformer is connected
between the secondary winding of the main transformer and
the rectifier. In order to give the proper volt-second product the
auxiliary transformer adds a positive or negative voltage while
the filter inductor is charging. So, the post-regulator action
is complementary to that of the magamp and SSPR because
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the regulation is achieved controlling the voltage across the
inductor instead of the charging time.
As Fig. 1 shows, the active element in the regulation
, which gives the
process is the controlled voltage source
proper voltage to the primary winding, Np, of the auxiliary
transformer. Assuming the inverter output is a square voltage
waveform without regulation, the voltage output Vo is
(1)
and the value that the auxiliary transformer adds
(2)
can take any value between zero
It is clear from (2) that if
and the input voltage, , the auxiliary transformer can add a
bipolar value between wide ranges; This property permits to obtain the best ratio between its primary winding and secondary
winding. In practice, when the main transformer has several secondary windings, it becomes difficult to select the right ratio
of the primary winding for each secondary. In these cases, the
controlled transformer regulator permits to optimize the main
any
transformer design because with the right choice of
“effective” main transformer ratio for each output can be simultaneously obtained. In a limit case, should the controlled transformer only add a negative voltage, the auxiliary winding in the
can be removed and
secondary side of the main transformer,
then, as (2) shows, the auxiliary transformer only adds a negative voltage.

0885-8993/04$20.00 © 2004 IEEE

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 1, JANUARY 2004

II. DESIGN CONSIDERATIONS
The design principles must be focused on maximizing the
efficiency and the capability of regulation. As explained, the
capability of regulation depends on the power handled by the
post-regulator but the losses also depend on the handled power.
With these premises the current handled by the post-regulator
circuitry should be as low as possible in order to minimize losses
but the added voltage must be big enough to achieve proper
regulation.
From Fig. 1 the most favorable condition to minimize the
current in the post-regulator circuitry is a high turns ratio in
the auxiliary transformer. Under this design condition the current handled by the post-regulator circuitry is minimized but the
voltage that adds the auxiliary transformer decreases when the
turns ratio of the auxiliary transformer increases. From (2), the
strategy to optimize both, losses and capability of regulation, is
, in this case the
to achieve a very wide range variation for
post-regulator can add the proper voltage despite high turns ratio
in the auxiliary transformer.
Fig. 1 shows how the voltage source that controls the aux, is a drain for the current from the priiliary transformer,
mary winding of the auxiliary transformer, so power flows toand basically there are two options to extract the power
ward
. The current through the primary side of the auxiliary
from
transformer may be returned to the Vo output, or to the input
voltage source. The last option is the best if the voltage output
is much lower than the input voltage because, in this case, the
auxiliary transformer ratio can be higher [9]. With the premise
that the input voltage is much greater than the output voltage,
when the power
Fig. 2 shows a practical implementation of
is returned to the input voltage.
is the input
In Fig. 2 implementation the control voltage
voltage of an auxiliary converter whose output voltage is , the
input voltage source. This converter is a boost topology where
its input voltage is controlled instead of its output voltage; The
varies
output is fixed and equal to . Using a PWM control
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Another advantage over classical series post-regulators is
the
that, should the usual conditions design result in
auxiliary transformer only includes a single turn with very low
resistance in the path of the output current. It must be also
noted that, although the losses in the post-regulator primary
side will not be negligible, the total efficiency can be very high
due to two reasons. The first one is that, if by a proper design
, the current
the auxiliary transformer has a ratio
through the primary side post-regulator will be very small.
The second reason is consequence of the mode in which the
post-regulator handles the power, it works as a parallel power
processor and it only processes a percentage of the total power
delivered by the output [8]. This last feature has also an unfavorable effect, which is the main drawback of the post-regulator
technique with controlled transformer. The maximum margin
of regulation depends on the percentage of power handled
by the post-regulator. As a consequence, this technique can
be used most effectively when the input voltage variation is
limited to a reasonable tolerance range (e.g., 20%).
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Fig. 2. Practical implementation of the controlled voltage
regulator power is returned to the input.
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Fig. 3. Practical implementation of the controlled voltage Vc by an auxiliary
switch.

between 0 and
when the duty cycle of the switch
varies
is several times
from 100% to near 0%. Thus, the range of
greater than that of the output voltage and proper margin of regulation is achieved. From these considerations the post-regulation
technique with controlled transformer is particularly suitable for
converters with very high output current when the input voltage
is much greater than the output voltage.
Another alternative to control the voltage that adds the auxiliary transformer can be seen in Fig. 3 where a new post-reguhas substituted
lator circuit is shown. Now a single switch
the auxiliary converter and, if the transformer works in a single
quadrant, a rectifier diode also can be eliminated. In the new
approach, the value added by the auxiliary transformer depends
during each switching period so,
on the on-off ratio of
has to work synchronized with the inverter switches, preferably
in trailing-edge mode to avoid phase-lag [10].
The mean value of the voltage that, according to Fig. 3, adds
the auxiliary transformer is

(3)
The first advantage of this last method of control is evident:
the auxiliary converter may be reduced to a single switch. The
second one, as this work will show, is a major simplicity of the
control loop and the improvement of the dynamic behavior.
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approximately
A positive value is equivalent to an increment of the duty cycle
and a negative value plays the opposite effect. In comparison,
the magamp and SSPR always work decreasing the main duty
cycle.
In the case of Fig. 4(a), the auxiliary converter may work with
any switching frequency; In our case this has been of 100 kHz
. As known
and with no synchronization to the main switch
to boost converters, two modes of operation may be possible,
, can work in conthe inductor of the auxiliary converter
tinuous (CCM) or discontinuous conduction mode (DCM) and
both modes have been tested to probe its influence on the auxis the duty cycle of the main
iliary converter dynamics. If
and the corresponding to the auxiliary switch
,
switch
the output voltage Vo2 in steady state for the continuous and discontinuous conduction mode are, respectively
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Fig. 4. Experimental prototype developed. (a) Auxiliary transformer
controlled by auxiliary converter. (b) Auxiliary transformer circuit controlled
by auxiliary switch.

where, in (5), I is the output current and
is the switching
period. The rest of symbols are shown in Fig. 4(a).
For the case of Fig. 4(b) it must be noted that, as the transformer only adds voltage during the on state of the main switch,
. The static transfer function
the value always will be
of Vo2 in the steady state is
(6)

III. EXPERIMENTAL PROTOTYPE
A 125 W Forward converter with two outputs, 5 V, 15 A, and
3.3 V, 15 A has been build and tested as experimental prototype. The input voltage is 50 V and the switching frequency is
100 kHz.
Both presented circuits to control the voltage that adds the
auxiliary transformer have been tested on the experimental prototype. Fig. 4(a) and (b) shows the complete circuit diagram of
the converter with both control options.
In both Fig. 4(a) and (b), the main duty cycle, , regulates
the main output Vo1 (5 V) against changes of line and load,
the second output Vo2 (3.3 V) is regulated by a local feedback
control loop that adjusts the duty cycle . In fact, if the ratio
Vo1/Vo2 is equal to ns1/ns2, the main duty cycle already provides proper line regulation to the second output, this condition has been accomplished choosing three turns for the ns1
secondary winding and two turns for ns2 secondary winding.
So, since the main duty provides proper line regulation to both
outputs the post-regulator will have to add a balanced bipolar
voltage to achieve load regulation. From (2) the right choice for
, with these
the turns ratio of the auxiliary winding is
conditions the post-regulator is able to add a bipolar voltage
that depends of the auxiliary transformer ratio N. The auxiliary
with a single turn
transformer ratio has been adjusted to
in the secondary side, so the voltage added changes from 0 up to

IV. SMALL-SIGNAL MODEL AND DYNAMIC ANALISIS
A. A Regulation by Auxiliary Converter
Making use of the space-state averaging method [11] the
small-signal model of Vo2 is obtained with the auxiliary
converter working in continuous conduction mode, and also
the main and second outputs working in continuous conduction
mode, the usual working strategy for a Forward converter. In
order to obtain more compact expressions for the large-signal
equations the output filter functions for Vo1 and Vo2 outputs
are defined in the Table I
The large-signal equations of the post-regulated output Vo2
can be written as
(7)
(8)
Assuming CCM in the auxiliary converter the large-signal equations for it are
(9)
(10)
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TABLE I
OUTPUT FILTER FUNCTIONS FOR Vo1 AND Vo2 OUTPUTS
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Fig. 6. Block diagram of the converter small-signal model. Control by an
auxiliary boost converter.
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Now (9) and (10) can be written as
(13)
The small-signal characteristics of the post-regulated output
power stage are derived perturbing the average currents and
voltages in (7) to (10) around the DC values (denoted with
uppercase letters). The small-signal circuit corresponding to the
expressions (7) to (10), particularized to the case in which the
input voltage is constant, is shown in Fig. 5. It is clearly visible
that the auxiliary transformer acts as a controlled voltage source
on the output filter of Vo2 and as a current source that feeds the
auxiliary converter.
Next, in order to close the feedback loop we will introduce
the dependence of the duty cycle. The new functions involved
and
corresponding to the compensation and
are Ae
modulator, respectively.

Finally, to find the influence of Vo1 over Vo2 the main output
Vo1 has been also modeled by the state-space average method
[11].
Fig. 6 shows the complete small-signal block diagram of the
and ,
converter when load perturbations on both outputs,
are introduced.
From Fig. 6 it is clearly visible that the main loop control
is independent of the auxiliary loop but the last one depends on
the main duty cycle . As consequence, the load changes in the
main output will affect the second output, therefore the second
output has a cross-impedance effect.
The block diagram in Fig. 6 is valid for CCM or DCM in
and
have
the auxiliary converter but the functions
to take new expressions if DCM is considered in the auxiliary converter. To considerate this case a new model using the
PWM-switch approach has been developed only for the auxiliary converter [12]. The small-signal is shown in Fig. 7, as usual
in DCM a dependence on the load appears, the new parameters
involved “r” and “ ” are defined in Table II.
and
, will depend of the steady input-output
Now
voltages and currents
(14)
(15)
From (14) and (15) two expected consequences are derived: the
loop features have a small dependence on the load magnitude
and, as the gain loop Bode diagram will confirm later, the resoand
is attenuated.
nance between
Now, in order to obtain the maximum design easiness, the objective will be to know the open loop transfer function of the Vo2
control loop and to find the explicit form of the cross-impedance
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TABLE II
PARAMETERS “r” AND “Kb” AS FUNCTION OF THE STEADY-STATE VALUES
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Fig. 8. Block diagram of the converter small-signal model. Control by an
auxiliary switch.

function,
, where
is the load perturbation on the Vo1
output. From Fig. 6 the open loop control transfer function for
Vo2, referred Aol(s), can be easily obtained

voltage source. It is clearly seen that the parameter N, the turns
ratio of the auxiliary transformer, plays as a gain factor in the
open loop transfer function.
Now, from Fig. 7, the open loop control transfer function for
Vo2, Aol(s), is

(16)

(21)

The first step to calculate the cross-impedance is the evaluation
of the influence of main duty changes on the output Vo2. The
is (17) shown at the
corresponding transfer function
bottom of the page. The transfer function
is also obtained
from Fig. 6

The transfer function

is presented in
(22)

Next, from (17) and (22) and applying (18) the expression of
can be calculated for this situation
cross-impedance

(18)
From the product of (17) and (18) comes the mathematical ex, that is
pression of closed loop cross-impedance
(23)
(19)
The block diagram in Fig. 6 permits also to calculate the output
impedance of Vo2 output, as (20) shows at the bottom of the
page.
B. Regulation by an Auxiliary Switch
Proceeding the same way as before, Fig. 8 shows the block
diagram of the small-signal control loop that corresponds to the
circuit shown in Fig. 4(b). The new control is simpler than the
one on Fig. 6 because the auxiliary switch acts as a controlled

Finally, the expression for Vo2 output impedance is (24), as expected the new expression is simpler than (20)
(24)
To end the study of cross-impedances we will analyze another
cross-impedance function
. Fig. 7 and Fig. 8 show how
the second output variables do not affect the main control loop
and, as consequence, in voltage control mode, the influence of
the second output on the main output may only be possible due

(17)

(20)
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TABLE III
COMPENSATION TRANSFER FUNCTIONS

Fig. 10. Case A with the auxiliary converter in (CCM). Measured open loop
frequency response for the Vo2 output, Aol(s).
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Fig. 11. Case A with the auxiliary converter in (DCM). Calculated open loop
frequency response for the Vo2 output, Aol(s).

Fig. 9. Case A with the auxiliary converter in (CCM). Calculated open loop
frequency response for the Vo2 output, Aol(s).

to parasitic elements of the main transformer. In the next section it will be shown that this interaction is negligible. As a last
comment, the line regulation in the second output is better than
that of the main output because the main duty already maintains
a constant balance volts-second on the secondary Vo2 output.
V. CALCULATIONS AND MEASUREMENTS
The conditions for all measurements are: nominal input
voltage, continuous conduction mode and half load for both
outputs. Two main cases will be considered: case A, corresponding to Fig. 4(a) where the auxiliary converter works in
CCM or DCM, and case B, corresponding to Fig. 4(b) where
the transformer is controlled by the auxiliary switch. To proper
comparison between the simulations and the experimental results the compensation functions used can be seen in Table III.
For the case A with the auxiliary converter working in CCM
the calculated open loop frequency response for Vo2, Aol(s) corresponding to (16), is shown in Fig. 9.
and
at 20 kHz afNote how the resonance between
fects the gain margin and limits the crossover frequency and the
phase margin that can be achieved. The experimental results, in
Fig. 10, agree the theoretical measurements.
The calculated and measured open loop transfer function corresponding to (17) when the auxiliary converter works in DCM
are shown in Figs. 11 and 12, respectively. Now, it can be seen
how DCM increases the damping of the resonance between
an
, this effect would permit an improvement of gain and
phase margins. It must be noted that the crossover frequency

Fig. 12. Case A with the auxiliary converter in (DCM). Measured open loop
frequency response for the Vo2 output, Aol(s).

has not been increased in order to obtain a proper comparison
whit the CCM case.
We would also remark that, as seen in the previous results,
better performances can be obtained when the auxiliary converter works in DCM, although the transfer function depends
on the current delivered by the output our results have been satisfactory for all the load range.
Now, we analyze case B. The calculated frequency response
of the open loop transfer function Aol(s) corresponding to (21)
when an auxiliary switch controls the transformer is shown in
Fig. 13.
In this case, the crossover frequency and the gain margin are
incremented simultaneously because the auxiliary switch does
not give any phase lag. The experimental frequency response
of (21), in Fig. 14, agrees exactly with the calculated frequency
response in Fig. 13.
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B case. Calculated open loop frequency response of the Vo2 output,

Fig. 14.
Aol(s).

Case B. Measured open loop frequency response for the Vo2 output,

~ ~i cross-impedance function. Solid lines
Fig. 15. Case A (CCM). Vo2=
correspond to measurements and doted lines to predictions. 15 dB shift in gain
is due to the measurement setup as explained in text.

Next, we will show the frequency response of the
for cases A and B.
cross-impedance function
The measurements have been made with the electronic load
HP 6060A in a gain range of 6 A/V, as consequence, the gain
measurement results will have a constant difference of 15 dB
with the ones predicted by the model plots. On the other hand,
the experimental measurements will be considered valid up to
10 kHz, the bandwidth of the electronic load.
For case A, Figs. 15 and 16 show the cross-impedance function (19) when the auxiliary converter is working in CCM and
DCM, respectively. Experimental measurements are solid lines
and theoretical prediction doted lines. It can be seen that the experimental measurements agree the calculations of the small-

Fig. 16.

~ ~i
Case A (DCM). Vo2=

Fig. 17.

~ ~i
Case B. Vo2=

cross-impedance function.

cross-impedance function.

signal model, taking into account the 15 dB shift due to the
measurement setup, and the discrepancies are not significant because they appear above 10 kHz.
Fig. 17 shows the cross-impedance function for the case B
corresponding to (23), where the auxiliary switch controls the
auxiliary transformer. In this case the loop gain bandwidth,
shown in Fig. 14, is bigger what causes a major attenuation in
the cross-impedance function.
The influence of the loop gain Aol(s) on the cross-impedance
is confirmed in the comparative between Figs. 15–17, they show
how successively the cross-impedance function has a major attenuation when the bandwidth of the post-regulator loop gain
Aol(s) increases.
The cross-impedance effects in the time domain can be seen
in Fig. 18 for the case B. With the auxiliary transformer controlled by the auxiliary switch, a load transient of 2 A on the
main output is produced. The magnitude in the transient voltage
on the second output expected from the frequency response in
Fig. 17.
Finally, Fig. 19 shows the transient voltage in both outputs
versus a load transient in the second output, as previously discussed the effect on the main output is negligible over the second
one.
VI. CONCLUSION
The parallel post-regulation method known as controlled
transformer has been tested and analyzed in a multiple output
PWM converter and the small-signal model in voltage mode
control has been obtained for a two outputs case working in
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