International Journal of Energy Vol. 4
Applications and Technologies Issue 4

Available online at pp. 174-181
http://dergipark.gov.tr/ijeat/issue/31601 Year
Research Article 2017

1P3S HIGH FREQUENCY TRANSFORMER BASED DUAL-ACTIVE
BRIDGE DC-DC CONVERTER

Murat Mustafa Savrun®*, Tahsin Kéroglu?, Adnan Tan®, Mehmet Ugras Cuma?, Kamil Cagatay
Bayindir, Mehmet Tumay*

!Electrical-Electronics Engineering Department, Adana Science and Technology University, Faculty of
Engineering, TURKEY.

2Automotive Engineering Department, Adana Science and Technology University, Faculty of Engineering,

TURKEY.
3Electrical-Electronics Engineering Department, Cukurova University, Faculty of Engineering and Architecture,

TURKEY.

“Energy Systems Engineering Department, Yildirim Beyazit University, Faculty of Engineering and Natural

Sciences, TURKEY.

Abstract

The dual active bridge DC-DC converter topology gains developing application area
in renewable energy systems, electric vehicles, power quality devices etc. due to its
structural and functional advantages.

In this paper, a new dual active bridge (DAB) based DC-DC converter equipped with
an isolated high-frequency transformer with 1 primary / 3 secondary windings is
proposed which is composed of three voltage source converter (VSC) in the secondary
side and a voltage source converter in the primary side. Each voltage source
converters have own dc links. The single phase shift modulation (SPS) method that is
the commonly used control method in high power transfer applications is used for
each voltage source converters independently to achieve bidirectional power flow of
DC-DC converter. The phase shift modulation is implemented by PI controller. The
power flow between the dc-links is provided by VSC’s own phase shift angles.
Moreover, extended phase shift (EPS) modulation and dual phase shift (DPS)
modulation is also implemented to the system to control the power flow. Performance
comparison of modulation methods is also done in the study. To validate the proposed
system, a simulation model has been developed for 10 kVA rating using
MATLAB/Simulink. The performance of the proposed system is verified with various
case studies.
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1. Introduction

Nowadays, the applications of renewable energy sources, electric vehicles, fuel cell energy systems,
power quality systems etc. bring into prominence of the bidirectional DC-DC converter (BiDC)
applications to eliminate the adverse effect of the unstable voltages and provide bidirectional power
flow [1]. For instance, the regenerative braking system of electric vehicle reveals the requirement of
bidirectional power flow [2].

In literature, various BiDC topologies have been investigated. These topologies can be classified as non-
isolated converters and isolated converters [3-5]. In the non-isolated converter topology, line frequency
(50 or 60 Hz) transformers are employed to ensure the galvanic isolation in the aforementioned
applications. The line frequency transformers are bulky and costly devices. Isolated converters equipped
with high-frequency transformers (HFT) can be used as bidirectional converter [6]. The HFTs are much
smaller in volume and cost than line frequency transformers. The isolated BiDC topologies are reviewed
in [7]. The well-known topologies of the isolated BiDC are flyback converters [8, 9], forward-flyback
converters [10, 11], cuk converters [12], half bridge converters [13, 14] and full bridge (H bridge)
converters [15-18].

BiDC topologies are frequently used in DVR applications to reduce the energy storage element
requirement and to adjust the voltages of dc-link capacitors during the voltage sag and swell [19-21].
Bidirectional full bridge (dual active bridge) converters have such advantages; high power handling
capability and soft switching of the switches [22]. Generally, dual active bridge based DC-DC converter
topologies equipped with an isolated high-frequency transformer with 1 primary / 1 secondary windings
are used in DVR applications [23, 24]. Therefore, the phases are connected to a common dc-link
capacitor. In the proposed topology, the high-frequency transformer with 1 primary / 3 secondary
windings provides separate dc-link capacitors for each phase and also provides reduced dc-link capacitor
ratings. These advantages are provided by only [25] in the literature. But, unidirectional power flow can
be achieved in this study.

The main motivation of the proposed topology is to provide galvanic isolation by using high-frequency
transformer rather than line frequency transformers and to provide individual capacitors for each phase.
In this paper, a new dual-active bridge based bidirectional DC-DC converter topology equipped with 1
primary / 3 secondary windings HFT is proposed. The dual-active bridge topology has chosen as a
converter because of its operational advantages. The proposed converter is equipped with 1 primary / 3
secondary windings HFT to provide the galvanic isolation and separate dc-link capacitors.

The commonly used control methods to control the DAB based BiDC are SPS modulation, EPS
modulation and DPS modulation. The SPS modulation method is used more frequently, because it has
some advantages, such as small inertia, high dynamic, ease of realizing soft switching control, simple
control and wide range power flow [7].

The proposed system capability has been examined in 10 kVA simulation model which is developed

using MATLAB/Simulink. The paper is organized in the following manner: the power circuit model of
the proposed system is presented in Section 2. In Section 3, the control method is described. The
simulation study and result comparisons are presented in Section 4. The conclusion of the paper is given
in the final section.

2. Power Circuit of the Proposed System

The proposed system is constituted by high-frequency transformer, four single phase full bridge (i.e. H
bridge) voltage source converters, dc link capacitors (Vsi2-3) and auxiliary inductors (Lp1.23). The H
bridges act as a two-level converter and generate square wave on the transformer windings. The
switching elements of H bridges are chosen as IGBT because of high switching frequency capability.
The switching frequency of the system is determined as 20 kHz. The proposed topology employs a high
frequency (20 kHz) transformer to provide galvanic isolation for the converters. The HFT turns ratio is
3:1 because of the determined voltage levels on both sides of the converter. As it can be seen from Figure
1, separate dc links are achieved on the secondary side of the converter by using HFT. Thus, the topology
can be assumed as three different dual active bridge converters.
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Fig. 1. The proposed system topology.

In the equivalent circuit model of the first DAB converter illustrated in Figure 2, the DAB based BiDC
consists of two sources and an inductor that is the total value of transformer leakage inductance and
auxiliary inductors. The bidirectional power flow through the total inductor is provided by phase shift
angle between the primary side H bridge and the secondary side H bridge. The operation of the system
can be simplified as the equivalent circuit with neglecting the effect of the magnetizing inductance. The
parameters of the proposed system are listed in Table 1.

Table 1. Parameters of the proposed system.

F'L- |""'II.'_ _
b = HFT Auxiliary Inductors
L Power 10kVA | Lesizs | 50 uH
T Primary Voltage (Vp) 540 V DC Link Capacitors
Ve Vs Secondary Voltage (Vsy.2s) 160V | Crsios | 45/20,20,20 mF
Switching Freq. 20 kHz H Bridges
Turns Ratio 31 Switching IGBT
Fig. 2. The equivalent circuit of the first Elements

DAB based BiDC.

3. Controller of the Proposed System

The controller of the proposed system is designed to provide stable DC link voltages on the secondary
side and provide bidirectional power flow. Since the transformer designed in the proposed topology has
3 secondary windings, separate dc link capacitors are achieved on the secondary side. Thus, the
controller provides independent control for the secondary side dc links.

In the controller of the system, single phase shift (SPS) modulation method is used. As illustrated in
Figure 3, Gp1-Gpa, Gp2-Gps3, Gsa1- Gsas and Gsaz- Gsas are square wave gate signals of IGBTSs. To achieve
power flow between the dc-links, the phase shift angle, which is denoted by 9§, is adjusted by considering
the total inductance (Lv), which is the sum of auxiliary inductors and leakage inductance of HFT. The
power transfer Pp can be calculated by using Eq. 1 [1, 26]. The auxiliary inductors control the speed of
power flow and power handling capability while providing power transfer. Thus, the inductor values
have a significant impact on the power transfer performance of DC-DC converter. The values of the
auxiliary inductances are derived from the following formula according to the desired power transfer
ratings and phase angles.
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The capacitance values of DC link capacitors are calculated according to the value of power to be
transferred. The maximum power transfer rating of the system is determined as 10 kVA and the nominal
power handling capacity of each phase is determined as 2.5 kVA.
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Fig. 3. The SPS control.
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Fig. 4. The dc link voltage control.

)

S is the transferred apparent power, t is duration
of the disturbance, V7. ; is the initial capacitor
voltage and V(fcrf is the final capacitor voltage.

The simplified theoretical waveforms of the
single phase shift control strategy where
Vp>nVs; (i.e. the charging of secondary side first
DC link capacitor-Cs;) is given in Figure 3. Total
inductance of the first DAB based BiDC is the
sum of Ly, Ls; and leakage inductance of HFT.

e to-t1: During this interval, the switches of Gey,

Gps4, Gsaz and Gsaz are on, whereas Gsai, Gsaas,
Gp2 and Gz are off. Therefore the Vi, is positive
and Vi1 is negative. So, the voltage across the
total inductance (Vir) is positive high, thus the
current it increases linearly from negative to
positive.

e t;-t2: During this interval, the switches of Ges,
Grs, Gsar and Gsas are on, whereas Gsaz, Gsas,
Ge and Gps are off. Therefore the Vi, and Vi1 are
positive. So, the voltage across the total
inductance (V.r) is positive low, thus the current
iLT continue to increase linearly.

e t,-t3: During this interval, the switches of Gp,,
Gps, Gsar and Gsaq are on, whereas Gsaz, Gsas,
Ge1 and G4 are off. Therefore the V., is negative
and Vi1 is positive. So, the voltage across the total
inductance (V) is negative high, thus the current

it decreases linearly from positive to negative.

e t3-t42 During this interval, the switches of Gpy, Gps, Gsa2 and Gsas are on, whereas Gsai, Gsaa,
Ge1 and Gps are off. Therefore the Vi, and Vi1 are negative. So, the voltage across the total
inductance (Vir) is negative low, thus the current i_t decreases linearly.

e t;-: During this interval, as in the first condition, the switches of Gp1, Gps, Gsa2 and Gsas are on,
whereas Gsai1, Gsas, Gp2 and Gps are off. Therefore the Vy, is positive and V1 is negative. So,
the voltage across the total inductance (Vir) is positive high, thus the current it increases

linearly from negative to positive.
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The circulating power occurs due to the fact that the input and output voltage is positive when the current
of the isolation transformer is negative. The circulating power decreases the efficiency of conversion.
Thus, alternative phase shift modulation methods such as EPS modulation and DPS modulation are
preferred to increase the efficiency of the conversion by reducing the circulating power through
providing three level output voltage on primary side or both primary and secondary sides [17, 27, 28,
29].

The phase shift angles of the H bridges are obtained by a simple PI controller. The measured actual
value of dc link voltage is subtracted from the dc link reference voltage and error between the actual dc
link voltage and reference is obtained. The error signal is applied to the PI controller and the phase shift
angle is determined. The block diagram of the dc link voltage control is presented in Figure 4.

4. Simulation Results of the Proposed System

The main aims of the proposed system are to achieve bidirectional power flow between the dual active
bridges and provide isolation between the dc terminals of both primary and secondary sides. The
proposed system is investigated with the SPS modulation method. As it can be seen from Figure 5, the
secondary side dc links at different voltage levels (120/80/170 V respectively) are charged/discharged
simultaneously to the desired reference voltage (160 V) by their own phase shift angles. The controller
of the system achieves control of dc links separately. Bidirectional power flow by providing the
functions of charging and discharging simultaneously has been also gained with positive and negative
phase shift angles.
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Fig. 5. The performance of the proposed system Wlth SPS modulation.

The dynamical change of power flow is also investigated in the paper and Figure 6 shows the results of
this state. As can be seen from Figure 6, the increase in the voltage of the dc link capacitor (Vs1) leads
to a power transfer from the secondary side to the primary side. Because, the controller of the system
aims to provide a constant voltage (160 V) in the dc links of the secondary. The power transfer to the
primary side causes an increase in voltage of Vp. The instantaneous decrease in the voltage of VS1
causes an instantaneous change in the power transfer direction. Thus, Ve voltage decreases. The change
of the phase shift angle at the time of changing the direction of power transfer is also indicated in the
Figure 6.
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Fig. 6. The performance of the proposed system
with SPS modulation

To improve the conversion efficiency of the
proposed converter system by reducing the
circulating current, the aforementioned modulation
methods are applied to the controller. EPS and DPS
modulation methods are typically improved
techniques of SPS. In EPS modulation, the switch
pairs of one side bridge have only outer phase shift
angle, while the switch pairs of the other side bridge
have both outer and inner phase shift angle. The
output voltage of the primary side H bridge becomes
three level while the output voltage of the secondary
side H bridge is two level. In DPS modulation, the
switch pairs of both side bridges have both outer and
inner phase shift angle. The output voltage of the

primary side H bridge becomes three level while the
output voltage of the secondary side H bridge is three level too. Thus, the voltage across the total
inductance is three levels instead of two levels. This allows a reduction in circulating current (Zhao et
al., 2014). Although EPS and DPS modulation methods improve the efficiency of the system and
decrease the current stress, they limit the transferred power. So, the charging time of the dc links
increases as understood from Figure 7. The comparison of the applied modulation techniques is
presented in Figure 7.
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Fig. 7. The performance comparison of SPS, EPS and DPS modulation techniques.

5. Conclusion

A dual active bridge based bidirectional DC-DC converter topology equipped with an HFT with 1
primary 3 secondary windings has been proposed in this paper. The proposed converter allows providing
galvanic isolation in the system by using HFT. Moreover, separate DC link capacitors also provide
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isolation between the dc links. The proposed model also allows using small capacities for dc link
capacitors by using separate dc link capacitors. The performance of the system is examined with a
simulation model and validated by simulation results. As it can be seen from the results, the proposed
system can provide bidirectional power flow and control secondary side dc links separately. The
performance comparison of SPS, EPS and DPS modulation methods are also presented in the paper.
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