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Abstract: With the development of high-power electrical and electronic
components, the electrical electronic transformer formed by those components
can serve as AC transformer and DC, so the dimension and cost of transformer
will be reduced; in addition, with the development and broad application of DC
grid, the DC transformer will be widely applied in the DC transmission.
Consequently, the electrical electronic transformer attracts more and more
attention. DC transformer based on full-bridge topology and its high frequency
demagnetization mechanism is analyzed in details and the relation of
input-output voltage is given. The simulation and test results show that the DC
transformer can automatically use the output voltage to demagnetization and
voltage transmission. Hence, the DC transformer will be extensively used in the
DC transmission conditions.
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Introduction

Compared with AC transmission, the
high voltage DC transmission has a
broader application prospect due to
the characteristics including large
transmission power capacity, low loss,
long transmission distance and good
stability. At present, the connection
between rectifier side & inverter side
and AC grid still relies on power
frequency transformer in the high
voltage DC transmission system. The
DC power transmission still serves as
an auxiliary to AC transmission and is
not directly used in the electrical
equipment. If the high voltage DC
transmission is directly applied in the
electrical equipment in future,

especially independent electrical
system, the original proposal seems
unworkable. The DC current
conversion device, the function of
which is similar to AC isolation
transformer, is needed to convert high
voltage DC into isolated low voltage
DC.

In recent years, with the development
of high-power electrical components
and control technologies, a new kind
of transformer called PET have
received more and more attention.
The DC transformer was put forward
by scholars headed by Fred C. Lee at
the Virginia Electrical and Electronics
Center. The DC transformer with
simple structure runs at close to
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100% equivalent duty ratio without
filter inductance in the output; the
open loop is used to control, which is
easy to realize soft switch and further
improves power density. The DC/DC
transformer is applied between two
DC systems by some scholars in order
to improve the voltage adjustment
modules of distributive and
two-polarity structure and the
efficiency and power density of
power-supply system.

Based on the full-bridge topological
structure, the basic working principle
of DC transformer with full duty ratio
is analyzed in details in the paper,
especially working principle of DC
transformer, which restrains the
magnetic saturation of high-frequency
isolation transformer. Simulation
analysis and test results reveal that DC
transformer can rest on output
voltage to restore the isolation
transformer automatically and utilize
clamping action to restrain the voltage
peak.

1. Working Principle

1.1 Topological Structure

The topological structure of
full-bridge DC transformer circuit is
shown in Fig.1. It is composed of input
power source - Uin , four switch tubes
- S1, S2, S3 and S4, one transformer
primary series inductance - L
(including transformer leakage
inductance), one high-frequency
transformer - T, secondary rectifier
diodes - D1, D2, D3 and D4 and output
filter capacitance - Cout. All of DC
transformer switch tubes run in a
close to 0.5 maximum duty ratio
manner, which is different from

traditional control methods. It is not
necessary to connect blocking
capacitor in series at the primary side
of transformer now that the DC
transformer is able to automatically
avoid magnetic saturation of
high-frequency isolation transformer.
Hence, DC transformer can be applied
in high-power site. Given that the filter
inductance is not essential to output
terminal, output voltage can be made
use of to avoid voltage peak through
restraining reverse recovery of
rectifier diodes.

Fig.1 Full-bridge DC transformer

1.2 Modality analysis

The analysis of working condition of
combination converter is based on the
following assumptions: ① The
converter has been in stable operation;
output filter wave capacitance is great;
the output can be regarded as stable
voltage source; ② S1, S2, S3 and S4
are made of ideal switch tube,
anti-parallel diode and capacitor in
parallel; CS1=CS2=CS3=CS4=CS; there are
four diodes - D1, D2, D3 and D4 at
secondary rectifier bridge; ③ L refers
to primary inductance of transformer
(including leakage inductance ); ④
the proportion of primary turns to
secondary turns Np/Ns = n; ⑤ duty
ratio of switch tube is the same.

The DC transformer can be divided
into four stable modalities within a
half cycle. The main waveform of
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circuit is shown in Fig.2. The
equivalent circuit that each working
modality corresponds to is shown in
Fig.3.

Fig.2 Main waveforms

Fig.3 Equivalent circuits of modes

Equivalent circuit of modality 1 [to,t1]

is shown in Fig.3 (a). Before to, S1 and
S4 are on while S2 and S3 are off and D1

and D4 conduct, the transformer
transfers the energy to secondary side.
At the time - to, turn off S1 and S4; the
inductance and four-switch tube stray
capacitance are resonant; charge S1
and S4 junction capacitance and
discharge S2 and S3 junction
capacitance. When the voltage of S1
and S4 ends is Uin and the voltage of S2
and S3 reduces to zero, the modality is
over. The inductance current is as
follows:

The voltage of switch tube
drain-source double ends:

Where:

ω1 (resonant angular frequency) =

sLC/1

Z1 (resonant feature impedance)

= sCL /

Ip : the value of primary current iNp at
to

Equivalent circuit of modality 2 [t1,t2]
is shown in Fig.3 (b). At the time - t1,
anti-parallel diodes of S2 and S3
conduct; the inductance current
represented by the symbol iL reduces
to zero; anti-parallel diodes of S2 and
S3 are off and so do D1 and D4. In the
modality, the voltage of switch tube
double ends does not change.
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If S2 and S3 are on within [t1,t2], the
zero voltage of switch tube can be
realized and there will be no modality
3. It will enter the modality 4 directly,
that is, t2 = t3.

Equivalent circuit of modality 3 [t2,t3]
is shown in Fig.3 (c). From the time t2,
the current starts to reverse and
parallel capacitance of four switch
tubes are resonant; discharge S1 and
S4 junction capacitance and charge S2
and S3 junction capacitance; until t3, S2
and S3 are on, finishing the process.
Then, S2 and S3 cannot realize ZVS.
The resonant process of modality 3 is
opposite to that of modality 1.
Because the inductance current
changes the direction and D2 & D3
conduct, the voltage polarity of
primary and secondary sides change.

Equivalent circuit of modality 4 [t3,t4]
is shown in Fig.3 (d). From t3, S2 and
S3 are on and the power source Uin

transmits the energy to the load
through the transformer. The
inductance current declines in a linear
manner. The modality is over only
when S2 and S3are off.

The leakage inductance current is as
follows:

2. Output Characteristics

The open loop is used to control and
each switch works at maximum duty
ratio represented by Dmax. When the
converter is in stable condition,
resonant process, line resistance,
exciting current of transformer and
conduct voltage drop of power tube
can be ignored. The simplified circuit

of DC transformer, rectifier diode and
output current waveform are shown
in Fig.4.

Fig.4 Simplified circuit and current
waveform of rectifier diode

According to Fig.4, as primary current
of transformer is continuous, DC
transformer input and output voltage
gain:

Where:

I0: load current

Hence, when turn ratio and duty ratio
are certain, the output voltage is not
related to input voltage but load
current, working frequency of
transformer and primary inductance.

3. Dias Analysis

The inconsistency between duty ratio
and switch tube conduct voltage drop
is analyzed in order to demonstrate
that DC transformer can make use of
output voltage automatically to
restore isolation transformer and
ignore resonant process.

3.1 Transformer bias limit at duty
ration inconsistency

Other devices are ideal ones except
the duty ratio inconsistency. The
analysis is based on the assumption
that duty ratio of S1 and S4 is larger
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than that of S2 and S3 (see Fig.5). In
other words, before the transformer
gets into steady state, forward
excitation time is longer than reverse
excitation time.

Fig.5 Demagnetizing under different
duty ratios

Before the transformer gets into
steady state, the flux of transformer
forward excitation is not equal to that
of reverse demagnetization within any
one cycle and power transformer has
single magnetization. Due to the
clamp action of secondary voltage,
single saturation will never occur. The
transformer tend to come into steady
state automatically after several
switch cycles. Fig.5 presents the
relation between exciting current and
duty ratio. The exciting current is
represented by iLm while Ugs is for the
voltage of signal driven by switch
tube.

Between t1 and t2, S1 and S4 are on and
S2 and S3 are off; rectifier diodes D1
and D4 conduct and transmit the
energy to the load. At this point, the
exciting current increases from zero
until S1 and S4 are off, reaching the
maximum value of exciting current -

ILmmax.

Between t2 and t3, because S1 and S4
are off, the primary exciting current
transmits to secondary side
automatically according to turn ratio.
As a consequence of that, D1 and D4
are off and D2 and D3 conduct. Effected
by output voltage clamp, the exciting
current continues to decline and
transmits the energy to the load,
resulting in transformer
demagnetization.

Between t3 and t4, S2 and S3 are on and
D2 and D3 conduct; the transformer
transmits the energy to the load and
continues to demagnetize.

If t4 - t2 = t2 - t1, the exciting current
reaches zero at t4 and the
demagnetization is over. If t4 - t2 ＜ t2
- t1, the exciting current fails to reach
zero at t4. Therefore, the transformer
would continue to demagnetize
between t’4 and t4 and finishes the
demagnetizationuntil t’4.

The power transformer starts the next
cycle at t5. The following is
simulation verification.

The simulation conditions are as
follows: the switch frequency is 20kHz;
S1 & S4 duty ratio is 0.48; S2 & S3 duty
ratio is 0.4; input voltage is 300V,
excitation inductance is 51.5mH; turn
ratio is 86:9. The simulation results
are shown in Fig.6.
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Fig.6 Simulation results of different
duty ratios

The Fig.6 shows that the bias happens
to power transformer. In spite of bias,
DC transformer relies on the clamp
action of secondary voltage to make
the transformer work at bias state
without the saturation.

3.2 Transformer bias limit at
conduction voltage drop inconsistency

The conduction voltage drop also
affects the transformer bias. In the
Fig.7, other components are ideal
ones except that conduction voltage
drop of S1 and S4 is less than that of S2
and S3 and the duty ratio is the same.
The flux change ratio of forward
direction demagnetization and
reverse demagnetization is listed
below:

Where:

Before power transformer comes to a
steady state, forward direction
excitation is greater than reverse
demagnetization flux within any
switch cycle and the magnetic core
has single magnetization but no single
magnetic saturation. The power
transformer works steadily after
several cycles, which is shown in Fig.7.

Fig.7 Demagnetizing under different
conduction voltage drop

Between t1 and t2, S1 and S4 are on and
S2 and S3 are off. At this point, the
transformer excites in forward
direction until until S1 and S4 are off,
reaching the maximum value of
exciting current - ILmmax. Rectifier
diodesD1 and D4 conduct and transmit
the energy to the load.

Between t2 and t3, because S1 and S4
are off, the primary exciting current
transmits to secondary side
automatically according to turn ratio.
As a consequence of that, D1 and D4
are off and D2 and D3 conduct. Effected
by output voltage clamp, the exciting
current declines and transmits the
energy to the load, resulting in
transformer demagnetization.

Between t3 and t4, S2 and S3 are on and
D2 and D3 still continue to conduct.
The exciting current continues to
demagnetize until it reaches zero at t4.

Between t4 and t5, S2 and S3 are on and
D2 and D3 still continue to conduct and
transmit the energy to the load. The
transformer begins to excite in
reverse direction until t5. At this time,
D2 and D3 also start to cut off.

Between t5 and t6, because S1 and S4
are off, the exciting current transmits
to secondary side automatically
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according to turn ratio and D1 and D4

conduct. Effected by output voltage
clamp, the exciting current transmits
the energy to the load until t6. The
exciting current is zero and the next
cycle begins.

finishes the demagnetization until t’4.
The power transformer starts the next
cycle at t5. The following is
simulation verification.

The simulation conditions are as
follows: the switch frequency is 20kHz;
S1 - S4 duty ratio is 0.44; input voltage
is 300V, the leakage inductance is
89.2uH; excitation inductance is
51.5mH; transformer turn ratio is
86:9. Different conductivity voltage
drops are connected with 1Ω series
resistance through S2 and S3 and no
resistance for S1 and S4. The
simulation results are shown in Fig.8.

Fig.8 Simulation results of different
conduction voltage drop

The Fig.8 shows that the bias happens
to power transformer. In spite of bias,
DC transformer relies on the clamp
action of secondary voltage to make
the transformer work at bias state
without the magnetic saturation.

In the actual application, there is a
small difference between conductivity
voltage drop of same-model switch
tubes, which will not have great effect
on the transformer bias.

4. Test Results

A 600W sample equipment is made to
verify the above analysis. Input DC
voltage Uin = 300V; Output DC voltage
Uout = 27V; the duty ratio D = 0.476;
magnetic core of transformer is EE55;
transformer ratio n=86:9; output filter
capacitance is 4700uF, switch
frequency f = 20kHz; power tube
adopts IRF 460; rectifier diode uses
DESI60-02.

Fig.9 shows the driving signal of S1
and S2 - Ugs (S1 , S2) at full-load and
drain-source voltage waveforms - Uds

(S1 , S2). Based on the Fig.9, the switch
tube realizes zero voltage switch
(ZVS).

Fig.9 Driving and drain-source voltage
waveforms of S1 , S2

Fig.10 shows the driving signal of S1
and S2 - Ugs (S1 , S2) at full-load,
primary current and secondary
voltage waveforms. According to the
Fig.10, test results are consistent with
the above working principle analysis.
The output side has no filter
inductance, so output voltage clamps
the voltage of rectifier diode at both
ends and restrain the voltage peak.
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Fig.10. Driving, primary current and
secondary voltage waveforms

The 10nF capacitance is paralleled
with S2 and S3 grid or between source
electrodes to reduce the duty ratio.
Test results are shown in Fig.11.

Fig.11 Waveforms under different
duty ratios

According to Fig.11, the forward
direction peak value of primary
current of isolation transformer is
greater than negative peak value,
which illustrates that isolation
transformer has the bias. However,
clamping of secondary voltage
restrains the saturation and makes DC
converter work stably. Major test data
is shown in Tab.1.

Tab.1 Test data

From the table, we can see that the
output voltage decreases as the load
increases, which is consistent with the
analysis of DC transformer input and
output feature.

5. Conclusions

The working principle of full-bridge
DC transformer and magnetic
restoration of power transformer are
analyzed in details in the paper. Owing
to the utilization of open-loop control,
the circuit is simple and there is no
stability issue. The DC transformer is
suitable for high-power condition,
especially HVDC transmission
condition. It also can be applied in the
distributive power source system and
multi-structure system.
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