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600 V DC-DC Converter for Battery Charger Investigation
For Heavy Electric Machinery
Ganapathy Nathan Krishnan
Udhayaraj Rajendran
Department of Electrical engineering
Chalmers University of Technology

Abstract
This thesis is intended to investigate the bi-directional DC-DC converter topologies
for battery charger applications. Unlike other battery chargers where the input volt-
age is a constant DC source, an external battery is used as the input source in this
application. The literature review of DC-DC converters available in isolated and
non-isolated topolgies are performed. Two converter topologies — one from each
topology — has been selected based on a defined selection criteria. A three-phase
dual active (DAB) bridge converter is chosen amongst the isolated topologies, and
among the non-isolated topologies, a four-phase interleaved buck/boost (IBC) con-
verter is chosen. The selected converters were designed for a nominal input voltage
of 600 V and an output voltage of 720 V with a rated power of 150 kW. For the
three-phase DAB, three single-phase planar transformers were designed to achieve
a galvanic isolation of the converter. To ensure a constant power flow, a closed-loop
controller has been designed for both converters, namely, a power flow controller for
the DAB and a dual-loop controller for the IBC converter.

The switching and conduction losses in the converter’s MOSFETs have been calcu-
lated in PLECS software using their thermal descriptions provided by the manufac-
turer. The transformer’s core and copper losses have been calculated analytically
where the core losses accounted for 73% of the total transformer losses. Based on
the loss components, the efficiency has been calculated and compared between the
selected converters. The results show that the interleaved buck/boost converter has
an efficiency of 99.56% whereas the three-phase DAB has an efficiency of 96.1% at
the rated power. Although the interleaved buck/boost converter has higher effi-
ciency than the three-phase DAB, the IBC has a significant disadvantage since it
can only operate when the source’s battery voltage is lower than the load’s battery
voltage. On the other hand, the three-phase DAB is independent of the source’s
battery voltage, making it more reliable but at reduced efficiency. A rough size
estimation has been carried out on both converters where it was found that — due
to a large inductance — the size of the interleaved buck/boost converter was sig-
nificantly larger than the three-phase DAB. Therefore, because of its reliability and
relatively small volume, the three-phase DAB was concluded to be the best option
for this type of application.

Keywords: Battery charger, bi-directional DC-DC converter, three-phase dual active
bridge, four-phase interleaved buck/boost converter,planar transformer, PLECS,
phase shift controller, dual loop controller.
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1
Introduction

1.1 Background

Nowadays, batteries are used for multiple applications, such as vehicle propulsion [1].
Conventionally, the nominal voltage of lithium-ion battery cells is low (� 4:2 V), so
these are connected in series and parallel to obtain the required load voltage and
battery capacity, respectively [2]. In this manner a battery module or pack can be
formed to comply with applications' requirements. Typically, the operating char-
acteristics of all battery cells in a battery module are assumed to be similar. To
power heavy machinery equipment such as an excavator, a battery with a high ca-
pacity and higher voltage is required for satisfying the system's voltage level and
energy demands. The work of this heavy machinery equipment depends on the en-
ergy transferred from the battery for each day. Due to this, researchers are working
on attaining a battery with high energy density and increased volume e�ciency.
Recharging an equipment's battery each day using a high-quality DC power source
is mandatory for the regular equipment usage. Power banks are considered to be one
of the DC power sources with high-power ratings consisting of batteries with much
higher capacity. Unfortunately, the power banks are not ideal dc voltage sources
because their batteries' terminal voltage varies according to di�erent operating con-
ditions and its state of charge. Hence, power banks cannot be connected directly
to the equipment's battery for satisfying stringent load requirements. Several ap-
plications employ power converters at the output of batteries to mitigate the above
problem, thereby providing a stable DC supply. Rechargeable battery-powered elec-
tronics have become omnipresent in several other sectors than the electronic �eld.
Inserting a DC/DC converter at the power bank's output provides an option to step
up or step down the battery voltage to the desired voltage level. Under such operat-
ing conditions, the converter allows lesser usage of the batteries in the power bank
and increases the possibility of controlling the battery's state of charge. The selec-
tion of these power converters must be bidirectional to ensure the power �ow of both
the charge and discharge of the batteries. Bidirectional power converters are classi-
�ed into two categories, namely, isolated and non-isolated types. In general, isolated
converter topologies have the advantage of providing galvanic isolation between in-
put and output using a transformer. But the transformer's size and weight increase
as the rating of the converter increases. On the other hand, non-isolated converter
topologies have the advantage of a simple structure with high e�ciency and reduced
weight. Silicon is the commonly used raw material in the �eld of power semiconduc-
tor devices because of its high abundance, crystal structure, and low cost. However,

1



1. Introduction

a signi�cant shift has taken place with requirements of improved e�ciency. Silicon
Carbide and Gallium Nitride have proven to be a potential replacement for silicon
semiconductors providing various advantages. Some of their advantages include high
switching frequency, sustaining high voltages, higher bandgap, and high breakdown
�eld. In addition, gallium Nitride has a higher electron mobility than silicon car-
bide, which makes it suitable for high-frequency applications. On the other hand,
the thermal conductivity of silicon carbide is superior to gallium nitride, making it
the best candidate for high power, high-temperature applications.

1.2 Purpose

The purpose of this thesis is to investigate various converter topologies for a 600V
150kW DC-DC converter that will be used as a battery charger. The objective is to
gain a better understanding of the topologies that can support a converter capable
of charging a 600V Energy Storage System from an external battery.

1.3 Method

A systematic literature review of possible DC/DC converter topologies will be per-
formed �rst, followed by a detailed list of technical advantages and disadvantages for
each topology. Next, the criteria for selecting the most promising converter topology
for this application will be de�ned. Two converters, one from an isolated and the
other from a non-isolated topologies, will be selected. Then, the selected converter
topologies will be designed and dimensioned based on the voltage and power rating
of the converters. In PLECS, the designed converters will be modelled and simu-
lated to determine the e�ciency by identifying the loss components in the switch
and transformer. Finally, a comparison is made between the two converters based
on the de�ned selection criteria.

1.4 Scope

For the selected converter topology, a closed-loop PI controller is implemented for
both the converters to determine e�ciency for di�erent operating points. For an
isolated converter, the high-frequency planar transformer is designed based on the
power rating. Losses in semiconductors and high-frequency transformers are ana-
lyzed in PLECS by adding a thermal description to the switches. At last, detailed
thermal model analysis is performed for the selected topologies. The actual hard-
ware design of the chosen typology is not covered in this thesis. Since the thesis
focuses mainly on the converter design, no detailed battery modelling is carried out,
and the impact of dead time in the semiconductor device is not considered.

2



2
Investigation of DC/DC

Converters

2.1 Selection criteria

DC-DC converter is necessary for interfacing the batteries of heavy machinery equip-
ment for charging purpose. In order to interface, bidirectional converter requirement
is mandatory to ensure the charge and discharge of the battery. So, detailed liter-
ature study has been done on di�erent converter topologies for interfacing energy
storage systems. The investigated DC-DC converter topologies are available in iso-
lated and non-isolated types.

A selection criterion is de�ned for selecting the best converter topologies that are
suitable for this application. These criteria are set based on the converter's purpose
in this application. The chosen converter topology must ful�l the following criteria:

ˆ High e�ciency
ˆ Light weight
ˆ Small volume
ˆ Low cost
ˆ Low current ripple
ˆ Low voltage ripple at the input and the output
ˆ Capability of high voltage ratio of the converter
ˆ High reliability
ˆ Less control complexity
ˆ Low semiconductor stress
ˆ Possibility of soft switching for the active components

Passive components (Inductor and capacitor) of the converter occupies major volume
of the converter. So, the comparison of di�erent converter's size is based on the net
volume of the passive component. On the other hand, voltage and current stress
across the semiconductor device of each converter is investigated and compared.

2.2 Preliminary selection of converter toplogies

This section presents di�erent DC-DC converter topologies in the isolated and non-
isolated types that best suit this application. The advantages and disadvantages
of each converter are discussed and compared according to the de�ned selection

3
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criteria. Based on the comparative analysis, the best converter in the isolated and
non-isolated topologies are selected.

2.2.1 Non-isolated converter selection

The selection of a high power rated non-isolated DC-DC converter for this appli-
cation is challenging due to the high current requirement and operation of a wide
voltage range at each side. Non-isolated converter topologies can operate at high
e�ciency providing high power density simultaneously [3]. According to the liter-
ature study, the following non-isolated converter topologies are reviewed and com-
pared: SEPIC/Luo converter, half-bridge converter, multilevel DC-DC converter,
multiphase interleaved buck/boost converter, Cuk converter, cascaded buck/boost
converter and boost converter with resonant circuit.

Resonant converters are di�erent from the standard PWM converters. The output
voltage of those converters can be controlled by varying the switching frequency
relative to the resonant frequency. The switching losses of the converter are low at
the particular operation of the converter. Nevertheless, the main drawback of the
resonant converters is that they su�er signi�cant losses at the light load operation
and provide high e�ciency only at the operation of the optimal switching frequency
[4].

The conventional boost converter faces the problem of high switching loss. A boost
converter with a resonant circuit is employed to overcome this problem. Soft switch-
ing con�guration handles the switching loss problem, which supports the converter
to operate at high switching frequencies. Due to the presence of the resonant circuit,
the converter can work at zero current switching (ZCS) and zero voltage switching
(ZVS) modes [5]. The soft switching characteristic of the converter has a signi�cant
impact on the size of the converter and its heat sink requirement. The converter
meets the safety regulations without a�ecting the power �ow to the load. During
abnormal conditions such as over-voltage and under-voltage, the converter remains
protected. However, some of the disadvantages of this converter are low voltage
ratio and no bidirectionality, which does not meet the de�ned selection criteria.

Cascaded buck/boost converter topology is used to obtain an improved voltage ra-
tio compared to a single-stage converter. In a cascaded boost operation, the ripple
content in the current is high, whereas the startup current gets reduced compared
to the conventional boost topology [6]. The performance of the bidirectional buck-
/boost converter is compared with the cascaded buck/boost topology for electrical
motor drive applications powered by batteries [7]. According to the comparison,
the electrical and thermal stress of the active and passive components of the cas-
caded buck/boost converter is low, while it requires twice the number of active
components. Similarly, the cascaded buck/boost converter is compared with the
half-bridge converter in [8]. Based on the �ndings, the half-bridge converter con-
tains a lower passive component count with lower volume and higher e�ciency with
lower conduction loss in semiconductor devices. Thus, the half-bridge converter

4
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proves to be a better solution than the cascaded buck/boost converter.

Cuk and SEPIC/Luo converters are current-voltage-current converters suitable for
applications involving energy storage systems such as batteries and supercapacitors
[5]. They perform the voltage step up and step down operation. Cuk converter is
also referred to as a two inductor inverting converter as it produces a negative po-
larity output voltage, whereas the SEPIC/Luo converter does not invert its output
voltage, making it a more suitable converter for this application [9]. The input cur-
rent of the SEPIC/Luo converter is non-pulsating, while the Cuk converter achieves
continuous current both at the input and the output side. Implementation of the
gate drive circuit is simple in the SEPIC/Luo converter.

The maximum stresses across the active and passive components of the converter
topologies must be carefully considered before selecting the appropriate topology
for applying the wide voltage range at the input and the output. Cuk converter,
SEPIC/Luo converter and the half-bridge topologies are investigated in [?], [9] and
[10]. According to the investigations, Table 2.1 summarizes the voltage stress across
di�erent components of Cuk, SEPIC/Luo and the half-bridge converters. The input
and output voltage of the corresponding converters are represented byVin and Vout ,
respectively. It can be seen that the voltage stress of the semiconductor device is
lower in the half-bridge topology compared to the Cuk and SEPIC/Luo converters.
In the same way, the SEPIC/Luo converter's transfer capacitor has lower voltage
stress than the Cuk converter's case.

Table 2.1: Comparison of active and passive components voltage stress in Cuk,
SEPIC/Luo and half-bridge converters

Components Half-bridge Cuk converter SEPIC/Luo
converter converter

Transfer capacitor - Vin + Vout Vin

Switch Vout Vin + Vout Vin + Vout

Diode Vout Vin + Vout Vin + Vout

The duty cycle variation of the half-bridge, Cuk and the SEPIC/Luo topologies
is analysed for the change in the voltage ratio of the respective converters. The
Cuk and SEPIC/Luo converters have similar duty cycle variations for the buck and
boost operations. During the buck operation, the half-bridge converter's duty cycle
is higher than the Cuk and SEPIC/Luo converters, and vice-versa occurs during
the boost operation. This fact results in a higher ripple current for all the three
topologies during di�erent voltage ratio operations of the converters [8].
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2. Investigation of DC/DC Converters

Figure 2.1: Comparison of duty cycle variation as a function of the converter's
voltage ratio

Cuk and SEPIC/Luo converters use two inductors, both having the same inductance
and energy handling requirements. The RMS current in the inductor of the half-
bridge converter is similar to that of the input inductor's RMS current of the Cuk
and SEPIC/Luo converters. In Cuk and SEPIC/Luo converters, an output inductor
consumes additional power with lower current stress than the input inductor [10].
In comparison between the input and the output inductor, the conduction losses are
high in the input inductor, making the heat dissipation more critical.

The current stress of the active components is higher in Cuk and SEPIC/Luo con-
verters than in the half-bridge converter during the same voltage ratio and power
operation [10]. As a result, the switching and conduction losses of the active compo-
nents are low, increasing the e�ciency of a half-bridge converter. Due to high current
stress, active components with higher current handling capabilities are required for
the Cuk and SEPIC/Luo converters than the half-bridge converter. Furthermore,
the half-bridge converter's active component cooling is less critical than the Cuk
and SEPIC/Luo converters [8].

The signi�cant advantage of the Cuk converter is that it produces a low ripple in
the input and output current. The fact that it can be easily isolated makes this
converter more appealing [8]. However, the major drawbacks include the require-
ment of two large inductors leading to high converter volume and from Table 2.1,
the voltage rating of the transfer capacitor is high (Vin + Vout ). In the case of the
SEPIC/Luo converter, the voltage rating of the transfer capacitor is comparatively
low (Vin ). The main drawbacks are the requirement of two large inductors, a discon-
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tinuous output current and a large output capacitor [8]. Therefore, for high power
operation, the size of the converter tends to be signi�cant.

One of the main advantages of the half-bridge converter over the Cuk and SEPIC/Luo
converters is the requirement of a single inductor (instead of two) with half the size.
Nevertheless, during boost operation, it produces a discontinuous output current
leading to a large output capacitor requirement [8]. Based on the comparative
analysis, the half-bridge converter determines to be a better candidate for this ap-
plication than the Cuk and SEPIC/Luo converters.

The performance of a three-level bidirectional DC-DC converter is evaluated and
compared with that of the half-bridge converter. The size of the inductor and the
switching frequency is compared for maintaining the same inductor ripple current.
According to the analysis, the switching frequency can be much lower in the three-
level converter [11]. Moreover, the inductor size of the three-level converter is only
one-third of that in the half-bridge converter. For high power applications, inductors
with high inductance and current requirements tend to be very heavy, expensive and
ine�cient [10].

Stress across active components of the three-level and the half-bridge converters
are examined. The voltage stress of the semiconductor devices is lower in the three-
level converter, while the current stress of the active and passive components of both
topologies are similar [11]. The active device component count is two times higher
in the three-level converter but with only half the voltage rating in the half-bridge
converter.

The e�ciency of the half-bridge converter reduces rapidly with lower battery pack
voltage. The e�ciency is improved by adopting a variable frequency pulse width
modulation (VFPWM) scheme [10]. Investigation of the three-level converter shows
that it provides higher e�ciency than the half-bridge topology. Furthermore, the
audible noise as well is drastically reduced in the three-level converter. Hence, the
three-level converter shows better performance in almost all aspects when compared
to the half-bridge converter.

Multiphase converters are introduced for reducing the size of the converter. The
power stage of the converter is split into multiple more minor power stages using an
interleaving technique. As a result, the size of each component gets reduced [12].
The multiphase interleaved converter allows minimizing the ripple content in the in-
put and output current. The voltage ratio of the converter increases byn (number
of phases connected) times with minimized ripple at the output voltage. The total
volume of the inductor gets reduced byn times. With a low ripple at the input and
the output current, the required size of the input and output �lter becomes low [5].

The interleaving technique has several bene�ts, including reduced �ltering, improved
dynamic response, multi-functional capabilities, high e�ciency, improved thermal
management and better reliability for battery-related applications [5]. Due to the

7



2. Investigation of DC/DC Converters

improved dynamic performance of the converter, a �exible control system can be
implemented. Based on the analysis, the cost estimation of the converter is high in
the case of complex control and switching circuit implementation [5]. The design of
the converter includes components that are surface mounted for getting better e�-
ciency. From the point of view of the converter's cost estimation, surface mounted
devices drastically reduce the cost compared with a manual assembly [12]. The heat
sink requirement can be avoided by proper design as the converter demonstrates
high thermal performance. The size of the power inductors, �lter capacitor and
heat sink are the bulky components of the converter, which are downsized by the
interleaving technique and a high switching frequency operation.

Increasing the number of phases interleaved decreases the current stress of the mul-
tiphase converter's active components. The semiconductor with a lower rating can
be implemented for the higher number of phase operations [12]. The interleaved con-
verter can operate in synchronous conduction mode (SCM) to achieve soft switching
to reduce the switching loss. Under SCM operation, the upper and lower switches
turn on complimentarily. However, this operation requires a higher peak current for
the same average current as that of CCM mode, which is unacceptable if it exceeds
the current limit. Thus, additional soft switching circuits need to be implemented
for further improvement in the converter's e�ciency during a wide load range [13].

Interleaved converters have an additional characteristic, which is the ability to be
fault-tolerant. It operates in the conventional boost operation when any phase is
disconnected or a single switch open fails [6]. Industries use this feature and deacti-
vate any single phase for improving e�ciency during light load conditions. However,
some of the disadvantages of this converter are the converter's sensitivity to the duty
cycle change and contains a high ripple in the phase current [5].

Finally, the comparison of multilevel bidirectional DC-Dc converter and multiphase
interleaved buck/boost converter is performed for obtaining the best non-isolated
topology suitable for the application. Concerning the same number of switching
events, a multiphase converter withNp phase is equivalent to the architecture of
a multilevel converter with (N l -1) levels [14]. From Table 2.2, it can be seen that
the component count of both topologies is almost identical. The count of �ying
capacitors in the multilevel converter is compensated by the number of inductors in
the multiphase converter.

Table 2.2: Active and passive component count of the multiphase and multilevel
converters depending on the number of phasesNp and levelsN l

Components Multiphase converter Multilevel converter
Capacitors 2 N l

Inductors Np 1
Switches 2Np 2(N l -1)

The complexity of the drive circuit of both topologies is analysed. Based on the
analysis, the drive circuit of the multiphase converter is simple, and it requires a
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current balancing algorithm for synchronising each phase current. In the multilevel
converter, the �ying capacitors need to be balanced and require an additional volt-
age balancing control to be implemented [15]. Thus, both topologies use a separate
algorithm for the drive circuit, and it needs higher e�ort for the multilevel topology.

The net inductor volume is determined based on the inductance value, the inductor
current, the maximum allowed core �ux density, the maximum current density and
the winding �ll factor. These values are determined based on the topologies perfor-
mance. The comparison of the net inductor volume of both topologies takes place
for the same current ripple. Based on the comparison, it can be concluded that the
net inductor volume is always higher in the multiphase converter than the multilevel
converter [14]. The bene�t of smaller inductor volume gets increased when the ratio
of ripple to nominal current increases. However, this advantage is compensated by
the additional �ying capacitor volume absent in the multiphase converter. Elec-
trolytic capacitors have a high capacitance-to-volume ratio but a low current rating.
Ceramic and �lm capacitors have lower capacitance per volume but can withstand
higher currents. So, the size of the multilevel converter can be drastically reduced
if ideal capacitor technology related to rating and its volume is available.

Fault behavioural analysis is performed on both topologies. In the multiphase con-
verter, if a short circuit of low-side semiconductor devices occurs, the low voltage
side gets shorted. On the other hand, low and high voltage sides get connected if
it occurs in the high side device. For resolving this issue, the multiphase converter
requires the connection of additional protective devices. These protective devices
carry nominal current during normal operation and lower the converter's e�ciency
[14]. Depending on the cost, they can be added to each phase or a group of phases.
Open circuit faults cause the degraded performance of the converter with a single-
phase disconnected.

Short-circuit faults are tolerated better by the multilevel converter. The serial switch
can disconnect the faulty switch during short circuit conditions, and the converter
performs in degraded operation with one level less. Such operations need semicon-
ductor devices with higher voltage ratings, but it causes higher losses during normal
operation as the on-resistance increases. In contrast, the open-circuit fault of any
active component leads to a total system failure [14].

The voltage stress of the switches in the multilevel converter is half the converter's
output voltage, while the switches in the multiphase converter get stressed to the
total output voltage. Furthermore, the peak voltage across the switches can be
signi�cantly higher than this level due to resonance between the circuit's parasitic
inductances and the switch's parasitic output capacitances [15]. As a result, a safety
margin must be established while selecting the switch's ratings. From the above
analysis, it is clear that the voltage rating of the multiphase converter is two times
higher than the multilevel converter.

The net loss of the multilevel converter is equivalent to that of the multiphase
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converter. The semiconductor losses are comparatively higher in the multiphase
converter. The core loss of the inductor in the multilevel converter is lower because
of its smaller inductor volume for the same current ripple. At the same time, the
conduction loss in the inductor is almost the same for both topologies. Flying ca-
pacitors produce additional losses in the multilevel converter, which is not present
in the multiphase converter. At last, it can be concluded that the e�ciency of both
topologies is similar [14].

Table 2.3: Comparison of multilevel and mutliphase converter

Factors Multiphase converter Multilevel converter
Component count Similar Similar

Control complexity Simple Needs additional e�ort
Inductor size Low Comparatively lower
Capacitor size Comparatively lower Low
Fault tolerance Tolerant to open circuit fault Tolerant to short circuit fault

E�ciency Similar Similar

The result of the comparison between the multilevel DC-DC converter and the mul-
tiphase interleaved buck/boost converter is shown in Table 2.3. According to the
comparative analysis, both converter's advantages and disadvantages are analysed.
According to the comparison, the multiphase converter provides a slightly improved
performance than the multilevel converter. Finally, the multiphase interleaved buck-
/boost converter is chosen as the best non-isolated topology suitable for the appli-
cation.

2.2.2 Isolated converter selection

For an isolated converter, galvanic isolation is an inherent property responsible for
voltage adjusting. An AC transformer (galvanic isolation) isolates the two active
bridges during a DC fault and prevents the fault from propagating. However, one
of the drawbacks of using an AC transformer is that they occupy a large footprint
as they are large for high power applications[16]. The considered isolated converters
are divided into two groups based on the high frequency (HF) network,

ˆ Dual active bridge without resonant HF network
1. Single-phase dual active bridge
2. Three-phase dual active bridge
3. Bidirectional and isolated push pull converter
4. Bidirectional and isolated current doubler topology

ˆ Dual active bridge with resonant HF network
1. Series resonant LLC converter

For the �rst group of converters, a high-frequency transformer couples the DC-AC
and AC-DC network. In this con�guration, a basic non-resonant HF network, usu-
ally an inductor, is connected in series with the transformer's leakage inductance.
In general, this group of converters has an advantage over traditional �yback and
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forward converters in that it operates with low switching loss. The second group
of converters are the so-called resonant DC-DC converters which employ a resonant
HF network. By adding a resonant network, the current waveforms of the switches
can be modi�ed, allowing for lower switching loss compared to the converters of
group one.

2.2.2.1 Single-phase dual active bridge

In a single-phase dual active bridge, two voltage sourced full bridges are connected
through a high-frequency transformer. An inductor is connected in series with the
leakage inductance of the transformer for power transfer. Since the circuit is sym-
metric, a bidirectional power �ow can be achieved using a phase shift between the
two bridges. The main advantages of this converter are the low number of passive
components, and the currents in the switch are evenly shared. Apart from this,
the dual active bridge has inherent soft switching properties, thereby increasing the
e�ciency[17]. The drawback in the dual active bridge is that the transformer cur-
rent waveform changes depending on the operating point, and for speci�c operating
points, the transformer RMS is very high. Above all, the output ripple voltage is
very high, and thus a large capacitor is needed as a �lter, and the capacitor RMS
current is high.

2.2.2.2 Three-phase dual active bridge

In a three-phase dual active bridge, three half bridges on the primary and three half
bridges on the secondary are connected via three single-phase transformers. Similar
to a single-phase DAB, an inductor is needed for each phase for power transfer[18].
For the transfer of power, a phase shift modulation scheme is employed in the three-
phase DAB. The advantage of the three-phase DAB is that the total transformer
VA rating, switch VA ratings, and magnetic energy storage capacity are low. The
ripple voltage is relatively low in a three-phase DAB, and hence the size of the �lter
capacitor and the capacitor RMS current is reduced. Depending on the operating
point, the three-phase DAB has the property of soft switching, which results in in-
creased e�ciency. The main disadvantage of three-phase DAB is the high number
of switches (12 semiconductor switches) and a high number of gate drivers accord-
ingly. Apart from this, the converter e�ciency drops down drastically for a speci�c
operating point due to high conduction and switching loss as the converter operates
in hard switching.

2.2.2.3 Full bridge converter with current doubler and push-pull circuit

For a bidirectional and isolated full-bridge converter, a voltage sourced full bridge
on the primary side and a current sourced full-bridge is connected on the secondary
side through a transformer. The control of power �ow is carried out using the
duty cycle `D'[19]. For bidirectional and isolated full-bridge converters, zero voltage
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switching occurs on the primary side switches and zero current switching occurs
on the secondary side switches. Compared to a single-phase DAB, the capacitor
RMS current is considerably low in the isolated full-bridge converter. One of the
signi�cant drawbacks in the isolated full-bridge is the volume consumption of the
DC inductor[20]. In addition to this, the secondary switches often connect with the
DC inductor in series to the transformer leakage inductance, resulting in voltage
spikes. Hence, a snubber circuit is needed. Compared to LLC and DAB converters,
the VA rating of the semiconductor switches is considerably higher in the isolated
full-bridge converter.

Figure 2.2: Bidirectional and isolated converter with current doubler on the
secondary side

Figure 2.3: Bidirectional and isolated converter with push-pull circuit on the
secondary side

Di�erent AC-DC converter topologies like the current doubler[21] and push-pull
topology[22] can be employed for the secondary side of the isolated full-bridge con-
verter. Compared to a full-bridge converter, two inductors are needed for the current
doubler, as shown in �gure 2.2 and the current magnitude of two inductor currents
is signi�cantly higher, resulting in higher transformer VA ratings. For the current
doubler, the voltage rating of the semiconductor switches on the secondary side is
twice the rated voltage of the full-bridge switches[20]. A centre-tapped transformer
with two LV side windings connects with the secondary side for the push-pull cir-
cuit as shown in �gure 2.3. Hence, current �ows in each winding only during half a
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switching period, resulting in higher transformer VA ratings. Similar to the current
doubler, the rated voltage on the secondary side is twice that of the full-bridge con-
verter.

2.2.2.4 Series resonant LLC converter

Figure 2.4 shows the series resonant LLC converter. In a series resonant LLC
converter, a capacitor, which acts as a DC blocking capacitor, prevents the HF
transformer's saturation, is connected in series with the leakage inductance of the
transformer[23]. The converter's performance varies based on the modulation scheme
employed. The conventional modulation scheme is very similar to that of a single-
phase DAB, i.e., a power transfer is obtained by a phase shift between primary and
secondary side voltage. To improve the e�ciency, an optimal modulation scheme
is employed, which utilizes the ability of the full-bridge to generate a zero-voltage
state across the transformer instead of a triangular voltage[20]. This reduces the
transformer RMS current and switching loss. Hence the converter can be operated
at a higher frequency, thereby increasing the power density of the converter when
compared to DAB converters. Apart from the phase shift between primary and sec-
ondary side voltage, there are inner phase shifts between the two legs of the input
and output bridges in the optimal modulation scheme[24].

Figure 2.4: Bidirectional series resonant LLC converter with two voltage sourced
ports

Compared to the single-phase DAB, when the series resonant LLC converter is op-
erated using the conventional modulation scheme, the transformer VA ratings and
switch VA ratings are low. On the other hand, an inductor with a higher maximum
energy storage capability and a series capacitor is required for the resonant tank.
Hence the volume consumption of the LLC converter is increased compared to a
DAB con�guration, which requires less volume for the inductor. The best average
e�ciency is achieved for the series resonant LLC converter with an optimal modu-
lation scheme among the examined DC-DC converters with two voltage sources.
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2.2.2.5 Comparison of isolated converter topologies

Based on the analysis made, a comparison bar graph is made, as shown in �gure 2.5.
Among the considered bi-directional DC-DC converter topologies, the three-phase
DAB has the highest number of active components with 12 semiconductor switches
(6 for the primary bridge and 6 for the secondary bridge). Thus, the number of gate
driver circuits needed is high. A wide input and output voltage range is achieved
for a single-phase and a three-phase DAB with reduced e�ciency. In contrast, all
the other converters are operated at a limited voltage range. A large soft-switching
range is achievable in a series resonant LLC with an optimal modulation scheme,
while the other converters operate at hard switching at light loads. Due to low trans-
former RMS current and low switching loss, an LLC with an optimal modulation
scheme, has the highest average e�ciency among the considered topologies. The
transformer rating is relatively lower for a three-phase DAB and a resonant convert-
ers. The modulation scheme needs to control the switching current waveforms for
soft switching, making the controller more complex for a series resonant LLC with
an optimal modulation scheme.

Figure 2.5: Comparison of isolated converter topologies based on the selection
criteria

For dual active bridge converters, the leakage inductance of the transformer provides
the required phase inductance for power transfer, or an external inductor smaller
in size can be connected in series with the leakage inductance. On the other hand,
for other converters, an external inductor is needed, which makes the power density
of the converter low. The single-phase DAB and the LLC converter has higher ca-
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pacitor RMS current, while the three-phase DAB has one-third of the RMS current
compared to a single-phase DAB. One of the critical criteria is the switch VA rating
because MOSFETs cannot be used for higher VA ratings, and an IGBT must be
used instead. Using an IGBT as the semiconductor switch limits the converter's op-
erating frequency, resulting in low power density, which is undesirable. Comparing
the switch VA ratings, the three phase-DAB and the LLC with an optimal modula-
tion technique shows the lowest power rating of the switches.

Based on the �ndings, the three-phase DAB is considered to be the most promising
converter topology in the isolated family due to its low switch ratings, less control
complexity, high power density and high voltage range capability.
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Theory

3.1 Non-isolated converter topology

3.1.1 Boost converter

A boost converter is a high voltage gain DC-DC converter that operates by con-
trolling the switching events of the switchS1 as seen in Figure 3.1. It can operate
within two modes, namely, continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) depending in the current �owing throughL1. Here, the
operation of CCM is considered. The conventional boost converter circuit diagram
is depicted in Figure 3.1.

Figure 3.1: Boost converter circuit diagram

When the switch S1 is closed, diodeD1 gets reverse biased. During this period, the
capacitorC1 gets discharged across the loadRL , and the inductor gets charged from
the supply.
On the other hand, whenS1 is closed, diodeD1 becomes forward biased and starts
to conduct the inductor current to the load. In this case, the inductor discharges
some of its stored energy to the load, and the capacitor gets charged. The voltage
gain between the input and output voltage of the converter is given by,

Vout

Vin
=

1
1 � D

(3.1)

whereD represents the duty ratio of the switchS1, Vin and Vout are the input and
output voltage of the converter, respectively. According to this relation, a large duty
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ratio is required to achieve a high voltage gain. This causes a very high capacitance
requirement leading to a large volume and weight of the converter. During switch on
conditions, the capacitor supplies its stored energy to the load limiting ripple in the
output voltage. Furthermore, during high power operation, the inductor must be
designed so that its core does not get saturated as the saturation �ux of the core gets
reduced at elevated temperatures [25]. In the case of inductor reaching saturation,
it begins to store less energy, and the ripple current rises, resulting in a decrease in
e�ciency. Finally, it can be concluded that a conventional boost converter requires
larger capacitance and inductance for reducing ripple voltage and current ripple at
high power conversion.

3.1.2 Interleaved boost converter

Interleaving, also called multi-phasing, is a technique that connects DC-DC con-
verter in parallel operation for sharing power between di�erent phases. This tech-
nique lowers the ripple at the input and output, which helps in reducing the size,
weight and volume of the �lter components of the converter. The supply current is
split into n phases reducing conduction loss and inductor loss in each phase leading
to higher e�ciency. This converter is used for applications requiring low current
ripple, improved dynamic performance, high frequency and high power density [26].

Figure 3.2: Schematic diagram of a two-phase interleaved boost converter

The circuit diagram of a 2 phase interleaved boost converter is depicted in Figure
3.2. It is operated by phase shifting the switching events of the switches in the 2
phases. The phase di�erence between switching events is given by

P:D =
360°

n
(3.2)

where n represents the total number of phases connected, andP:D provides the
phase di�erence of switching between each switch for then-phase interleaved boost
converter. Thus, for a two-phase interleaved boost converter (n=2), two switches
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are operated at180° phase shift. This causes the inductor currents in each phase
to be phase shifted by180°. As a result, the input current becomes the sum of the
phase currents as they are out of phase and thus cancel the ripples of each other, so
that ripple content in input current gets reduced.

3.1.2.1 Modes of operation

The operation of this converter for the ideal case condition (input powerPin = output
powerPout ) is discussed in this section. The inductance of each phase is assumed to
be the same (L1 = L2). Therefore, the switches in each phase are operated under
the same duty ratio (D1 = D2) with a time delay of Ts/2. This topology operates
in 4 di�erent modes of operation[27].

Figure 3.3: Ideal current waveforms of a two-phase interleaved boost converter

1. Mode 1 (Both switches S1 and S2 are closed)
During this mode of operation, diodesD1 and D2 get reverse biased, and
the capacitor discharges to supply the load. The input supplies energy to the
inductor in both phases. The voltage across each phase inductance is provided
by

VL 1 = Vin (3.3)

VL 2 = Vin (3.4)

whereVL 1 and VL 2 are the voltage across phase 1 inductanceL1 and phase 2
inductanceL2 respectively.
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According to (3.3) and (3.4),L1 and L2 get charged, their phase currentsi L 1

and i L 2 increase linearly during this period.

Figure 3.4: Mode 1 of a two-phase interleaved boost converter

2. Mode 2 (Switch S1 is closed and switch S2 is open)
During this mode of operation, diodeD1 gets reverse biased and the inductor
L1 gets charged from the supply. DiodeD2 becomes forward biased and con-
ducts phase currenti L 2 to transfer some of the inductorL2's stored energy to
the load. In this mode, the capacitor gets charged from the phase 2 current
and the voltage across each phase inductance is given by

VL 1 = Vin (3.5)

VL 2 = Vin � Vout (3.6)

Figure 3.5: Mode 2 of a two-phase interleaved boost converter

According to (3.5) and (3.6),L1 gets charged andL2 discharges, their phase
currents i L 1 and i L 2 increases and decreases respectively during this period.

3. Mode 3 (Switch S1 is open and switch S2 is closed)
During this mode of operation, diodeD1 becomes forward biased and the
inductor L1 discharges some of its stored energy to the load. InductorL2 gets
charged from the supply as diodeD2 becomes reverse biased. In this mode,
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the capacitor gets charged from the phase 1 current and the voltage across
each phase inductance is given by

VL 1 = Vin � Vout (3.7)

VL 2 = Vin (3.8)

Figure 3.6: Mode 3 of a two-phase interleaved boost converter

According to (3.7) and (3.8),L1 discharges andL2 gets charged, their phase
currents i L 1 and i L 2 decreases and increases respectively during this period.

4. Mode 4 (Both switches S1 and S2 are open)
During this mode of operation, diodesD1 and D2 becomes forward biased.
This causes inductorL1 and L2 to discharge some of its stored energy to the
load. In this mode, the net inductor current starts to charge the capacitor and
voltage across each phase inductance is given by

VL 1 = Vin � Vout (3.9)

VL 2 = Vin � Vout (3.10)

Figure 3.7: Mode 4 of a two-phase interleaved boost converter

According to (3.9) and (3.10),L1 and L2 discharge, their phase currentsi L 1

and i L 2 decrease linearly during this period.
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3.1.3 Buck converter

A buck converter is a step-down DC-DC converter. It is a switched-mode power
supply that uses active and passive components for regulating DC voltages.

Figure 3.8: Buck converter circuit diagram

When the switchS is on, diodeD gets reverse biased, and the input transfers energy
to the load and the inductor. Thus, the inductor current increases during this period.
On the other hand, when the switch is o�, the diode gets forward biased and starts
to conduct the inductor current. During this period, the inductor discharges its
stored energy to load, making the current to decrease. The relation between the
output voltage and the input voltage is

Vout

Vin
= D (3.11)

whereD represents the duty cycle of the switch,Vout andVin are the output and input
voltage of buck converter, respectively. This equation is valid only for continuous
conduction mode, which occurs when the average current of the inductor is greater
than zero.

3.1.4 Interleaved buck converter

An interleaved buck converter is obtained by connecting multiple buck converters
using the same interleaving technique as that of the boost topology. This type
of converter is typically used in applications that require non-isolation, step down
conversion ratio and high output current with low ripple content.
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Figure 3.9: Schematic diagram of a two-phase interleaved buck converter

The model of a two-phase interleaved buck converter is shown in Figure 3.9. In this
converter, switchesS1 and S2 operate at 180°phase shift, which makes the inductor
currents phase-shifted by 180°. In an n-phase interleaved buck converter, the phase
shift between each phase is similar to that of an interleaved boost converter.

From Figure 3.9, the sum of the inductor currents isi out , and in this way, the net
power supplied to load is shared by each phase. Due to current ripple cancellation
between phase currents, the ripple value of the load current becomes low in compar-
ison with the inductor current. Therefore, a current with lower ripple content enters
the capacitor. This results in less need of capacitance for the same output ripple
voltage implementation compared to a simple buck topology. Similarly, the ripple
frequency of the load current is two times higher than that of the phase currents.
As a result, the average inductor current is half of the average inductor current in a
simple buck topology. This results in a low inductance requirement for each phase
for an interleaved operation compared with a simple buck topology.

3.1.4.1 Modes of operation

An interleaved buck converter operates in several modes depending on the number of
phases connected in parallel. The waveforms of phase current and load current of a
2 phase interleaved buck converter is depicted in Figure 3.10. This converter works
in 4 di�erent modes of operation depending upon the duty cycle of the switches
connected [28].
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Figure 3.10: Current waveform and switching schemes of a two-phase interleaved
buck converter for D>0.5

These wave-forms are plotted for the ideal case of the converter, assuming phase
inductanceL1 and L2 to be equal along with ideal switches used.

1. Mode 1 (Both switches S1 and S2 are closed)
When both switchesS1 and S2 are closed, the inductor in phase 1 and phase
2 gets charged from the supply. As a result, the diodes in both phases get
reverse biased. This causes currents in both phases to increase linearly. The
voltage across each phase inductance is given by

VL 1 = Vin � Vout (3.12)

VL 2 = Vin � Vout (3.13)

where Vin and Vout represents the supply voltage and output voltage respec-
tively.

2. Mode 2 (Switch S1 is closed and switch S2 is open)
During this mode of operation, only inductorL1 gets charged from the supply.
On the other hand, inductor L2 discharges and freewheels through the diode
in phase 2, transferring some of its stored energy to the load. The voltage
across each phase inductance become

VL 1 = Vin � Vout (3.14)

VL 2 = � Vout (3.15)
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causing phase 1 current to increase linearly and phase 2 current to decrease
linearly during this period.

3. Mode 3 (Switch S1 is open and switch S2 is closed)
During this mode of operation, inductorL1 discharges and freewheels through
the diode in phase 1, transferring some of its stored energy to the load. At
the same time, inductorL2 gets charged from the supply. The voltage across
each phase inductance are

VL 1 = � Vout (3.16)

VL 2 = Vin � Vout (3.17)

causing phase 1 current to decrease linearly and phase 2 current to increase
linearly during this period.

4. Mode 4 (Both switches S1 and S2 are open)
During this mode of operation, both the inductorL1 and L2 discharge and
transfer some of its stored energy to the load. The diodes in both phases be-
come forward-biased and start to conduct inductor current during this period.
The voltage across each phase inductance

VL 1 = � Vout (3.18)

VL 2 = � Vout (3.19)

causeing currents in both phases to decrease linearly.

The relation between the output voltage and the input voltage,

Vout

Vin
= D (3.20)

is similar to that of simple buck topology. The voltage stress across each switch is
similar to that of the buck converter and equals the supply voltage. Thus, the high
voltage rated switches need to be used in this converter to withstand the supply
voltage. However, switches are operated in hard switching conditions, and this dis-
turbs the e�ciency of the converter. Therefore, in order to achieve better dynamics
and improved power density, the converter needs to be operated at higher switching
frequencies [29]. Nevertheless, at very high switching frequencies, switching losses
are high, a�ecting the converter's e�ciency. Therefore, the switching frequency of
the converter needs to be optimized based on its e�ciency.

3.1.5 Number of phase selection

The interleaved buck/boost converter operates in boost mode for the forward direc-
tion and buck operation in the reverse direction. Single-phase converters handle all
the output power �owing through a pair of MOSFETs and inductor combinations.
All the power losses occur within those components. Designing such converters for
applications requiring an output current greater than 100 A becomes di�cult and
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expensive [30].

Multiphase converters provide an even distribution of losses across each phase. The
selection of components becomes more accessible as each phase handles only a part
of the output current. This type of converter o�ers a much higher e�ciency over a
wide load range compared to an equivalent single-phase converter. The performance
of a multiphase converter is further improved by a lower requirement of input and
output capacitance. Nowadays, the controller of multiphase converters allow phases
to be added and dropped depending on the load current requirement [30]. This
helps in tuning the phase count of the converter for optimal e�ciency across various
applications.

At lower currents, converters with few phases are operated under DCM mode to
minimize switching losses. However, as the load current increases, the conduction
losses become dominant, and in order to improve the e�ciency, converters with an
increased phase count are employed.

An increasing number of phases a�ect the e�ciency of the converter as the switch-
ing losses become dominant [31]. The graph in Figure 3.11 depicts the change in
e�ciency as the number of phases increases. Hence, a compromise needs to be made
between the e�ciency and phase count of the converter.

Figure 3.11: Change of e�ciency with number of phases [31]

For increased phase operation, input and output current ripple gets reduced in the
buck mode of operation. In contrast, the input current ripple and output voltage
ripple gets reduced in the boost mode of operation. For selecting the optimal num-
ber of phases for the converter, operation of the converter in boost mode and buck
mode are analysed for di�erent phases:

1. Interleaved boost operation
The input current ripple of a single-phase boost converter is given as
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� I in =
Vout T

L
DD 0 (3.21)

whereVout is the output voltage, T is the switching time period according to
the switching frequency of the switches, while D and D' represents the on and
o� duty ratios of the switches, respectively. Unlike a single-phase converter,
the input current ripple of an n-phase interleaved converter (IBC) consists
of n parts according to the duty ratio of the switches [32]. Therefore, the
frequency of the input current gets increased byn times for n-phase operation.
For various phase operations, the variation of input current ripple according
to duty ratio is given by

� I in =
Vout

Lph
(Non_ sw � nD )

T
n

d (3.22)

wheren is the number of phases,Non_ sw is the number of on switches during
a time period � of input current, while d and d0 are the rising and falling time
period of the input current (d = t r

� , d0 = 1-d). The rising time of the input
current within the time period � is given by t r .

Figure 3.12: Input current ripple as a function of duty cycle for a di�erent
number phases.

Figure 3.12 shows the normalized variation of input ripple current to duty
cycle for constant output voltage and identical inductors for each phase oper-
ation. It can be seen that the input current ripple becomes zero atD/ n times
the duty ratio (for example, at 0.25, 0.5 and 0.75 for four-phase IBC), and
it is inversely proportional to the number of phases. Thus, the input current
ripple gets reduced signi�cantly in the three-phases and above compared to a
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single-phase boost converter.

The output voltage ripple is determined by the charge of the output current
ripple (QC ) caused by the charging/discharging of the capacitor. The average
charge is identical for the case ofn-phase IBC. The output voltage ripple of
n-phase IBC for a selected switching frequencyf sw is given as,

� Vo =
QC

C
=

I out dd0

f swCn2D 0
(3.23)

gets reduced by a factor of 1/n2 as the number of phases increases. From
Figure 3.13, it is evident that for a multiphase IBC, the output voltage ripple
is lower compared to a single-phase boost converter.

Figure 3.13: Output voltage ripple as a function of duty cycle for a di�erent
number phases.

2. Interleaved buck operation
Designing a multiphase buck converter decreases the RMS input current �ow-
ing through the input capacitor, which reduces the ripple in the input voltage
Vin [30]. This allows for a reduced input capacitance requirement for keeping
the input voltage ripple within its limits.
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Figure 3.14: Input current waveform of an interleaved buck converter

Figure 3.14 shows the comparison of the input current waveform of the single-
phase and two-phase operation. It can be seen that the input RMS and peak
current have been signi�cantly reduced by adding a phase. This reduces the in-
put capacitance requirement and lowers the stress across switch in each phase.
The normalized input RMS current of ann-phase interleaved buck converter
is as follows,

I in norm (RMS) =

s �

D �
m
n

� � 1 + m
n

� D
�

(3.24)

where m = �oor ( nD ). �oor(x) is a MATLAB function used to round the
element x to the nearest integer equal to or lesser than the element.
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Figure 3.15: Normalized input RMS current as a function of duty cycle for a
di�erent number of phases

Figure 3.15 shows that as the number of phases increases, the amount of cur-
rent that needs to be handled by the input capacitor reduces by 50% or more
depending on the duty cycle. For each multiphase operation, the input RMS
current drops to zero at certain duty cycle as the ripple current in each phase
cancels each other.

The output current ripple is much lower in comparison with phase inductor
current ripple. Therefore, a smaller output current ripple produces a lower
output voltage ripple which in turn lowers the output capacitance require-
ment for keepingVout within tolerance. The normalized output ripple current
through the output capacitor is given by

I out ripple _ norm =
n

D(1 � D)

�

D �
m
n

� � 1 + m
n

� D
�

(3.25)

I out ripple _ norm =
n

D(1 � D)
(D �

m
n

)(
1 + m

n
� D) (3.26)

and it is not valid for single-phase operation. Similar to the input current,
each phase inductor current at various duty cycle operations cancels out each
other producing no output current ripple. Operating these multiphase buck
converters near one of those zero output ripple current conditions leads to a
much-reduced output capacitance requirement [30].
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