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ABSTRACT

INVESTIGATION OF THE EFFECTS OF SWITCHING TECHNIQUE AND
GAN DEVICE ON THE PERFORMANCE OF BIDIRECTIONAL BUCK-
BOOST DC/DC CONVERTER

Kogak, Ibrahim
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Hulusi Biilent Ertan

August 2019, 128 pages

In general, a DC/DC converter provides energy transfer from a source to a load in one
direction. However, today, bidirectional power transfer is needed for most of the
system that includes battery based energy storage, such as solar or wind power plant,
uninterruptible power supplies, automotive industry, smart grid applications,
telecommunication and space technology. Serving a compact solution for this need is
crucial in order to reduce the total size of the system especially where the physical size
is a critical subject. Various types of bidirectional DC/DC converter topologies and
control methods are implemented for this purpose. In this study, a bidirectional
DC/DC converter topology and a modulation method are selected, developed and
implemented for the power train of a double battery suited car. The effect of new
generation GaN devices on the efficiency of the converter is also covered. With the
results of this study, it is seen that the selected topology is suitable for bidirectional
power flow and the power density can be increased throughout whole load range with
a software based control method and selecting proper switching device.

Keywords: Buck-Boost Converter, Bidirectional Converter, Phase Shifted Operation
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ANAHTARLAMA TEKNIiGINiN VE GAN MALZEMELERIN CiFT YONLU
AZALTAN-ARTIRAN DA/DA CEVIRICILERIN PERFORMANSINA
ETKILERININ ARASTIRILMASI

Kogak, Ibrahim
Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi
Tez Danismani: Prof. Dr. Hulusi Biilent Ertan

Agustos 2019, 128 sayfa

DA/DA geviriciler, enerji transferini genellikle kaynaktan yiike dogru tek yonlii olarak
gerceklestirirler. Giiniimiizde, glines veya riizgar kaynakli santraller, kesintisiz giic
kaynaklari, otomotiv endiistrisi, akilli sebeke ve uzay teknolojileri gibi batarya temelli
enerji depolama kullanilan sistemlerde ¢ift yonlii enerji transferinin saglanmasi
gerekmektedir. Ozellikle fiziksel boyutlarm énemli oldugu sistemlerde, bu ihtiyaca
kompakt bir ¢6ziim sunmak tiim sitem boyutunu azaltma agisindan Onem arz
etmektedir. Bu amagla, ¢esitli ¢ift yonlii DA/DA gevirici topolojileri ve kontrol
metotlar1 uygulanmaktadir. Bu calismada, iki batarya iceren bir aracin ¢ift yonli gii¢
aktarimi i¢in uygun bir topoloji ve modiilasyon metodu secilmis, gelistirilmis,
uygulanmis ve test edilmistir. Ayni zamanda, GaN malzemelerin tasarlanan
ceviricilerin verimliligine etkileri de incelenmistir. Bu ¢alismanin sonucunda, segilen
topolojinin ¢ift yonlii enerji aktarimi i¢in uygun oldugu ve Onerilen yazilim temelli
kontrol metodunun ve segilen uygun anahtarlama malzemesinin gevirici verimliligini

tiim ytik sartlarinda ytikselterek gii¢c yogunlugunu artirdig: gézlemlenmistir.

Anahtar Kelimeler: Azaltan-Artiran Cevirici, Cift Yonlii Cevirici, Faz Kaydirmali
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CHAPTER 1

INTRODUCTION

1.1. General

Nowadays, the storage of electrical power has become an important issue because of
many reasons such as; the problem of environment pollution, increase utilization of
Uninterruptible Power Supply (UPS), renewable energy systems, requirements of
Hybrid Electric Vehicle (HEV) or Electric Vehicle (EV) etc.[1]. In many cases, the
storage elements for that purposes are batteries and supercapacitors. Moreover, it is
required to put into use of this stored energy in the case of an extra power demand,
failure or supply fluctuation. Storage and backup of electrical power in such a case
can be achieved with the application of power electronics. Conventional
implementations solve this problem with two different power stages (Figure 1.1),
which is an expensive and oversized solution. Instead of this approach, bidirectional
DC/DC converters (BDC), whose power stage can be formed as charger or discharger

(Figure 1.2), are widely used.
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Figure 1.1. Bidirectional Power Flow Using Two Separate Power Stage
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Figure 1.2. Bidirectional Power Flow Using Same Power Stage

1.2. Application Areas of Bidirectional DC/DC Converters

In this section, systems, that need bidirectional energy transfer, are stated briefly to

realize and explain the motivation of this study.

1.2.1. Solar Power Plant

Today, the most interesting and attractive renewable energy systems are solar power
plant systems. Sunlight of nature is converted to electricity with the help of these
plants. Since the natural supply is unstable throughout a day, solar power plant cannot
be the only source of electricity power. It is necessary to regulate and make the output
continuous in order not to disturb load. The output of solar array is stored at batteries
with a high voltage DC bus to reuse in the case of solar source insufficiency.
Bidirectional DC/DC converters realize the process of charging and discharging of

batteries with the help of a power control unit, the most common type of which is



maximum power point tracking [48]. Simple block diagram of a solar system with a

BDC and storage device is shown in Figure 1.3.
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Figure 1.3. Solar Power Plant Block Diagram

1.2.2. Wind Power Plant

Being a leading and reliable solution of renewable energy sources, wind power plants
become more and more popular. Power electronics take an important place for
stability, power quality and efficiency of this type of system. As can be seen from
Figure 1.4, a DC/DC converter capable of bidirectional power transfer should be fitted
to these systems. This converter supplies constant power to the grid in the case of
reduced wind speed condition, while charging the energy storage systems, which are
generally supercapacitors with the advantage of having fast dynamic response and

long life cycle, during normal operation [14].
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Figure 1.4. Wind Power Plant Block Diagram [14]

1.2.3. Uninterruptible Power Supply

Sensitive and critical loads such as communication systems, data centers and medical
support systems in hospitals are fed from uninterruptible power supplies (UPS) whose
output is a well-regulated sinusoidal voltage with high input power factor and low
total harmonic distortion [2]. Application of power electronics for bidirectional power
flow plays an important role to supply the loads continuously. In normal operation,
batteries are charged from the grid while in the case of a power failure, static switch

disconnects the load from the mains and batteries will supply the critical loads (Figure
1.5).
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Figure 1.5. Block Diagram of Interactive UPS system [2]



1.2.4. Electric Vehicle Technology

Lowering the CO2 emission and to increase fuel efficiency are the most significant
topics in automotive industry [3]. Again, power electronics implementations are used
to achieve these goals. For instance, in a hybrid electrical vehicle or battery electric
vehicle, it is required to exchange the energy between batteries and motor drive
circuitry. BDC charges battery with regenerative breaking while stepping up the
battery voltage to drive motor as can be seen in Figure 1.6. This topic will be described

in detail throughout this section.

. [ Bidirectional | |

Inverter2 - DC-DC :
| - Ll . | Converter ||

G Inverterl‘ | ” !
enerator| | | | !

| H |

1 e Il : Battery :

’ Mt |

Engine  Transmission Energy Management

Figure 1.6. Power train in hybrid electric vehicle [4]

As automobile manufacturers are inside the race to make their cars smarter, safer and
more entertaining, they need more power from the electrification system while
supplying these extra features to customers. Today, there are almost 2 kW electrical

and electronics loads on a vehicle which is the limit for conventional 12V power
supply [5] [6].

Moreover, due to increase of global warming, serious environmental pollution and
limitations on energy resources, manufacturers faced with designing efficient vehicles

to lower fuel and strict government regulations to decrease CO2 emission. At the year



2020, the European car manufacturers aim to achieve CO2 emission below 95g/km,
which was 130g/km at 2015 [3].

In order to meet the increase of power demand and to fit emission rules, manufacturers
try to find alternative fuel consumption techniques and electrification systems. Many
research and developments on more environment friendly, more robust, reliable and
low-cost systems are being examined. As a result of this effort, electric vehicle (EV)
and hybrid electric vehicle (HEV) technology appeared. Although HEVs provide
longer driving range with the usage of both internal combustion engine (ICE) and
electric motor; they still contribute environment pollution and spend fuel which is in
a serious inadequate condition at the present time. On the other hand, EVs provide
fully electric motor operation with a powerful battery which results zero emission with
disuse of fuel. Also, electric motors are more efficient and robust than ICEs resulting
customers save more money even for maintenance. Of course, there are some
drawbacks of them such as long charging time, high setup cost and infrastructure
problems. But, the concern about environment, crisis of fuel/oil deficiency and the use

of renewable energy sources put EVs one step ahead.

Taking these situations into account, various kinds of vehicle power train technology
has been developed by automotive manufacturers. The types of vehicles are briefly

explained below.

1.2.4.1. Micro Hybrid Vehicles

Micro hybrid vehicles are the simplest and cheapest types of HEVs. They are also
called stop-start vehicles, which means when they are not in motion, such as a red
light or traffic congestion in city driving, their ICE is switched off. Although these
vehicles have no electric motor to assist the motion of the vehicle, more robust battery
system ensures stop-start cycles. In some higher segment models; they can have a
small electric motor (2.5 kW at 12 V) dedicated only for stop-start action [7].

Moreover, regenerative braking takes action when decelerating to charge the battery



by the help of an alternator. However, this system has some restrictions. For example,
air conditioning system which is powered from the ICE can restart the engine when
the cabin temperature exceeds the set point [8]. Even so, being a low-cost solution

with a %5-%10 fuel saving, micro hybrid vehicles spread rapidly in the market.

1.2.4.2. Mild Hybrid Vehicles

Mild hybrid vehicles, also known as power assist [6], have an electric motor which
cannot drive the vehicle on its own. Instead, this motor can start the ICE quickly and
assist it in the case of high acceleration and torque. Moreover, it recharges the battery
during deceleration similar to the alternator of a conventional ICE powered vehicle.
Therefore, this more powerful electric motor eliminates the need for starting motor
and alternator. On the other hand, these vehicles also have stop-start property and
regenerative braking like micro hybrid ones. In other words, they turn off the ICE
during when the vehicle is immobile or a in a deceleration mode, retrieve the energy
while braking and use it to rerun the vehicle or to assist the ICE in the case of high-
power demand in a sudden acceleration. Furthermore, they make the engine to operate
at a more efficient operating point by adding extra load and storing the residuary
energy into the battery [8]. These properties and the usage of the stored energy during
braking to support extra power to the engine result in a decrease at fuel consumption
approximately %20-%30 [7].

From the perspective of electrical view; since the traditional 12 V battery became
inadequate for increasing power demand of high technology vehicles, new voltage
levels were introduced for HEVs. In recent years, the voltage level for mild hybrid
vehicles was proposed as 48 V which is below the electric shock limit of 60 V. With
this 48 V voltage level also called dual voltage system; four times more power can be
produced than 12 V systems with more efficiency while adding no cost for additional
safety requirements [8].This does not mean that the traditional 12 V system had gone

away completely. It is still fitted for light loads such as entertainment, safety, security



and lighting [6]. Since the voltage level (48 V) is not high enough to decrease current
level, electric unit is bulkier and heavier compared to full hybrid ones. Due to the
existing two voltage level network at mild hybrid vehicles; some power electronics
take place to achieve bidirectional energy transfer between these voltage levels. Power
train for mild hybrid vehicles showing electrical and electronics components with
power flow directions can be seen in Figure 1.7.
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Figure 1.7. Mild Hybrid Power Train [9]
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1.2.4.3. Full Hybrid Vehicles

Full hybrid vehicles, also awarded the name as Plug-In hybrid vehicles, have a larger
battery, a more powerful electric motor, an internal combustion engine and a generator
working together with a complex hybrid architecture [8]. Their larger battery can be
charged from the grid optionally and ensures electric motor only driving mode for a
limited range and speed. Charging at off peak hours when the electricity is cheaper

results more efficient power consumption at driving. In order to achieve maximum



energy efficiency and minimum emission, the power flow is designed such that it is
flexible between engine, motor, alternator and the battery. For example, engine will
deliver more power than the required while propulsion or a high acceleration in order
to work at optimum operating range. The excess energy will be captured by the battery
and used by the electric motor to support engine or to use at electric motor driving
mode, with a result of energy saving up to %30-%50 [7]. The voltage of the batteries
in a full hybrid vehicle is at the level of 200 V to achieve low current density at electric
unit. Unfortunately, it decreases the safety level and more precautions must be applied
to the power train. Furthermore, limited speed and range of electric motor only
operation makes these types of vehicles no suitable for interurban driving. On the other
hand, high cost of installed electric power makes full hybrid systems more expensive
in comparison with other hybrid systems [3]. Besides these properties, even full hybrid
vehicles still contribute to air pollution and consume large amount of fuel. These kinds
of reasons lead automotive manufacturers to search for alternative solutions resulting

fully electric vehicles to be introduced to the market.

1.2.4.4. Electric Vehicles

In fact, interest in electric vehicle had been started at the beginning of 20" century.
However, as the vehicles with internal combustion engines showed fast development
at that era, the industry of EVs almost disappeared. In addition to environmental
concerns, with the great development in power electronics, microelectronics, material
and battery technologies, EV power train again came into issue at 1970s [15]. And
now, both the serious lack of fuel source and the invention of renewable energy
sources for electricity, EVs have become one of the most attractive and challenging

issues of automotive industry inevitably.

Unlike HEVs, battery electric vehicles do not have any internal combustion engine
concluding a simpler structure. All the power needed for propulsion and traction

system is supplied from more efficient pure electric power train. That makes them



more silent and cheaper to run. With this property, EVs also contribute to reduce air
pollution from CO2 emission and the reduction level can be increased by using a
renewable energy such as solar photovoltaic system for charging the batteries.
Furthermore, EVs have fewer moving parts than ICEs and don’t have any expensive
exhaust system, fuel injection systems or starter motors. These features with the

inherent robustness of electric motors make EVs require less maintenance.

EVs will also be able to use as an electric energy storage device in near future. Energy
can be stored from the grid during off peak hours at which many of vehicles are
remained as parked and will be returned to grid at times of increased energy demand.
This idea which is called vehicle to grid (V2G) will smooth the load curve and improve

the power system reliability [17].

Due to their high energy density, compact size and reliability, batteries are commonly
used as energy storage system in electric vehicles. This stored energy is used for both
to drive motor by the help of an inverter and to supply other electronic loads generally
using a step-down DC/DC converter. Moreover, as can be seen from Figure 1.8, power
electronic applications take place to charge the batteries from mains or via

regenerative braking process.
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Figure 1.8. Block Diagram of an Electric Vehicle Power Train [16]
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Because of these mentioned leading features and with the great incentives of
governments, electric vehicle technology and power electronics applications for these

vehicles will seem to gain great attention in both industry and academia.

1.3. Aim of Thesis

The application on which this study is made is a double battery suited vehicle in which,
the main battery supplies the traditional loads such as lightning, entertainment, safety
and security. However, the additional one is responsible for 4 kW special loads which
are operated only for a limited time (maximum for 1 hour) throughout a day. The main
battery is charged by the alternator of the vehicle while the additional one is charged
from the main one with the help of the converter fitted for this purpose when
aforementioned special loads go out of use. A rough calculation can show that, 4 kWh
energy is required for 1-hour operation of them and 8 hours are enough for 500 W
charger to recharge the additional battery. Moreover, even when the engine is off, the
energy in the additional battery can be used to charge the main battery which is still
responsible to supply the emergency loads. Therefore, the charger between these two
should be bidirectional which is the main scope of this study. A basic block diagram

of the application is shown in Figure 1.9.
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Figure 1.9. Block diagram of double battery fitted system
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Taking into account the necessities of this vehicle, the aim of this research is to design
and implement a compact and highly efficient power supply for bidirectional power
flow between batteries. For this purpose, various bidirectional DC/DC converter
topologies, which are too many in the literature, are searched and compared according
to their efficiency, cost, size and ease of control. A topology is selected, analyzed,
designed and implemented. Two different modulation techniques are applied to this
topology to compare the performances of these techniques. Moreover, in order to
observe the contribution of GaN devices; which are introduced as one of the new
generation wide bandgap switching devices in literature, to the performance of the
converter, they are implemented in a different setup and various tests are performed
as in the case of silicon ones. The control of power stage and the PWM drive of
switching devices are implemented using a microcontroller in a digital manner. Design

specifications for the prototype of selected topology are presented at Table 1.1.

Table 1.1. Design specifications of the prototype

First Battery Voltage 24V - 56V
Second Battery Voltage 12V - 28V
Rated Power 500 W
Switching Frequency 100 kHz

1.4. Thesis Structure
The thesis is organized into 6 chapters.

First chapter gives information about the need for bidirectional power flow in multiple
application areas, electrification of vehicles with different types and the aim of this

study.

Chapter 2 includes classification of bidirectional DC/DC converter topologies with

their basic operating principles. Various topologies are investigated and compared in

12



this section referring to their advantages and disadvantages in terms of their size, cost,

efficiency and simplicity.

Chapter 3 describes the operating principle and two different approaches to selected
bidirectional DC/DC converter topology with all analytical and design calculations in
detail. Evaluation of these approaches is done and one of them is selected. Component
selection is pointed out with loss analysis of each one and their compatibility with

theoretical calculations.

In Chapter 4, the implementation of selected topology on a printed circuit board,
simulation and experimental results for charging and discharging modes are covered.
Both phase shifted and conventional approaches for switching purpose are analyzed
in terms of their efficiency.

Chapter 5 mentions the theoretical advantages of GaN power semiconductors.
Implementation of GaN device and its effect on the performance of designed converter
in comparison with its silicon competitor are presented. Furthermore, the effect of
switching frequency on the design parameters, component selection, total size and

losses of the converter is evaluated.

Last chapter is for the conclusion and future work of this topic.

13






CHAPTER 2

BIDIRECTIONAL DC/DC CONVERTERS

As introduced in Chapter 1, batteries, which are fitted as the energy storage devices
are used to store the excessive energy supplied by different sources in many
applications. On the other hand, they also supply energy in the case of an extra demand
or source deficiency. Having the ability to transfer current in two ways, and thereby
power, implementation of bidirectional DC/DC converters is gaining more and more
interest by power electronics engineers. Power or current flow of a bidirectional

DC/DC converter can be shown basically like in Figure 2.1.

Forward Power Flow
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Figure 2.1. General Representation of Bidirectional Power Flow [20]

Generally, BDCs can be classified in isolated versus non-isolated ones regarding the
needs of the system. Then, they should be categorized as buck type, boost type or

buck-boost type according to placement of the energy storage device. Also, having
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voltage source or current source structure can be a classification criterion [19]. By
considering these properties, several topologies have been proposed in literature for
bidirectional power flow. In this chapter; these topologies are analyzed and evaluated
according to their component count, efficiency, semiconductor voltage and current
stresses, simplicity, power density (W/kg), cost and feasibility of input/output voltage
ratings for the application mentioned in Section 1.3.

2.1. Non-Isolated Topologies

Bidirectional DC/DC converters (BDCs) generally derived from traditional
unidirectional converters by replacing diodes with switching semiconductor devices
such as MOSFETSs or IGBTS that can carry the current on both directions (Figure 2.2).
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Figure 2.2. Derivation of Bidirectional Buck Converter from a Unidirectional One

Non-isolated BDCs do not have any transformer on their topology. That makes them
lighter, cheaper, more efficient and easier to control. Therefore, in applications where
weight and size are the main concerns like a spacecraft power system, these types of
BDCs are much more attractive [22]. Non-isolated BDCs can be classified as single

phase, single phase with ZVVS/ZCS circuitry and multiphase converters [21].
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2.1.1. Single Phase Type

At this type of BDC, auxiliary energy storage device can be placed at low voltage or

high voltage side as shown in circuit diagrams in Figure 2.3.
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Figure 2.3. Circuit Diagram of Boost Type and Buck Type BDC [19]

The circuit in Figure 2.3 (a) represents a boost type non-isolated bidirectional DC/DC
converter [19]. Both synchronous buck and boost mode can be realized to transfer
power in both directions. During boost (battery discharging) operation, S2 is operated
with required duty cycle and S1 is off while its body diode is conducting. Similarly,
in the case of step-down (battery charging) operation, S1 is switched with controlled
duty cycle while S2 body diode serves a freewheeling path. In both operation modes,
second switch; whose body diode is taking in charge, can also be switched during the
freewheeling period for synchronous rectification in order to increase efficiency. This
type of converter can be useful in a hybrid or an electric vehicle drive train application.
Since the traction motor drive does not prefer bulky current stage, higher dc bus
voltage is more reasonable for an electric vehicle [19]. Therefore, battery voltage
should be stepped-up at a suitable voltage level. Compact high-power operation can
be reached using this topology. A 30-kW prototype of boost type non-isolated

bidirectional DC/DC converter was designed and implemented in [23] for EVs.
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The circuit becomes a buck type BDC as shown in Figure 2.3 (b) by placing the battery
on high voltage side. Operation principle is similar to boost type ones with a difference

only in operation modes (step-down for discharging and step-up for charging).

In some applications, at one time; battery voltages can be at the same level with output
voltages. Buck-boost type converters are implemented in such cases. It can be

obtained by cascading a buck converter with a boost converter shown in Figure 2.4.

= Cdc

|
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Figure 2.4. Circuit Diagram of Buck-Boost Type BDC

This circuit operates at all four quadrants [21]. Switches S2 and S3 turn on to energize
the inductor during charging mode while body diodes of S1 and S4 provide a
freewheeling path when they (S2, S3) turn off. Under discharging mode, S1 and S4
realizes the charging of inductor and antiparallel diodes of S2 and S3 carry the stored

energy to the bus.

These converters mostly take place in HEV/EV applications where dual voltage
system is available as mentioned in Chapter 1. In [24], a 20-kW water-cooled buck-

boost type BDC was designed and experimented for the use of EVs.
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Although buck-boost type BDCs are the most flexible ones of non-isolated
bidirectional converters, since the number of switches is increased, they are more
costly and have more complex control system and circuitry. Furthermore, hard
switching of the switching devices can cause severe EMI issues which cause the need
for large filters. This also makes the converter bulkier and less efficient [13]. However,
when battery voltage is very close the voltage level of dc bus voltage, usage of buck-

boost type bidirectional converter is a necessity.

2.1.2. Single Phase with Auxiliary ZVS and ZCS circuitry

In single phase topologies, since the converter operates in continuous conduction
mode (CCM) at both buck and boost mode, switching losses due to hard switching are
increased. Moreover, CCM operation results in the phenomenon of reverse recovery

of body diodes of switches [25] while resulting in a low current ripple.

Alternative techniques are applied to non-isolated BDCs to increase the efficiency.
Zero voltage switching can be achieved by using a smaller inductance providing the
inductor current flowing in both directions at the end of each switching period.
However, this technique increases the current and voltage ripple, shortening the
lifetime of the batteries which is not an acceptable situation [25]. Interleaving can be
another solution both to increase the efficiency and to decrease the ripple current, but
the number of components increases, and the control of converter become more

complicated.

In order to overcome these problems, soft switching techniques called zero voltage
switching (ZVS) and zero current switching (ZCS) become more popular. These
techniques can be achieved by using extra switches as active clamps or resonant
circuits. But, doing so will again increase the component count and complexity of the
circuit. In [26], zero voltage switching was reached by using an active clamped with

a resonant circuit shown in Figure 2.5.
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Figure 2.5. Traditional and Active Clamped ZVS BDC circuitry [26]

Although 96% efficiency for boost operation and nearly 95% efficiency for buck
operation were achieved with this approach (Figure 2.6), additional components and

complex control make it unreasonable.

98 98
Efficiency of ZVS Boost Mode Efficiency of ZVS Buck Mode

Encleioy & Had B b Mads g6, Efficiency of Hard Switched Buck Mode

[(=]
-]

94

w
5

92

(L=}
nN

Efficiency(%)
Efficiency(%)

90 90

8qOO 200 300 400 500 8? 00 200 300 400 500
Output Power (in Watts) Qutput Power (in Watts)

Figure 2.6. Efficiency Results of Proposed Converter in [26]

Instead of adding extra components, inherent parameters like the reversed current of

inductors and output capacitances of switching devices can be used for this purpose.
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For example, the logic behind the zero-voltage switching is that output capacitance of
the switching device should be completely discharged before a switch on command.
That means the body diode or anti-paralleled diode clamp the voltage nearly zero

before it turns on [13].

A ZVS bidirectional buck boost converter without any additional component was
implemented in [13] with a circuit diagram as shown in Figure 2.7. Nearly 95%
efficiency was achieved for both mode of operation. The energy required to charge or
discharge the output capacitance is supplied by the reversed inductor current. Hence,
equations (2.1) and (2.2) should be satisfied where E_, Ecossand Vps show the inductor

energy, output capacitance energy and the voltage across the switch respectively [13].

E:Lz ECossl + ECossZ (2-1)

1 1 1
ELILZ = EC0551VD512 + ECOSSZVDSZZ (2'2)

Moreover, this operation should not take so much time because conducting body diode
will increase the conduction loss. On the other hand, this time (also called dead time)
should be greater than the minimum time in which all the output capacitances of

switching devices charged or discharged.

AL — Ay, (2.3)
At

L

I, = (V1—VE)><tdd (2.4)

By combining the equations (2.2) and (2.4), minimum dead time (tdd_min) for buck

mode operation can be calculated as in (2.5) where Coss_total = Coss1tCoss2.
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Figure 2.7. Buck-Boost Type BDC and ZVS Commutation during Buck Mode [13]

2.1.3. Multiphase Type

For applications that require high power, power stage should be paralleled in order to
reduce voltage and current stresses on components. While doing so, each stage is
synchronized with a phase shift of ? where n is the number of phases.

Synchronization of multiple phases comes with several advantages such as, current

ripple reduction, better thermal performance, higher efficiency and high-power
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density. Since current is split into multiple paths (I(’T“t), from the formula of (P,,, =

12 = R), conduction loss decreases [21]. Moreover, reduced ripple current and voltage
result in reduction in sizes of passive components. Number of phases can be 2 or more
up to even 16 [28]. Two and three phase converters’ circuit diagrams can be seen in

Figure 2.8.
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Figure 2.8. Multiphase Non-Isolated Bidirectional DC/DC Converters

In [27], a 90 KW three phase non-isolated BDC was evaluated and implemented for
hybrid electric vehicles. Power density of 2.7 kW/I in boost mode was achieved with
commercially available components and 4 kW/I was reached with custom designed
ones by the help of some coolant fluids available in hybrid electric vehicle
applications. In another example, 95% efficiency was achieved with a three-phase

configuration and with the help of discontinuous mode operation in [39].

Besides the advantages, multiphase operation brings some complexity in control
circuitry. But IC vendors make major effort to design analog controllers for multiphase
non-isolated bidirectional operation. For example, INTERSIL released ISL78226,
which is the first 6 phase BDC controller for automotive applications. Likewise,
LINEAR TECHNOLOGY introduced LTC3871, capable of controlling two phases
on one IC and able to be synchronized up to six resulting in 12 phase non-isolated
BDC.
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2.2. Isolated Topologies

As mentioned in Chapter 2.1 non-isolated bidirectional converters are easy to
implement for two-way power flow. However, they can only operate buck or boost
mode only in one direction which is determined by the arrangement of switching and
filter devices [29]. Furthermore, due to limited control of duty cycle, they are

impractical to use when the voltage ratio of input and output is very large.

When galvanic isolation is needed for an application, high frequency magnetic
transformers become a reasonable solution. Reasons for galvanic isolation can be
stated as; human safety, noise reduction and correct operation of protection circuits
[1]. In other words, one of the stages is protected from an undesirable situation such
as a short circuit taking place at the other stage. Turns ratio of transformers can also
be used for voltage matching in order to optimize the voltage ratings of input and
output stages when the conversion ratio is high. Although transformers make the
topology more complex, large and expensive, implementation of them is inevitable in

such cases.

Most of isolated BDCs have a block diagram shown in Figure 2.9 [29]. There are one
rectifier and one inverter stage which have bidirectional energy transfer on each side.
Hence, DC buses should be able to provide or absorb energy. According to
application, these buses can be a high voltage DC bus or can be connected to batteries,
supercapacitor or capacitor banks as storage devices. Moreover, requirements of the
application specify the fed type of the converter. For example, since batteries show
higher performance with a low ripple current, current-fed type converter is more
reasonable at battery side. Because, they have an inductor at its terminals like a

traditional boost converter and have strict current characteristic.
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Figure 2.9. General Representation of Isolated Bidirectional DC/DC Converters [29]

There are lots of topologies introduced in the literature for isolated BDCs. In fact,
most of them are derived from three major topologies which are introduced in this
chapter. Operating principles and fundamental characteristics with advantages and

disadvantages of them are described.

2.2.1. Dual Active Bridge (DAB)

The dual active bridge is a bidirectional DC/DC converter topology which has full
bridge converters at both sides with voltage fed or current fed configurations. It
consists of a high frequency transformer, eight switching semiconductors, dc link
capacitors and sometimes energy transfer inductor in addition to leakage inductance

of transformer.
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Figure 2.10. Circuit Diagram of Dual Active Bridge Converter [1]

In basic form of DAB, square wave AC voltages are produced at both sides of high
switching transformer (Vac,A and Va,B in Figure 2.10) by turning on the diagonal
switches simultaneously with a nearly 50% duty cycle (ignoring the small dead time
between legs) and 180 degree phase shifted than the other leg. The amount and flow
direction of power are controlled by adjusting (proper timing control of semiconductor
switches) the phase shift of these AC voltages. To clarify, leading bridge delivers
power to the lagging bridge by creating a voltage differential across the leakage
inductor [31]. Hence, bidirectional power flow is achieved. This strategy is called

phase shift modulation technique.

Ideal switching and voltage waveforms of DAB can be seen in Figure 2.11. To give a
meaning to those waveforms, shifting secondary bridge pulses by +d results in power
delivery from primary side to secondary. Likewise, if primary bridge pulses lag by +6,

power is delivered from secondary to primary [31].
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Figure 2.11. Dual Active Bridge Waveforms [31]

Since the voltage and current waveforms show a symmetrical structure, power flow
analysis can be made using half of the switching period. Defining T as half of the
switching period, n is the transformer turns ratio, I1, I2 inductor current at switching

instances and d as the duty cycle of the converter, following formulas can be obtained.

Al
Vik = LkA—Ltk (2.6)
V= Va+ 2 L%  foro<t<dT (2.7)
— _vb L-Ip 2.8
Vi = Va—— e CfordT<t<T (2.8)

By using (2.7) and (2.8), as shown in [30], average output current (lo_avg) and

delivered average power can be obtained.

27



(1-]d))xdXTxVa (2.9)

I0_avg = nxLy
P _ (1=]dDxdxTxVaxVb (2.10)
O_avg nXLy

The expression (2.10) shows that delivered power is a function of phase shift between
two bridges, energy transfer inductance, switching period and number of turns of high
frequency transformer. Moreover, a negative phase shift results in that power flow

direction is reversed and maximum output power is achieved at 50% phase shift [30].

In addition, DAB converters are able to adapt for soft switching commutations without
any extra active or passive component. Since this topology is a phase shift converter,
it has higher circulating currents resulting higher conduction losses than traditional
hard switching converters [1]. However, as the switching frequency increases, the
reduction of loss with soft switching implementation (as in the case mentioned in
Chapter 2.1.2) overrides the increased conduction losses and thus efficiency will
increase. Peak efficiency of 97.4% was achieved in [32] in a 2kW design with the help
of complete zero voltage switching. The most remarkable result of this design is that
even at 12.5% of rated load, soft switching is continued, and 90.9% efficiency is

reached showing the success of zero voltage switching at wide load range.

To sum up, DAB topology is an applicable topology for bidirectional power flow due
to having high efficiency, not having any additional component for soft switching,
compatibility with average or peak current mode control techniques and the simple
structure of its transformer. On the other hand, relatively high component count, high
ripple current values due to phase shifting and the sensitivity of phase shift control

especially at high bus voltages can be regarded as its drawbacks [1].
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2.2.2. Dual Half Bridge (DHB)

Dual half bridge is a bidirectional DC/DC converter topology which mainly contains

two half bridges at both sides of a high frequency transformer. Similarly to DAB

topology, power regulation and flow direction is adjusted by controlling the phase

shift between the voltages applied to two sides of the transformer (Vi1 and V2 in

Figure 2.12). The leakage inductance of the transformer is used as energy transfer

element again with an additional inductance fitted in the circuit if necessary.

Generally, in DHB topology, one side has a current fed structure while the other has

voltage fed. Since, lower current ripple is desirable for energy storage elements like

batteries or supercapacitors, current fed is more suitable for this lower voltage side. In

Figure 2.12, circuit diagram of a dual half bridge converter with a current fed structure

at low voltage side is shown.

low-voltage side

wer flow
p*o_._

high-voltage side
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Figure 2.12. Schematic of Dual Half Bridge Bidirectional DC/DC Converter [33]
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Ideal voltage waveforms of DHB topology can be seen in Figure 2.13 for charging
and discharging modes. In discharging mode, firstly traditional boost operation
realizes, and a square wave voltage is produced by switching S1 and S2 while S3 and
S4 rectify the ac voltage of the secondary in order to transfer power to the high voltage
side. In addition, high voltage side switching is done in such a way that square wave
realized on the transformer secondary is phase shifted with respect to transformer
primary voltage [1]. On the other hand, in charging mode, S3 and S4 are switched to
have ac voltage on transformer secondary while S1 and S2 rectify this voltage and acts
as a traditional buck converter to transfer power to the low voltage side. Surely,
primary side ac voltage will also lag the secondary side one for this operation.
However, phase shifting will increase the circulating current similar to DAB situation.
Hence, it is important to decrease reactive power transfer through transformer which
can be achieved with a lower leakage or series inductance. Moreover, zero voltage
switching can be adopted for all switches at both operation modes in a wide range of
dc bus voltages and load variations in order to increase total efficiency. In [34], 94%

efficiency was achieved with a wide range of output power from 0.45 kW to 1.4 kW.

Vi __ Vi
¢
Vi Vi
V2 wt V2 wt
) v3 v3 _
V2 aa » Vi
V4 ot V4 wt
—— V1+V4/n — —— V1+Va/n
Vi=Vi.-Vn Viv3/n Vi=Vi-Va V1-V3/n
- ; =] ~Vzeva/n wt
V2+V4/n wt
VZ-V3/n b V2-V3/n |
’___._--""'_'_ ik - __.-—-"_"'—-.-_
3 / » 0 \ T 71, 2n wt
) 0 / T \ 2n / wt il -—-.._______:}__::-_::‘: —
i —_ o
a) Discharging Mode b) Charging Mode

Figure 2.13. Basic Waveforms of Dual Half Bridge for Both Mode of Operation [1]
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As mentioned in this section, DHB bidirectional converters have the advantages of
decreased number of switching devices, lower cost and soft switching techniques can
be implemented easily in either side without any additional component. Lower ripple
current level at the current fed side also makes them desirable for battery applications.
With compared to DAB bidirectional converters, they have half component count with
the same total device rating for the same power level. On the other hand, high ripple
current on the split dc capacitors and unbalanced current stress on low voltage

switches can be the major drawbacks of this topology [34].

2.2.3. Full Bridge — Push Pull

This topology consists of a voltage fed full bridge stage on the high voltage side and
a current fed push pull stage on the low voltage side as shown in Figure 2.14. This
topology lets all switching devices to be switched with zero voltage switching for both
charging and discharging modes. In addition, synchronous switching can be
implemented to avoid diode rectification losses. By considering these properties,

highly efficient bidirectional power transfer is reached with proper switching schemes.

High Voltage Side Low Voltage Side
I 4 ®
.
slmk sl rr—
Q_/M? g-;
B s} e a T
i { >

Figure 2.14. Schematic of Full Bridge — Push Pull Bidirectional Converter
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In charging mode (in which power transfer is from high voltage to low voltage),
diagonal switches are switched with 50% duty cycle (ignoring the small dead time
between legs, tqd) with a phase shift of 180 degrees according to other legs’ switches
as in the case of a dual active bridge. Overlap between diagonal switches determines
the amount of energy that is transferred to low voltage side. Antiparallel diodes of
secondary side switches realize the rectification of ac voltage on the transformer
secondary. On the other hand, in discharging mode, the operation is similar to
traditional boost converter. Low voltage side switches are turned on with a duty cycle
greater than 50%- and 180-degrees phase shifted according to each other. The amount
of duty cycle decides the amount of power to be transferred. To explain, when both
low voltage side switches turn on at the same time, the buck mode output inductor
(which acts as a current source during this operation) is charged while it is discharged
when one of the switches turns off. In this mode, high voltage side switches remained
off so that their body diodes provide rectification, or they can be used for active

rectification [35]. Waveforms for discharging mode are shown in Figure 2.16.

J}_ Qﬂt LR ‘ Lo

Cozs Vo

ey P | heh |

a) Charging Mode b) Discharging Mode

Figure 2.15. Simplified Circuit Diagram of Charging and Discharging Modes [35]
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Figure 2.16. Waveforms of Discharging Mode

Compared to DAB converter, this topology has less switching device due to push pull
configuration at the secondary. Also, since the discharging mode is a current fed
converter thanks to output filter inductor of charging operation, the topology
inherently limits the current provided by the battery [36]. The use of overlapping
conduction times of switches during step-up operation reduces their average and rms
currents so as transformer windings. However, the voltage stresses of the switching
devices are doubled at the current fed push pull stage which is a serious problem for
high voltage applications. Furthermore, since it works under hard switching at push
pull side, low efficiency and voltage spikes can occur needing active clamp circuitry

or resonant structures to improve the efficiency and reliability [37].

In order to decrease component count further, another topology was introduced from
this structure in [36]. As shown from circuit schematic in Figure 2.17, full bridge stage
replaced with a half bridge stage. Although lower parts count compared to others is
achieved, the topology has the drawbacks of both half bridge structure like high ripple
currents on dc split capacitors and push pull structure as doubled voltage stresses on

switches. Even so, it can be suitable for low voltage and low power applications.
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Figure 2.17. Half Bridge and Current Fed Push Pull Topology for Bidirectional Power Transfer [36]

Soft switching techniques or multiphase operation can be applied isolation ones as
well as non-isolated ones. However, it should be taken into account that; complexity
of the circuit and the control tend to be more when these techniques are to be applied.
For example, one more switch was added at push pull stage resulting a topology
consisting of three switches at this side in [37]. 96% efficiency was achieved at 500

W load while increasing the switch count one as shown in Figure 2.18.

Qs ﬁ_% Q4 EZ&T

D.r,l: C;lul -lrJq.l C.-.u.l

Figure 2.18. Soft Switched Full Bridge-Push Pull Bidirectional DC/DC Converter with an Extra
Switch [37]
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2.3. Comparison of Topologies

A brief summary of bidirectional DC/DC converters was given in this chapter. Their
operation principles were mentioned. Also, design difficulty and feasibility for
specific applications of topologies in the literature were evaluated. It is concluded that,
topology will differ according to requirements of the application. Basically, a suitable
topology can be chosen after the need for galvanic isolation is determined. In order to
be a reference for power electronic designers, Table 2.1 and Table 2.2 are given as a
short comparison of them. In this thesis study, giving the reasons for decision in next
chapter, a non-isolated topology is selected, analyzed, implemented and

experimented.
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CHAPTER 3

OPERATION PRINCIPLE AND DESIGN STEPS OF SELECTED
TOPOLOGY

As discussed in Chapter 2, various bidirectional DC/DC converter topologies have
been proposed in the literature. Among these, non-isolated ones will be more preferred
than the others where the main interest is to have more power density and isolation
requirement between source and the load is not a necessity (especially when the
voltage gain can be achieved with solely duty cycle control). Since they have fewer
parts; i.e. decreased number of power switches and passive components as compared
at Table 2.1 and Table 2.2, and do not have any large transformer on their structure,
they are also easier to control and implement. Moreover, less parts count results a

decrease in cost and losses, increasing efficiency in a dedicated area.

In this study, four switched non-isolated buck-boost converter is selected for specified
application. Although switch count is much more than the other non-isolated ones,
this topology brings the advantage of both buck and boost operation at each side which
is useful when input and output voltage levels are close to each other. Furthermore,
this topology is flexible to implement zero voltage switching (ZVS) without any extra
components unlike the resonant or active clamped converters which require additional
LLC circuits or active switches [26] for zero voltage switching operation respectively.
Also, the disadvantages of resonant converters, which are limited operating voltage
and load conditions, higher ratings of switches [36], complicated EMI filter design
due to variable switching frequency [41], are eliminated with this topology. ZVS can
be achieved just by controlled phase shift with the control of gating signals of each

switching device in a wide range and with a decrease in components’ stress.
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Since this approach (control of switching signals) can be achieved with a software-
based solution, it can be implemented in a simple way while troubleshooting will be
much easier. In this chapter; operation principle of this topology and analytical

calculations of phase shifted methodology will be described in detail.

3.1. Operation Principles of Selected Topology

Non-isolated bidirectional four switch buck-boost topology is derived from
conventional unidirectional buck-boost converter by replacing diodes with switching
devices as shown in Figure 3.1. The power stage mainly consists of 4 switches, one
inductor and DC coupling capacitors. This converter can be operated in buck, boost
or buck-boost modes according to the voltage levels of input and output voltages. The
ability of bidirectional current transfer of switching devices also makes it suitable for

bidirectional power flow.

Vi V2 Vi V2
BDs; BDs; BDs;

a—= = | ::Q*a:: — M _— L.

BDss # = BDs, BDs4

Figure 3.1. Topology of (a) unidirectional and (b) bidirectional buck-boost converter

Various operation techniques have been applied to this topology in literature. To
classify them, there are mainly two different operation techniques with respect to the

gating schemes of switching devices. Following subsections will clarify them in detail.
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3.1.1. Conventional Operation

In this operation, only respective half bridge switches are gated at a switching
frequency while fixed control signals are applied to others. For example, in the case
of buck mode during power flow from V1 to V2, S1, S2 are switched complementarily
at a determined switching frequency while S4 is off and S3 is on during entire period
(Figure 3.2 (a)). Operation principle is similar to basic buck converter operation. That
is to say, when S1 is switched on, inductor current begins to rise storing the energy
and the power is transferred to load. Since the body diode of S2 is reversed biased, it
plays no part in this time period. When S1 is switched off, the energy stored in the
magnetic field around the inductor is released back to the output using the path formed
by the body diode of S2 at the beginning and later than by S2 itself. Unfortunately, the
high side switch S1 is hard switched while the low side one S2 is worked as a

synchronous rectifier.

On the other hand, in boost mode S3, S4 are modulated in a similar manner while S1
is on and S2 is off constantly as shown in Figure 3.2 (b).

Vi V2 Vi V2
BDS[ + BD53
+ + .
S3
s1 51 53
Cossl ON ON c:ﬁi
A= T
L L
1 —— _— @ L —— — 2
- 54 $2
A= = A _3_
BDs; | - - BDs
a) b)

Figure 3.2. Equivalent circuits in buck (a) and boost mode (b) from V1 to V»

41



With this conventional method, desired voltage levels can be reached by adjusting the
duty cycles of switched devices. However, it is important to note that there should be
a dead time between the same leg switches (i.e. complementary switches) in order to
avoid shoot through operation. Moreover, zero voltage switching can be achieved with
such a switching pattern by verifying the equations (2.1) to (2.5) resulting in a high
efficient converter. To give an example, in [13], 94% efficiency is obtained with this

topology and operation principle.

3.1.2. Phase Shifted Operation

Unlike the conventional one, all four switching devices at both legs (S1 to S4 in Figure
3.1 (b)) are switched on and off during a period in this operation. Phase shift means
that with such a gating pattern there will be a phase difference between bridge legs
shown in Figure 3.3 as 0. Input-output voltage conversion ratio and direction of power
flow is determined by the duty ratio of corresponding switches and phase shift angle
between them. For instance, the leading gating scheme of S1 over S3 makes power
flow from V1 to V2 and conversion ratio (V2/ V1) will be equal to ratio of duty cycles
of S1 (t2/T) and S3 ((t3-t1)/T). Steps of ratio calculation are given in Section 3.4.

Required gating signals for all possible modes can be analyzed in Figure 3.3 and
Figure 3.4 [42]. As it is seen from these figures, operating principles for different
modes are similar to each other. Hence, detailed circuit operation of buck and boost
modes in the case of transferring power from V1 to V2 will be examined in detail

throughout this section.

42



S1Gate Dy, S1 Gate - D LT
' (time) | | !
L e 1 ; 1 !
S, Gate D, S GateL : o i (time)
.il;]m:] I h? !
| | | (time)
S: Gate Dey S: Gate| |
o (time) T 1 1 !
| I (time)
54 Gate Do, S, Gatel | D
| - =
Inductor (tme) F(gime)
Current Inductor] |
Current | |
It I
1 L[]
o H = (time) e
1o (time)

Figure 3.3. Required gating signals and inductor current waveforms during (a) Buck Mode from V1 to
V> (b) Boost Mode from V; to V- [42]
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Figure 3.4. Required gating signals and inductor current waveforms during (a) Buck Mode from V; to
V1 (b) Boost Mode from V; to V1 [42]
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3.1.2.1. Buck Mode Operation

In buck mode of operation, one switching period can be divided into four time
intervals as shown in Figure 3.3 (a). At t=to, switches S2 and S4 are conducting,
therefore S2 can be turned off under ZVS due to voltage rise delay effect of parasitic
output capacitances (Coss) of MOSFETs. With the turn off of S2, inductor current
begins to charge Coss2 and discharge Coss: (Figure 3.5).

V1 V2

s1 S3

S2 54

S i S

Figure 3.5. Equivalent circuit of buck mode from V1 to V; at t=ty

When the voltage of Coss1 becomes zero, body diode of S1 begins to conduct and S1
can be switched with ZVS. At time interval to < t < t1, switches S1 and S4 conduct
(equivalent circuit and current path can be seen in Figure 3.6) resulting a linear
increase in inductor current (Figure 3.3). During this time interval, voltage applied to

inductor is VL (t) = V1 and load power is supplied only by C2.
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Figure 3.6. Equivalent circuit of buck mode from V1 to V; at time interval of to<t<t;
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+
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Figure 3.7. Equivalent circuit of buck mode from V1 to V; at time interval of t;<t<t,

At the end of this period; at t=t;, S4 is switched off with ZVS since its output

capacitance is discharged due to conduction. After that, so as the inductor current
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cannot change suddenly, its energy will charge Cosss and discharge Cosss. When the
voltage across Cosss becomes zero, body diode of it takes over the current and S3 is
ready to turn on with ZVS. Therefore, at time t1 <t < t,, S1 and S3 begin to conduct
simultaneously (Figure 3.7), resulting an increase of inductor current with a smaller
slope (due to voltage applied to inductor Vi (t) = V1-V2 as seen in Figure 3.7) besides
supplying the load.

At t=ty, S1 turns off and the inductor current charges Coss1 and discharges Cossz2. Body
diode of S2 will begin to conduct when the voltage across Coss: is zero and S2 turns
on with ZVS. At time interval t> < t < t3, S2 and S3 creates a path for inductor current
to the load resulting a voltage across the inductor Vi (t) = -V2 which makes the
inductor current decrease linearly (Figure 3.3). Equivalent circuit and inductor current

path can be seen in Figure 3.8.

Va1 V2
+ | +
51 53
- I
L
C1 N [ l N 2
i Fal
52 54

B &

Figure 3.8. Equivalent circuit of buck mode from V1 to V; at time interval of to<t<t;
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At t=t3, S3 is turned off and Coss3 will be charged while Cosss will be discharged as
shown in Figure 3.9. It should be noted that, reversed inductor current means that the
energy is transferred from output capacitances to the inductor during this period.
Therefore, the energy required for other periods is recovered at this time interval that

results switching losses lower [41].

V1 V2
+ | — +
S1 S3
L
c1 —— P [ l Y E— e
P )
52 sS4

Figure 3.9. Equivalent circuit of buck mode from V1 to V; at t=t3

When the voltage across Cosss becomes zero, it turns on under ZVS making a zero
voltage across inductor and constant current. During this period, load is supplied only
by C2. Equivalent circuit, current path and shape of inductor can be seen in Figure
3.10 and Figure 3.3 . This situation continues until the end of the switching period in
order to provide a negative inductor offset current to realize ZVS at the beginning of
next period. Moreover, with this approach, switching frequency of the converter is

kept constant that reduces EMI filter design concern.
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1 —— ¢ A —— 2
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b2 x 4

Figure 3.10. Equivalent circuit of buck mode from V: to V; at time interval of tz<t<T

Table 3.1 gives a summary about the switch states and inductor voltage at different

time steps within a switching period.
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Table 3.1. State of switches and inductor voltage at different time intervals within a period of buck

mode from V; to V,

Time S1 Sz Ss Sa Inductor State or
interval VCossl VCossZ VCoss3 VCoss4 Vo Itage Eq .
On Off Off On
to<t<ty ov Vi Vs 0 Vi Eq. 3.4
Off Off
ti<t<ty On Off Discharging | Charging to Vi- D_ead
OV V]_ tO OV V2 VCoss4 Tlme
. On Off On Off
t'<t<ty oV Vi oV Vs Vi-V» Eqg. 3.5
Off Off
th<t<ty Charging to | Discharging On Off VCossz- D_ead
Ov V2 V2 Time
V1 to Ov
. Off On On Off
tl<t<ts Vi ov oV Vs -V, Eq. 3.6
Off Off
t<t<ts (\)/ff 8\? Charging to | Discharging | — VCossa '[I')ienig
! Vs to Ov
. Off On Off On
t<t<ts Vi ov Vs ov 0 Eq. 3.7
Off Off
t<t<ty Discharging | Charging to ?/ﬁ 8\? VCoss2 .?fnig
to Ov A 2

3.1.2.2. Boost Mode Operation

Similar to buck mode, one complete switching cycle can be divided into four time-
intervals during boost operation as can be seen from the inductor current waveform in
Figure 3.3 (b). Conducting switches are completely same in corresponding time
intervals as in the case of buck mode. The only difference of this operation is that;
since the output voltage level will be higher than the input voltage, at time interval t;
<t < ty, inductor current has a negative slope (Figure 3.3 (b)). All equivalent circuit
configurations for buck mode shown in Figure 3.5 to Figure 3.10 are valid for boost

mode of operation too.
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3.2. Evaluation of Operation Principles

As described at the previous section, there are mainly two different approaches while
gating the switching devices; namely, conventional and phase shifted operation. Both
methods mainly consist of the same number of components including four switching
devices, one inductor to store the energy and DC link capacitors at the input and output
stages. Hence, hardware costs and sizes are similar to each other. However, only two
switches are turned on and off in the former one while all the switches are gated in a
period in the latter. By applying phase shifted operation, turn on of all switches can be
achieved with ZVS by adopting the switching times which does not require any extra
active or passive components. It also helps to improve EMI performance of the
converter and to decrease the components’ voltage or current stresses. Moreover, since
the body diode of the complementary switch in a half bridge is blocked, there will be
no reverse recovery losses. Additionally, turn off under ZVS is realized due to the
inherent output capacitance parameter of the switches and can be improved with a
minimum resistance in the turn off path of the gate driver [41]. This methodology will
be described analytically in detail at the following chapter. Although switching pattern
and control scheme are more complicated, efficiency will be higher with such a gating
configuration. For example, improvement in efficiency is observed in [42] at whole

load range as can be seen in Figure 3.11.

In this study, phase shifted operation is selected as the modulation technique by
considering mentioned benefits and drawbacks. Comparison of these two approaches
will be done by simulation and experimental measurements in order to verify

theoretical analysis.
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Figure 3.11. Efficiency comparison of fixed (blue) and adaptive phase shift operation (red) [42]

3.3. Switching Techniques to Improve Efficiency

Efficiency of the power converters becomes more important as the technological
developments push the products to be smaller in size. It can be explained such that
efficiency improvement results a decrease in the amount of heat that should be
removed away which makes the heat sinks and package sizes of the components
smaller. Moreover, efficiency is important to extend the battery life in battery-powered

applications.

The performance of a DC/DC converter can be optimized by careful component
selection and a suitable switching scheme. In this section, analytical calculations of
the constraints for soft and phase shifted switching will be covered for the selected
topology. Component selection will be handled in a latter chapter with design

requirements.
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3.3.1. Zero Voltage Switching Operation

The mechanism for zero voltage turn on can be realized as; output capacitance of a
switch should be completely discharged before gating command is applied to it. In
other words, body diode or anti-paralleled diodes of that switch begin to conduct
before it is triggered resulting nearly zero voltage across its output capacitance. As
described at the previous section, a negative offset inductor current is required to turn
on of S1 and S4 under ZVS. Moreover, the energy of inductor should be enough for
charge or discharge the output capacitances of switch. Therefore, the following
expressions must be satisfied for ZVS operation, where I, is the minimum absolute
value of inductor offset current, Coss is the output capacitance of the switch, Voss is
the voltage across the switch and L is the inductance value. It should be taken into
account that (3.1) is an approximation, because of nonlinear and voltage dependent

characteristic of Coss [41].

E(Stored energy of inductor) > E¢,ss(Energy of output capacitance)
1 1
SLL* = ~CossVoss”

C (3.1)
[, = Voss %

Furthermore, since S2 and S3 are expected to turn on under ZVS too, these equations
should also be valid at t=t> and t=t; which they are switched respectively. Hence, the
value of inductor current at these times should be greater than l. It should be also
noted that, to perform ZVS at all operating modes, Voss should be regarded as the

maximum of V1 and Vo.

Since charging/discharging operation is realized after one of the switches is

completely turned off, dead time between complementary switches is another
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important parameter for ZVS operation. Minimum value of it (tsg) can be expressed
as (3.2) using (3.1) and (3.3).

Vi (3.2)

3.3.2. Adaptive Phase Shifted Operation

From the operation principle and circuit analysis of the selected topology stated in
previous sections, it can be observed that the turn on/off times of switching devices
are important to improve efficiency and reliability of the converter. Furthermore, since
the transferred power is directly proportional to inductor current, time function of it
should be obtained in order to calculate the whole transferred power. By using
equation (3.3) and inductor current waveform depicted in Figure 3.3 (a), the time
function of inductor current can be obtained as in equations (3.4) to (3.7).

VL) = LxLip(t) (3.3)
i = -, +%t forto<t<t (3.4)
i) = —I, +%1:1 + Vl;VZt forti<t<t (3.5)
i) = —lp +2t + 2ty + 2t forta<t<ts (3.6)
i) = -1, for ta< t <ts (3.7)
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Next, from the formula of; P.yerage = lfT v(t) = i(t) following equations can be

TY0

derived for Pinand Pourt. It should be noted that power is provided by the input at to <

t < tpand transferred to output at t; <t < t3 as can be seen from the current flow in

Figure 3.5 to Figure 3.10.

PIN

V(2
= 2 [Tu0dw
S tO

Vi [ Vi t2 V, Vi—V;
= Z(L (—10+Tt)d(t)+ ftl (—10+rt1+ T t)d(t)

VixIg* ty

= %(sztltz + V1t22 - Vztz2 - V2t12) - "
S S

(3.8)
A
Pour = = | (0)d(®)
s Jty
= ‘t’_z(f::(—l,,+v—ft1+ BEe)d() + [0 (<l + 2t + 2ty +
0)ac0)
—V,l
tj 2(ts-t;) (3.9

V.
+ 2t2L (=Vats? = Vity? — (Vi + Vo)ty? + Votyts + 2Vit,t;)
s

Input and output power directly depend on switching times (t1, t2and t3) as can be seen

from (3.8) and (3.9). Therefore, in order to obtain maximum power, an optimization
process (introduced in [41]) should be applied while determining these times. Firstly,

assuming the components are ideal and when the losses are neglected, output power

has to be equal to the input power giving the equation (3.10). Then, as stated before,
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the inductor current at t=tz should be equal to the negative offset current (lo) of the
converter (equation (3.11)) which is needed at the beginning of each switching period
for ZVS operation which yields a relationship between switching times as in (3.12)
and (3.13).

Piy = Pour (3.10)
i(6) = I+ 20+ 2ty + T2ty = (3.11)
tr = 2 (t; — tr) (3.12)
t, =ty — Z—:tz (3.13)

By substituting (3.12) into (3.9) and solving the differential equation of “(d/dt1)
Pout(t1)= 0 and putting (3.13) into (3.9) with solving “(d/dt2) Pout(t2) = 0, switching
times of t; and t> can be obtained for maximum power transfer (equations (3.14) and
(3.15)). Finally, replacing the times found in (3.14) and (3.15) into (3.8), maximum
transferable power can be found in terms of the desired operating point of V1, V2 at a

specified ts (equation (3.16)).

. _ VPtsy ViloL (3.14)
1(for maximum power transfer) — V12+ ViVy + sz

; (VZ + Vi Vy)ts — VoI,L (3.15)
2(for maximum power transfer) — V12 + Vl V2 + V22

p ' _ ViVo(IBL2=2IgL(Vy +V,)ts + V1V, t3) (3.16)
transferrable maximum 2Lts(VE+ViVa+VE)
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If these methods are not applied during the design stage, ZVS operation cannot be
achieved at whole operating points. For example, if the switching times are to keep
constant for different load conditions, negative offset current will disappear after some
load. In Figure 3.12, it can be observed that, when the load increases (iLn(t) > iLi(t))

while keeping switching times constant, negative offset current closes to zero (lon <
lou) that results the lack of energy (from the formula of E; = % L I?) required for

charging/discharging of output capacitances of switching devices. Therefore,
switching times should be optimized in order to increase efficiency under different

load conditions.

iLHe |

~lon—

-lop— 1

Figure 3.12. Inductor current waveform under different load conditions if the switching times are
kept constant [42] (green line refers to light load condition while red shows higher one)

During the optimization process, it is possible to keep tz constant while t; and t; are
changed according to operating point. On the other hand, all can be changed
simultaneously for a different approach as can be seen in Figure 3.13. In the waveform
B, t3 is constant while it is shifted towards to ts in the waveform A. It can be observed
that peak to peak ripple and rms current of the inductor are larger if t3 is kept constant
which increases core and copper loss of inductor respectively. Hence, shifting ts is
more preferable solution to achieve the highest efficiency. It should also be noted that

t3 cannot exceed the switching period (ts).
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3.4. Mathematical Analysis of Phase Shifted Operation

In this section, the analysis of input-output voltage conversion ratio in terms of circuit

parameters and switching times of phase shifted operation is described. In addition,

peak values of inductor current and the ripple voltage of output capacitor is calculated.

3.4.1. Voltage Conversion Ratio

Using the voltage drop formula across the inductor (3.17) and respective equations of

different time intervals (3.18) to (3.20), voltage conversion ratio of phase shifted

operation can be expressed as follows.

ACERTEING

Al

Vi = Lx— yh<t<t
A

Vl_VZ - L*f ;t1§t<t2

-V, = L*% T <t<ts
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Since energy stored in the inductor at the end of each switching period is equal to that
of at the beginning, (3.21) and by reorganizing (3.18) to (3.20), equations for Als are
obtained as (3.22) to (3.24).

Al = Vyx= (3.22)
AL, = (V, — V) * fz;fl (3.23)
Al; = =V, t3;t2 (3.24)

Using (3.21) to (3.24); relationship between input (V1) and output (V2) is expressed

as,;

Vis—t (V= Vp) x = 1 x 222 (3.25)

Simplifying (3.25) gives;

Mt (3.26)

V2 - t3—t

In (3.26), nominator term (t2) is equal to product of duty cycle of switch S1 with
switching period and denominator term (ts - t1) is obtained with the multiplication of
duty cycle of switch S3 with switching period. Hence, conversion ratio can also be
submitted as (3.27) where DS1 is duty cycle of S1 and DS2 is duty cycle of S3.
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v _ DSt (3.27)
V, DS3

3.4.2. Inductor Current Ripple Calculation

As it is seen at Figure 3.3 (a), inductor current shows a waveform like a kind of
trapezoidal throughout one switching period. It has different slope values at different
intervals due to applied voltage. Defining the current value att = to as lo, at t =ty as lp1
and at t =t as Iy, equations (3.28) and (3.29) are obtained.

v, = L *% » Iy — Io =22 (3.28)
V1 — Vz = L % % » -]p1 + IPZ — ML]_W (329)

Due to charge-second balance principle the net current into and out of the output
capacitor should be zero. Moreover, due to Kirchhoff’s current law; switch S3 current
must be equal to sum of output capacitor current and load current. Therefore, load

current is equal to average value of switch S3 current (Figure 3.14) yielding;

1T (3.30)
how =7 | is®d(©
0
tz, t3, (3.31)
how * T = [ (040 + j is3(0)d(6)
t t,
Loap *T = (1p1+1p:)(t2_t1) n (10+1p22)(t3—f2) (3.32)
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Reorganizing (3.32) gives;

Ip1(t2—t1) + Ipa(t3—t1) + Io(t3—t2)

T = 2l 0ap (3.33)

Rewriting (3.28), (3.29) and (3.33) in matrix form, lo, lp1 and Ip2 can be found in terms
of V1, V2, lLoap and timings as follows.

(tz-t,)/T  (ty-t)/T  (t3- tl)/T ILOAD (3.34)
-L/ty L/t [lPl]—[
0 —L/(t;—t;) L /(tz —t)) | Lip;

Defining the matrix of left-hand side of the equation as A, and the right-hand side of

the equation as B gives;

[ Iy I.oap
IPI A_l * B * Vl
Ip, v, (3.35)
resulting;
[ _ (t1-t2) t1 (b2 —2t3+t3)  (t1-1t2)]
; T/t~ t3) TR 2L(t1-t3) 2L |
0 (ti=tz) | ti(tz—t3)  _ (t1-t;)|]| "LOAD (3.36)
[1191] =[~T/(ti- t3) TR 2L(t1- t3) 2L Kl
Ipz (t1-tz) | t1(t2—t3) (t1-t3) 2
—T/(ti-t;) = TR 2L(t;-t3) 2L
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Figure 3.14. Voltage and current waveforms of inductor, output capacitor and S3

3.4.3. Capacitor Voltage Ripple Calculation

One of the most important criteria during designing a switch mode power supply is to
limit the output voltage ripple in an acceptable level. The output capacitor in the circuit
is used to prevent inductor ripple current go through the load. Therefore, it is important
to obtain an expression for capacitor output voltage ripple in terms of operating point

and selected parameters.

According to Kirchhoff’s current law and Ohm’s law for capacitors; following

equations are valid.
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lcout(t) = is3(t) — iLoap (3.37)

. _ aVcout ()
icout(t) = Cour*—1

__t (T
» AVCout(t) - Cout fO lCout(t)d(t) (338)

As can be inferred from equation (3.38) and can be seen in Figure 3.14, area under

“icout Vs t” graph between t; and tx gives peak to peak ripple voltage expression. Thus;

Lo (3.39)
WVeou® = 7 | e (0
t1
1 tr-t ty—t
AVeour(t) = Covr [(py + Ipz2 — 2I104p) ( : > 1) + (Ip2 = lLoan) ( > : )] (3.40)

For tx, from the graph of “icout vs t”;

(Ip2 ~ ILoap) _ (JLoap —lo) (3.41)
(tx—t2) (t3—tx)

t, = t3(Ipz = ILoaD ) —t2(lo = ILOAD) (3.42)

X Ip2 —1Io

Substituting (3.42) into (3.40) gives;

1
AVioue(t) = m [(—1py = Ipp + 2l 0ap) t —

—1,,)2 IRy
[(=Ip1 = Ipz + 2110ap) + frorn—fpz) £, + CLOAD—b2) ]

Ip2—1Io Ipz—1o

(3.43)
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3.5. Feasibility of the Selected Converter for a Special Vehicle Application

In this part, feasibility of the determined topology to a double battery suited vehicle,

block diagram of which is shown in Figure 1.9, is evaluated.

In order to ensure the applicability of selected topology to the application; design
specifications of which is given in Table 1.1, mathematical expressions stated at
previous sections (Section 3.3 and 3.4) should be analyzed. First, since rise and fall
times of switching devices at that voltage and current levels are below 100 ns, setting
the minimum dead time (tdd), which is the time between two complementary switches
to transfer the energy from inductor to output capacitors (Coss) of switches, as 100 ns
is suitable. Then, as an engineering approach, limiting the minimum duty cycle as 5%
allows rise and fall times be 1% of the switching period as shown in Figure 3.15.
Therefore, 10 ps (100 ns * 100) total period is proper which results 100 kHz switching
frequency for that topology. It should be noted that, further increase of frequency will
shorten the on time of the switches which makes difficult the determination of the
dead time to avoid shoot through operation. On the other hand, selection of wide
bandgap switching devices will ensure to determine a lower dead time, resulting a

higher switching frequency as mentioned in the next section.

Rising E'dge Falling Edge
Rise Time Fully On Time Fall Time
1% 3% 1%

Minimum Duty Cycle
5%

Figure 3.15. Rise and fall times of a MOSFET
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After that, required minimum inductance value is found as 2.44 pH using equation
(3.16) while 56V to 28V buck operation that is operated at 500 W maximum rated
power. Then, with the decision of switching frequency and inductance value, it should
be checked whether zero voltage switching operation can be achieved throughout the
whole power range. Using the selected values and equation (3.14), (3.15) and (3.16),
minimum duty cycle of S1 for this operating condition is found as 10%; that is higher
than the predetermined duty cycle limit (5%), at 50 watts load which can be supposed
as a light load. Furthermore, maximum allowable Coss value can be found as 1.6 nF

for high voltage side (56V) and 6.4 nF for low voltage side (28V) using equation (3.2).

3.6. Evaluation of the Phase Shifted Method for Selected Topology

In this section, by considering the operating principle and mathematical calculations,
applicability and limitations of phase shifted method for four switch buck boost
converter are evaluated with the help of MATLAB script tool. In order not to limit

any parameter (V1, V2, L or Coss) in a design, normalized analysis is done as following.

Firstly, variation of inductance value according to input and output voltage levels is
investigated. For this purpose, base input and output voltages are selected as 48V and
24V respectively. Inductance value corresponding to this operating point is calculated
using equation (3.16) and determined as base inductance value which is 896 nH. By
increasing the input and output voltages step by step up to ten times from the base
values, new inductance values of each possible operating points are obtained. Note
that, at each point, input voltage is divided by 48, output voltage is divided by 24 while
calculated inductance is divided by 896 which are determined and calculated base
values. It is important to note that output power is selected as 1 kW with a switching
frequency of 100 kHz throughout these analyses. Figure 3.16 shows the variation of
inductance values according to calculated base one. To give an example from this
graph, if input voltage is multiplied by 7 (V1= 336V) and output voltage is multiplied
by 3 (V2= 72V), inductance value will be 11.78 times the base value which is 10.57
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uH. It can also be inferred from Figure 3.16, inductance value goes unobtainable rates
(approximately 100 times the base value shown with red color in Figure 3.16 which
is a redundant inductance value for such an application) at some operating conditions
while the input and output voltages have higher values. Moreover, as inductance value
increases, DC resistance value of inductor increases with higher number of turns,

resulting more resistive loss of inductor.

Next, allowable maximum output capacitance (Coss) value of switching device; to
perform zero voltage switching operation is evaluated with the same method as in the
case of inductance value observation. That is, a base value of Coss is calculated as 2.78
nF using equation (3.2) for base voltage levels of input (48V), output (24V) with their
corresponding inductance base value (896 nH). Then, various Cess values are
calculated for multiple operating points while updating the inductance value as well.
Variation of them according to input/output base values is shown in Figure 3.17. One
example from this figure shows; for 6 times higher input voltage (V1= 288V) and 2
times higher output voltage (V2 = 48V), maximum Cqss value is half of the base one
which is 1.39 nF. Figure 3.17 also tells that, operating points shown in red color
(especially as output voltage level goes higher) limit the Coss at very low values which
is unreachable todays’ silicon technology. It should be noted that, at these analyses,
switching frequency is set to 100 kHz and dead time between complementary switches
is taken as 100ns which is compatible with MOSFETs when they are used for

switching purposes.
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Figure 3.16. Variation of inductance value according to input/output voltage levels (Base values are
V1=48V, V,=24V and L=896nH)
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Figure 3.17. Variation of C value of switching device according to input/output voltage levels
(Base values are V1=48V, V,=24V and Coss =2.78nF)
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In conclusion, these analyses give an idea for the applicable region of phase shifted
method to selected topology by examining the inductance value and output

capacitance value of switching devices.

Considering the evaluations, calculations and constraints mentioned in this section and
previous sections, detailed description of component selection and design parameters

will be explained at the next stage (Section 3.7).

3.7. Power Stage and Control Design

In this section, from the mentioned analytical expressions and discussions about the
operating principle of the converter until here, a design procedure is derived and
applied. For this purpose, firstly; ts will be taken as equal to ts for a desired V1, V2 and
maximum power rating which are 56V maximum for V3, 28V maximum for V> and
500W respectively. Then, the inductance value is going to be calculated from (3.16)
after calculating the value of I, with the selection of switching devices. After that, new
t3 values for different power ratings will be found using (3.16). Finally, t; and t, values
are calculated from (3.14) and (3.15) and these values will be tabulated to operate in
case of different load conditions. Furthermore, in order to ensure ZVS operation, half

bridge voltages are also going to be monitored via ADC ports of microcontroller.

3.7.1. Switching Device Selection

The output regulation of a DC/DC converter is achieved by pulse width modulation
of switching devices such as thyristors, BJTs, IGBTs and FETSs. Fast development of
silicon semiconductor technology made the latter ones, FETs and IGBTSs, become
more dominant than the formers in the market. Although there is not any universal
standard to determine which device is better than the other for an application,
generally; low voltage-high switching frequency applications prefer FETs while high

voltage-low switching frequency applications favor IGBTSs. Since the power density
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is another important criterion for power converters, a higher switching frequency,
greater than that of maximum operating of IGBTSs, is selected to decrease the
components’ size. Therefore, it is decided to use FET type switching devices. In the
next subsections, types of FETS; that can be classified according to their production
technology (i.e. Si, SiC or GaN), are compared and evaluated in terms of their basic
parameters which affect the performance of the converter, their sizes, accessibility and
suitability for a prototype board. After the analytical analysis in the next section,

selection of switching device is going to be explained.

3.7.1.1. Switching Device Losses

After deciding switching devices type as FETS, it is required to express the losses
originated from them. In general, power FET losses can be divided into three groups
such that conduction (Pconp), switching (Psw) and gate drive (PcaTe) losses. It is
important to note that, synchronous rectifiers (low side switches in a half bridge
configuration) do not have any switching loss part as they are switched with zero

voltage inherently.

Conduction loss is related with both the current and the internal resistance of the
MOSFET. It can be expressed as in (3.44) where Rpson is the on state resistance of the
MOSFET (given at the datasheets by the manufacturers) and Imms is the rms value of
the current directly dependent on the current shape of the inductor which is related
with the switching times as stated in chapter 3.3.2. Furthermore, temperature

dependence of the Rpson Should be considered to calculate the exact loss value.

Peond = Ilng * Rpson (3.44)
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With the increase of switching frequency (reason for that is stated at the beginning of
this chapter), switching loss became the most dominant factor in total power loss of a
MOSFET [43]. It arises from MOSFET parasitic capacitances; which are Cgs, Cgd
and Cds as shown in Figure 3.18, and the basic switching waveform given at Figure
3.19. While on and off times can be estimated easily with the given gate charge
parameter of the MOSFET and gate drive circuitry (3.46), non-linear and voltage
(\VVds) dependent characteristic of capacitances make the formulation of switching loss
a bit complex. However, commonly used formula in (3.45) can be accepted as an
approximation for switching loss calculation [43] where Ids and Vds are drain current
and voltage at the switch instant, tofs and ton are approximate turn off and on times, fsw

is the switching frequency.

1
PSw = (E * Ids » Vds * (toff + ton))* fsw (345)
Q
ton = toff = £ (3.46)
Ig
DRAIN 10000
0
W | —— Iy
' Y
= Cg Symbol | Expression| Meaning o 1000
G%L_f;} d Cos | Cpe4Cod | Input capacitance s
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Figure 3.18. Parasitic capacitances of a MOSFET [44]
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Figure 3.19. Switching waveform of a MOSFET [43]

Third part; gate drive loss, is caused by the energy required to charge and discharge
the MOSFET gate. It depends on both gate capacitances of the MOSFET and the
driver circuit. As stated before, since the capacitance values of the MOSFETS are non-
linear, it is easier to estimate gate charge parameter (Qcae) from the datasheet.
Therefore, gate drive loss can be expressed as in (3.47) where Vg is the driver circuit

voltage.

Peate = Qgate™ Var * fsw (3-47)

3.7.1.2. Selection of Switching Devices from Market

Considering the analytical expressions of switching device losses (3.44) to (3.47)
mentioned in the previous section, market research is done in order to find the most
suitable switching devices for such an application parameters of which is given at
Table 1.1. They are compared in terms of their losses, costs and sizes in Table 3.2 and
Table 3.3. Since the maximum voltage level of first and second battery sides are 56V

and 28V respectively, Vps voltage of switching devices are chosen as 100V with
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considering the effects of parasitic elements in board layout. After a fast glance in
products of manufacturers, it is seen that SiC is not suitable at these voltage levels.
Hence, silicon and GaN power semiconductors are assigned to be the candidates. By
the help of given loss formulas ((3.44) to (3.47)) in preceding section and the
parameters of devices in their datasheets, expected losses are calculated. It should be
noted that, in the expression of switching loss (3.45), Vp is taken as 5V since adaptive

phase shifted operation will ensure zero voltage switching.

As compatible with introduced benefits of GaN devices in literature and Chapter 5,
they (EPC2022) are more efficient than their silicon competitors in even smaller sizes
as can be seen in Table 3.2 and Table 3.3. However, their costs are still higher, and
they are hard to procure since they have fewer manufacturers in the market. On the
other hand, IRFP100P219 is the most efficient one of 3 candidates but the size of this
MOSFET is too large than the others. As a result of these reasons, IRFS4010PbF from
International Rectifier is decided to be used as an optimal solution. This MOSFET is
also compatible with the selected dead time which is 100 ns as stated before (Section
3.5) since its rise and fall times are about 90ns. Furthermore, the output capacitance
value is in the range of zero voltage switching operation calculated section 3.5 (Coss
= 660pF < 1.6nF).

In this study, also a GaN application is implemented and tested in order to observe the
effect of switching device on the performance of the converter. This application is

explained in Chapter 5.

The simulation results, which are done with the parameters of selected MOSFETS,
show Vps voltage values of S1 and S3 at switch instant. It is observed that when gate
commands are applied to switches, their Vps voltages are nearly zero volt satisfying
ZVS operation (Figure 3.20).
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Figure 3.20. Vps and gate voltages of switches S1, S3 (V1=56V, V,=28V at P=500W)
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3.7.2. Switching Frequency Selection

As mentioned in previous section, switching frequency should be increased in order
to get more power density. That is; converter size will be smaller, and light weighted
as a result of a decrease in the volume of passive components. High frequency
operation also allows the converter to operate with greater bandwidth which increase
its transient response [46]. However, greater switching frequency can make the
converter efficiency decrease with the increase in switching losses formulated at
(3.45) to (3.47). Besides, EMI problems will be tougher which needs more
complicated filter design. Furthermore, maximum applicable frequency is limited by

available switching devices [45].

Therefore, there is a challenge while determining the switching frequency. 100 kHz is
selected as the switching frequency for this study; which is compatible with rise and
fall times of selected switching devices, dead time to be applied and adaptive phase

shifted operation.

3.7.3. Inductor Selection

Inductor is used as an energy storage element in a switching regulator. Selection of it
is another important step of design stage. It effects both loss and ripple performances
of the converter.

An inductance value is obtained according to analytical expressions in section 3.3.2.
As an approach similar to Waffler’s and Kolar’s in [41], t3 is taken as ts which is 10us
in the formula of (3.16). In the extreme case situation; in which V1 is equal to 56V and
V> is 28V, equation (3.16) gives an inductance value of 2.44uH. Since maximum
power is expected as 500 W, saturation current of inductor should be greater than 50A
with a permitted current ripple of %40.

Inductor loss mainly consists of copper and core losses which are related to DC and

AC components of the inductor current. Calculation of DC loss is straightforward with
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the given parameter of Rpc (DC resistance of the inductor obtained from the datasheet)
as in equation (3.48). On the other hand, since AC components of an inductor change
with the conditions like frequency or ripple, the latter one is difficult to calculate. In
general, Steinmetz power equation is used to estimate the core loss (3.49) where f is
the frequency, Bypk is peak flux density and K, o and 3 are the constants given by the
core manufacturers [47].

Ppc = Ifms * Rpc (3.48)

Pac = K+ f%+ Bby (3.49)

By considering inductance value and loss calculations, IHXL-2000VZ-5A (Vishay)
with 2.2 uH inductance value is chosen as the energy storage device. In simulation
results (Figure 3.21), peak current of inductor is observed as 50A which is below the

saturation current level of selected inductor.

It is also important to note that waveform of inductor current seen in Figure 3.21
exactly match with the theoretically expected one shown in Figure 3.3. Moreover,
peak and valley current values of inductor are found as lo=-17.9 A, Ip1 = 26.4A and
Ip2=52.7A using (3.36) at given operating point which are close to the values in Figure

3.21 verifying the formulation of inductor current ripple given in section 3.4.2.
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Figure 3.21. Inductor current at full load condition (V1=56V, V,=28V at P=500W)

3.7.4. Capacitance Selection

In this topology, capacitors are used to supply load during a portion of the switching
period as described at section 3.1.2. In addition, they are used to reduce ripple voltage
seen by the input stage of the converter and support it during load transient conditions.
Therefore, capacitors are charged and discharged at every switching cycle resulting a
voltage drop due to their effective series resistances (ESR) which is the dominant loss
factor of them. Hence, it is important to keep peak to peak magnitude of ripple voltage
low.

dv(o) (3.50)
dt

Ic () =Cx

Limiting ripple as 1% of the output voltage and the selection of 10 pus as switching
period, (3.50) gives a capacitance value of nearly 1.7 mF conceding maximum

capacitor only supplied duration as 20% of total period (2 ps). It is observed in

77



simulation that ripple voltage is kept within the specified limits at simulations (35.4
mV) as shown in Figure 3.22. On the other hand, this value is close to obtained value
(37 mV) as seen in (3.51) using (3.43), which is the capacitor ripple voltage calculation
formula mentioned in section 3.4.3, for mentioned operating point in Figure 3.22.
Hence, a 2.2 mF capacitance, a bit higher value than the calculated one, is decided to
be used for both sides (V1 and V>) of the board.

AVeoue (D) = 5 [(—26.4 — 52.7 + 2  16.1) * 1.74p

* 1.7m
(16.1-52.7)?
—[(—26.4 —52.7 + 2 x 16.1) + —=2=227"13 89,
52.7+17.9
n (16.1-52.7) 9.35u ]
52.7+17.9 H
=37mV (3.51)
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Figure 3.22. Output capacitance ripple voltage at half load (V1=56V, V,=28V at P=500W)

78



3.7.5. Gate Drive Selection

A gate drive circuit is designed to drive selected switching devices properly. One
common driver is used for high and low side MOSFETSs of each half bridge in order
to minimize the difference of propagation delay effect caused by the layout of the
board. Texas Instruments (T1) UCC27211 is selected as it has a maximum boot voltage
of 120V, 4A current sink and source capability and suitable rise/fall times with
selected MOSFETSs.

3.7.6. Microcontroller Selection

In order to produce four PWM signals (two of each is complementary) for switching
devices at calculated and tabulated timings (t1 t2, ts - mentioned in detail in section
3.3.2) for different operating points, a microcontroller is required. TI’s
TMS320F28027 Piccolo series which has four different high resolution PWM
channels (HRPWM) is utilized in the design.

In addition, ADC channels of microcontroller are used to sense input and output
voltage and current values as well as inductor current and voltage in order to protect
the circuit in the case of undesired conditions. Bidirectional current sense IC (INA240
which has 80 V common mode voltage range) is used for bidirectional current sensing
purpose.

Block diagram of the whole design is shown in Figure 3.23. Laboratory prototype

printed circuit board pictures are also given in Figure 3.24 and Figure 3.25.
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Figure 3.25. Picture of the prototype board (Solder Side)

81






CHAPTER 4

SIMULATION AND TEST RESULTS

Operating principle and design steps of selected converter are described in preceding
section. In this chapter, in order to verify the validity of these analyses and to assess
the performance of the phase shifted method with the conventional one; with respect
to efficiency under different input, output and load conditions, realized simulations

and experimental tests are explained.

As it is mentioned in section 3.3.2, optimized switching times (t1, t2 and t3) depend on
the circuit parameters V1, V2, output power, inductance value and switching frequency
for phase shifted technique. Hence, they are calculated separately with the selected
parameters for corresponding operating condition using (3.14) to (3.16) and embedded
into simulation and the microcontroller of the prototype to decrease the time spent.
The simulations are conducted by using LTSPICE software package from LINEAR
Technologies. Simulations and tests are performed at various operating points
covering the design requirements shown in Table 1.1 using both conventional and
phase shifted methods. In order to compare the methods, one of the variables is held
constant while the others are changeable. Moreover, voltage/current waveforms and

analytical calculations explained in Chapter 3 are verified with the results.

4.1. Test Equipment

TTI CPX400D Dual Power Supply: This device is used to supply the input side of the

converter.

PRODIGIT 3332F Dual DC Electronic Load: This equipment is used to load the

output side of the converter.
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TEKTRONIX TPS2024B Oscilloscope: It is used to obtain gate and switch node
voltages, inductor current and voltage waveforms. Up to four voltage probes or one

current probe are attached for these purposes.

TEKTRONIX TCP303 Current Clamp: This device is used to get inductor, input and

output current waveforms.

TEKTRONIX TCPA300 Amplifier: It is used to make connection between current
clamp and oscilloscope.

FLUKE 179 Multimeter: This equipment is used to measure levels of input and output

voltages.

4.2. Forward Mode of Operation (Energy Transfer is from V1 to V>)

In this mode of operation, power flow is produced from V1 to V2 by connecting a
power supply to V1 side and an electronic load, which can be set as constant power or
constant current mode, to other side. Output voltage and load are varied to observe
their effect on efficiency; while keeping constant the input voltage, in both phase
shifted and conventional methods for comparison purposes. Tests and simulation
results are combined and shown graphically in order to analyze the effect of these
alterations in detail. In addition, detailed explanations of waveforms and
measurements of buck mode of operation (boost mode is mentioned in the following

section 4.3) is given to verify the operation with theoretical analysis.

4.2.1. Phase Shifted Method for Forward Mode of Operation

For phase shifted method, by changing the output voltage from 28V to 12V at various
load power levels, all switching times (t1, t2 and ts) are calculated and applied to the
circuit correspondingly. In this section; the measurements of simulations and tests

while V>=28V and P=250W (half load) are presented in detail as an example of buck
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operation. The results for other output voltage and load levels are compared, tabulated
and shown graphically.

Figure 4.1 shows the circuit being simulated for phase shifted operation. Following
parameters and components such as switching frequency, inductance value,
capacitances and switching devices are selected as calculated in section 3.6. The
voltage source V1 is assigned to 56V and switching times are set as optimum ones
using (3.14) to (3.16) while output voltage will be 28V at half load. Then, load is
increased up to 500W and decreased down to 25W, which can be accepted as a light
load condition, while updating the switching times for corresponding operating
condition. It is important to note that time to start data is set to 20ms in order to get

rid of start-up transients.
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Figure 4.1. Simulated bidirectional DC/DC converter circuit while V=56V, V,=28V and P=250W
for phase shifted operation

As introduced in section 3.1.2, gating waveform of switch S1 should lead to that of S3
to provide energy transfer from V1to V2 and voltage conversion ratio (which is 0.5 for

this condition) will be equal to the ratio of duty cycles of these switches. Applied
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gating signal waveforms compatible with this information and calculated switching
time values are shown in Figure 4.2 and Figure 4.3. Moreover, 100 ns dead time (as

explained in section 3.5) is implemented in order to avoid shoot through operation.
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V(gate2)

V(Gate3,SW _2)

V{gated)

2.184ms 2.186ms 2.188ms 2.190ms 2.192ms 2.194ms 2.196ms 2.198ms 2.200ms 2.202ms 2.204ms 2.206ms 2.208ms 2.210me

Figure 4.2. Gating signal waveforms (Gatesw:: blue, Gatesw.: red, Gatesws: brown, Gateswa:
turquoise) for switching devices while V1=56V, V,=28V and P=250W for phase shifted operation
(Simulation)
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Figure 4.3. Gating signal waveforms (Gatesw:: yellow, Gateswz: blue, Gatesws: pink, Gateswa: green)
for switching devices while V=56V, V,=28V and P=250W for phase shifted operation obtained
(Test)
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Figure 4.4 and Figure 4.5 show inductor current and voltage waveforms with
switching device (S3) and output capacitance current waveforms verifying the
theoretical analysis of converter and operating principle stated in section 3.4.
Waveforms are exactly same as the waveforms depicted in Figure 3.14. Moreover,
peak and valley values of inductor current (shown in Figure 4.4 and Figure 4.5) are
close to the theoretical ones, which are lp1 = 18.2A lp2 = 30.4A and lg = -1.12A
calculated using (3.36).
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Figure 4.4. Inductor voltage (blue), current (red), switching device S3 current (brown) and output
capacitance current (turquoise) waveforms while V1=56V, V,=28V and P=250W for phase shifted
operation (Simulation)
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Figure 4.5. Inductor voltage (yellow) and current (green) waveforms while V=56V, V,=28V and
P=250W for phase shifted operation (Test)

87



All measurements and calculations about inductor current ripple are combined in
Table 4.1. There are slight differences between the measurements which are due to

non-ideal characteristics of inductor and switching devices.

Table 4.1. Measurements of Inductor Current Ripple while V=56V, V,=28V and P=250W for phase

shifted operation of forward mode

Method lp1 (A) | 1p2(A) | 1o (A)
Analytical 18.20 | 30.40 | -1.12
Simulation 16.31 | 30.03 | -1.10

Measurement | 17.20 | 30.40 | -0.60

Figure 4.6 and Figure 4.7 show the measurements; which are taken in order to verify
ZVS operation of switching devices at input and output side (S1 and S3). Waveforms
are exactly match with expected ones that is gate voltages are applied when their drain

source (\Vds) voltages are nearly at zero volts. Furthermore, simulation and test results

are consistent with each other.
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Figure 4.6. Switching device S1 gate (blue) and Vds (red) voltage, switching device S3 gate
(turquoise) and Vds (brown) voltage waveforms while V1=56V, V,=28V and P=250W for phase
shifted operation (Simulation)
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Figure 4.7. Switching device S1 gate (yellow) and Vds (blue) voltage, switching device S3 gate
(purple) and Vds (green) voltage waveforms while V1=56V, V,=28V and P=250W for phase shifted
operation (Test)

It is important to note that, this phenomenon (ZVS) realizes at turn-on. On the other
hand, a lower gate resistance path is used during turn off process in order to minimize
turn off delay and reduce turn off losses. To achieve this, a fast schottky diode is placed

at gate discharge path.
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4.2.2. Conventional Method for Forward Mode of Operation

In conventional method, since input voltage (56V) is higher than all desired output
voltages (which refers buck mode of operation), S1 and S2 are switched in a
complementary way with a predetermined duty cycle (%50 for this case) while S3 is
turned on and S4 is turned off during entire operation by applying fixed gating signals
to them (Figure 4.9 and Figure 4.10). It is important to note that, same amount of dead
time is implemented to prevent shoot through operation. Simulated circuit is shown in

Figure 4.8.

Figure 4.8. Simulated bidirectional DC/DC converter circuit while V1=56V, V,=28V and P=250W
for conventional operation
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Figure 4.9. Gating signal waveforms (Gateswi: red, Gatesw.: blue, Gatesws: turquoise, Gateswa:
brown) for switching devices while V1=56V, V,=28V and P=250W for conventional operation
(Simulation)
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Figure 4.10. Gating signal waveforms (Gateswa: yellow, Gateswz: blue, Gatesws: pink, Gateswa:
green) for switching devices while V=56V, V,=28V and P=250W for conventional operation (Test)
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Figure 4.11 and Figure 4.12 show inductor and output current waveform during

conventional gating. It can be inferred that; this operation is same as traditional buck

converter operation at which average value of inductor current is equal to load current.
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Figure 4.11. Inductor current (blue) and output current (red) waveforms while V=56V, V,=28V and
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Figure 4.12. Inductor current, inductor voltage and output current waveforms while V1=56V, V,=28V

and P=250W for conventional operation (Test)
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4.2.3. Comparison of Methods while Energy Transfer is from Vi to V>

Finally, in order to compare these two approaches (phase shifted and conventional)
with respect to their efficiencies while input is set to 56V, set of measurements are
taken at various output voltage and load conditions (Table 4.2 and Table 4.3).
Obtained results are combined in a graph and displayed in Figure 4.13 and Figure
4.14.

Table 4.2. Test and simulation data of conventional method during forward mode of operation when
V=56V

Test Simulation

11(A) [V2(V) [ P(W) | Eff. |Loss(W) | 1:(A) [Va(V) | P(W) | Eff. | Loss(W)

1,04 | 2793|2793 | 0,48 | 30,31 | 0,89 |27,98| 27,98 | 0,55 | 22,08

1,54 | 27,89 | 55,78 | 0,65 | 30,46 | 1,40 | 27,96 | 55,92 | 0,70 | 22,48

2,55 | 27,82 111,28| 0,78 | 31,52 | 2,37 | 27,93 |111,72| 0,84 | 21,00

4,55 | 27,67 221,36| 0,87 | 33,44 | 4,34 (27,86 |221,77| 0,91 | 21,27

8,56 | 27,30 | 436,8 | 0,91 | 42,56 | 8,26 | 27,73 439,52 | 0,95 | 23,04

0,42 111911191 | 051 | 1161 | 0,32 |12,53| 13,09 | 0,69 | 4,78

1,07 | 11,81 | 47,24 | 0,79 | 12,68 | 1,02 |12,47| 51,88 | 0,89 | 5,24

192 | 11,64 | 93,12 | 0,87 | 14,40 | 1,94 |12,40|102,55| 0,93 | 6,26

3,63 | 11,17 |178,72| 0,88 | 2456 | 3,75 [12,25| 200 | 0,95 | 9,96

530 |11,15| 267,6 | 0,90 | 29,20 | 5,20 |11,72| 274,7 | 0,94 | 16,48
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Table 4.3. Test and simulation data of phase shifted method during forward mode of operation when
V1 =56V

Test Simulation

11(A) | V2(V) | P(W) | Eff. |Loss(W)|11(A) | V2(V) | P(W) | Eff. | Loss(W)

0,51 [ 26,24 | 26,24 | 0,92 | 232 |0,59|29,73|3151(092| 1,75

1,04 126,92 53,84 | 0,92 | 4,40 1 | 276 5437095 | 1,63

2,14 | 27,52 1110,08| 0,92 | 9,76 2,1 | 28,1 |112,8| 0,95 4,8

4,20 | 27,10| 216,8 | 0,92 | 18,40 | 4,2 |28,22 2275|096 | 7,75

8,40 | 26,89 (430,24| 0,91 | 40,16 | 8,4 |28,04 |449,3| 0,95 | 21,06

0,28 |12,11| 12,11 | 0,77 | 3,57 | 0,28 13,08 14,26|0,86 | 1,31

0,88 | 10,83 | 43,32 | 0,88 | 596 |0,98|12,62(53,05|0,95| 1,83

1,83 11,241 8992 | 0,88 | 12,56 | 1,94 |12,42|102,8| 0,94 | 5,63

3,56 [ 11,20 | 179,2 | 0,90 | 20,16 |3,35|11,55|178,5/0,95| 9,15

534 (11,16 | 268 | 0,90 | 31,2 |4,91|11,35|258,4|0,94| 16,74
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Vin=56v, fs=100kHz, Phase Shifted Method

Vin=56v, fs=100kHz, Conventional Method
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Figure 4.13. Efficiency comparison of phase shifted and conventional approaches while Vi,=56V at

various output voltages and load conditions (Simulation)
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Figure 4.14. Efficiency comparison of phase shifted and conventional approaches while Vi,=56V at
various output voltages and load conditions (Test)
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It is obvious that phase shifted method is more efficient than the conventional one
throughout whole operating range. Although performances of methods are close to
each other at rated power levels, conventional one is insufficient at lower levels. On
the other hand, while the measured waveforms (i.e. inductor current and voltages, gate
and Vgs voltages of switching devices etc.) are exactly match with simulation ones in
terms of shape and magnitudes, efficiency results of simulations are slightly better
than test results. Inductor core and AC losses can be shown as the main reason for this
difference. It should be noted that output voltage levels are decreased with the increase
in load level. This is because, the implemented prototype board is an open-loop board;
sufficient for the comparison purposes of efficiency performance of the methods

which is the main scope of this study.

4.3. Backup Mode of Operation (Energy Transfer is from V2 to V1)

In this section, by interchanging the power supply and load connection to the board,
power flow is produced from V> to V1. In order to understand the effect of altering
output voltage and power level to the efficiency, different measurements are taken
while the input voltage is constant for both phase shifted and conventional methods as
in the case of forward energy transferring. Moreover, the waveforms and
measurements of boost mode of operation (buck mode is mentioned in the previous

section 4.2) is given in detail to confirm the operation of the board and simulations.

4.3.1. Phase Shifted Method for Backup Mode of Operation

In this section, detailed observation of obtaining 56V output from 28V input is covered
while output is loaded at 250W (half load). Similar to section 4.2.1, switching times
(t1, t2 and t3) for phase shifted operation are calculated using (3.14) to (3.16) for
corresponding operating point. Then, load level and output voltage level are varied

and measurements are taken to investigate their effects on the performance of the
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circuit. Figure 4.15 shows the simulated circuit diagram of the converter while
V2=28V, V1=56V and P=250W for phase shifted operation. Circuit parameters and
the properties of components are exactly same as in previous sections.

Figure 4.15. Simulated bidirectional DC/DC converter circuit while V=28V, V=56V and P=250W
for phase shifted operation

Gating signal of switch S3 should lead and duty cycle of it should be greater than that
of S1 for boost operation while energy is transferred from V2 to V1 (section 3.1.2).

Gating waveforms shown in Figure 4.16 and Figure 4.17 verify that statement.
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Figure 4.16. Gating signal waveforms (Gatesws: blue, Gateswa: red, Gateswi: brown, Gatesws:
turquoise) for switching devices while V,=28V, V1=56V and P=250W for phase shifted operation
(Simulation)
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Figure 4.17. Gating signal waveforms (Gatesws: yellow, Gateswa: blue, Gateswi: pink, Gatesw::
green) for switching devices while V,=28V, V=56V and P=250W for phase shifted operation (Test)
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Inductor voltage and current waveforms with switching device (S3) and output
capacitor current waveforms are shown in Figure 4.18 and Figure 4.19. It can be seen
from these figures that inductor current starts to decrease (as compatible with Figure
3.3 (b)) after S3 in turned on (at t=ty) in contrast with buck mode of operation (section
4.2.1). Moreover, peak and valley values of inductor current (depicted in Figure 4.18
and Figure 4.19) are close to theoretically calculated ones, which are lo = -16.6A, Ip1
= 31Aand I = 11.7A, calculated using (3.36) verifying the analytical calculations

explained in section 3.4.2. All measurements are tabulated in Table 4.4.
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Figure 4.18. Inductor voltage (red) and current (blue) waveforms while V,=28V, V=56V and
P=250W for phase shifted operation (Simulation)
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Figure 4.19. Inductor voltage (yellow) and current (green) waveforms while V,=28V, V=56V and
P=250W for phase shifted operation (Test)
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Table 4.4. Measurements of Inductor Current Ripple while V,=28V, V1=56V and P=250W for phase

shifted operation of backup mode

Method lo1 (A) | Ip2(A) | lo(A)
Analytical 31 11.7 | -16.6
Simulation 30.8 | 10.93 | -16.3

Measurement 32 11.20 | -12.6

4.3.2. Conventional Method for Backup Mode of Operation

On the other hand, S1 and S2 are switched complementarily with a specific duty cycle
of that operating point while S3 is switched on and S4 is switched off during whole
period for conventional operation. For conventional operation, the circuit in Figure
4.20 is simulated. Applied gating signal waveforms are shown in Figure 4.21 and
Figure 4.22.

Figure 4.20. Simulated bidirectional DC/DC converter circuit while V,=28V, V1=56V and P=250W
for conventional operation
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Figure 4.21. Gating signal waveforms (Gateswa: red, Gateswz: blue, Gatesws: turquoise, Gateswa:
brown) for switching devices while V,=28V, V=56V and P=250W for conventional operation
(Simulation)
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Figure 4.22. Gating signal waveforms (Gateswa: yellow, Gateswz: blue, Gatesws: pink, Gateswa:
green) for switching devices while V=28V, V=56V and P=250W for conventional operation (Test)
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Figure 4.23 shows inductor voltage and current waveforms while Figure 4.24 presents
input current waveform at the same simulation time interval during conventional
gating. It can be inferred that, this operation is same as traditional boost converter

operation at which average value of inductor current is equal to input current.
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Figure 4.23. Inductor voltage (red) and current (blue) waveforms while V,=28V, V=56V and
P=250W for conventional operation (Simulation)
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Figure 4.24. Input current waveform while V,=28V, V1=56V and P=250W for conventional
operation (Simulation)
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This situation is also verified with test results as can be seen in Figure 4.25. At the top
side of that figure, inductor voltage and current waveforms are given and the mean
value of inductor current is measured as 9.01A, while at the bottom side, it is shown

that average input current is obtained as 9.09A.
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5,005
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Figure 4.25. Inductor voltage (up-yellow), current (up-green) and input current (bottom) waveforms
while V»=28V, V1=56V and P=250W for conventional operation (Test)

4.3.3. Comparison of Methods while Energy Transfer from V. to V1

Various measurements are taken at different operating points by altering output
voltage (from 56V to 24V) and load level for comparison of the performances of two

methods during 28V input operation as in the case of 56V one (section 4.2).
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Table 4.5. Test and simulation data of conventional method during backward mode of operation when

V,= 28V
Test Simulation
2(A) |Vi(V) | P(W) | Eff. |[Loss(W)| I2(A) | Vi(V) | P(W) | Eff. |Loss(W)
1,58 | 56,20 | 28,10 | 0,64 16.14 1,31 | 55,92 | 279 | 0,74 8,78
3,07 | 55,76 | 55,76 | 0,65 30.2 2,3 | 55,88 | 55,71 | 0,85 8,69
5,09 | 55,57 (111,14 0,78 31.38 | 4,27 | 55,82 | 111,08 | 0,92 8,59
9,08 |55,18 |220,72| 0,87 | 3352 | 8,21 | 55,69 |221,65| 0,96 | 8,12
13,10 | 54,74 |328,44| 0,90 | 38.36 | 12,18 | 55,56 | 331,9 | 0,97 | 9,14
0,97 | 23,70 | 23,70 | 0,87 3.46 0,92 | 24,06 | 24,06 | 0,90 1,62
1,85 23,62 | 47,24 | 0,91 4.56 1,77 | 24,04 | 48,09 | 0,95 1,58
3,67 [23,45] 93,80 | 0,91 8.96 3,49 | 24,00 | 95,99 | 0,97 1,59
7,10 | 23,20 | 185,6 | 0,93 13.2 6,93 | 23,79 | 188,65 | 0,97 5,39
14,15| 22,84 365,44 | 0,92 30.76 13,7 | 23,66 | 373,12 | 0,97 | 10,48
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Table 4.6. Test and simulation data of phase shifted method during backward mode of operation

when V, = 28V
Test Simulation
2(A) |Vi(V) | P(W) | Eff. |[Loss(W)| I2(A) | Vi(V) | P(W) | Eff. |Loss(W)
1,08 | 54,5 | 27,25 | 0,90 2,99 0,96 | 53,24 | 25,29 | 0,91 1,45
2,06 | 53,2 | 53,2 0,92 4,48 198 | 54,17 | 52,38 | 0,93 3,14
4,25 | 54,18 |108,36| 0,91 10,64 | 4,05 | 54,58 | 106,43 | 0,93 6,94
8,7 |54,85|219,4 | 0,90 24,2 7,56 | 53,36 | 203,35| 0,96 | 8,36
12,7 53,67 |322,02| 0,91 33,58 | 11,91 | 54,70 | 321,66 | 0,96 | 11,88
0,92 | 23,30 | 23,30 | 0,90 2,46 092 | 2420 | 242 | 091 | 142
1,84 | 23,75| 47,50 | 0,92 4,02 1,81 | 2421 | 489 | 0,95 1,78
3,45 122,30 | 89,20 | 0,92 7,40 3,47 | 23,92 | 95,44 | 0,97 1,72
7,00 | 22,57 (180,56 | 0,92 15,44 | 6,91 | 23,77 | 188,38 | 0,97 5,10
13,89 22,48 359,68 | 0,92 29,24 | 12,64 | 22,65 | 342,02 | 0,96 | 11,99
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Vin=28v, fs=100kHz, Phase Shifted Method Vin=28y, fs=100kHz, Conventional Method
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Figure 4.26. Efficiency comparison of phase shifted and conventional approaches while Vi,=28V at
various output voltages and load conditions (Simulation)
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Figure 4.27. Efficiency comparison of phase shifted and conventional approaches while Vi,=28V at
various output voltages and load conditions (Test)
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The results (Figure 4.26, Figure 4.27, Table 4.5 and Table 4.6) show that phase shifted
method is much more efficient than the conventional one regardless of the mode of
operation or direction of energy transfer, i.e. at both buck mode from V1 to V> (section
4.2) and boost mode from V> to V1 (section 4.3). Their performances are again close
to each other at rated power levels but phase shifted one surpasses the other especially
at light loads. It is also important to note that conventional method operates more
efficient than the other conditions when input and output voltage levels are close to
each other (for example 28V to 24V conversion results of which can be seen in Table
4.5 and Table 4.6). This is because, even conventional method can achieve zero
voltage switching in the case of lower operating voltages. In other words, sufficient
energy in order to charge or discharge the output capacitances of switching devices

can be stored by the inductor at these voltage and current levels (section 3.3.1).
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CHAPTER 5

GAN DEVICE APPLICATION

Nowadays, with the advance in production process of semiconductors, wide bandgap
devices (WBGSs) such as silicon carbide (SiC) and gallium nitride (GaN) replace
silicon (Si) ones by having superior material properties. The term “wide band-gap”
means that their crystal bonds are stronger, and more energy is required to make an
electron cross the band gap compared to the situation at silicon devices [12]. This
higher energy decreases the intrinsic carrier concentration and since leakage current
is proportional with this concentration, wide band gap devices have very smaller
leakage current than the silicon ones [12]. High band gap energy also makes the
material to be preferred for high temperature operation [10]. Moreover, this energy
results in higher breakdown voltage proportional to the critical electric field
breakdown (Ecrt) of the device which is necessary to produce carrier avalanche at the
junction [11]. Equation (5.1) points out that semiconductors having high critical field
breakdown have less on resistance [12], concluding lower conduction losses; where p
refers to electron mobility. Table 5.1 shows various material properties of silicon and

wide bandgap devices [12].

Ron o —— (5.1)

HXEcrt

Furthermore, wide bandgap devices have much smaller gate charge and parasitic
input/output capacitance that enables the designers increase the switching frequency
and have extended zero voltage switching range resulting in a decrease of gate drive

and switching losses.
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Table 5.1. Material Properties of Si, SiC and GaN

Material Property Si SiC GaN
Band-gap Energy (ev) Eq 1.12 3.25 3.44
Critical Electric Breakdown (MV/cm) Ecrt 0.23 2.2 3.3
Intrinsic Carrier Concentration (cm) ni 1.4*10%0 8.2*10° | 1.9*101°
Electron mobility (cm?/Vs) u 1400 950 1500
Thermal Conductivity (W/cmK) A 1.5 3.8 1.3

To sum up, wide bandgap devices have high frequency and high temperature
operation, lower on resistance, lower gate and output charge as can be seen in
comparison tables (Table 3.2 and Table 3.3). These properties contribute to improve
the efficiency of a power supply in terms of switching and conduction losses.
Moreover, high frequency operation will make the passive components of supply and
their cooling requirements smaller, concluding the supply more compact. For
example, a 10 MHz zero voltage switched non-inverting buck-boost converter is
designed in [13] with a power density of 6.25W/cma3. Its efficiency is almost %95

with the usage of a GaN power transistor.

On the other hand, although wide bandgap have superior performance that directly
affects the efficiency of the converter, they also bring serious difficulties such as they
are more sensitive to layout, cause worse electromagnetic interference due to fast
switching and more stress (high overvoltage) on the components as a result of the
parasitic inductance [13]. Furthermore, as they do not have intrinsic body diodes,
forward voltage drop during reverse conduction will be higher [49]. Hence, dead time
should be minimized to reduce undesirable losses. Additionally, they are still more
expensive and less in number at the market than their silicon competitors which makes

the designer to think twice.
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5.1. Implementation of GaN Device

After verifying the superiority performance of phase shifted method over conventional
one at previous chapter, to observe the effects of GaN power semiconductors on the
efficiency of the converter, a GaN based test setup is built and measurements are
taken. In order to minimize the difficulties of GaN devices usage for a prototype board
explained at the beginning of this chapter and to concentrate on the main objective,
Texas Instruments’ LMG5200EVM-02 demo board; that includes LMG5200 (an
integrated circuit including GaN FETSs and drivers), is studied and tested at one of the
operating conditions mentioned in previous chapter which transfers energy from V1 to

V2 using phase shifted switching method.

Since, used demo board has only one buck power stage, two of them are connected in
such a way that; setup has become bidirectional four switch buck boost converter. For
this purpose, output capacitances of buck converters are removed, and the output
stages are shorted as shown in Figure 5.1. Moreover, one of the inductors is removed
and shorted to reduce the effects of parasitic inductance.
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Figure 5.1. Converting the demo boards to four switch buck boost converter
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Figure 5.2. Whole setup for GaN tests

5.2. Phase Shifted Method with GaN Based Converter

Firstly, operating principles of phase shifted method is verified as in the case of
MOSFET based converter in section 4.2.

Switching frequency and dead time are selected as 1IMHz and 10ns respectively;
which are compatible with rise and fall times of GaNFETs used in demo boards, as
introduced in section 3.5 and 3.6. Required inductance value is calculated again using
equation (3.16) with these new parameters as 220nH and is replaced with the
remaining inductor on the demo board. Furthermore, timings for each operating point
are calculated as in the case of previous situation (using (3.14) to (3.16)) and
embedded into the software in the same microcontroller. Whole test setup is shown in
Figure 5.2. Again, as introduced in section 3.1.2, gating waveform of switch S1 should
lead to that of S3 to provide energy transfer from V1 to V2 and voltage conversion
ratio (which is 0.5 for this condition) will be equal to the ratio of duty cycles of these

switches. Gating signal waveforms of switches are shown in Figure 5.3.
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Figure 5.3. Gating signal waveforms (Gateswi: yellow, Gateswz: blue, Gatesws: pink, Gateswa: green)
for switching devices while V=56V, V,=28V and P=112W for phase shifted operation

Figure 5.4 shows inductor voltage and current waveforms which are exactly same
with theoretical expected ones (Figure 3.14). Moreover, peak and valley values of
inductor current obtained from analytical calculations and experimental test results are

close to each other verifying the derivation of inductor current ripple (Table 5.2).
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Figure 5.4. Inductor voltage (yellow) and current (blue) waveforms while V=56V, V,=28V and
P=112W for phase shifted operation with GaN
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Table 5.2. Measurements of Inductor Current Ripple while V1=56V, V,=28V and P=250W for phase

shifted operation of forward mode with GaN

Method lor (A) | Ip2(A) | 10(A)
Analytical 954 | 562 | -0.9
Measurement 9.5 55 -0.7

5.3. Comparison of Test Results of GaN and MOSFET Based Converters

After verifying operating principle of the GaN based converter, tests are performed
while power is transferred from V1 to V; at different load levels when V1 is equal to
56V and V- is 28V that is the same case in section 4.2 for comparison with MOSFET
based one in terms of their efficiency values. It is important to note that, since used
GaN devices have a maximum current rating of 10 amps, tests can be realized up to
210 watts. Test data and comparison of these results and their comparison are

presented in Table 5.3 and Figure 5.5 respectively.

Table 5.3. Test data of GaN and MOSFET based converters during forward mode of operation when

V1 = 56V using phase shifted method

GaNFET Tests MOSFET Tests

11(A) | V2(V) | P(W) | Eff. |Loss(W) |1i(A)|V2(V)| P(W) | Eff. |Loss(W)

0,53 27,88 | 27,88 | 0,94 1,80 |0,51]26,24| 26,24 | 0,92 2,32

1,04 | 27,78 | 55,56 | 0,95 2,68 |[1,04|2692| 53,84 | 0,92 4,40

2,02 | 27,06 108,24 | 0,96 4,88 |2,14|27,52|110,08| 0,92 9,76

3,00 | 26,50 | 159,0 | 0,95 9,00 |[3,15|27,10| 162,6 | 0,92 13,8

3,96 | 26,20 | 209,6 | 0,95 | 12,16 |4,20|27,10| 216,8 | 0,92 18,4
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Figure 5.5. Efficiency comparison of GaN and MOSFET based four switch buck boost converter
during forward mode of operation when V1 = 56V using phase shifted method

5.4. Evaluation of the Test Results of Si and GaN Applications

As can be seen from the measurements (Table 5.3) and comparison graph (Figure 5.5),
approximately 3% efficiency improvement is obtained using GaN devices which
support the analytical analysis done in switching device selection section. In addition,
since switching frequency is increased up to ten times, values and sizes of components

are reduced significantly.

5.5. Effects of Switching Frequency on Losses

As the end for this chapter, some measurements are taken to observe the influence of
the switching frequency on the efficiency of the converter. For this purpose, both
setups in sections 4.2 (Si) and 5.1 (GaN) are tested again by changing the frequency
at the same operating condition that is while energy is transferred from Vito V. at 110

watts loads with phase shifted method.

Table 5.4 and Figure 5.6 show the variation of total loss for Si based setup while Table
5.5 and Figure 5.7 are for GaN. It can be inferred from these data that, increasing
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switching frequency reduces the amount of loss in the converter which verifies the
switching losses are not the dominant portion of total losses. This also supports the
calculations of design parameters such as determining switching times, dead time and
frequency which are done during the design stage. On the other hand, since inductor
ripple current and capacitor ripple voltage decreases with higher switching
frequencies, core loss of inductor and AC loss components of both will decrease which
can be shown as the main reason for the reduction of losses. It should also be noted
that, further increase of switching frequency can deteriorate the operation of the
converter as it will shorten the dead time between complementary switches. If the dead
time gets a value smaller than the rise and fall times of the switching devices, shoot
through operation realizes and the board will be damaged due to high currents passing

through switches.

Table 5.4. Measurements at various switching frequencies for MOSFET based setup

fsw (kHz) 50 100 150
V1 (V) 56,00 | 56,00 | 56,00
11 (A) 2,15 2,14 2,11
V> (V) 27,38 | 27,52 | 27,07
1> (A) 4,00 4,00 4,00
P (W) 109,52 | 110,08 | 108,28
Efficiency 0,91 0,92 0,92
Total Loss (W) 10,88 9,76 9,88
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Figure 5.6. Variation of total loss with change in frequency in MOSFET based setup

Table 5.5. Measurements at various switching frequencies for GaN based setup

fsw (kHz) 200 500 1000
V1 (V) 56,00 | 56,00 | 56,00
11 (A) 2,03 2,06 2,02
V2 (V) 27,05 | 27,54 | 27,06
12 (A) 4,00 4,00 4,00
P (W) 108,2 | 110,16 | 108,24
Efficiency 0,95 0,95 0,96
Total Loss (W) 5,48 5,2 4,88

Total Loss vs Frequency for GaN
(56v to 28v at 4A load)
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Figure 5.7. Variation of total loss with change in frequency for GaN based setup
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5.6. Evaluation of the Phase Shifted Method for Selected Topology Using GaN

Analyses done for MOSFET based converter in section 3.6 are repeated for GaN
devices in order to observe their effects on parameter values again in normalized form.
Since their rise and fall times are lower than that of silicon competitors, switching
frequency is set to 1 MHz and dead time is decreased to 10 ns. Figure 5.8 shows
exactly the same results with former situation (Figure 3.16 and Figure 3.17). Although
variation of parameters is similar, calculated base inductance and Coss Values differ
greatly such that they got one tenth values which are 89 nH and 278 pF. Since such
inductance values are more realistic and parasitic capacitance values of GaN devices
are smaller, using GaNFETs will enhance the applicable operating region of phase
shifted method. Moreover, since the value; so as the size of inductance and Coss

decrease remarkably, power density of the converter will increase in the same way.

Lvs \118.\1'2 (normalized) Cnss Vs \n"18.\|"2 (normalized)
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Figure 5.8. Variation of inductance and Cqss values in the case of GaN device (Base values are
V1=48V, V,=24V, L=89nH and C,s =278pF)
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1. Conclusion

In this study, it is aimed to design and implement a DC/DC converter which is capable
of bidirectional energy transfer. Firstly, the importance and need for bidirectional
power flow in different application areas; in which storage of electrical energy is

required due to source deficiency or fluctuation, are mentioned in Chapter 1.

Although this kind of power transfer can be achieved with two separate power stages,
it is important to solve this problem with a compact solution; that can be operated for
both forward and backward mode when it is necessary, where the size of the total
system is critical. Topologies in the literature are examined, classified and compared
according to their size, cost, efficiency values and ease of implementation in Chapter
2. They are categorized into two main groups regarding their possessing galvanic
isolation between input and output. Then, they are evaluated according to ability to
reduce or boost the input voltage. Table 2.1 and Table 2.2 are given as a summary of

this chapter.

In Chapter 3, highlighting the reasons for the decision, one of the topologies
mentioned in previous chapter; which is four switch buck-boost converter, is selected
for the application described in Chapter 1. Two different modulation techniques to this
topology namely conventional and phase shifted operation are clarified. Detailed
operating principle with the circuit analysis of each time interval in a switching period
IS given in this chapter to understand the whole operation. Voltage and current
waveforms of components at these intervals are presented. Moreover, switching
techniques to improve the efficiency of the converter are covered. Mathematical

analysis (input output voltage conversion ratio, inductor current or capacitor voltage
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ripple calculations) of superior method which is the phase shifted one is described in
detail. Then, feasibility of the selected topology with selected modulation technique
is evaluated and design steps of a prototype printed circuit board are mentioned with

the analyses of each component selection.

In order to verify the analysis and expressions given in preceding section, simulations
and performed tests are described in Chapter 4. Simulations show exactly the same
results with theoretical ones while prototype circuit has slight differences. The reason
behind this fact is that although theoretical analysis and simulations are done with
ideal conditions, there are some non-ideal characteristics of components (such as
voltage dependent characteristic of Coss of used switching devices or current or
temperature dependent value of inductance of selected inductor). On the other hand,
both simulations and tests show exactly same current and voltage waveforms with
theoretical ones. Furthermore, various measurements are realized to observe and
compare the performance of modulation techniques. Efficiency values are obtained at
different input, output and load conditions while keeping one of them constant and the
results are combined to use for comparison purposes. According to the test results,
although gating schemes become more complex, phase shifted method has high
efficiency values throughout the whole load range while conventional one is
inefficient during light load conditions. On the other hand, when the voltage levels are
decreased to levels of zero voltage switching requirements of it or at near the rated
load conditions, conventional one gives more efficient results, too. Hence, if the
operating voltage levels become such levels or while operating at rated load levels,
modulation method can be changed to conventional one in order to reduce the
complexity of switching patterns.

Implementation of GaN devices to the selected converter is covered in Chapter 5.
Selecting one of the operating points; in which tests are performed in previous chapter;
measurements are taken in order to observe GaN device effect on the efficiency of the
converter, again using phase sifted method. Performed tests clearly show the

improvement in efficiency supporting the theoretical analysis. It is also important to
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say that, as the switching frequency is increased greatly with GaN implementation,
especially total size of the passive components of the converter is reduced
dramatically. That increase in efficiency and decrease in size of the components will
enhance the power density of whole system including such a converter with a
reduction in cooling requirements and so on total cost. However, limitations of the
components, design and the topology; such as rise and fall times of switching devices
or dead time which is expressed in (3.2), should also be considered carefully as a

tradeoff while increasing switching frequency as mentioned in section 5.5.

With the results of this study, it is understood that, four switch buck boost converter
topology is feasible for bidirectional power flow in an efficient way with different
modulation techniques; which can be interchanged according to the need of the system
during run time with a compatible software. On the other hand, selecting right
switching device with a suitable switching frequency for it will make further

contribution to the performance of the converter and enhance the applicable region.

6.2. Future Work

Designed, simulated and implemented prototype is observed as suitable for the
purpose of this study, which is bidirectional energy transfer with a single power stage.
Since the aim of this study is to investigate the improvement in efficiency of the
converter, tests are realized at open loop. However, the circuit can be operated with a
closed loop feedback system in order to observe steady state and transient performance
of the design. For this purpose, small signal analysis can be done and transfer functions
of the topology in different operating modes should be derived with introducing a
voltage feedback from the output.
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