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TABLE 1 different control principles of the CDR in the both operating
OPERATING PARAMETERS OF CDR modes.
Parameter Value Fig.7 depicts the influence of the collector-to-emitter
HV side (Us) 200 V saturation voltage value on the overall efficiency of the CDR in
LV side (Usy) 30V the forward (see Fig.7a) and in the reverse (see Fig.7h)
Switching frequency (/) 20 Kliz operating modes. It can be seen that at the duty cycle D, = 0.43
HF transformer tums rati 0‘(N1 " 3 the efficiency in the forward operating mode varies from
Inductance of HF transformer (L,) TmH 89...94% with the increase of the Ug, value from 0...5 V. In
Inductance of auxili transform‘er the reverse operating mode at the duty cycle D, = 0.56 the
(Lua x)ary 248 pH efficiency varies from 82...98% correspondingly. As converter
TransTormer w;n ding resistances Tm0 operates in CCM then the change of the duty cycle value has
IGBT (IRG7Ph42ud1pbf) saturation minor impact on the losses caused by Ucy. As expected, the
voltage (U':. 2 18V value of the Ugy; has stronger impact on the efficiency in the
Freewheeling diode voltage drop (Up) v reverse mode since these losses occur on the LV side where
Duty cycle (Dj 2 e (forw). [ 056 (rev) even the small losses have considerable influence on the
IR4427 Dual low side power.
IGBT driver type driver Fig.8 depicts the influence of the diode voltage drop on the
IR2181 High side driver overall efficiency of the CDR in the forward (see Fig.8a) and

Fig. 6 shows the influence of the winding resistance of the
auxiliary transformer r,,, on the overall efficiency of the CDR
in the forward (see Fig. 6a) and in the reverse (see Fig. 6b)
operating modes. It can be seen that at selected duty cycle rate
the efficiency varies in a substantial ranges in both operating
modes. In the forward operating mode the efficiency for duty
cycle Dy = 0.43 varies between 74...93 % with increase of the
resistance from 0...5Q. In the reverse operating mode at the
duty cycle Dy = 0.56 the efficiency varies between 44...92%
correspondingly. It can be seen that the resistance of the
auxiliary transformer can considerably decrease the efficiency
of the CDR, especially in the reverse operating mode. As the
CDR is intended to work with high currents on the LV side,
then selecting of small winding resistance is of major
importance. Difference in the characteristics is caused by the

in the reverse (see Fig.8b) operating modes. It can be seen that
with the increase of Up in the range from 0...5 V, the
efficiency in the forward operating mode at the duty cycle Dy =
0.43 varies between 81...98 %. In the reverse operating mode
at the duty cycle D, = 0.56 the efficiency varies between
89...94 %. As expected, the diode voltage drop has more
significant influence on the efficiency in the forward operating
mode since only two diodes conduct on the LV side.

As can be concluded from the previous analysis, the
winding resistances r,, reduce the efficiency more
considerably than the Ug; and U, values in both operating
modes. Moreover, the U, and Up values reduced the
efficiency more significantly in the reverse operating mode,
where higher currents LV side caused higher losses in the
power switches.
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Fig.8. Impact of the diode voltage drop on the efficiency of CDR with different duty cycle rates. a) forward mode; b) reverse mode.

V.  SNUBBER CIRCUIT

During the experiments it turned out that selected
transformers have significantly high leakage inductance that
lead to the occurrence of the high voltage peaks during the
turn-off of the switches. These voltage peaks could reach 4
times the voltage over the power switch. Such side effect
creates significant constraints in using the bi-directional CDR

in the high power applications. Voltage peaks cause additional
losses in the converter and increase the voltage stress of the
power switches that in turn can lead to their burn-through. One
possible approach for minimizing the level of the voltage peaks
during the switching transient is to use snubber circuits. The
easiest way is to use a passive snubber. A suitable diode-
resistor-capacitor (DRC) type snubber for the CDR is shown in
Fig. 9 [9].
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Fig. 9. Simplified schematics of the CDR with DRC snubber circuit.

Such snubber circuit uses two diodes Dg The anodes are
connected to the collector of each IGBT and the cathodes are
connected to parallel connected RC circuit. During the voltage
peak the energy is transferred from the main circuit to the
capacitor bank Cg, afterwards the capacitor is discharged
through the resistor Rs. Such snubber was tested on the
experimental prototype. Fig. 10a depicts the voltage U, of the
transistor 7T during the switching transient. It can be seen that
steady state voltage during the turn off is round 60 V whereas
the value of the peak reaches 225 V. The same experiment was
carried out with proposed snubber circuit. The switching
transient of such circuit is shown in Fig. 105. It can be seen that
the value of the peak comprises 125 V in this case which
makes it 50 % less than without snubber.

C @ 50V )

a)

( ® 5.0V )

b)

Fig. 10. Voltage over the transistor 75 a) without snubber; b) with snubber.

VI. CONCLUSIONS

In this paper the bi-directional CDR as a candidate
topology for the isolation stage of the power electronic
transformer was studied. The paper presented the steady state
analysis with the lossy model derivation of the CDR in the
forward and in the reverse operating modes. The impact of the
winding resistance, collector-to-emitter saturation voltage and
diode voltage drop on the overall efficiency was analyzed.
Mathematical results showed that the value of the r,,, has the
biggest impact on the overall efficiency in comparison to Ucy
and Up. In addition, the higher U and U), values reduced the
overall efficiency more significantly in the reverse operating
mode rather than in the forward mode. Moreover, the leakage
inductance of the auxiliary transformers lead to the occurrence
of the high voltage peaks in the transistors that in turn cause
voltage stress in the power switches. Therefore a diode-
resistor-capacitor type snubber was proposed that reduced the
voltage peaks up to 50 %.

The research showed that the efficiency of the bi-
directional CDR can be increased up to 92 % in both operating
modes. The transistor voltage peaks can be eliminated by
proper selection of the snubber parameters. Thus bi-directional
CDR can be considered as a suitable topology for the isolation
stage of the PET.
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Efficiency and Voltage Characteristics of the Bi-Directional
Current Doubler Rectifier

Abstract. This paper presents a detailed analysis of the bi-directional current doubler rectifier (CDR) that is a candidate topology for use in power
electronic transformer (PET). Among various advantages the proposed current doubler rectifier offers a bi-directional power flow capability that is the
major requirement for the PET. This paper provides the steady state analysis of the CDR in bi-directional operation. Input voltage boost properties of
converters are compared for an ideal case. Finally, the impact of losses in the components on the voltage characteristics and efficiency are
analysed.

Streszczenie. W artykule przedstawiono szczegéfowg analize podwajajgcego prostownika dwukierunkowego (CDR), ktérego topologia moze by¢
uzyta do konstrukcji transformatoréw energoelektronicznych (PET). Wsréd wielu zalet proponowany uktad oferuje dwukierunkowg mozliwosci
przeptywu energii, ktéra jest gtéwnym wymogiem dla PET. Niniejszy dokument przedstawia analize stanu ustalonego CDR w dziataniu
dwukierunkowym. Wiasciwosci zwiekszania napigecia wejsciowego tych przeksztattnikéw sg poréwnywane dla przypadku idealnego. W cze$ci
koricowej przeanalizowano wptyw strat w elementach na charakterystyke napieciowq oraz sprawno$¢ ukfadu (Sprawnos¢ i charakterystyki

napieciowe podwajajacego prostownika dwukierunkowego).

Keywords: bi-directional current doubler rectifier, steady state analysis, loss analysis, efficiency.
Stowa kluczowe: prostownik dwukierunkowy podwajajacy prad, analiza stanu ustalonego, analiza strat, sprawno$¢.

Introduction

Switching mode power supplies have been widely used
in modern industry products to supply a stable DC voltage.
In consideration of cost and efficiency, the conventional
hard switching techniques are giving way to more
economical topologies where zero voltage switching or zero
current switching can be utilized. Typically, the flyback and
forward converters are selected for low power applications,
and a half bridge converter is used for medium power
applications. Half- bridge topology has low cost in
comparison to full bridge, however the full-bridge offers
better performance in medium and high power applications
[11.

Among different soft switching techniques, a full bridge
(FB) converter with phase shift was proposed to improve
the performance of hard switching converters. The aim of
such technique is to achieve soft switching merely by use of
only the leakage inductance and output capacitances of the
controllable switches. However, the parasitic ringing
generated by the large transformer leakage and external
inductances and transformers stray capacitance can cause
additional EMI problems [2]. One of such topologies, with
the full-bridge on the primary side and current doubler
rectifier on the secondary side was described in [1], where
the ZVS conditions are analysed in a detail. Thorough
coverage of the operation of such topology in the forward
mode is presented in [3] - [6], where a detailed analysis can
be found. However, using CDR in reverse mode has been
proposed only by few authors [1], [7] - [9], thus a more
detailed analysis is required.

In the current case the main application field is the
DC/DC converter of a power electronic transformer (PET).
In such application one of the main requirements is the bi-
directional power flow capability [10] - [14]. The control task
is to keep the voltages on both sides at a constant level.
When selecting an appropriate topology it must be kept in
mind that different boost factors may become a hindrance
to achieving desired functionality. When designing the
converter it is also important to take into account that losses
in the components reduce the voltage boost and thus
converter needs to have sufficient bandwidth to
compensate losses. The proposed DC/DC FB converter
with the current doubler rectifier (CDR) has a wide voltage
regulation capability in a wide duty cycle range. Moreover, it

is capable of utilizing the parasitic elements to achieve zero
voltage switching.

This paper gives a detailed steady state analysis of the
bi-directional CDR considering losses in the elements.

Circuit Configuration

The circuit topology of the proposed DC/DC converter is
shown in Fig.1. The circuit consists of the controllable full
bridge with 4 switches T;...T4 with their corresponding anti-
parallel diodes D;...D4 and parasitic capacitances, a high
frequency transformer TR and a CDR. In order to realize
energy flow in two directions the diodes in traditional CDR
are replaced with controllable switched Ts and Ts and
traditional inductors are replaced with auxiliary transformers
Tauxt and Tauxe. Additional auxiliary circuit is added to
provide the freewheeling path for the leakage energy of the
transformers, in case the duty cycle is lower than 50 % [1].
Aucxiliary circuit redirects leakage energy of the transformers
back to the low voltage side through the diodes thus
preventing dangerous overvoltage to the switches. In
addition, the transformers have higher inductance L than
inductors used in the traditional CDR. The high frequency
isolation transformer provides required voltage gain as well
as the galvanic isolation between the input and output sides
of the converter.

Two distinct operating modes of the converter are the
forward and the reverse operating modes. In forward
operating mode the energy is transferred from high voltage
FB side to the low voltage side (buck mode). In reverse
operating mode the energy is transferred from the low
voltage CDR side to the high voltage side (boost mode).

The typical current and voltage waveforms of the
converter in forward operating continuous conduction mode
are shown in Fig.2. The FB is controlled with phase shifted
PWM, with duty cycles near Da = 0.5, whereas the phase
shift determines the effective duty cycle of the converter.
Phase shift provides the zero voltage switching capability
and desired voltage gain. At the same time, only the diodes
and auxiliary transformer primaries conduct on the CDR
side. A capacitor is used to smoothen the output voltage.

The typical current and voltage waveforms in reverse
operating continuous conduction mode are shown in Fig.3.
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Fig.2. Typical waveforms for CDR in forward operating mode

Switches Tg and Tg on the CDR side are controlled with
PWM, whereas the duty cycle of the switch can vary from
0...1. If the duty cycle is Da > 0.5 then auxiliary path is
disconnected. The power is transferred to the output during
the turn ON of one switch. Energy stored in the auxiliary
transformer is redirected into the HF transformer during the
overlap of the control signals. At the same time only the
diodes conduct on the FB side.

Main benefits of the proposed bi-directional CDR are
zero voltage switching capability for the primary switches
T;1...T4 in a wide load range, achievable to utilize the energy
stored in the output filter inductances. Moreover, CDR
allows bi-directional energy flow control. Using a HF
transformer reduces the size of the converter. Reduced
current ripples due to the transformers and offer better
thermal performance due to the current doubling effect. In
addition the CDR has reduced transient response [1].

Steady State Analysis of the CDR

In the steady state analysis both the forward and the
reverse operating modes are handled separately due their
different control principles. To simplify the analysis, it is
assumed that the auxiliary transformers TRauxr and TRauxe,
as well as all transistors T;...Tg are identical (the same
collector-emitter and freewheeling diode voltage drops). For
the analysis, the skin and proximity effects in transformers
are neglected.

The operating period T of one switch in the continuous
conduction mode consists of active state t4 and zero state
tz:
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Fig.3. Typical waveforms for CDR in reverse operating mode
(1) T=t,+t,
Equation (1) can also be represented with duty cycles

@) %A+%:DA+DZ:1,

where Ds and Dz are the duty cycles of an active and
zero states of a switch, correspondingly.

In the forward mode the effective duty cycle must be
used. The effective duty cycle De for the CDR in forward
mode depends on the phase shift value and can roughly be
expressed by

(3) Dp=D -9,

where ¢ is the phase shift value in p.u. between the two
legs of FB.

The steady state analysis of both topologies is based on
the fact that an average voltage over the auxiliary
transformers during one operating period is zero:

1 t+T
= ? JuTRauxdt = 0 ’

t

(4 ) UTRaux

In the forward operating mode, the current in the
auxiliary transformer is half of the output current, whereas
the output current is determined by the ratio of the output
voltage and the load resistance. Each diode in the CDR
conducts each half cycle. The four basic equivalent circuits
for forward operating mode are shown in Fig.4. More
detailed analysis can be found in [2], [5]. During the
effective duty cycle the voltage over the auxiliary
transformer TRaux is equal to the difference between the
HF transformer’s secondary and output voltages (see Fig.4,
a). During this period the transformer secondary voltage is
equal to multiplication of the input side voltage and
transformer turns ratio.
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Fig. 5. Switching states of CDR in reverse mode. a) active state of Tg; b) zero state of To.

During the overlap of the transistors T; and T3 (see
Fig.4, b) the voltage over the TRauxs is equal to the output
voltage. Next half switching cycle is similar to previous one,
and voltage over the auxiliary transformer TRaux1 is equal to
the output voltage. During the rest of the period the voltage
over the auxiliary transformer is equal to the output voltage.
Thus according to the requirement (4) we get

(5) (UIN'NTR_UOUT)'DE+U0UT'(1_DE)=0

where Ntk is the transformers turns ratio, U is the
voltage on the input side and Uouyr voltage on the output
side of the converter. From here the output voltage can be
evaluated as follows

6)  Uour =Up - Ngg-Dg

In the reverse operating mode the output side voltage
acts now like a source and the input side voltage must be
estimated. Voltage over the auxiliary transformer is equal to
the output side voltage during the active state of the switch
Te, as shown in Fig.5, a. During the overlap of the control
signals for Ts and Tg the voltage over the auxiliary
transformer TRauxs remains the same as can be seen in
Fig.3. During the zero state of switch Ts the voltage over the
auxiliary transformer TRauxs is equal to the difference
between output side voltage and HF transformer voltage.
Equation for the voltage over the auxiliary transformer with
Da > 0.5, considering also requirement (4), can be written in
a following way

U
(1) Uour-Dy +[U0UT _NAJ‘DZ =0,
R

from where the input side voltage can be derived:

126

®) Uy = Uour '(DDA + DZ)'NTR _ U()]UT'DNTR
z Dy
Impact of Component Losses

In the previous section the lossless models of the CDR
were presented. However in practise the voltage boost
properties of CDR can be seriously affected by the losses in
the components. Moreover, the DC/DC stage of PET
comprises the biggest part of overall losses [14]. In the
DC/DC stage the following losses are present: conduction
losses of the passive and active components, switching
losses and core losses. Conduction losses are caused by
active resistances in the wires, transformer windings and
switches (collector-to-emitter voltage drop, reverse recovery
diode voltage drop). Switching losses comprise the turn-on,
turn-off and diode reverse recovery losses. The core losses
occur in the HF and auxiliary transformers. Previous steady-
state analysis included only the analysis of conduction
losses.

The conduction losses are more critical on the low
voltage and higher current side, where voltage drops over
the elements affect the efficiency significantly. For more
careful estimation of the operating characteristics of the
converter the loss elements, such as winding resistances in
the transformers and voltage drops in semiconductors,
should be added to the model. In the following analysis the
winding losses in auxiliary transformers are represented by
the resistance rau, winding resistance on transformer
primary rrr p and on transformer secondary rrr s, voltage
drop in diodes during the conduction state is Up. In addition,
IGBTSs with saturation voltage Uce were used.

As the converter is intended to be used in the isolation
stage of power electronic transformer, it is necessary for the
converter to keep specified voltage levels on both sides.
The specified voltage levels for input and output sides are
as follows
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In the case of reverse operating mode the output side is
handled as an input. In further examples the duty cycles for
each operating mode are selected so that desired voltage
level could be achieved. It must be noticed that the losses
can significantly reduce the voltage gain of the converter,
thus the required duty cycle must always be bigger than the
one obtained with (6) or (8).

Forward Operating Mode

The equivalent circuit considering the losses in
components for forward operating mode is shown in Fig.6.
On FB side the losses occur due to collector-to-emitter
voltage drops Uce of transistors T...T4. On the CDR side
the diode voltage drop Up occurs in diodes Ds, Dg. All
transformers have also voltage drop due to winding
resistances. The equation (5) can now be extended with
adding the losses in the components. And thus we get
equation (9), where R designates the load resistance.
Output voltage can be thus evaluated according to (10).
The current in auxiliary transformer is half the output
current.

In order to demonstrate the impact of losses in the
components on the voltage characteristics in forward

9 U,
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Fig. 7. Equivalent circuit of the lossy model of the CDR. a) forward
mode; b) reverse mode

Uour

operating mode, then investigated topology is compared
mathematically with following parameters:

U/N=200 V;
R=10Q;

UCE= 1.8 V;
r=1mQ;

Up=16V,

DE = 045, NTR = 1/3,
where r designates the winding resistance values for
auxiliary transformers, and HF transformer resistances on
both sides. The corresponding dependency is shown in
Fig.8, a. It can be seen that losses become more significant
with the increase of the power (duty cycle) and decrease
the voltage boost in comparison to the ideal case.

Reverse operating mode

In the reverse operating mode the energy is transferred
from the low voltage output side to the high voltage input
side. The equivalent circuit considering the losses in the
components is shown in Fig.7. In this case, the collector-to-
emitter voltage drop Uce occurs in the transistors Ts, Tg on
CDR side and voltage drop Up occurs in the diodes Dy...D4
on FB side. As the converter operates with the duty cycle
Da > 0.5 then the auxiliary path is disabled and thus not
shown in the drawing.
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Fig. 8. Comparison of idealized and practical output characteristics of the CDR. a) forward mode; b) reverse mode.

The equation (7) can now be extended to adding the
losses of all elements. In order to solve the equation, the
current in auxiliary transformer is also needed to be
estimated. This can be achieved from the capacitor current,
which average is equal to zero over the whole switching
period. Eq (11) presents the corresponding equation
system. Solving this equation system gives us the solution
for the input side voltage which can be estimated according
to (12). The current in auxiliary transformer can be obtained
with (13). Current on the output side is thus twice the
auxiliary current.

In order to demonstrate the impact of losses in the
reverse operating mode, then investigated topology is
compared mathematically with the following parameters:

UIN =200 V; UCE = 1,8 V; UD = 1,6 V;

R=100Q; r=1mQ; De =0.55; Nrr=3;
The corresponding dependency is shown in Fig.8, b. It
can be seen that without losses the voltage boost can be
infinitely high. However, in the high duty cycle region losses
become very significant and thus reduce the voltage boost

rapidly to zero.

Efficiency estimation

In the following section the efficiency is estimated using
the mathematical model and experimental results. The
models were verified on the 1 kW experimental prototype.
The 6 IGBTs with switching frequency of 40 kHz are used.
The parameters of the experimental prototype are
presented in Table 1 and a picture of the prototype is shown
in Fig.9. The voltage and current waveforms on the input
and output side in forward mode are shown in Fig.10. Same
characteristics for reverse mode are shown in Fig.11. It can
be seen that specified voltage levels are effectively
achieved on both sides of the converter.

The overall efficiency of the CDR can be estimated
using the ratio of the output power Poyr and the input power
P,

2

Uour
R-U

— POUT —

B

(14) -100%

n

IN.IIN

By inserting the equations (10), (12), (13) into (14), the
efficiency of the converter in both operating modes was
calculated. The results are presented in the Table 2. In
forward mode the efficiency 86.7% was achieved while in
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the reverse mode this number is only 72.6 %. This
difference can be explained with higher conduction losses
in the CDR due to higher currents during reverse mode.
The difference between mathematical and experimental
results can be explained with the fact, that mathematical
model did not take switching and core losses of the
transformers into account.

Table 1. The parameters of the experimental prototype

Parameter Value
Input side voltage (U) 200V
Output side voltage (Uour) 30V
Switching frequency (f) 40 kHz
HF transformer turns ratio (N7x) 3
Inductance of HF transformer (L) 1mH
Inductance of auxiliary transformer 248 uH
(Lyaux)
Transformer winding resistances 10 mQ
IGBT (IRG7Ph42ud1pbf) saturation
1,8V
voltage (Ucg)
Freewheeling diode voltage drop
1,6V
(Up)
Duty cycle (D) 0.43 (forw) I 0.56 (rev)
IR4427 Dual low side
IGBT driver type driver
IR2181 High side driver

Fig. 9. Experimental prototype of CDR

High voltage peaks were observed in the input and
output voltages, as shown in Figs.10 and 11. Those peaks,
typical to current doubler rectifier, are caused by the
auxiliary transformers Tauxr, Tauxe. The problem could be
solved by implementing proper snubbers.
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Table 2. The efficiency of the CDR in defined operating point

Operating mode Forward Reverse
Estimated 86.7 % 72.6 %
Experimental 80.7 % 64 %
hon 200V 4 o "

L L L Ly o
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Fig. 10. Input and output side voltage and current waveforms in
forward mode
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Fig. 11. Input and output side voltage and current waveforms in

reverse mode

Conclusion

The paper presented a detailed analysis of the voltage
characteristics of the CDR in forward and reverse operating
modes. Special attention was paid on the voltage
characteristics and efficiency of the investigated topology.
Bi-directional CDR as a candidate topology for a DC/DC
stage of the power electronic transformer (PET) is the most
critical part of the system considering the overall efficiency.
In the steady state analysis mathematical models with and
without losses were derived and analysed. It was found that
for the same operating parameters the converter can
operate at the maximum efficiency of 87 % in forward mode
and with 72.6 % in reverse mode. The results were verified
on the experimental prototype, where the measured
efficiencies are 80.7 % and 64 % correspondingly. Voltage
characteristics were studied and quite high voltage peaks
were observed in the input and output voltage.

In general, relatively low efficiency and high voltage
peaks could hinder use of such converter in PET. Future
work will include further investigation of CDR to improve its
voltage characteristics and efficiency, with proper selection
of components and by adding snubber circuits.
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Abstract. The paper analyzes the impact of the component losses on the effi-
ciency of the novel DC/DC converter. The converter is a combination of the
quazi-Z-source (qZS) network and dual active bridge (DAB). In the analysis
the mathematical loss models of the proposed DC/DC converter are derived and
efficiency is estimated. Eventually the efficiency is verified experimentally.

Keywords: quazi-Z-source inverter, dual active bridge, power electronic trans-
former.

1 Introduction

During the last decades the bi-directional DC/DC converters have become key com-
ponents in alternative energy systems. The aim of such converters is to control the
electric power flow between the sources and loads, keeping the output voltage on the
required level. This paper proposes a novel bi-directional DC/DC converter topology
that consists of the quazi-Z-source network, dual active bridge and a high frequency
transformer. A possible application of such converter is the isolation stage of the new
power electronic transformer (PET) topology where the power flow control capability
between two different voltage buses and high efficiency are the major requirements
[1-3]. In general, the power flow through the transformer can be controlled by means
of voltage elevation on one side or by applying a phase shift control of the inverter
bridges on both sides of the transformer. The phase shift control of DAB allows the
zero voltage switching to be achieved, that results in reduced switching losses and
higher efficiency. In addition, the voltage boost properties of the qZS network allows
the voltage on the DC bus to be kept on the constant level that results in lower current
stress on the switches. This paper analyzes the converter operation under such condi-
tions when the power flow is controlled only by the phase shift technique. First
the loss models are presented according to the waveforms and steady state analysis.
Also the impact of the conduction losses of the components on the efficiency
characteristics is presented. The obtained efficiency is verified experimentally.

2 Relationship to Internet of Things

Nowadays, the global power system can be described by steadily growing number
of renewable energy resources and emerging DC loads on the residential level.

L.M. Camarinha-Matos, S. Tomic, and P. Graga (Eds.): DoCEIS 2013, IFIP AICT 394, pp. 485 2013.
© IFIP International Federation for Information Processing 2013
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Continuously developing semi-conductor technology and information internet has
inspired the idea of the “Energy Internet” concept that may change energy industry
from the centralized system to the client-based distributed infrastructure, improving
this way the efficiency of the power grid through optimal management of the energy
routers. Energy router, a PET-based device that exchanges the energy between the
sources, storage devices, DC loads and end-users, is one of the most critical elements
of the Energy Internet. The PET is expected to have a bi-directional power flow, high
power conversion and power quality enhancement capabilities, plug and play
interface and optimal energy management [4]. The paper contributes to the develop-
ment of the energy router, by analyzing the suitable DC/DC converter for the power
conversion.

3 Operating Principle of the Converter

The circuit of the proposed converter, including the conduction losses in the compo-
nents is shown in Fig.1. Following conduction losses are considered: the collector-to-
emitter voltage drop of the IGBT (Ucg), diode voltage drop (Up) and the winding
resistance of the inductors L; and L, (). The converter can operate in both directions,
in the forward and in the reverse operating mode. In the forward operating mode the
energy is transferred from the HV side towards the LV side. The transistors 7s...Ts on
the HV side and 7...T, on the LV side are switched in pairs using the positive phase
shift angle ¢. In the forward operating mode the diode Din the qZS network must be
shunted with a switch S in order to allow the power flow to the LV side. In the reverse
operating mode the energy is transferred from the LV side towards the HV side. The
transistors 7;...7T, on the LV side and transistors T5s...Tg on the HV side are switched
in pairs using the negative phase shift angle ¢ as shown in Fig.2a. The switch S must
be in the opened state. The voltage on the LV side DC link can be elevated by the qZS
network. Therefore a shoot-through switching state of the inverter switches is intro-
duced, when both switches on one leg (or all 4 switches) conduct simultaneously [5].
During the shoot-through state the energy is stored in the inductors L; and L, and
transferred to the DC link during the active state. The research in [6] stated that add-
ing additional phase shift angle ¢ to the HV side bridge gate signals during the shoot-
through state on LV side allows the power of the converter to be adjusted. Proposed
technique is shown inFig.2b. Moreover, the additional phase shift can reduce the con-
duction losses in the transformer that are caused by the circulating current during the
shoot through state of the low voltage side inverter (transformer is short cir-
cuited).Considering Ny as the transformer’s turns ratio, the best performance of the
phase shift control and the lowest current stress on the switches is achieved if the
converter is designed according to the requirement

Upe =NpUpy (1)
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Fig. 2. Waveforms of the qZS-DAB converter in the reverse operating modes: a) operation
under normal conditions, b) voltage boost mode

4 Impact of the Component Losses on the Output Power

In order to facilitate the impact of the component losses on the output power of the
gZS based DAB, the mathematical models were derived based on the steady state
analysis of the qZS inverter [7] and DAB [8]. Selected circuit parameters are shown
in Table 1.

Table 1. The circuit parameters of the gZS-DAB converter

Parameter Value
HV side voltage Uy NV
LV side voltage U,y 30V
Switching frequency f; 20 kHz
MF transformer turns ratio Nyg 1/3
Leakage inductance of MF transformer Ly 10pH
Resistance of the inductors L; and L,r; 150mQ
IGBT saturation voltage Ucg 1.8V
Diode voltage drop Up 1.1V




488 V. Beldjajev, I. Roasto, and J. Zakis

4.1 Normal Mode

In the normal mode the voltage on the DC link is at the desired level and conventional
phase-shift control method is used to transfer the power. The operating period T con-
sist of the active state of the transformer and power transferred from the low voltage
side to the high voltage side can be evaluated as follows

= NxU,y =2U,)- (U, - e )D¢(l _ ‘D(p‘) -1<D_ <1 ()
loss 2fSLTR ’ R

where D, is the phase shift duration, fs is the switching frequency and Ly is the lea-
kage inductance of the medium frequency (MF) transformer.

4.2  Voltage Boost Mode

In the voltage boost mode the voltage on the DC link can be elevated to match the
desired level. The operating period 7 of the MF transformer consists of an active state
t4 and a shoot through state #; that can also be represented with the duty cycles

f, t
7A+FS=DA+DS=1. 3)

A phase shift D, is added to gate signals to adjust the power level of the converter as
shown in Fig 2b.The power transferred from the LV side to the HV side can be eva-
luated as follows

P = (UDC B 2UCE )(2N TR (UHV - 2UD ) - (UDC - 2UCE ))Dgp (1 B Ds )
loss 4fSLTR

In order to estimate the DC link voltage and thus the output and input power of the
converter the equation system (5) can be composed based on the shoot-through (see
Fig. 3a) and active (see Fig. 3b) switching states.

“4)

Fig. 3. Switching states of qZS in voltage boost mode: a) shoot through state, b) active state
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Solving the equation system the DC link voltage can be obtained as follows
U,y -2 Ds(1-Dg )-Up —2U gD
Upe =—L TRTL s( S) D CEZS (6)

where the I73 is the average transformer current during half-period and it can be ob-
tained from (4) and (5) in a following way

ITR — PIOSS . (7)

UDC - 2UCE
As can be seen from (6) the impact of component losses on the Upc depends on the
shoot-through duty cycle duration. According to (7) the transformer average current
depends on the transferred power and is inversely proportional to the voltage value on
the DC link and voltage drop of the IGBT.

Typicallya drawback of the DAB is the increase of the current stress due to the vol-
tage variation on the DC buses, however the DAB extended with the additional qZS
network allows the current stress on the switches to be reduced. The current stress on
the switchesT; and T, obtained with the simulation results for determined circuit
parameters, is presented in Table 2. According to the simulation results, the current
stress on the LV side switches can be reduced from 29 A in case of the DAB to 22 A
when the qZS-DAB operates in the voltage boost mode. Moreover, in the voltage
boost mode the current on the HV side switches can be reduced from 3A to 0.5A that
in turn results in smaller conduction and switching losses.

Table 2. Current stress in the switches

I(Ty) I(T5)
Conventional DAB 293 A 3.07 A
gZS-DAB (normal mode) 27.6 A 34 A
qZS-DAB (boost mode) 22 A 05A

5 Impact of the Component Losses on the Efficiency

In order to facilitate the influence of the component losses on the efficiency of the
qZS based DAB the derived mathematical models were analyzed for different com-
ponent values at varying phase shift duty cycles. The output and input power was
estimated and the efficiency was obtained according to the following equation



490 V. Beldjajev, I. Roasto, and J. Zakis

nzh-IOO%. (11)

IN

The Fig.4 depicts the influence of the Ucr on the efficiency of the converter for dif-
ferent phase shift values. It can be seen that the increase of the Ucg from 0...3 V de-
creases the efficiency from 0.95...0.73. Increasing the input voltage would result in a
higher efficiency and relatively smaller impact of the Ucg. The influence of the active
resistance of the inductors is shown in the Fig.5. For the given circuit parameters the
increase of the r; from 0...1 reduces the converter efficiency from 0.85...0.61 for
normal mode and from 0.82...0.77 for the voltage boost mode. The influence of
the diode voltage drop on the efficiency is shown in the Fig.6. It can be seen that the
increasing the diode voltage drop Up the efficiency decreases from 0.86...0.73.
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Fig. 4. Impact of the collector-to-emitter voltage drop on the efficiency: a) normal mode;
b) voltage boost mode
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Fig. 5. Impact of the inductor resistance on the efficiency: a) normal mode; b) voltage boost
mode



Impact of Component Losses on the Efficiency of a New Quasi-Z-Source Bridge 491

0. 0.
0.866f 0.864K
0852w 0.848—
n(() 05,Up)o.834 e 0.83
> AN T >
E n(0.1,Up) 0824 <~ g n(0.05,Up)0819
9 M~ ~ 9o
8 n(0.15,up) 081 =. 5 0.
CRI T 2 o
o 0.796 S i3 0.784)
n(02.Up) ST
- 0.78 e 0.768]
R -
L~
0.76! — 0.752)
0.754 0.736]
074 0.
0 0.6 12 18 24 3 0 06 12 18 24 3
Up Up
Diode voltage drop [V] Diode voltage drop [V]
a) b)

Fig. 6. Impact of the diode voltage drop on the efficiency: a) normal mode; b) voltage boost
mode.

6 Experimental Results

The experimental results were carried out on the experimental prototype for the nor-
mal and voltage boost modes. The IGBT switches IRG7Ph42ud1pbf were used in the
DAB. For the normal mode, the phase shift angle of ¢ = 10° was used. For the voltage
boost mode the gate signals with duty cycle D = 0.6 were applied on the switches, that
resulted in the shoot-through duty cycle Dy = 0.1. The phase shift in this case was
maximal D, = Ds. The voltage and current measurement results for P = 250 W are
shown in Fig. 7. According to the parameters listed in Table 1. and the dependency
shown in chapter 5, the estimated efficiency of the converter in both modes is roughly
83 %. Measurements have shown 78 % efficiency of the converter with given para-
meters. Obviously the measured efficiency is lower since the switching losses and
core losses were not taken into account in the analysis. Also on the background of the
low input voltage the Ucg has relatively bigger impact than for the higher voltages.

UTrp
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Fig. 7. Waveforms showing input voltage (Uy) and current (I;y) as well as output voltage
(Upy) and current (I5y) in normal mode (a) and voltage boost mode (b)
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7 Conclusion

The paper presented a loss analysis of the new qZS based DAB. The mathematical
loss models of the converter were derived for normal operating mode, using conven-
tional DAB control, and voltage boost mode, when the shoot-through switching state
was used to step up the voltage on the DC link. The mathematical models were ana-
lyzed for different circuit parameters. The results have shown that Ucg and Up have
significant impact on the efficiency of the converter. For this reason the components
with as low values should be selected, for example MOSFET switches if the converter
operates with low voltage. Moreover, the simulation results verified the decrease of
the current stress on the switches. The estimated efficiency for the selected circuit
parameters was roughly 83%. The experimental results in the nominal operating point
showed the 78% efficiency, which is smaller in comparison with obtained efficiency,
since the analysis did not consider the switching and core losses.
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Abstract — This paper presents a complete steady-state
analysis of the novel commutating LC-filter based dual active
bridge (DAB). Such converter is aimed to be used in the
isolation stage of the power electronics transformer. The
topology consists of the LC filter coupled with a DAB. The LC
filter allows to boost the input voltage by means of shoot-
through state of the inverter switches. The output power of the
converter is controlled by means shoot-through and the special
phase shift modulation of the DAB. The simulation results of the
proposed converter are provided.

Keywords — dual active bridge converter, commutating LC-
filter, power electronic transformer, solid state transformer.

I INTRODUCTION

Power generation, transmission and distribution are three
main parts of the modern power system, in which the power
transformers play a significant role [1]. However the
traditional transformers cannot meet the set requirements for
the future smart grid networks. The power electronics has
offered enabling technologies for the power quality
enhancements in the transmission and distribution systems.
Such systems are for example the flexible AC transmission
systems, static VAR compensators, static synchronous
compensators, unified power flow controller etc. A new type
of the power converter, named power electronic transformer
(PET), for the distribution systems was introduced in the 80’s
[2]. The PET, also called solid state transformer is a new type
of transformer that realizes voltage transformation, galvanic
isolation and power quality enhancements in a single device.
In comparison to the previous century the power ratings of
the controllable switches have significantly improved thus
enabling the PET to match the voltage and power ratings of
the distribution systems [1] — [3]. The bi-directional power
flow is the most important requirement that the PET has to
fulfil. Additional expected characteristic is the reduction of
the volumes by means of increasing the operating frequency.
A good state of art concerning different topologies of PET
has been presented in [1] — [3]. The research states that the
three stage PET topology seems to be the most promising.
This topology consists of the controllable input (AC/DC), the
isolation (DC/DC) and output (DC/AC) power electronic
stages (see Fig. 1). The isolation stage consists of two active
rectifiers and a high frequency transformer to separate the
high voltage and low voltage ports from each other.

Isolation Stage, fB 1kHz
HVDC| LVDC|

~ = I =
f=50Hz T x

Fig. 1. Three stage topology of PET.

Input Stage Output Stage

f=50Hz

Many different DC/DC converter topologies have already
been proposed for the isolation stage of the PET. The
research in [3] has proposed a three stage topology based on
modular multilevel design. Moreover, the matrix converter
based topology has been proposed in [5]. However these
topologies require a high number of switches and they lack
the voltage step-up properties. A bi-directional current
doubler based isolation stage for PET was proposed in [6].
Such converter has good voltage boost and current ripple
cancellation properties, however significant number of
inductive elements make this circuit hard to use without
additional snubber circuit which in turn increases the losses.
In particular, the drawback of many conventional DC/DC
converters is the growth of switching losses and increase of
the undesired effects caused by the parasitic elements, such
as stray inductance of the transformer, capacitance of the
switches and diode reverse recovery. One of the known
topologies that can utilize effectively the circuit parasitics is
the dual active bridge (DAB) that varies the phase angle of
the control signals to control the output power magnitude and
direction [7]. Moreover, DAB based isolation stage for PET
has already been built for tens of kilowatts [8]. The best
performance of the DAB is achieved when the voltage on the
transformer primary and the reflected secondary voltages are
equal. In such case the current stress on the devices is
minimal and soft switching can be effectively achieved that
results in higher efficiency. Under the realistic conditions the
voltages on the primary and the secondary can vary in a wide
range depending on the load. This results in a DC bus voltage
reduction that in turn increases the current stress on the
components.

In order to overcome these drawbacks different attempts
have been made to achieve the desired voltages on the
primary and the secondary sides of the transformer. The
research in [9] proposed to extend the DAB with a
commutating LC filter for voltage elevation. The topology
consists of the two full bridges and one commutating LC
filter circuit with an active clamped capacitor. The voltage
elevating properties of commutating LC-filter in DC/DC
converters have been discussed and analysed by many
authors [10]-[14]. Reduced number of passive elements of the
LC-filter results in reduced costs, dimensions and increased
power density of the whole system [11]. One of the
advantages is the ability of active clamped circuit to limit the
voltage overshoot of the switches and utilize energy stored in
the transformers leakage inductance for achieving ZVS [12].
It has also been shown that this topology is effective in the
renewable energy systems [13]. This paper proposes to
extend the DAB with the commutating LC filter by utilising
the phase shift control technique and employ modulation
scheme that was proposed in [9]. The voltage on the DC link
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is controlled by means of the shoot-through state duration and
the output power is additionally controlled by employing the
phase shift between the gate signals of the switches on the
both HV and LV side bridges.

The paper presents the steady state analysis the actively
clamped LC-commutating filter based DAB topology for the
isolation stage of PET.

1L COMMUTATING LC-FILTER BASED DAB

The proposed commutating-LC filter based DC/DC
converter consists of the two voltage sources Uy, and Upy,
the inductor L;, the capacitor C; and the clamping power
switch T¢, switches 7;...T, on the low voltage (LV) side,
switches 75...T on the high voltage (HV) side and a high
frequency (HF) transformer as shown in Fig. 2. An additional
inductance Lz is added in series with transformer winding.
Under the nominal conditions, neglecting all losses in the
passive and active components, the voltage on the LV side
and the reflected voltage on the HV side must satisfy the
condition

Uy =Upc=Np -Upy., (1

where U,y is the voltage on the LV side, Upc is the voltage
on the DC link, Uyy is the voltage on the HV side and Ny is
transformers turns ratio. The transformer turns ratio Npy is
defined as follows

N
N R = TP B (2)
S
where Ny is the number of turns on the HV side, and Np is the
number of turns on the LV side of the transformer.

The switches of the DAB are switched in pairs with the
duty cycle D = 50 % and the power flow of the converter is
controlled by means of the phase angle ¢ between the
corresponding legs of the DAB on the LV and HV sides
whereas the LC performs the low pass filtering on the LV
side. Thus, the switch 7. is turned ON constantly. In
particular, the converter operates as a conventional DAB
topology where the magnitude of the phase angle determines
the output power value and the sign of the phase angle
determines the direction of the power flow. If the phase angle
is positive then the power is transferred from the LV side to
the HV side. Vice versa is valid for the negative sign of the
phase angle. The typical waveforms and gating signals of the
switches are shown in Fig. 3. If the boost of the input voltage
is not needed then LC network provides only the low pass
filtering.

However, under the realistic conditions the voltage on the
low voltage side may vary in significant ranges that can result
in a poor power control, increased current stress on the
components and thus lower efficiency. The proposed
commutating LC filter topology enables to boost the voltage

Fig. 2. Circuit of the proposed commutating LC-filter based DAB

on the DC link by means of the shoot-through switching state
duration control. During the shoot-through state the switches
T;...T, are turned ON simultaneously and the energy is stored
in the filter inductance Z,;. During the shoot through state the
switch 7¢ is turned OFF in order to prevent short circuiting of
the capacitor C; Voltage on the DC link Up¢ during the shoot
through is zero. From here it can be seen that the switch 7¢
switches two times faster than the switching frequency of the
DAB transistors. During the active state, the power is
transferred from the LV side to the HV side of the converter.
The gate signals with both transformer voltages and
transformer current waveforms are shown in Fig. 4a. During
the time interval #,...t;, also shown as a phase shift duration
t,, the transistors 7;...T, are in the shoot-through state and
Ts...T; are switched on the HV side. The voltage Upyy is
applied to the transformer HV side and the current in the
transformer increases linearly. In addition, due to the shoot-
through condition the current in the inductor L; increases
linearly, while the capacitor C; is separated from the circuit
by means of turning OFF the switch T¢. During the interval
t;...t, the switches T,...T, and Ty Ty are turned ON and the
converter is in the freewheeling state that is used to control
the output power of the converter. The capacitor is kept
separated from the circuit and current in the inductor keeps
rising. During the time interval ¢,...z; the switches 7}, Ty, Ts
and Ty are turned ON, however the current flows through the
freewheeling diodes of 75 and Ty towards the HV side. The
transformer current becomes equal to the DC link current and
power is transferred from the LV side towards the HV side.
As can be seen, considering requirement (1) the output power
can thus be adjusted by controlling the duration of time
interval #)...t; (phase angle ¢). The second half-cycle is
symmetrical to the previous one and the transformer current
repeats with negative sign during the period 772 < ¢ < T,
where T is the duration of the switching period, interval
ty...ts. In order to illustrate the current and voltage behaviour
on the LV side, the inductor current /;;, the voltage on the
DC link Upc, capacitor current /c; and current through the
active switch /7, are presented in Fig 4b.

A
LT/ 1,
T2 T3 1 C ot
| | ot
TsTe| [ [,
11 [ | 't
T T7 N } [ | ‘ } >
l L L R
Urrp | 1 1 >
| 1 l t
1 } |
Urrs [ } ; ™
Bt
Itrp %t
R0 S

Fig. 3. Gate signals and typical waveforms of conventional DAB
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Fig. 4. Gate signals and typical waveforms of the commutating LC filter based DAB

The slope of the transformer current can vary under
different load and varying voltage levels on the LV and on
the HV sides. The possible shapes of the transformer current
are shown in the Fig 5. If the voltage on the LV side is higher
than the reflected HV side voltage, then the transformer
current has a rising slope on during the non-shoot-through
state. If the LV side voltage is lower than the reflected HV
side voltage, then current has a decreasing slope. In the ideal
case the LV side and reflected HV side voltage are equal, and
transformer current has a flat slope. In order to achieve such
condition, the boost properties of the commutating LC filter
have high importance.

|

Itrp i
ULv BNTRUHV —_

Itrp
ULv =NTRUHV

Itrp /—‘\\
ULvANTRUHV|

Fig. 5. Typical shapes of the transformer current depending on the LV and
HV side voltage levels.

I1I. STEADY STATE ANALYSIS

For the steady state analysis it is assumed that all switches
are ideal, all passive elements are ideal, the transformer is
ideal (magnetizing and mutual inductance are equal) however
a leakage inductance Ly is added in series. In addition it is
assumed that converter operates in the continuous conduction
mode. Also, all the switching transients are neglected.

As the transformer current is symmetrical, it is enough to
perform the analysis for the half period, so that

Ts=5—, ®)

where fs designates the switching frequency of the switches
T;...Ts. The operating period 75 of the converter in the
voltage boost mode consists of an active state ¢4 and a shoot-
through state #;

Ty =t,+tg, “)

For better appearance of the equations the state intervals
are represented with corresponding duty cycles as follows

t t
A4S -p,+Dg=1. (5)
Ty T
Moreover, the time interval #,...t; is duration of the phase
angle #, thus the corresponding duty cycle can be presented as
follows

D,=-"2. (6)

A. Normal mode

In the normal mode, it is assumed that the voltage on the
LV and HV sides of the transformer are at the desired level
and the condition (1) is satisfied. The output power is
controlled by means of adjusting the phase shift between the
gate signals of the corresponding legs on both bridges. The
transformer current during both intervals can be described as
follows
M‘AI,IO <t<[1.
Ly 7
Uy —NiU M
Yo =NeUnv py 4 <y,

Airg =iggo +

Aipp =
Lg
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According to the research [9], [10] the output power of the
DAB can be obtained in a following way

NgUpyU,yD,(1—=|D
P TRY HV éV (/’( ‘ ‘P‘)’_]gD(pSl ®)
2fsLg

As can be seen from (8) the output power depends on the
sign and magnitude of the phase angle D,. It can also be
shown that the maximum power is transferred at the phase
angle value D, = £0.5.

B. Voltage boost mode

From the waveforms presented in Fig. 4 it can be seen that
current through the transformer is symmetrical and during the
first half-cycle ¢...t; rising with the different slopes. From
the figure it can be seen that the transformer current slopes
are linear, hence the transformer current iz can be described
as follows

Uy N
VIR Aty <t<ty =1,
I ‘

TR
Upc Uy N ©)
Aipg =W.A[,t2 <t<ty =
TR

Where iz is the initial value of the transformer current at
time instance f,. For the analysis it is assumed that the initial
value of the irgo is negative. The time period ¢,...7, is
skipped, since the current does not change during this interval
irr(t) = irr(ty). Due to the symmetry, the irg at the time
instance f; has the same value as at the time instance ¢,
however with the opposite sign. That can be expressed as
follows:

Al =iggo +

ty

(10)

irg (1) =—irp -

Thus, the transformer current during 75 can be described
with the following expression

Uny Nrr +UDC_UHVNTR(
2fsLp 2fsLg

where (1-Dy) is the active state Dy (5). The solution of (11)
gives the following expression for the current term izg o

1
:7[NTRUHV(1_D¢ —DS)—UDC(I—DS)], (12)
4fsLr
Inserting the solution from (12) into (9) allows the current
value at the time instance #; to be obtained in a following way

irgo + 1-Dg)= —irgo,(11)

IR0

1
4fsLg

In order to obtain the output power level of the converter,
it is necessary to determine the average current of the
transformer during the half-cycle. The average current can be
obtained by solving the following integral for the half-cycle
switching period Ts.

i) = [NTRUHV(1+D¢_DS)_UDC(l_DS)l(l?’)

Tg
1F,
Ip = — J'ITR (t)dt. (14)
TS

)

=
U3s
—

'Y T3 Y

T ‘ Ty Tay

Fig. 6. Equivalent circuit of the converter in shoot-through state (a) and
active state (b).

Knowing the average current value determined by (14)
allows the transferred power during the half-cycle T to be
obtained. The instantancous power can be calculated by
multiplying the instantaneous current and voltage values.
Assuming that the voltage on the transformer terminals is
constantly equal to the DC link voltage Upc and using the
expression (14), the output power can be obtained in a
following way

T
1 .
P:Fju(t)'lTR(t)dt:UDt"ITR' 15)
S

Inserting the solutions from (12) and (13) into (14) the
average transformer current /rz during the period Ts can be
evaluated. Iz is a sum of current terms at different time
instances. Considering (9) and (10) the transformer average
current during 7 can be expressed as follows

1 . . . .
= ———llit) +i1))- D, + (it =i)- (- D5} 16)
4fsLg
And inserting /7 from (16) into (15) the supplied power P
can be estimated in a following way

(2NTRUHV _UDC)D(p(l _DS)
4./:S'LTR

As can be seen from (17) the output power depends
proportionally on the phase angle value D, shoot through
duty cycle Ds, voltage levels Uy and Upp and inverse
proportionally from the switching frequency fs and the
leakage inductance Ly of the HF transformer.

Next it is essential to determine the DC link voltage level
and the boost factor of the converter. The estimation of the
boost factor is based on the fact that in the steady state
operation the average voltage over the inductor during one
switching period T is zero as can be seen from the Fig. 3.

1}
Uy, :—juLl(t)dt =0.
Ts

fy

ITR

P=Upe- 0< D, <Dg. (17)

18
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The equivalent circuit of the shoot-through state is shown
in Fig. 6a. It can be seen that the voltage over the inductor L,
is equal to the LV side voltage

up =Uy - Dy.

19)
The equivalent circuit for the active state is shown in the

Fig. 6b. The voltage over the inductor is equal to the sum of
the voltages on the LV side and capacitor C;

up =Wy =Ug)-(1-Dy). (20)
From (18), (19) and (20) the following expression can be
written to describe the inductor voltage

uy =Upy -Dg+ ULy —Ugq)-(1-Dg)=0. (21)

And the capacitor voltage, hence the DC link voltage, can
be derived from (21) as follows

Ur

1-Dg’

It can be seen that boost factor of the converter is same as

for the traditional boost converter and depends on the shoot-

through state duration Ds. Knowing the output power (17)

and the DC link voltage (22) the average current through the
inductor L; can be estimated as follows

P

Uy
The inductor current achieves its maximum value by the
end of the shoot-through state. Thus, knowing the inductance

L, and shoot-through state duration the inductor current
ripple can be estimated in a following way

ULV
Lifs

Moreover, knowing the maximum I,y value of the
transformer current obtained from (13) the peak-to-peak
value of the capacitor C; can be expressed as follows [12]

Al ey =2(L ppux — 1 1y)- (25)

In practise, the parameters necessary for the LC filter
inductance are defined by (24). At maximal shoot-through
duty cycle Dgmax the full change of current must be on the
accepted level, thus the filter inductance can be selected
accordingly

Ucy = (22)

Iy = (23)

Al =

Dy. (24)

2
_ Uiy Ds ymux

Kfs Py
where Py designates the desired nominal output power of the
converter.

L , (26)

Fig. 7 depicts the influence of the phase angle D, and
shoot through duty cycle Dg to the output power of the
converter. The graphs are obtained analytically using
following parameters: fg = 20 kHz, L7z = 6 pH, Uy =200V,
Nrg = 6.6, Upc = 30 V. It is assumed, that the converter
operates at its maximal power level, so that D, = Ds. It can be
seen that DC link voltage is kept on the constant level of 30
V when the input voltage is decreasing. The maximal power
of the converter is achieved when the shoot-through duty
cycle and thus phase angle are Dg = 0.5. Fig. 8 depicts the
influence of the phase angle value to the output power, while
keeping the shoot-through duty cycle at the constant value Dy
= 0.5. It can be seen, when input voltage falls to 15V, the

converter keeps the DC link voltage still at required level.
The output power depends linearly from the D, and achieves
its maximal value at D, = Ds.

o Ubc L5

Power [W]

|~
Vollags [V

Uwv({Ds)

0 02 04 05 08 T
Shoot-through duty eycle Ds

Fig. 7. Output power P(Ds) and DC link voltage Upc dependency of the
shoot-through duty cycle by D, = Ds

50 35
- Ubc 515
10 s
33 245
Z =
E 20 Ly 115 gp
& 20 1 =
15 105
mofP(D(p)
5 5

0 01 02 03 04 03
Phase angle duty cycle Dg

Fig. 8. Output power P(D,) dependency of the phase angle duty cycle by
constant Uyy, Upc and the shoot-through duration Ds=0.5.

IV. SIMULATION RESULTS

In this chapter the simulation results of the proposed
converter are presented. The aim of the simulations is to
verify the theoretically obtained results. First the converter is
simulated in the normal mode, considering requirement (1).
In the normal mode the DAB is controlled using conventional
phase shift modulation. During this operating mode the LC
network performs low pass filtering. Afterwards the voltage
boost mode of the converter is simulated using the
modulation shown in Fig. 4. The parameters used in the
simulation circuit are presented in Table 1.

Fig. 9 shows the voltages on both sides of the transformer
and the current flowing through the transformer primary. The
phase shift between the two voltages is clearly seen and
current has the waveform that corresponds to theoretical.

Table 1. LC-DAB Circuit Parameters

Parameter Value
Low side voltage Uy 27/30 V
High side voltage Uyy 200 V
Transformer turns ratio Ny 1/6.6
Inductor L, 100 uH
Capacitor C; 150 uF
Switching frequency fs 20 kHz
Output power 1 kW
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Fig. 10 depicts the voltages on both sides of the
transformer and the current in the transformer primary in the
voltage boost mode. It can be seen that transformer current
rises during the phase shift duty cycle, and afterwards stays
on the constant level during the freewheeling state described
in chapter 2. All waveforms are identical to the theoretical
ones.

V. CONCLUSION

The paper presented the steady-state analysis of the
commutating LC-filter based DAB DC/DC converter. One
possible application for the above-mentioned converter is the
isolation stage of the PET. If the voltage levels on the HV-
DC link and LV-DC link are at the desired level, the
converter operates as a traditional DAB and the phase shift
modulation is employed. The LC network provides a low
pass filtering of the DC link voltage. However, under the
realistic conditions the voltage on the LV DC link may
decrease and that in turn would result in increased current
stress and lower efficiency. In that case the special
modulation state, shoot-through, is used to boost up the
voltage on the DC link to the desired value, separating the
capacitor from the network by means of an additional switch.
In addition a special phase shift modulation is used to control
the output power of the converter. The equations for
estimating the output power and the boost factor of the LC
filter, neglecting the losses, were derived. Also, the power
characteristics were presented and the results were verified
with the simulations. It can be said that employed modulation
scheme for the boost mode allows to additionally control the
output power by means of a phase angle. However, a more
comprehensive analysis is necessary to assess the feasibility
of such topology in practice. The conduction and switching
losses in the real switches may have significant impact on the
overall efficiency. Moreover, the switching and core losses

increase with the switching frequency and need to be paid
attention during the design. In addition, due to voltage fed
nature, special considerations regarding EMI for this
topology.

Next step of the research is to build the prototype of the
converter and perform soft-switching and loss analysis in
order to estimate the efficiency.
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Abstract — This paper presents a steady state analysis of the
commutating LC-filter based dual active bridge (DAB)
considering the conduction losses in the components. The aim is
to use this converter in power electronic transformer (PET). The
LC-filter offers the boost properties with a small component
count and DAB allows effective power flow control and soft
switching capabilities. Such combination allows the voltage on
the transformer terminals to be kept at the desired level to
enable the best performance of the converter. In order to
facilitate the impact of the losses on the power characteristics
and efficiency the mathematical loss models are derived and
experimental results are presented.

Keywords — dual active bridge converter, commutating LC-
filter, power electronic transformer, conduction losses.

I INTRODUCTION

Power generation, transmission and distribution are three
main parts of the modern power system, in which the power
transformers play a significant role [1]. The power electronics
has offered enabling technologies for the power quality
enhancements in the transmission and distribution systems.
Such systems are for example the flexible AC transmission
systems, static VAR compensators, static synchronous
compensators, unified power flow controller etc. The PET, is
a new type of transformer that realizes voltage
transformation, galvanic isolation and power quality
enhancements in a single device. The PET is suitable for the
use in the power systems that comprise renewable energy
sources, energy storage devices as well as different type of
loads. Thus the bi-directional power flow is the most
important requirement that the PET has to fulfil. Additional
expected characteristic is the reduction of the volumes by
means of increasing the operating frequency. A good state of
art concerning different topologies of PET has been presented
in [1] — [4]. The research states that the three stage PET
topology seems to be the most promising. This topology
consists of the controllable input (AC/DC), the isolation
(DC/DC) and output (DC/AC) power electronic stages (see
Fig. 1). The isolation stage consists of two active rectifiers
and a high frequency transformer to separate the high voltage
and low voltage ports from each other

Isolation Stage, f @ 1kHz Output Stage
C|

Input Stage

~ = 3 gJ‘L - =
f=50Hz, T T
= JL = ~

Fig. 1. Three stage topology of PET.

f=50Hz

Many different DC/DC converter topologies have already
been proposed for the isolation stage of the PET. In
particular, the drawback of many conventional DC/DC
converters is the growth of switching losses and increase of
the undesired effects caused by the parasitic elements, such
as stray inductance of the transformer, capacitance of the
switches and diode reverse recovery. One of the known
topologies that can utilize effectively the circuit parasitics is
the dual active bridge (DAB). As a matter of fact, DAB based
isolation stage for PET has already been built for tens of
kilowatts [5]. The best performance of the DAB is achieved
when the voltage on the transformer primary and the reflected
secondary voltages are equal. In such case the current stress
on the devices is minimal and soft switching can be
effectively achieved that results in higher efficiency. Under
the realistic conditions the voltages on the primary and the
secondary can vary in a wide range depending on the load.
This results in a DC bus voltage reduction that in turn
increases the current stress on the components. This issue can
pose a major drawback of the DAB. In order to overcome this
drawback an additional boost circuit can be added to the low
voltage side. The commutating LC-filter network has been
widely proposed for the DC/DC converters that are used in
renewable energy systems [6]-[11]. Reduced number of
passive elements of the LC-filter results in reduced costs,
dimensions and increased power density of the whole system.
One of the advantages is the ability of active clamped circuit
to limit the voltage overshoot of the switches and utilize
energy stored in the transformers leakage inductance for
achieving ZVS [9]. It has also been shown that this topology
is effective in the renewable energy systems [10]. If the
voltage level on the low voltage (LV) side drops below the
desired value, the converter can elevate the voltage on the DC
link and thus guarantee the best performance of the DAB.
However, additional circuit results in increased conduction
losses that in turn decrease the efficiency. For this reason, the
impact of the conduction losses is essential and needs to be
taken into account when designing the converter.

1L COMMUTATING LC-FILTER BASED DAB

The commutating LC-filter based DAB consists of the two
voltage sources Uy and Upy, the inductor L;, the capacitor
C; the clamping power switch 7, switches 7;...7, on the low
voltage (LV) side, switches Ts...Ts on the high voltage (HV)
side and a high frequency (HF) transformer as shown in Fig.
2. An additional inductance L;; is added in series with
transformer winding. Under the nominal conditions,
neglecting all losses in the passive and active components,
the voltage on the LV side and the reflected voltage on the
HYV side must satisfy the following condition
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Fig. 2. Circuit of the proposed commutating LC-filter based DAB

Uy =Upc =N -Upy, (1

where U,y is the voltage on the LV side, Upc is the voltage
on the DC link, Uy designates the voltage on the HV side
and Ny is transformers turns ratio. The transformer turns
ratio Ny is defined as follows

N
Nip = @)
N
where Ny is the number of turns on the HV side, and Np is the
number of turns on the LV side of the transformer. The

current stress on the components is minimal when condition
(1) is fulfilled.

If the voltage on the LV side drops below nominal value,
then it must be elevated by the additional LC extension. The
proposed commutating LC-filter topology enables to elevate
the input voltage by means of the shoot-through switching
state duration control. During the shoot-through state the
switches T...T, are turned ON simultaneously, the energy is
stored in the filter inductance L;. During the shoot through
state the switch 7¢ is turned OFF in order to prevent short
circuit of the capacitor C;. Voltage on the DC link Upc
during the shoot through is zero. From here it can be seen that
the switch 7T switches two times faster than the switching
frequency of the DAB transistors. During the active state, the
power is transferred from the LV side to the HV side of the
converter. The waveforms of the gate signals, transformer
voltages on HV and LV side, and the transformer current are
shown in Fig. 3. During the time interval #,...#;, also shown as
a phase shift duration #,, the transistors 7;...T, are in the
shoot-through state and 75...T; are switched ON the HV side.
The voltage Uyy is applied to the transformer HV side and
the current in the transformer increases linearly. In addition,
due to the shoot-through state the current in the inductor Z;
increases linearly, while the capacitor C; is separated from
the circuit by turning OFF the switch 7. During the interval
t;...t; the switches T,...T, and Ty Ty are turned ON. In this
case the converter is in the freewheeling state that is used to
control the output power of the converter. The capacitor is
kept separated from the circuit and current in the inductor
keeps rising. During the time interval ¢,...; the switches 77,
T, Ts; and Ty are turned ON, however the current flows
mainly through the freewheeling diodes of 75 and T towards
the HV side. During the active state, the switch 7 is turned
ON. The transformer current becomes equal to the DC link
current and power is transferred from the LV side towards the
HV side. As can be seen, considering requirement (1) the
output power can thus be adjusted by controlling the duration
of time interval #,...¢; (phase angle ¢). The second half-cycle
is symmetrical to the previous one and the transformer
current repeats with negative sign during the period 7/2 < t <
T, where T is the switching period, interval #,...¢5. The voltage
applied to the leakage inductance Lz is determined by the
difference of the input and output voltages

Ui =Upc =Nz Upy- (3)
4
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Fig. 3. Gate signals and typical waveforms of the commutating LC filter
based DAB
II1. STEADY STATE ANALYSIS

For the steady state analysis it is assumed that all switches
are ideal, all passive elements are ideal, the transformer is
ideal (magnetizing and mutual inductance are equal). In
addition it is assumed that voltage sources U,y and Upy are
constant and converter operates in the continuous conduction
mode. Also, all the switching transients are neglected.

As the transformer is symmetrical, it is enough to perform
the analysis for the half period, so that

T
2fs’

where fs designates the switching frequency of the switches

T;...Ts. The operating period Ts of the converter in the

voltage boost mode consists of an active state z, (¢,...73 and
ts...ts) and a shoot-through state #5(#...7; and t;...15)

4)

S

Tg=t,+tg. 4)
The state intervals can also be represented with
corresponding duty cycles as follows
t t
A4S —p,+Dg=1. (6)
Ty Ts

Moreover, the time interval #,...t; is duration of the phase
angle #, (ty...t; and f;...t,) thus the corresponding duty cycle
can be presented as follows

D,=—"*. (7
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From the waveforms presented in Fig. 3 it can be seen that
current through the transformer is symmetrical and during the
first half-cycle #...#; rising with the different slopes. From
the figure it can be seen that the transformer current slopes
are linear, hence the transformer current iz can be described
as follows:

Uyy N
IR An g <t <ty =t

Upc-U n;\’ ®
—DC ZHVIR Aty St <ty =ty
LTR

In (8) izro is the initial value of the transformer current at
time instance #,. For the analysis it is assumed that the initial
value of the iz, is negative. The time period ¢...7; is
skipped, since the current does not change during this interval
irr(t;) = irr(t;). Due to the symmetry, the irg at the time
instance f; has the same value as at the time instance ¢,
however with the opposite sign. That can be expressed as
follows:

Aigp =i o+

Aipp =

irg (t3) = —irpo- Q)
Thus, the transformer current during 7 can be described
with the following expression
Uyy N Upe =Uyy N .
HV VTR X + DC HVYTR (l_DS):_lTR,O’ (10)
2fsLyg 2fsLg
where (1-Dg) is the active state D, duty cycle (5). The

solution of (11) gives the following expression for the current
term izg o

Irgo +

. 1
IR0 :7[NTRUHV(1_D¢ _DS)_UDC(I_DS)l (11)
4fsLg
Inserting the solution from (10) into (8) allows the current
value at the time instance #; to be obtained in a following way

_ 1
i(t}) = ————[NyU y 14+ D, = Dg) = U pe (1= D)} (12)
4fsLy
L uLt
H *-
iL1 I 1Y T: ¥
ULy
T l T:¥ T+ ¥

Fig. 4. Equivalent circuit of the converter in shoot-through state (a) and
active state (b).

In order to obtain the output power level of the converter,
it is necessary to determine the average current of the
transformer during the half-cycle. The average current can be
obtained by solving the following integral for the half-cycle
switching period 7.

TS

1
1 :—Ji t)dt.
TR TS TR()

lo

(13)

Knowing the average current value determined from (13)
allows the transferred power during the half-cycle T to be
obtained. The instantanecous power can be calculated by
multiplying the instantaneous current and voltage values.
Assuming that the voltage on the transformer terminals is
constantly equal to the DC link voltage Upc and using the
expression (13), the output power can be obtained in a
following way

T
1 .
P [u0) iyt =Upc . (14)
N

fy

Inserting the solutions from (11) and (12) into (13) the
average transformer current /7z during the period 75 can be
evaluated. Iz is a sum of current terms at different time
instances. Inserting /7 from (13) into (14) the supplied power
P can be estimated in a following way

(2N7gU yy =U pe)D, (1= Dy)
4fSLTR

As can be seen from (15) the output power depends
proportionally on the phase angle value D, shoot through
duty cycle Dg, voltage levels U;y and Upyp and inverse
proportionally from the switching frequency fs and the
leakage inductance Lz of the HF transformer.

Next it is essential to determine the DC link voltage level
and the boost factor of the converter. The estimation of the
boost factor is based on the fact that in the steady state
operation the average voltage over the inductor during one
switching period T is zero as can be seen from the Fig. 3.

Ty

1
Un =7 qu (t)dt = 0.

fy

P=Upc- 0<D, <Dy. (15)

(16

The equivalent circuit for the shoot-through state is shown
in Fig. 4a. It can be seen that the voltage over the inductor L;
is equal to the LV side voltage
an

The equivalent circuit for the active state is shown in the
Fig. 4b. The voltage over the inductor is equal to the sum of
the voltages on the LV side and capacitor C;

up =Upy —Ugy)-(1-Dy). (18)
From (16), (17) and (18) the following expression can be
written to describe the inductor voltage
up =Upy -Dg+ Uy —Ug)-(1-Dg)=0.  (19)
And the capacitor voltage, hence the DC link voltage, can
be derived from (19) as follows

up =Upy - Dy.

ULV

Uci :UDC:1_D :
s

(20)
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It can be seen that boost factor of the converter is same as
for the traditional boost converter and depends on the shoot-
through state duration Ds. Knowing the output power (15)
and the DC link voltage (20) the average current through the
inductor L; can be estimated as follows

P

I, =—0!.
ULV

2N

V. IMPACT OF COMPONENT LOSSES ON POWER
CHARACTERISTICS

To model the losses and estimate their effect on the overall
efficiency of the converter the steady state analysis
considering conduction losses was carried out. In the analysis
following losses were taken into account: conduction losses
due to collector-to-emitter voltage drop over the IGBT-s
(Ucg), voltage drop over the freewheeling diodes (Up),
voltage drop due to active resistance of the wires on the HF
primary winding () and on the inductor (r;). For the analysis
it is assumed that converter operates in continuous conduction
mode and all transients are neglected. To simplify the
analysis, it is assumed that all transistors 7;...T are identical.
For the analysis, the skin and proximity effects in the power
switches and in the transformers are neglected. In general, the
power loss of the switch can be evaluated as

s

1 )
FJ.MCE(t)'lC(t)'dt:UCE Acays
S0

Ppr = (22)

where Ucg designates the voltage drop over the IGBT, Iy is
the average current that flows through the switch. The
conduction losses in the freewheeling diodes are evaluated in
a similar way

T,
17 .
PD:TJ‘MD(t)'lD(t)'dl:UD'IDAV, (23)

W

where Ip,y is the average current and Up is the forward
voltage drop over the freewheeling diode. Conduction losses
in the active resistance depend on the resistances value and
RMS current flowing through it

Py=r-Iays. (24)

H] Tz- T3

T2 T.

4
| *) uce ()

The circuit parameters that are used for the analysis are
presented in Table 1. The desired voltage on the transformer
LV terminals should be held on 30 V. In this case the power
magnitude depends only on the phase angle ¢ value and
highest efficiency of DAB is achieved.

Table 1. Circuit Parameters

Parameter Value
Low side voltage Uy 30V
High side voltage Upy 200V
Transformer turns ratio Ny 1/6.6
Inductor L, 100 uH
Capacitor C, 150 uF
Leakage inductance Lz 10 uH
Switching frequency fs 20 kHz
Collector to emitter voltage drop Ucg 1.8V
Diode voltage drop Up 1.1V
Inductor and transformer resistance 0.15Q

First of all it is essential to determine the impact of the
active resistance r of the transformer on the output power of
the DAB. Thus adding » to the (8) and (15) the average
transformer current during the 7 can be evaluated accordingly
to (25). The influence of r to the power characteristics for
different shoot-through duty cycles is depicted in the Fig. 7. In
addition, the phase angle duration ¢, is equal to the duration of
the shoot-through state #5 (converter operates at maximum
power). The influence of the conduction losses on the power
characteristic for different shoot-through states is shown in
Fig 8. As expected, the output power is lower in comparison
with the ideal characteristic and decreases with the increase of
the active resistance.

Next, it is necessary to perform the steady state analysis
for the loss models of commutating LC filter based DAB, in
order to assess the influence of the losses on the boost
properties of the LC-filter. Therefore, two equivalent circuits
for the shoot-through state and active state are shown in Fig.
6. Considering (16), the voltage over the inductor L; and
adding the conduction losses of the DC link voltage
evaluation into (19) the voltage over the inductor L; during Ts
can be described according to the equation defined in (26).
From (26) the voltage on the DC link considering the losses
can be expressed as follows

a)

Fig. 5. Switching states of the converter in the shoot-through state (a) and the active state (b).

D,(Ds =1)Upc -r{1=D, = Dg )+ Upyy Ny (8L - £ +r(1+ D, + D )]

Ipg =

2|((Dg ~1)-2L- 1)-(4L- f +D,r)|
up =Wy =Uqe =1, 1) D+ Uy, =1, -1, —Ug)-(1-Dg)=0.

0<D,<D

0<D, <Dy (25)

(26)
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The transferred power of the converter can be evaluated
according to (14) and inductor current according to (21). In
order to obtain the losses in the capacitor C;, the maximum
value of the 7, has to be determined. The peak of capacitor
current depends on the peak value of the inductor current
1; maxin a following way

1 -1
Io= LmAx “1L (28)
2
where /; max can be evaluated as follows:
Al U,y=-Ucp—1;-r
I =] +=L gy 4LV FCE L Ly (29
Lvax =4t L 4f -1 5-(29)

Due to the symmetry of the capacitor current and
considering that current changes linearly the loss power in the
switch T¢ can be described as follows

1- Dy

PC:IC[ j‘(UCE*'UD)- (30)

V. IMPACT OF COMPONENT LOSSES ON THE EFFICIENCY

In order to facilitate the impact of the component losses on
the efficiency of the converter the mathematical models
derived in previous chapter are used. In addition, the
efficiency was measured on the experimental prototype in the
nominal operation point. Considering that the power can flow

in both directions the efficiency can be determined using the
ratio of the output and input power.

‘P OUT‘

P,
n="0 - (34)

Py ‘POUT‘ +Pross
where P; g5 is a sum of the conduction losses in the inductor
(Py), transistor T¢ (P¢) and in the bridge IGBTSs (Pgpr) and
active resistance of HF transformer P,.

Pross =P+ Pc + P, + Py (35)

Fig. 9. shows the impact of the collector-to-emitter voltage
drop U¢g on the efficiency of the converter for different shoot-
through duty cycle values. It can be seen that Ucp has a
significant impact on the efficiency, and e.g. can decrease the
efficiency from 97% (Ucg =0 V) to 83 % (Ucg = 3V). For this
reason the transistors with as small U¢g as possible should be
selected. In addition, increasing the input voltage would
decrease the impact of Ucr on the overall efficiency. For
applications with lower currents the MOSFET-s should be
considered, in order to achieve higher efficiency.

Fig. 10. depicts the impact of the diode voltage drop Up on
the efficiency of the converter. If power is transferred from
LV side towards the HV side then the freewheeling diodes of
the transistors carry the major current on the HV side. Due to
high voltage, the impact of the U), is insignificant. However,
in high current application the Up can have remarkable
influence on the overall losses.

Fig. 11. shows the influence of the active resistance of the
filter inductor L; on the efficiency of the converter. As can be
seen, the increase of r; can decrease the efficiency from 91 %
(r,=0Q)even to 61 % (r. = 3 Q). Thus the active resistance
should be minimized by using wires with as high conductivity
as possible. In practice, the active resistance damps the
oscillations that are caused by the LC circuit and thus should
have reasonable value.

e, D
BN

Fig. 8. Impact of the collector-emitter voltage drop on the efficiency of the
converter with different duty cycle DS rates

The experimental prototype was used to verify the results.
The IGBTs type IRG7Ph42ud1pbf was used to form the DAB
and transformer with the turns ratio of 1:1 was used. The
voltages and currents on the input and output ports were
measured. The measured waveforms are shown in the Fig. 12.
The test was carried out using the shoot-through duty cycle of
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Ds = 0.1 and with the maximal phase angle value D, = Ds.
The measured efficiency comprised 83 %. According to the
mathematical models, the expected efficiency is roughly 92
%, without considering the switching losses and core losses
and conduction losses caused by the switching transients.

0914 D = 0.1

0 05 1 15 2 25 3

Fig. 9. Impact of the diode voltage drop on the efficiency of the converter
with different duty cycle Ds rates

rfQ]

Fig. 10. Impact of the inductor resistance ; on the efficiency of the
converter with different duty cycle Dy rates
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Fig. 11. Experimental waveforms of voltages on the LV side (U.y), HV side
(Uny) and current on LV side (/.r) and HV side (/)

VL CONCLUSION

The paper presented a steady state analysis of the
commutating LC-based DAB considering the conduction
losses in the components. The LC filter offers the input
voltage elevation properties that are necessary to keep the
voltage on the transformer LV port on the desired level, so
that the lowest current stress on the devices is achieved. The
derived mathematical models did not consider the switching
losses, the switching transients and the core losses. However,

the analysis of conduction losses has shown that the active
resistance of the transformer decreases the output power of
the converter. Moreover, the analysis showed that collector-
to-emitter voltage drop and the active resistance of the filter
inductor have notable impact on the efficiency of the
converter. The experimental result was carried out in one
operating point, keeping the DC link voltage on the desired
level. The experimental result showed efficiency of 83 %.
The 92 % efficiency was expected from the derived
mathematical models, however such difference can be
explained by the fact, that switching and core losses were not
taken into account in the mathematical models. In practise,
special considerations regarding EMI are needed for the
voltage-fed topologies whose control method includes the
shoot-through state of the switches.
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