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Abstract—This paper clarifies the principle of the surge voltage
in the diode rectifier that is connected to the transformer in the
isolated DC-DC converter. In addition, the design method of the
RC snubber circuit is discussed by using the equivalent circuit
that is consisting of the transformer, the snubber circuit and the
diode. Finally, the experimental results are provided to validate
the design method.
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L INTRODUCTION

Recently, the DC interface converters for the smart grid
have attracted large attentions in community. The size and
efficiency of high power DC-DC converters become
particularly important especially for the photovoltaic
generation and battery storage system. On the other hand, the
developing of wide-gap semiconductor such as silicon carbide
(SiC) and gallium nitride (GaN), which is the high switching
frequency semiconductor devices, have been actively
progressing. Therefore, packaging technologies for power
converters that feature small size and high-density are highly
researching [1]-[2]. However, the occurrence of surge voltage
during high frequency switching in the semiconductor
switching devices is one of the known problems. The surge
voltage induces problems such as overvoltage and high
frequency noises in the semiconductor switching devices. As
the result, breakdown and malfunction in the semiconductor
switching devices could be happen in the power converters
such as the high power DC-DC converters for the smart grid.
Therefore, the suppression on the surge voltage is an important
aspect to study in order to offer high reliability in a power
supply system.

Isolated DC-DC converters using transformers have been
studying actively [3]. Because the transformer can insulate
transform voltage into an AC voltage easily. The surge voltage
generally occurs in the output rectifier diodes that is connected
to the output of transformer. It is known that the surge voltage
in the output rectifier diode is caused by the leakage inductance
of the transformer, and a parasitic capacitance of the diode.
However, there have been few quantitative discussions only on
the design of the snubber circuit based on the principle of the
surge voltage in the diode [4]-[6]. As the result, the design of
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the snubber circuit is basically depending on the experiences of
designers.

This paper clarifies the principle of the surge voltage in the
output diode rectifier that is connected to the isolated DC-DC
converters with consideration of the design method in the RC
snuber circuit, which is connected to the secondary side of the
transformer. A theoretical equation of the surge voltage is
derived from the equivalent circuit. Snubber circuit parameters
are designed based on a parasitic capacitance and the power
consumption of the snubber circuit. At the end, the validity of
the design method is confirmed from the experimental results.

II.  PRINCIPLE OF SURGE VOLTAGE ON DIODE

Fig. 1 shows a circuit diagram of the isolated DC-DC
converter which is investigated in this paper. This circuit
consists of a single phase inverter, a high frequency
transformer, a diode rectifier and a R load. In this experiment,
the inverter is operated with the square waveform drive.

A.  Equivalent Circuit

Fig. 2(a) shows the equivalent circuit when the surge
voltage occurs in the diode D; after the overlapping period
during commutation from Dj; to D;. The current path is
illustrated with a dot line. R is a wiring resistance of the
transformer. L is a leakage inductance of the transformer. Fig.
2(b) and (c) show simulation waveforms of Fig. 2(a). The value
of wiring resistance and leakage inductance of the primary side
of the transformer is converted to the secondary side of the
transformer. In addition, the characteristic of the actual diode is
demonstrated with the ideal diode, on resistance R,,, off
resistance Rp,; the forward voltage Vy and the parasitic
capacitance C. The output current cannot change rapidly
because of a smooth inductance L,,. As the result, the rush
current flows through the parasitic capacitance. In addition, the
vibrational current flows through the leakage inductance which
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Figure 1. Full bridge isolated DC-DC converter.



results the reverse electromotive voltage occurs in the leakage
inductance. That is, the reverse electromotive voltage of the
leakage inductance becomes the surge voltage. Therefore, the
surge voltage does not occur when the ideal transformer which
has no leakage inductance is used.

From the principle which is mentioned above, in order to
reduce the surge voltage, it is needed to suppress the rush
current in the parasitic capacitance. An energy buffer is an
effective method to suppress the rush current in the parasitic
capacitance.

B.  Theoretical Analysis of Surge Voltage

Theoretical equation of the surge voltage is derived from
the equivalent circuit as shown in Fig. 2(a). Table 1 shows the
conditions of the simulation circuit. The theoretical equation of
the surge voltage is given by (1).

lemax = IJIRDuff {1 + e_T/(2 ﬂm)}_ VF * (1)

where [, is the steady current of the diode when diode is
turned off, 7 is the damping time constant and f,; is the
vibrational frequency of the surge voltage. I;, 7 and f,; are

given by (2), (3), (4).

1.?[ = {Vxe - 1014[ (R + RD(m )}/(ZR + RDan + RDQ_// ) : (2)
7=1{CRR,,; +(CR,,,Rp,; )/ 2+ L}/(2LCR,,,; ). (3)
fus @R+ Ry, + R, JRLCR,,, )-7* /27). @)

where V5, is the secondary side voltage of the transformer
and [, is the output current. From (1), it is confirmed that the
surge voltage depends on (2), (3) and (4) which are changed by
the parameters; the wiring resistance, the leakage inductance
and the parasitic capacitance.

In order to confirm the validity of the equations which are
shown in (1) and (4) respectively, the calculation results of (1)
and (4) are shown in Fig. (3) and Fig. (4) in the case that the
leakage inductance L and the parasitic capacitance C are
changed respectively.

Fig. 3 shows the theoretical waveforms of the diode voltage
and the surge voltage in the case that the leakage inductance L
is changed. From Fig. 3, it is confirmed that the vibrational
frequency decreases and the surge voltage is reduced according
to increment of the leakage inductance L. The reason that the
surge voltage reduced are follows; by increasing the leakage
inductance, the impedance of the series circuit which consists
of the leakage inductance and the parasitic capacitance are
increased. As a result, the rush current of the parasitic
capacitance is reduced which also reduce the surge voltage.
This means the damping time constant and vibrational
frequency that is shown in (3) and (4) are changed, then the
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(b) Voltage and current waveforms. (c) Enlarged waveforms.
Figure 2. Equivalent circuit of secondary part in Fig.1.

TABLE L CONDITIONS OF SIMULATION CIRCUIT
Input voltage Vi, 48 (V)
Output current source /o, 10 (A)
Output inductance Ly, 0.5 (mH)
Output capacitance 2200 (uF)
Switching frequency f. 20 (kHz)
Winding resistance R 53 (mQ)
Leakage inductance L 8.6 (UH)
Turn ratio n n=N,/N,=15/6=2.5
Parasitic capasitance C 200 (pF)
On resistance Rp,, 0.086 (Q2)
Off resistance Rp 1 (kQ)
Forward voltage Vr 0.86 (V)

power of an exponential in (1) will increase by increasing of
the leakage inductance. As a result, the di;/dt of the leakage
inductance current decreases, and the reverse electromotive
voltage occurs in the leakage inductance is reduced. Therefore,
the surge voltage is reduced.

Fig. 4 shows theoretical waveforms of the diode voltage
and the surge voltage in the case that the parasitic capacitance
C is changed. From Fig. 4, it is confirmed that the vibrational
frequency decreases and the surge voltage is reduced according
to increment of the parasitic capacitance C. This reason is that
the impedance of the series circuit which consists of the



leakage inductance and the parasitic capacitance are increase.
As a result, the rush current of the parasitic capacitance
becomes larger. That is the di;/dt of the leakage inductance
current increases which result the reverse electromotive voltage
occurs in the leakage inductance increases. Therefore, the surge
voltage increases.

III. SURGE VOLTAGE IN THE EXPERIMENT

In order to confirm the validity of the theoretical analysis,
the surge voltage in the diode of the prototype circuit is
measured and compared with the theoretical analysis.

A. Changes of Leakagelinductance

In this experiment, the air-core reactor which has same
resistance but different inductance, are connected to the
secondary side of the transformer in series. By using this
method, the damping effect by the winding resistance R can be
neglected. The effect of the leakage inductance on the surge
voltage only can be measured.

Fig. 5(a) shows the experimental waveforms consists of the
following, the primary side voltage of the transformer, the
diode current and the diode voltage without the snubber circuit.
After the primary side voltage of the transformer changes from
a positive value to a negative value, the overlapping period
occurs in the commutation. Also, it is confirmed that the surge
voltage occurs in the diode. Fig. 5(b) shows the waveforms of
the diode current and diode voltage in the case that the leakage
inductance L is changed. From Fig. 5(b), it is seen that the
vibrational frequency and the surge voltage decreases
according to the increment of the leakage inductance L.

Fig. 6 shows the comparison between the theoretical and
experimental values, which are subjected to the ratio between
the surge voltage and steady voltage. In the case of the
experiment, the characteristic of the vibrational frequency and
the surge voltage are similar to the theoretical value. Therefore,
the experimental results can confirm that the investigation in
the equivalent circuit is valid.

B.  Changes of Parastic Capasitance

In this experiment, the parasitic capacitance is changed by
connecting the capacitance to the diode in parallel.

Fig. 5(c) shows the waveforms, the diode current and diode
voltage in the case that the parasitic capacitance C is changed.
From Fig. 5(c), it can be seen that the vibrational frequency and
the surge voltage decreases according to increment of the
parasitic capacitance C.

Fig. 7 shows the comparison between the theoretical and
experimental values which are subjected to the ratio between
the surge voltage and steady voltage. In the case of the
experiment, the characteristic of the vibrational frequency is
similar to the theoretical value. On the other hand, the
characteristic of the surge voltage which is based on the
theoretical is different from the experimental results as seen in
Fig. 7 (b). This reason is that the capacitance which is
connected to the diode in parallel and its wiring resistance
works as the snubber circuit. As a result, in contrast to the
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(a) Voltage waveform of the diode.
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(b) Surge voltage of the diode.
Figure. 3. Voltage waveforms and surge voltage(L is variable).
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(b) Surge voltage of the diode.
Figure. 4. Voltage waveforms and surge voltage (C is variable).

theoretical analysis, the surge voltage can be suppressed in the
experiment.

In according to the considerations which are mentioned
above, the required conditions for suppressing the surge
voltage by reducing the rush current of the parasitic
capacitance are shown below.

1) Winding resistance of the transformer : Large
2) Leakage inductance of the transformer : Large

3) Parasitic capacitance of the diode : Small

However, in general the winding resistance of the
transformer is low in order to reduce the copper loss. The
leakage inductance is also low except the application which the
leakage inductance is used in a positive way. Therefore, a
trade-off relationship that is subjected to reduce the surge
voltage is established between i) to achieve a low wiring
resistance and ii) to achieve a low leakage inductance. On the
other hand, the parasitic capacitance depends on the rating of
the voltage and current. Therefore, it is difficult to always
select the diode which has a small parasitic capacitance.
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(d) Enlarged voltage and current waveform (L:8.6uH, C:2020pF).
Figure. 5 .Experimental waveforms.

IV. DESIGN METHOD OF SNUBBER CIRCUIT

As mentioned above, there are limitations to suppress the
surge voltage by reducing the rush current of the parasitic
capacitor from the design of transformer and selection of diode.
Therefore, the snubber circuit is connected to the diode in
parallel. It consists of the snubber resistance and the snubber
capacitance which has a larger value than that of the parasitic
capacitance. By using the snubber circuit, the surge voltage can
be reduced by reducing the rush current of the parasitic
capacitance. This paper describes the design of a RC snubber
circuit which is connected to the secondary side of the
transformer.

Fig. 8 shows the equivalent circuit of Fig. 2(a) in case that
the common snubber circuit is connected to the secondary side
of the transformer. The snubber circuit is designed based on
Fig. 8. In particular, Fig. 8 is divided into two parts: the dotted
line region which consists of the transformer and the snubber
circuit and the equivalent circuit of the diode. Firstly, the peak
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Figure. 6. Theoretical value and experimental value of the
surge voltage and the vibrational frequency (L is variable).
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value of the step response in the dotted line circuit is calculated.
After that, subtracting the voltage drop of the diode from it,
these calculation results become the designed value of the
surge voltage Vpigma- The coefficient that the designed value
of the surge voltage divided by the steady voltage V, is given

by (5).

v v, = ll+e J/ IauIRDon +VF )/Vst . (5)

Dl1snmax

where V, is the steady voltage, k is a constant value. k is
given by (6).
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From (5), the surge voltage will be determined in case that
the output current and the parameters of the diode are known.
In addition, the relationship among the snubber resistance R,
the snubber capacitance C;, and the damping coefficient & are
given by (7).

R, =2 JL/C,, . 7

From (7), the snubber resistance Ry, can be designed after
the snubber capacitance Cj, is determined. However, the
number of the combination of two parameters is infinity. In this
section, Cj, is designed based on the relationship among the
snubber capacitance, the parasitic capacitance and the snubber
loss. In the end, R, is designed using by (7).

In the case of the smaller snubber capacitance, the
impedance of the snubber circuit increases, which results the
snubber circuit does not work. Therefore, the snubber circuit
cannot suppress the surge voltage. On the other hand, in case of
the larger snubber capacitance, the impedance of the snubber
circuit decreases. As a result, the snubber circuit can suppress
the surge voltage. However, the snubber current and the power
consumption of the snubber circuit increases. Therefore, the
optimum value of the snubber capacitance needs to be
identified according to the parasitic capacitance. The power
consumption of the snubber circuit Py, is given by (10) in the
case that the dotted line region only is considered in Fig. 8.

2 2
R, w,” /o,

2
o 8
R T li—w, 1)) +(o, 0,7 R, /R,) ®

Vel®,)

where @, is a n-order natural angular frequency of the
secondry side voltage in the transormer. @, and R, are given by

9), (10).

w,=1/JLC, (9) R, =4L/C, (10)

Fig. 9 shows a flowchart of the snubber circuit design.
Required parameters for the design of the snubber circuit are
designed surge voltage Vpigma the output current 7,, on
resistance Rp,,, the forward voltage Vj the parasitic
capacitance C, the leakage inductance L and an allowance
snubber loss P,,. First, the damping coefficient ¢'is decided by
parameters which are mentioned above. Then, the snubber
resistance Ry, is calculated by (7). In the end, if a calculated
snubber loss P,, is less than the allowance snubber loss, then
the design of the snubber circuit is completed.

V. EXPERIMENTAL RESULTS WITH SNUBER CIRCUIT

Fig. 10 shows waveforms, the diode voltage and the current
of the snubber circuit in the case that the ratio between the
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Figure. 8. Equivalent circuit of the transformer with the RC
snubber circuit.
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parasitic capacitance and the snubber capacitance is changed
under a constant damping coefficient. It can be seen that the
surge voltage is almost same and the current of the snubber
circuit increase according to the increment of the parasitic
capacitance. Therefore, it is confirmed that the experimental
results is well agreed with the theoretical analysis which are
mentioned in the chapter I'V.

Fig. 11(a) shows the designed value, the simulation results,
and the experimental results in terms of the ratio between the
surge voltage and steady voltage of the diode. Fig. 11(b) shows
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and snubber loss as a function of ratio between parasitic
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the calculation result which is obtained by (8), the simulation
result is obtained by adding the RC snubber circuit to Fig. 2(a),
and the experimental result is obtained from Fig. 10 in terms of
the power consumption of the snubber circuit. From Fig. 11(a),
it is confirmed that the snubber capacitance should be designed
from 10 to 30 times larger than the parasitic capacitance. In
addition, it is seen that the calculation result is larger than the
simulation result. In other words, the worst case of the power
consumption of the snubber circuit can be calculated by using

®)

Fig. 12 shows the experimental waveform with snubber
circuit in the case that C/C,,=0.03. From Fig. 12, it is
confirmed that surge voltage is suppressed below than the
designed value.

Fig. 13 shows the comparison between the designed and
experimental values that are subjected to the ratio between the
surge voltage and steady voltage. From Fig. 13, it is confirmed
the tendency of the designed and experimental values is closed.

VI. CONCLUSION

This paper clarifies the principle of the surge voltage on the
diode in the isolated DC-DC converter and also the design
method of the snubber circuit that is connected to the
secondary side of the transformer. It is confirmed that the surge
voltage depends on the wiring resistance, the leakage
inductance and the parasitic capacitance, based on the
experimental results obtained from the equivalent circuit. In
addition, it is confirmed that the surge voltage is suppressed
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Figure. 12. Voltage waveforms of the diode without snubber
and with snubber using designed parameter.
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Figure. 13. Ratio between the surge voltage and the steady
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below the designed value with the snubber circuit which has a
low snubber loss. In the end, the validity of the analysis results,
which is based on the equivalent circuit, has been confirmed by
experimental results.
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