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Abstract—The paper deals with determining and eliminating
overvoltage’s and ripples from the output of a high-frequency
inverter bridge in a full-bridge DC converter. These oscillations
can cause overvoltage on the elements of the power converter,
which in turn can lead to false triggering of semiconductor keys
or their failure. Schematic diagrams of the bridge are given; the
principle of its operation is described. A simplified equivalent
circuit replaces the classic bridge. A qualitative analysis of
transient processes in the resulting scheme is made. The voltage
at the output of the bridge is found using the operator method.
The findings have been compared with the simulation model
executed in MATLAB/Simulink. The presented method is less
labor-intensive than simulation modeling and allows for faster
and easier verification of the permissible overvoltage level and
oscillation frequency, which is especially important in devices
containing a large number of nonlinear elements. It is shown
how the parameters of the bridge affect the performance of the
transient, in particular the overshoot and oscillation frequency.
The attained dependencies are shown in graphical form. The
ways of improving the quality of the transition process are given.
The findings have been verified on an experimental setup. The
obtained theoretical results are consistent with the results of the
experiment with the data of other researchers.

Keywords—DC-DC Converter; Surge Voltage; Transient
Response; Snubber Circuit.

. INTRODUCTION

Devices such as a double active bridge, a full bridge
converter or a solid state transformer consist of fairly well-
researched blocks, both in terms of operation of the nodes and
in terms of their control. However, research in these areas is
ongoing and intensive. The problem lies in the compatibility
and reliability of the performance of different elements in
respect of each other [1]-[10]. The complexity is added by the
fact that the above devices consist of semiconductor
elements, and they are all non-linear, so it is difficult to apply
classical calculation methods. Another problem is that it is
difficult to take into account noise caused by switching
processes in power switches when modeling.

1. OBJECTIVE AND LITERARY REVIEW

The objective of this research is to determine the output
overvoltages and ripples from the single-phase bridge output,
and to determine the influence of the bridge parameters on
the transient performance. The findings will be used in further
studies to calculate the operation and determine the reliability

of a full-bridge converter. Moreover, they will also serve as a
basis for calculating the optimal design of the snubber chain.

A schematic diagram of a full-bridge converter is shown
in Fig. 1. Power is supplied from a GB DC source to a bridge
consisting of 4 semiconductor switches S1-S4. Control
signals are applied to the bridge in such a way that a three-
level signal is observed at the output of the bridge. The
bridge's output connects to the primary winding of a high-
frequency transformer (TV). In cases where the self-
inductance of the transformer is small, it is required to add an
auxiliary inductance L in series with the transformer in order
to achieve better power transfer control. The voltage at the
output of the RF transformer TV is rectified using an
uncontrolled rectifier based on diodes VD1-VD4. Capacitors
C1 and C2 serve in order to smooth the voltage at the input
and output, respectively.
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Fig. 1. Full bridge converter

When the power switch of the converter secondary
(output) side is closed, a step voltage is generated,
approximately 2 times higher than the reverse applied voltage
of the diode [2]-[5]. Therefore, in the case of an input voltage
with a value equal to the average level (380-400 V); the
power semiconductor switch must withstand a voltage of at
least 2000 V. With this value of the reverse voltage, the size
and cost of semiconductor elements increases. As a measure
to counteract overvoltage, various damping schemes
(snubbers) are used. Overvoltage collector-emitter
breakdown is one of the most common causes of transistor
converter failure. In practice, high slew rates are often
deliberately slowed down by adding drain-gate capacitance
to prevent excessive EMI, although at the cost of some loss
in conversion efficiency [3][4]-[8]. The damping and voltage
limiting effect of the snubber is achieved by diverting energy
into the capacitor in the circuit and slowing down the rate of
rise of the voltage front. It can also serve to reduce dynamic
switching losses by separating current and voltage overlap in
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a "hard" switching converter, reducing the resulting high
dissipation transients.

There are a large number of damping schemes [5][6]. The
basis of almost all damping circuits are capacitors, which,
according to the second switching law, smooth out the
voltage rise front, thereby limiting it. Snubber circuits can
also include inductors and resistors. At high converter
powers, snubber circuits become bulky [7]-[15]. For
example, damping resistors require a large amount in order to
dissipate the heat.

Before developing methods for suppressing overshoot, it
iS necessary to investigate the transient process during
switching. Let us calculate the transient process when
changing the polarity of the output of the power bridge [14]-
[18].

The bridge operates into a transformer, which is an active-
inductive load. Schematic diagrams of the bridge operation
are shown in Fig. 2. Neglecting the dead time, two states of
the bridge can be distinguished. They are as follows: current
flow in the load in the forward direction (cycle 1) and in the
reverse direction (cycle 2). The contours of the current flow
in each circuit in the steady state are highlighted in red.
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Fig. 2. Operation of the bridge into the active-inductive load
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1l. MATHEMATICAL MODELING

The bridge is powered either by a laboratory
programmable linear DC supply or by a mains-powered
rectifier or transformer. In any case, a real voltage source has
inductance. The transistor has a small parasitic capacitance,
so we will replace the transistor in the open state with a
resistor equal to the resistance in the open state and a
capacitor connected in parallel equal to the parasitic
capacitance. It is also desirable to take capacitance into
account. It is required to consider the snubber in the form of
a capacitance installed on the key, as the most common
option for implementing soft switching. The current through
the transistor will be the sum of the current through the
resistor and capacitor [17]-[20].

In order to avoid cumbersome and complex formulas, let
solve the problem numerically. To do this, set the following
schema parameters: input voltage £=100 V, voltage source
inductance L,=1 pH, voltage source resistance R,=0.1 0,

input capacitor capacity C,=0.1 uF, transistor on-resistance
R,,=0.27 2, parasitic capacitance of a transistor C;=450 nF,
load resistance R=10 2, load inductance L=5 uH.

Let us make a qualitative analysis of transient processes.
Calculation of currents and voltages before switching (¢t=0-).

The complexity of the calculation lies in the fact that the
circuit does not have a switching device in the classic sense.
Also, the current before switching and after switching flows
through different transistors [20]-[23].

[,(0-) = =153(0-) = 1"4(0-) =E1‘s(0-)
= 9.3984

Ry + Rypy + Rops + R

where I', and I'; are currents in opposite transistors, A; R,3
and R,,, are resistances of opposite transistors in the open
state, 0.

,(0_) =04
Ve(02) = L(0)(Rony + Rong + R) = 99.06V
The scheme in the steady state is shown in Fig. 3.
Calculation of currents and voltages in steady state

E
Ro+Ron2+Ron3z+R

Lig, = Izgr = Lse = Isse = = 9.3984,

VCSt = VC(OO) = Ilst(RonZ + Ron3 + R) = 99-06V,
Vacst = Vac(0) = Lyt Rons = 2.538V,
Vscst = Vsc(0) = IsgeRonp = 2.538V.
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Fig. 3. Operator equivalent circuit of the post-commutation circuit

Let us consider the transient process when changing the
polarity in further detail. To do this, we calculate the transient
process by the operator method. The advantage of the
operator method for calculating transient processes is the
lower labor intensity of calculating complex circuits
compared to the classical method. The operator method is
based on transferring the calculation of the transient process
from the area of functions of a real variable (time t) to the
area of functions of a complex variable (or operator variable),
in which differential equations are transformed into algebraic
ones. The operator equivalent circuit of the post-switching
circuit is shown in Fig. 4. The coil is replaced by a series-
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connected operator resistance sL, and a voltage source
L1,(0,), where ,(0,) is the value of the current in the
inductance at t = 0 +. The capacitor is replaced by series-
connected operator resistance 1/sC, and voltage source
V,.0(0,)/s, where V. (0,) is the value of the voltage across
the capacitance at t = 0. The direction of the source LI; (0)
coincides with the direction of the branch current, and the
direction of the source V,,(0,)/s is opposite to the current in
this branch [24]-[27].
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Fig. 4. Scheme at time t=0- and in steady state

Compose a system of equations according to Kirchhoff's
laws. According to Kirchhoff's first law:

a) I4-R+I4-C_[3=O
b) _ISR_15C+[3 =0
C) _12_14—R_I4—C+11=0

From Kirchhoff's second law:

1 E Veo(04)
D Li(Ry + Los) + I Cos =3 + 1,(04)Lo — s
1 Veo(04)
1) | =L+ lsrRonz + IsgRons = = —— = L;(0.)L
0S S
1
1”) I4C I4—CRon2 =0
Caz
1
I
) Ise —— = IscRons = 0
d3
Let us find I5(s):
I3(s) = 1.1425%+7.10653-9.9795%2+4.8915—2-10%8

1.215-102555+1.255-102854+3.69e3453+1.4666€4152+2.12-10%7s"

The easiest way to find the original of this expression is
to use the Heaviside expansion formula:
Van (8) = Bfles iy et
where k is a number of number of roots of the characteristic
equation M(s) = 0. Find the roots of the denominator
M(s) = 0:

(1.21554 +1.256 - 10753 + 3.69 - 101352) -0
+1.467 - 10%%s + 2.128 - 102° '

So = 0;

s; = —8.089 - 108;

s, = —1.874 - 105;

s3 = —1.837 - 10° — 3.394 - 10°j;

sy = —1.837 - 105 + 3.394 - 10°j.

Omitting the intermediate results in accordance with the

Heaviside expansion formula, we obtain the desired function
of the current time I5(s):

() = 9.398 + 0.265 exp(—8.089 - 106¢)
—17.662 exp(—1.874 - 10°t)
+ 2.593 cos(3.394 - 105t
— 57.307°) exp(—1.837 - 105¢).

The resulting value is shown in Fig. 5 a. Find the voltage at
the output of the bridge:

Ugp(s) = I5(s) - (R + Ls)
_ 114195*+7.106 - 107s° — 9.978 - 10'3s? + 4.891 - 10%°s — 2 - 1077
T 1.21555 4 1.256 - 107s* + 3.69 - 101353 + 1.467 - 102052 4 2,128 - 10265’

In accordance with the Heaviside expansion formula, we
obtain the desired function of the voltage time at the output
of the bridge:

Vo (£) = 93.985 — 8.077 exp(—8.089 - 105¢t)
—11.163 exp(—1.874 - 105¢)
+49.91 cos(3.394 - 10t
— 60.884°) exp(—1.837 - 105¢).

The resulting value is shown in Fig. 5 b. Current
overshoot does not exceed 17%, while voltage overshoot is
42%. Considering that the safety factor used when selecting
the nominal values of the element base is 1.1-1.4, there is a
probability of transistor breakdown. Therefore, to select the
voltage, it is necessary to pre-calculate the current and
voltage oscillations.
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Fig. 5. Transients of current (a) voltage (b) at the output of the bridge
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This calculation can be adapted not only for bridge
converters and dual active bridges, but also for LLC, LCC
and others resonant converters, as well as for wireless power
transmission systems.

V. SIMULATION RESULTS

To check the robustness of our estimates for the transient
process, we will simulate the circuit shown in Fig. 3 in
Matlab/Simulink [23]-[30]. The simulation model is shown
in Fig. 6(a), voltage oscillogram - in Fig. 6(b), current one -
in Fig. 6(c).
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Fig. 6. Simulation model for calculating the transient process; a) electric
circuit; b) voltage oscillogram; c) current oscillogram

Simulation results in Fig. 4 and Fig. 6 are completely
identical, which proves the accuracy of the calculations made.
Compare with simulation of a real power bridge circuit. The
simulation model is shown in Fig. 7(a), voltage oscillogram -
in Fig. 7(b), current oscillogram - in Fig. 7(c).

Simulation results in Fig. 6 and Fig. 7 coincide, the
correlation coefficient R2=0.97. That confirms the robustness
of the equivalent circuit for the calculation.

Thus, it is possible to estimate the approximate ripple
during the operation of a single-phase bridge converter. The
active resistance at the output of the bridge is determined by
the sum of the active resistance of the auxiliary inductor, the
active resistances of the primary and secondary coils of the
high-frequency transformer, the on-state resistances of the
rectifier and the active load [25]-[31]. The inductance at the
output of the bridge is determined by the sum of the inductive
reactance of the auxiliary inductor, the inductive reactance of
the primary and secondary coils of the high-frequency
transformer. It should be noted that the smoothing inductance
after the output rectifier does not affect the ripple in the
bridge converter, being fully confirmed experimentally.
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Fig. 7. Power bridge simulation model; a) electrical diagram; b) voltage
oscillogram; c) current oscillogram

Fig. 8 shows the dependency that reflects the relationship
between overshoot and inductance at the output of the bridge
and the capacitance of the smoothing capacitor at the input.
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Fig. 8. The dependence of the overshoot of oscillations on the inductance at
the output of the bridge and the capacitance of the smoothing capacitor at the
input

As one can see from Fig. 8, with a step-up in the
inductance at the output of the bridge, the voltage overshoot
increases. However, this is observed only up to a certain
level. For this case, the value of 100 uH is the limit value,
after which no increase in overshoot is observed. The
oscillation frequency does not depend on the inductance and
is 501kHz, 159kHz, 50kHz and 14kHz for an input
capacitance of 0.1 uF, 1 uF, 10 uF and 100 uF, respectively.

Fig. 9(a) shows the dependence of overshoot and
oscillation frequency on the input capacitor for different
values of the output inductance. Obviously, with an increase
in the input capacitance, the overshoot decreases, which is
confirmed by various independent studies on electromagnetic
compatibility [8], [9], [10], [32]-[40]. However, there is no
point in increasing the input capacitance to infinity, trying to
remove the overshoot completely. The presence of overshoot
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is due not only to transient processes in the capacitor, but it
also depends on other reactive elements of the electrical
network. It can be seen from the graph that at C = 10 uF, the
overshoot remains practically unchanged even with a high
output inductance. It means that it makes no practical sense
to install an oversized capacitor to improve the transient. As
it was mentioned above, the ripple frequency does not depend
on the output inductance, which is confirmed by Fig. 9(b).
The relationship between 1g(C0) and lg(f) is linear and
despite some differences in the frequency data for different
values of L, the root mean square correlation is 99.85%.

The input inductance value has almost no effect on
transient overshoot (Fig. 10(a)), but reduces the ripple
frequency (Fig. 10(b)). The missing part of the line on the
second graph indicates that the process is astatic and there are
no oscillations in it.
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Fig. 9. Dependence of overshoot (a) and oscillation frequency (b) on the
input capacitor at different values of the output inductance
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Fig. 10. Dependence of overshoot (a) and oscillation frequency (b) on the
input inductance for different values of the input capacitor

V. EXPERIMENT

To verify the data produced theoretically, an experiment
was carried out with a laboratory full-bridge converter,
shown in Fig. 11. The inverter is assembled from four
IRF730PBF, rated at 400V and 5.5A. The KBU1010 diode
bridge is rated for 10A and 1000V. Input capacitor: 1000uF,
400V; output capacitor: 100ufF, 400V. The number of turns
on the primary and secondary windings of the transformer is
100 and 50, respectively [41]-[50]. The M2500NMS1 ferrite
ring core with dimensions 40x25x11 acts as a magnetic
circuit. The control was carried out using the STM32F407G-
DISC1 debug board based on 32-bit ARM Cortex-M4
microcontrollers. The pulse generation frequency is 5 kHz.
The load factor is maximum, it being almost 50%. The dead
(insensitive) time was 1 Js.

e

Fig. 11. Experimental installation to research a full-bridge converter

Replacing the capacitance of the input capacitor, the
voltage oscillograms from the output of the bridge were
obtained, shown in Fig. 12. As it can be seen from Fig. 12
voltage surges with polarity reversal are 10%, 22% and
117%. In the latter case, overshooting can lead to overvoltage
on semiconductor switches and subsequent burnout of the
element. The theoretical overvoltage values are 8.78%,
17.54%, and 87.23%. Despite the high error in the latter case,
in general, theoretical data make it possible to approximately
estimate the strength of oscillations that occur during the
operation of a full-bridge converter. Moreover, the team of
authors fully recognizes the fact that the real situation with
the transient process is much more complicated than that
presented in this paper. It does not negate the fact that these
dependencies take place, being suitable for indirect
assessment of the transient process.

The issue of the influence of snubber chains connected in
parallel has been raised in the scientific literature more than
once [11][12][51]-[60]. Theoretical dependencies and
experimental studies showing reductions in overshoot are
completely consistent with those carried out earlier and do
not add anything new to this consideration. However, the use
of these mathematical and simulation models will allow us to
select the optimal design and parameters of damper chains.

The results obtained can be applied by engineers working
with full-bridge converters in the design of renewable energy
systems, smart energy, smart grid, wireless charging or
electric vehicles and will provide smoother switching of
transistors, which will reduce overvoltage on elements,
electrical ringing and improve electromagnetic compatibility
[61]-[70].
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Fig. 12. Voltage oscillograms from the bridge output at a) CO=1 pF; b)
C0=10 puF; c) C0=100 pF

VI. CONCLUSION

The presented theoretical calculations and schemes allow
us to formulate the following dependencies for full-bridge
converters; 1) The input inductance does not affect the
overshoot, however, as the inductance increases, the
oscillation frequency decreases. 2) Increasing the input
capacitance reduces overshoot and oscillation frequency. 3)
The output inductance does not affect the oscillation
frequency, but as it increases, the overshoot increases.

The application of the produced dependences and the
mathematical description of transient processes will make it
possible to determine the reliability of a full-bridge converter
and calculate the optimal snubber chain design for a wide
range of device component base.

Moreover, based on the dependences produced by
mathematical description, modeling and experiment, it
should be concluded that the use of semiconductor power
switches as part of a full-bridge converter may compromise
device efficiency of the device [71]-[80]. The addition of
snubber circuits, input and output inductances increases the
reliability of the circuit in terms of reducing overvoltages and
reducing the likelihood of breakdown of power switches,
while sacrificing the efficiency of the converter itself. Further
studies by the authors will be devoted to finding the most
optimal parameters of the converter control system to achieve
the highest efficiency of the device.
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