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ABSTRACT

This work aims at the design and analysis of Bidirectional dc-dc converter with
two different core materials and different core shape at 20 kHz 450 V voltage level. The
losses and efficiency of converters are studied at a specified frequency and voltage.
Converter designed is analysed at 450 voltage level. Results show that losses are higher in
EC-70 core at 20 kHz, 450V system. The result suggests that the use of iron powder as
core material increases the losses of the converter. The result also shows that the core
shape ETD-49 has smaller core losses as compared with the EC-70 core. Designed
converter is then analysed by developing state space averaging model taking into
consideration designed values of resistance and reactance of the components of the
bidirectional converter. Finally approximate state space model then analysed with bode

plots and pole location and stability of the transfer functions are being checked.
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CHAPTER

1 INTRODUCTION

1.1 BACKGROUND OF WORK

The world witnessed the new path when the first modern hybrid electric car was sold in
Japan. After about two years, United States sold its Honda insight. These two followed by
Honda civic, marked a tremendous change in the type of cars being offered to common man:
Vehicles that bring some values of the battery electric vehicles into the conventional gasoline
powered truck that we have been using for many years. Hybrid vehicle though are not as
clean as hydrogen fuel cell vehicles, offers less emission than today’s conventional vehicles

and high fuel economy, thus their led a stepping stone to zero emission vehicles.

1.2 NEED FOR HYBRID ELECTRIC VEHICLES

The primary importance of hybrid technology for cars and trucks is its
potential to increase fuel economy drastically while meeting today's most
stringent  tailpipe = emission standards (excluding the zero emission vehicle
standard). At the same time, the performance of hybrid vehicles can equal or
even surpass that of most conventional vehicles. Moreover, hybrids can play a
critical role in helping to bring the technology of motors, power electronics, and
batteries to maturity and in reducing their cost. Such changes are vital to the
success of future hydrogen fuel cell and other zero emission vehicles. Thus
hybrids could be the key element to address our growing
insecurity and environmental problems. Whether hybrids live up to their
potential hinges on automakers and governments embracing them as one

means of moving toward a secure energy future and a healthier environment.



1.3 THE GLOBAL VEHICLES EMISSION CHALLENGES

With the rise in global warming and doubling of CO, emissions from vehicles in the
environment, the importance of addressing fuel efficiency in road transport is rising on global
and national environment, energy, and climate change agendas. Road transport is responsible
for 17-18% of global CO, emissions from fossil fuel combustion and in most countries
transport CO, emissions are growing at a much faster rate than total CO, emissions. Road
transport growth projection and car ownership for the next few decades show that road
transport will have dominance, despite the rapid growth in shipping and aviation.

Significant fuel economy improvements in road transport are required to stabilize and
eventually decrease greenhouse gas emissions from the transport sector; past improvements
in efficiency will not be adequate to compensate for the steady increase in traffic volume.
The United Nations Intergovernmental Panel on Climate Change (IPCC) states that an
ambitious 50-80% reduction in global CO, emissions is required by 2050 (as compared to
2000 levels) in order to limit temperature rise to 2-2.4 degrees Celsius and stabilize
atmospheric CO, concentration at 450 parts per million (ppm), thus avoiding severe climate
change. Doubling the fuel efficiency of road vehicles (in particular light duty cars, vans and
trucks) is one of the most cost-effective and accessible measures towards achieving global
stabilization of CO, emissions.

However, the targets for both global CO, emission reduction and fuel efficiency
improvement require that all countries adopt cleaner technology on a large scale.
Conventional vehicles with internal combustion engines (ICE) provide good performance
and long operating range by utilizing the high energy-density advantages of petroleum fuels.
However, conventional ICE vehicles bear the disadvantages of poor fuel economy as well as
environmental pollution. The main reasons for their poor fuel economy are as follows
(1)engine fuel efficiency characteristics are mismatched with the real operation requirements
(2) dissipation of vehicle kinetic energy during braking, especially while operating in urban
areas, and (3) low efficiency of hydraulic transmission in current automobiles in stop-and-go
driving patterns.

Battery-powered Electric Vehicles (EV), on the other hand, possess some advantages

over conventional Internal Combustion Engines (ICE) vehicles, such as high energy



efficiency and zero environmental pollution. However, the performance, especially the
operation range per battery charge, is far less competitive than ICE vehicles, due to the lower
energy content of the batteries in comparison to the energy content of gasoline. Hybrid
electric vehicles (HEV), which use two power sources — a primary power source and a
secondary power source — have the advantages of both ICE vehicles and EV and overcome
their disadvantages .Typical power electronic circuits used in hybrid electric vehicles (HEV)
include inverters and DC-DC converters. In some electrical vehicles the high voltage battery
is connected directly to the inverters; however an alternate is to have a dc-dc converter in
between to maintain a fixed dc voltage for the inverter. In this thesis we provide topology,
design and analysis of this DC-DC converter for hybrid electrical vehicle applications
(HEV).

A critical factor propelling the shift from conventional gasoline/diesel engine vehicles
to electric hybrid and fuel cell vehicles is the improvement in performance, size and cost of
power electronics circuits over the past decade, with parallel improvements in sensors and
microprocessors. Among the types of power electronics circuits used in a HEV, we use the
configuration of a typical series HEV powertrain as shown in Fig 1.1. In this configuration,
the internal combustion engine (ICE) drives a three-phase permanent magnet synchronous
generator, whose output is a three-phase voltage with variable frequency and variable
voltage. This output needs to be rectified to a direct current (DC) voltage. The front wheels
are driven by an induction motor which needs to be controlled by a voltage source inverter
(VSI) or a current source inverter (CSI). An energy storage system is connected to the DC
bus, between the generator/rectifier output and the inverter. However, there is a bidirectional
DC-DC converter that manages the charge/discharge of the battery, as well as controlling the
DC bus voltage.

In addition, auxiliary components, such as headlights, wipers, entertainment systems,
heat seats, and so on, run from the 14V auxiliary battery. Most advanced hybrid vehicles no
longer have an alternator, which means the 14V battery needs to be charged from the high-
voltage (HV) battery. On the other hand, even if an alternator is present, when the engine is
off, the 14V battery can still be drained quickly without proper charge maintenance [2].

Therefore, it is necessary to have a DC-DC converter to charge the 14V battery from the



hybrid battery. For Plug-in Hybrid Electric Vehicles (PHEV), there is also a battery charger

installed on the vehicle or in the charging station.
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Fig. 1.1 Power electronic converters used in HEV [1].

1.4 PURPOSE OF WORK

One of the most critical issues for the environment today is pollution generated by
hydrocarbon combustion, which is one of the main sources of power for transportation.
Hybrid Electric Vehicles (HEV) and Electric Vehicles (EV) are rapidly advancing as an
alternative power trains for green transportation. The vehicles’ electrification not only
involves the traction parts, but it is also generating new applications for electric power
conversion. One of the key blocks inside hybrid electric vehicles is the DC-DC converter for
auxiliary power supply of electric loads. This converter has to be capable of handling the
energy transfer from the high voltage DC bus to the battery and vice versa (used for electric
traction).

The purpose of this work is to design a 60 kW DC-DC converter for hybrid electric
vehicle applications. The converter is able to maintain a constant DC link voltage when it is
in motoring (or Up) mode of operation and energy flows from the DC voltage link bus to the
battery when it works in generating (Down) mode of operation. The aim is to study the

operation of the DC-DC converter at 20 kHz and different core materials with two different

4



shapes for the inductor. The objective is to analyse losses and the efficiency at 60 kW

followed by analysis of the designed converter using state space averaging technique.

1.5 ORGANIZATION OF THE DISSERTATION

This dissertation is organized as follows

Chapter 2 contains the literature review of papers related to the work. It contains the
literature review of papers used in the designing and analysis of dc-dc converter.

Chapter 3 focuses on the overview of Hybrid vehicle working and the circuit
deducing the operation of bidirectional converter. It also focuses on the total loss calculation
followed by design of the inductors and the capacitors.

Chapter 4 discusses the case study of the power converter being designed. It shows
the total losses and the respective efficiency of the designed converters.

Chapter 5 discusses on the analysis of the designed converter as per the given
parameters. It gives insight of state space averaging technique followed by their frequency
domain analysis.

Chapter 6 contains conclusion and future scope of the work.



CHAPTER

2 LITERATURE REVIEW

2.1 INTRODUCTION

Electric vehicles (EV) and Hybrid Electric Vehicles (HEV) have gained much attention,
especially in the context of growing concerns about global warming and aspects of the
energy security associated with road transport. In this chapter, review of the literature is done
which provides a deep insight of the technology aspects of power converter designing and its
state space modelling for bidirectional operation with the current state of the research and

development in the field.

2.2 LITERATURE REVIEW

Peng et al. [2] gave an overview of the topologies, design, and thermal management, and
control of power electronics circuits in hybrid vehicle applications. Power electronics circuits
played a significant role in the success of electric, hybrid and fuel cell vehicles. Conventional
circuit topologies viz. buck converters, voltage source inverters and bidirectional boost
converters are compared on the basis of system cost, efficiency, controllability, thermal
management, voltage and current capability, and packaging issues. This paper presented an
overview of the power electronics circuits for HEV applications focusing on circuit
topologies, analysis and thermal management. Novel power switching devices and power

electronics systems have the potential to improve the overall performance of hybrid vehicles.

Rim et al. [3] presented the state space averaging of non linear boost followed by derivation

of DC equivalent and small signal equivalent circuit models of non ideal boost converter.



Moussa et al. [4] presented the review of state space averaging method and method of PWM
switch with the graphical result for comparison. Both methods simplified considerably the

analysis of the non-linear converter system.

Mahdavi et al. [5] illustrated the point that the generalised state space model works well
only within specific converter topologies and parametric limits where the topology number of
components do not defines the model approximation order. Basic dc/dc single ended
topologies were taken into consideration and then finally simulation results were compared to
the exact topological state space model. Approximation order is an important factor in
improving the model accuracy is concluded from the work in case when the switching

frequency is not much higher than the converter natural frequencies.

Schupbachj et al. [6] presented an analysis, design, and comparative study of several bi-
directional non-isolated DC-DC converter topologies that could be considered potential
candidates for the power electronic interface of HEV energy power sources, in particular an

ultra-capacitor pack.

Yalamanchili er al. [7] presented a review of multiple input dc-dc power electronic
converters (MI-PEC) devoted to combine the power flow from several on-board energy
sources of an EV/HV and several multi-input dc—dc converters based on various topologies

were studied and analyzed.

Davoudi er al. [8] presented a new approach for generating the state space average value
model for PWM converter in both continuous conduction mode and discontinuous
conduction model. Duty ratio constraint and the correction terms were extracted numerically
using the detailed simulation and were expressed as non linear functions of duty cycle. The
functions of the duty-ratio constraint and correction term were obtained numerically by

running the detailed simulation.

Jih-Sheng et al. [9] described the significance of energy management of power converters
and their circuit topology options for efficiency, size and cost considerations. Whether
isolated or non-isolated, soft switching techniques have been widely used in high-power

bidirectional dc—dc converters. Through some design examples, the component selection and



circuit design optimization were discussed, and their efficiency evaluation results were also

given.

Bellur ez al. [10] presented an overview of state-of-the-art DC-DC converters used in Battery
Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), and Fuel Cell Vehicles (FCVs).
Several DC-DC converters such as isolated or non-isolated, half-bridge or full-bridge,
unidirectional and bidirectional topologies, and their applications in electric vehicles were

presented.

Silvestre er al. [11] described a bidirectional DC-DC converter for a small electric vehicle.
The DC-DC converter designed and tested was capable of raising the voltage from the
battery pack 96V (nominal) to 600V necessary to feed the Variable Frequency Drive(VFD)
that controls the induction motor and was also capable of working in the opposite direction

(600V to 96V) in order to capture energy from regenerative braking and downhill driving.

Nwosu [12] presented the state-space averaging of a non-ideal boost converter followed by

derivation of DC state and small signal AC state modelling of the converter.

Du.Y et al. [13] compared and reviewed several non-isolated bidirectional converters suited
for charge station applications. A charge station architecture for municipal parking decks had
been proposed, which had a DC micro grid to interface with multiple DC-DC chargers,
distributed renewable power generations and energy storage and provided functionalities of
normal and rapid charging, grid support such as reactive and real power injection (including
V2G), current harmonic filtering and load balance. Several non-isolated bidirectional DC-DC
converters suited for charge station applications had been reviewed and compared, as the
major focus to be studied by Half Bridge converter was a good candidate but it was difficult
to maintain high efficiency in wide battery pack voltage range. Finally three-level bi-

directional DC-DC converter was suggested to be employed in this application.

Ahmadi er al. [14] presented a new bidirectional converter employing Gallium Nitride
(GaN) power transistors in which Zero-Voltage-Transition (ZVT) switching was provided for
all switches to dramatically reduce the switching losses regardless of power flow direction.

Bidirectional dc-dc converters are used in many applications when bidirectional energy



transfer between two DC buses is needed. They are used as an interface circuit between ultra-
capacitor and DC bus in a Hybrid Electric Vehicle (HEV). Since the voltage levels of the
ultra-capacitor and DC bus are different, the interface circuitry must be able to increase or
decrease the voltage level in each power flow direction while limiting the current. The soft-
switched GaN power transistors resulted in a significant increase in the efficiency of the new

converter as compared to that of conventional hard-switched bidirectional converters.

Yang et al. [15] presented the dynamic characteristics of the bidirectional DC-DC converter
using a current generator instead of load resistor .Transfer functions are derived by applying
the state space averaging method. Transient response characteristics of the converter are

confirmed when the direction of power flow changed.

Zahedi et al. [16] presented different modelling approaches for an isolated bidirectional dc-
dc converter to be used in analysis and simulation of a hybrid electric ship. The models were
verified by comparison with simulation results of detailed switching model in PLECS
software and the advantages and disadvantages of different modelling methods were

discussed.

Kumar et al. [17] presented a non-isolated bidirectional multiple input dc-dc converters to
interface a battery and an ultra capacitor for vehicular applications. The proposed converter
was capable of drawing power from multiple energy sources to supply the demand of vehicle
loads. The presented converter has bidirectional capability and operates in buck, boost or
buck-boost modes of operation and the proposed converter along with inverter-motor drive

was analyzed through detailed device level simulation in open loop modes.

2.3 CONCLUSION

The chapter gives an insight of the developments occurring in power converter topology of
hybrid electric vehicles and state space modelling of buck and the boost operation of DC-DC
converter. In our next chapter, we are going to discuss the design and analysis of power

converter used in hybrid electric vehicle.



CHAPTER

3 DESIGN OF POWER CONVERTER

3.1INTRODUCTION

Power electronics is the important technology responsible to shift from conventional
vehicles to electric hybrid and fuel cell vehicles. The chapter discusses the complete system
overview of the hybrid vehicle. The complete block diagram representation is given to
demonstrate the working of components in power management in HEV. Description of the
bidirectional dc-dc operation is discussed. The main focus of the chapter is on the two modes
of operation such as in generating mode and in motoring mode. Both modes of operations
involve different parameters that need to be calculated.

IGBT and diodes are the major components in a dc-dc converter .These have
significant power losses. Both IGBT as well as diode have conduction and switching losses.
Conduction losses are more than the switching losses. These losses play significant role in
efficiency calculation .Overview of the bidirectional converter in HEV followed by loss
calculation in semiconductor loss calculation.

Efficiency of the converter not only dependent on losses in semiconductors but the
design of the inductor and capacitor also play crucial role. Core shape and size are other
important factors that are to be assumed carefully. Shape and size of the inductors depend on
the constraint and voltages applied in the input and the output. Inductor design and the
capacitor value at the output and at the input decide the total losses and therefore the

efficiency of the converter.

3.2 THE HYBRID ELECTRICAL VEHICLE

Figure 3.1 shows the block diagram of a HEV with a battery directly connected to the

inverter and further connected to the electric motor, and in the opposite direction power is

10



transferred from Load (wheel-motor) to battery through inverter. In the other way the power

comes from the generator to the inverter which is connected to the ICE.

DC to DC
CONVERTER
(12V FOR UTILITY)

BATTERY > INVERTER <—’ ‘—’
I N V E RTE R @7 INTERNAL COMBUSTION ENGINE

Figure 3.1Block diagram of a HEV without DC-DC converter.

DCto DC
CONVERTER
(12V FOR UTILITY)

A

Main dc
BATTERY = rere ¥ INVERTER <—><—>

I NVE RTE R GENERATOR INTERNAL COMBUSTION ENGINE

Figure 3.2 Block diagram of a HEV with DC-DC converter.

Figure 3.2 shows the block diagram of a HEV without DC-DC converter. The DC-DC
converter in a HEV is used to maintain a constant dc link voltage and to step up and step
down the voltage as shown in Figure 3.2.

There are many different potential HEV configurations, but in general a HEV has an
electric drive train like an EV, plus an internal combustion engine (ICE) that can charge the

batteries periodically as is shown in Figure 3.2. The internal combustion engine is most

11



efficient for a small range of operating conditions. This is utilized in HEV where the internal
combustion engine can be made to operate at this efficient operating point.

The HEV can operate the internal combustion engine (ICE) at its most efficient point
for charging of the battery and can use the drive train to take up all the slack under other
conditions. The emissions are lower than the combustion engine driving the car by itself and
fuel economy can be significantly improved. The usable range of Electrical vehicles can be
extended by hybrid technologies. A hybrid would allow the vehicle to operate in an

urban/polluted area with only batteries and then switch to the engine outside the urban area.

3.3 BIDIRECTIONAL BOOST CONVERTER

There are generally two bidirectional DC-DC converters in hybrid vehicle
applications. One of them is a high-power converter that links the hybrid power train battery
at a lower voltage with the high voltage DC bus. A second low-power converter links the
hybrid battery with the low voltage auxiliary battery [1]. The operating principle of the DC-

DC converter is shown in Figures 3.3.a-c.

T\ D1

M *
| Uoyr = ULC‘AQ
+
e ey ) ¥
(_) Uparrery = Uy D2

(a) Circuit topology of a bidirectional converter.
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(c) Operating conditions for generating mode of operation

Figure 3.3 Operation of the bidirectional boost converter [2]

In Figures 3.3 b-c shows the motoring and generating mode of a typical DC-DC converter is
shown where in motoring mode the power is transferred from the battery to the load and vice

versa.

3.3.1 GENERATING MODE

In buck operation, as shown in Figure 1(c), the power is transferred from
Vioap to Vearrery- When T4 is closed and T, is open, since Vi gap>Vgarrery> Vi =V 1oap —
Varreryand the inductor currentl; builds up. When T is open, the inductor currentl
continues to flow through D, .Thus, V; = —Vp [2]. Assume ideal components and a
constantVy, the inductor current over one cycle in steady state operation will remain the

same, e.g.,
ON t1on—t2
Jo Varrery = Ve Lini)dt = ftloo: (Vb Link) 3.1)

t1
Vo = %VBATTERY = K1Vgarrery (3.2)

13



where K is the duty ratio defined as the percentage of on-time of switchT;.

3.3.1.1. PARAMETERS FOR LOSS CALCULATION:

Figure 3.4 shows the typical signals in the step down (buck) converter. Input

parameters for the calculation: Input voltage (U;y = Vpgarr.), output voltage (Ug = Vigap)-

output power (Pg), inductor value (L), switching frequency ( fsy) [20].

The output current of the converter is

Po
Ip = —
0 Qo

The duty cycle in continuous conduction mode is

U
K="
Uiv

The output current ripple is

(-K)
L

AI(): UO

(3.3)

(3.4)

(3.5)

k

K T S T sw

Figure 3.4.Inductor voltage, current, diode and capacitor current signals in generating mode. [20]
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In Figure 3.4 shows the typical signals of inductor voltage, inductor current, capacitor
current, diode current input and output voltages. The parameters needed for the loss

calculation can be determined as

Icon =1p — % (3.6)
Icorr = Ip + % (3.7)
Icav = Kl (3.8)
Ipgus = (1 — K)I (3.9)

3.3.2 MOTORING MODE

In this operation, the power is transferred from Vgarreryto Vpc Link-When T is
closed and T4 is open, the output voltage capacitor and inductor form a direct path through
switch T, as shown in figure 3.3(a) and figure 3.3(b). Therefore, V; = Vgarrery and the
inductor current I builds up [2]. When T4 is open, the inductor current continues to flow

throughD, to Vp, therefore

Vi = Vpcrink — VBarrery (3.10)

Assume ideal components and a constant V the inductor current over one cycle in steady

statewill remain the same, e.g.

£2
Jo " Wpc Lm)dt = Vgarrery — Ve Link)dt (3.11)

1
Ve Link = 7= VBartERY

(3.12)

where K is the duty ratio defend as the percentage of the on-time of switch T',.

K = 2o (3.13)
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3.3.2.1 PARAMETERS FOR LOSS CALCULATION: Figure 3.5 shows the typical signals
in the step up (boost) converter [20]. Input parameters for the calculation: Input

voltage(U;y = V), output voltage (Ugyr = Vp), output power (Pg), inductor value (L),

switching frequency ( fsw ).

1
ULJL

KT W TE-‘.".'

Figure 3.5.Inductor voltage, current, diode and capacitor current signals in motoring mode [19].

The input current is

P
Iy = ﬁ (3.14)

where the duty cycle in continuous conduction mode is found to be

K=1- % (3.15)
o
The input current ripple is
KU
Al =7 (3.16)
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The parameters needed for the loss calculation can be determined as

Aly

Icon =Iiv ——~ (3.17)
Al
Icorr = I +% (3.18)
Icav = K1y (3.19)
Iiys = (A - Ky (3.20)
Ipav =1 —-K)y
(3.21)
rus = (1 — K)IZy
(3.22)

3.4 SEMICONDUCTOR LOSS CALCULATION OF THE CONVERTER

The bidirectional dc-dc converter has IGBT and diodes as the major components. These
devices have significant power loss. Both IGBT as well as diode have conduction and
switching loss during operation. Thus, these losses need to be discussed to know the total
converter loss contribution due to semiconductor devices.

3.4.1 1IGBT AND Di1opE LOSSES

The IGBT and diode power losses as well as the power losses in any semiconductor
component can be divided in three groups [19]:
a) Conduction losses (Pconpuction)
b) Switching losses (Pgy)
¢) Blocking leakage losses usually neglected

Therefore

Psemiconpucror = Pconpucrion + Psw

3.4.1.1 CONDUCTION LOSSES
(A) IGBT conDUCTION LOSSES: The IGBT conduction losses can be calculated using an

IGBT voltage drop behaviour approximation with a series connection of a DC voltage source
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representing the IGBT on state zero current collector emitter voltage and collector on state
resistance (r¢) as

ucg (ic) = Ucpo + 7cic (3.23)
The important parameters can be read directly from the IGBT datasheet .The ucggand values
can be read from the diagram. The instantaneous value of the IGBT conduction losses are

Pcr(t) = ucp ()i (t) = ucpoic(t) + reig(t)

(3.24)
The average IGBT current value is I¢4y and value of IGBT current isIcgys - Then the

average power losses can then be expressed as

Tsw

1 1 [Tsw ] i’
Per(t) =—| p®)dt=— (uCEOlC(t) + Tclc(t)dt)
Tsw J Tsw Jy
= Ucgoicav + Tclerms (3.25)

(B) DIODE CONDUCTION LOSSES: The same approximation can be used for the anti-parallel
diode as is used for IGBT, giving

uD(iD) = Upo + rDiD (326)

The instantaneous value of the diode conduction losses is

Pcp(t) = up(®ip(t) = upo(®)ip(t) + rpip (3.27)

If the average diode current is Ip,y and the rms diode current is Ippys, the average diode

. oo . 1
conduction losses across the switching period (f_ ) are
sw

1 (T . ,
Pep(t) = mfo ¥ (upoip(t) + rpih(t) d)upolpay + rplprus (3.28)

The value of ucggand upg can be read from the datasheet as following .Ther and rpvalues
can also be calculated from the datasheet by taking the slope of the desired line of

characteristics as shown in Figure 3.6.
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Figure 3.6.The graph of a transistor to read the initial voltage and resistance values [20].
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Figure 3.7 The graph of a diode to read the initial voltage and resistance values [20].

3.4.1.2 SWITCHING LOSSES
The switching losses in the IGBT and the diode are the product of the switching energies and

the switching frequency fgep .

Pswm = (Eonm + Eorrm) fsw (3.29)
Pswp = (Eonp + Eorrp)fsw
(3.30)

where the energy during on and off period can be written as

19



AViy - IIn

Eonm = Ereron ; (3.31)
REFON 'REF
_ AViy Iy
Eorrm = Eggrorr 7 — (3.32)
REF 'REF

Where Vgpr and Iggrpare taken from datasheet of IGBT [23] and AV;y and Iy are the
output voltage and current respectively. Eggpronand Eggrorpr can be calculated from the
following typical switching losses of the IGBT according to Figure 3.8. Figure 3.8 show how
to read the values of energiesE gy and Egppy can be read from a given datasheet respective
current level.

The turn on energy in the diode consists mostly of the reverse recovery energy ( Egnp )-

1

Eonp =, QrrUprr (3.33)
Where Upgpg is the voltage across the diode during reverse recovery .The Qggr and Upgpg are
taken from the datasheet of the IGBT.

Total losses

Pr = Pcr+ Pswr = ucgolcav + Tclerms + (Eont + Eorrr) fsw (3.34)
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Pp = Pcp + Pswp = upolpay + Tplprus + Eonnfsw
Typ. switching losses

E =1 (l2) , inductive load . Tj = 125°C

par‘_f VCE = 600 V, VGE =+ 15 V, RG =47

100

m

mws

A 70 /
T G0 /
50 / Eoff
40 / /
. /A

/J,/

20 -
=
10 =
0
0 100 200 300 A 500

(3.35)

Figure 3.8 Graph of a transistor to read energy values[20].

During charging, an external electrical power source (the charging circuit) applies higher
voltage (but of the same polarity) than that produced by the battery, forcing the electrical
current to pass in the reverse direction. The lithium ions then migrate from the positive to the
negative electrode, where they become embedded in the porous electrode material in a

process known as intercalation.

3.5 INDUCTOR AND CAPACITOR DESIGN

After having the losses known in the semiconductor devices, we need to design the
core of the inductor .The core chosen is not taken by choice. There are some constraints some
issues that are going to be discussed here. Inductors are not commercially available and
therefore need to be designed according to our requirement. In, this chapter, an inductor is
designed. A carefully considered power inductor is often a key design element to achieve a

small, efficient, and cost effective converter.
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For many inductor applications, powder cores are clearly superior compared with
alternative core materials, such as ferrites or steel laminations. The designer has many
choices in powder core materials and shapes, each offering trade-offs among loss
performance, cost, size, and ease of winding. In addition, as the design criteria change, so do
the benefits and shortcomings of each particular core material. An understanding of the

advantages and disadvantages involved is necessary for making good choices [18].

3.5.1 DESIGN OF THE INDUCTOR

Parameters:

The average current of the Inductor

P
Lwe = 5~ (3.36)

The ripple current can be calculated as

Al = M (3.37)

where maximum and minimum currents can be calculated as

IMAX=I+%aHd IMINzl_%

3.5.1.1 CORE MATERIALS

FERRITE CORE: Ferrites are manufactured from raw material are oxides of various
metals such as iron, manganese, and zinc. Ferrites have high resistivity than manganese alloys,
enabling them to function at much higher frequencies, even at the high frequency region. The raw
materials are generally mixed at fired in kiln. Then they are broken into uniform particles, and
pressed into one of many shapes. There is another atmosphere controlled sintered kiln for firing
of “green” cores. Sintered cores are a hard ceramic; therefore further processing has to be done
with diamond grinding wheels [19].

IRON POWDER CORE: Molypermalloy Powder cores are made from an iron, nickel and
molybdenum alloy powder exhibiting the lowest core loss of the powder core materials, but has the
high processing costs and its high nickel content. MPP toroids are available from 3.5 mm to 125 mm
in outside diameter. High Flux cores are alike Molypermalloy powder core, made from a nickel-iron

alloy powder. Containing 50% nickel, High Flux pricing is cheaper than MPP. High Flux has higher
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core loss than MPP and Kool My, but due to its higherBg,r, High Flux performance in best in
permeability vs. bias. High Flux is not widely available in shapes other than toroids.

Kool My, also known as “sendust” distributed air gap cores made from an iron, aluminium, silicon
alloy powder. The Kool Mp material is similar to DC bias performance with MPP.

Kool Mp is much more economical than the MPP due to the absence of nickel in the
formulation. However, Kool Mp has higher AC losses than MPP. It is designed to be a practical
alternative when iron powder is too lossy, typically because the frequency is moderate or high, but
MPP is too expensive. In addition to toroids, KoolMy is available in E-core shapes, so that winding
costs may be minimized as well. Iron powder cores have higher core losses than MPP, High Flux, or
KoolMy, but are generally less expensive. Iron powder is often the best choice for a power inductor
when the highest efficiency and smallest size are not required, but cost is critical; or when the
frequency is quite low; or when the amplitude of the AC ripple current is very low (resulting in very
low AC flux, and thus reasonably low AC losses.)

An organic binder, for the grain-to-grain insulation, is present in most iron powder cores that
is susceptible to breakdown over time under high temperature operation. So the designer may need to
take account of the thermal aging curves for the iron powder material being considered. There is a
moderate pressing densities for iron powders and therefore there are variety of shapes for the

materials including toroids, E-cores, pot cores, U-cores, and rods.

3.5.1.2 CORE SHAPES
ETD CORES: ETD cores have been designed to make optimum use of a given volume of

ferrite material for maximum throughput power, specifically for forward converter
transformers. The structure, which includes a round centerpost, approaches a nearly uniform
cross-sectional area throughout the core and provides a winding area that minimizes winding
losses. ETD cores are used mainly in switched-mode power supplies and permit off-line

designs where IEC and VDE isolation requirements must be met.
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Figure 3.9 ETD-49 Core.[21]

EC CORES: These shapes are a cross between E cores and pot cores. Like E cores, they
provide a wide opening on each side that gives adequate space for the large size wires
required for low output voltage switched mode power supplies. It also allows for a flow of air
which keeps the assembly cooler. The centerpost is round, like that of the pot core. Winding
in the round centerpost has a shorter path length around it than the wire around a square
centerpost with an equal area thereby reduces the losses of the winding by 11% enabling the
core to handle a high output power. The round centerpost also removes the sharp bend in the

wire that occurs with winding on a square centerpost.
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Figure 3.10 EC-70 Core. [22]

where switching frequency = f(Hz)
Inductance of the inductor = L(uH)

Zinpucror = 2wfL

NI=®R=2R
N

y  N?
- =

R

NI =
Effective area in square meters is = 4,
Effective length in meters is = I,
Relative permeability of the material = u,
Permeability constant = u,,
Current density = J (A/mmz)

Reluctance for the iron part
le

fe - (Hotr Ae)

where, air gap for coil = ;-

(3.38)
(3.39)

(3.40)

(3.41)
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Reluctance for the air gap

lair
air = (HourAe)
The required number of turns
N =+LR
Total reluctance must be
R = Ry, + Ry

The total flux in the core can be calculated as

NI
D=
R

The iron losses
Pfe = lfactorleAe

where , loss factor is obtained from datasheet.

Copper resistance

l
Rcy = A_M:
Winding length
l,=NL,,

where turn length can be found from datasheet.
Copper losses

Pcy = RCuI%N

Total inductor losses

:Pfe+PCu

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)
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3.6 DESIGN OF CAPACITORS
3.6.1 INPUT CAPACITOR ( Cpppye):

The Cppue can be calculated by the following formula

_ AL Tgy

Clnput ~ T8av, (3.51)

where AV, peak-to-peak voltage ripple of the buck converter output (1 to 2 % of the output

voltage).

3.6.2 OUTPUT CAPACITOR ( Coprpur):

The Coyepuccan be calculated by the following formula

__ IgKTsy

COutput ~ T av, (3.52)

where AV is peak-to-peak voltage ripple of the boost converter output (1 to 2 % of the

output voltage).

3.7 CONCLUSION

Bidirectional flow of energy plays a significant role in the functioning and importance of
Hybrid Vehicles system. Operations of the converter in both directions explained.
Functioning of the converter involves losses in the semiconductor devices such as IGBT and
diode that are calculated. After the overview and calculation of losses in the converter, their
needed to implement that methodology in case study. According to given parameters and
losses calculation, taking into consideration different core shape and material, converters are
designed. Designed converter is to be analysed using bode plot and their corresponding poles
location are to be checked, which can be made possible by developing state space averaging

model.
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CHAPTER

CASE STUDY

4.1 INTRODUCTION

In the previous chapter we came across the design methodology of dc-dc converter hybrid
electric vehicles. The different core shapes and core materials are discussed. In this chapter,
we have taken up the design of the dc-dc converter. The methodology depicted earlier is now

being implemented for material and shape of the inductor taken up for design.

4.2 DESIGN

The different inductor types considered for this work are given as follows:
1. Ferrite EC-70

2. Ferrite ETD-49

3. Iron powder EC-70

4. Iron powder ETD-49

Given below are the specifications required to carry out the design.
Py = 60KW
Vinmiy = 300V
Vinmax = 450V
Vo =450V
fsw=20KHz
lyr = 10mm

Current density()) = (3 A/mm?)
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4.2.1 CORE SHAPES:

Magnetic path length | Mean length per turn
CORE SHAPE Cross sectional area(4,)
(Le)
EC-70 2.79 sq.cm 144 cm
ETD-49 2.11 sq.cm 114 cm

4.2.2 CORE MATERIALS [19]:
Ferrite: Relative permeability = 5000
Iron powder: Relative permeability = 71
Parameters used for loss calculations:
lr.,=0.0076 ,rp = 0.0015
2Ucgo =1.13,Upp =0.75
3.Eggrony = 6.5mJ

4.Egrgrorr = 11mJ

S5.Egnt = 0.0043

6.Egrrr = 0.0073

7.Eonp = 0.0047

8.Eorrp ~ 0

4.3 RESULTS

Results for the designed converters can be tabulated as follows

MOTORING MODE GENERATING MODE
CORE Losses Efficiency Losses Efficiency
Ferrite EC-70 597.49 99.00 644.14 98.92
Ferrite ETD-49 594.04 99.01 640.70 98.93
Iron powder EC-70 656.85 98.91 703.51 98.83
Iron powder ETD-49 636.12 98.94 682.87 98.86
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4.4 CONCLUSION

In this work, DC-DC converter is investigated with different core materials, core shapes, at
(450 V) and 20 kHz for an EV/BEV/HEV. The efficiency of the converter is higher for a
ferrite material .The 450V system is better with ferrite core material. The designed converters
need to be analysed using frequency domain analysis. For that purpose state space averaging

modelling for both buck and boost operation are to be developed.
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CHAPTER

5 ANALYSIS OF POWER CONVERTER

5.1 INTRODUCTION

State space averaging approximates the time variant system with a linear continuous time
invariant system. Converter is basically a switching between different time invariant systems
during each switching period and is therefore, a time variant system. State space averaging is
presented to derive model of buck converter followed by model of boost converter. Design
oriented analysis taken into account the way disturbances and changes in the input and
control signals affect the optimum performance of these converters. Line to output transfer
function determination describes how change in the applied voltages lead to change in output
voltage. Control to output transfer function describes how control input variation affects the
output voltages. Similarly input and output impedances of converter play an important role

when EMI filter is added to converter.

5.2 STATE SPACE AVERAGING

The converter behaves as a time invariant system while transistor is ON. For other time
period when the transistor is OFF, converter again acts as a time invariant system. Therefore,
converter can described as switching between time invariant systems during the switching
period. If transistor is switched like this, it behaves as switching between different time
invariant systems during the switching period. Consequently converter can be modelled as
time variant system. State-space averaging given by Middle brook and Cuk in the year 1976
is one of the method that approximates this time invariant with a linear continuous time
invariant system .This methodology involves the state-space description as this method uses

the state space in each time invariant system as a starting point. These are then averaged on
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basis of their duration. Models are finally linearized at operating point to obtain a small
signal model to extract three transfer functions: 1.The control-to-output transfer function

2.The output impedance 3.The audio susceptibility.

5.3 MODELLING OF BIDIRECTIONAL OPERATION

5.3.1 MODEL OF BUCK CONVERTER

During the time in which transistor is on the voltage across diode equals the input voltage.
Circuit in figure 5.1 can be therefore used as model of buck converter during time
intervalt,,. Current source is added which injects current in output stage .This current is

therefore an input signal [4].

R,. L(t) R, L Iins (1)

AMN——AN— -

Ow 3 2w
YT -

Figure 5.1 Circuit of the buck converter during t,,

Ve (®) = (YR, + Ron) — L5 = Vo () (5.1)

Ve(t)-Vo(t) (RL+Ron)\ _ dlL(t)

R — (1, () ) = LD (52
dIL Rp+Ron VG(t)_Vo(t)

P _IL L + ( 3 ) (5.3)
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d (0
CE8 = 1,(6) = 22 — Ly (1) (5.4)

Equation 5.2 rearranged to give

Vo(®) (1+5) = V(©) + Re (1L(5) = 1inj (®)) (5.5)

RR RR
VO(t) - - IL( )+R+R V( )_R+RC Im]( ) (56)
ai, _ R1+Ron _ R R¢ _ Vo(t) RR
dar ( L (R+RC)L) I.(0) (R+Rc )LV(t) t =t GeroL (R+R )L linj () (5.7)
av(t) _ 1 L
Tat _IL(t) (R+R )CI (R+Rc)C VO + Groc (R+R )C linj = I”U ® (5-8)

Circuit is a second order system. Let I (t) and V(t) be the state variable.V;(t) and I;,,;(t) be
the input signals and V,(t) as the output signals. From the above equations, state space

models can be obtained as follows:

dx(t)

e = A;x(t) + Byu(t) (5.9)

y(t) = Cyx(t) + Fru(t) (5.10)
where

RAGRE
t)= 5.11
x(t) _Iinj(t)_ ( )
Vs
t)= 5.12
u(t) _Iinj(t)_ ( )
yO=[Vo ()] (5.13)
_RL__RRg _ R
4, = L R(R+RC)L (R+fC)L (5.14)
(R+Rc)C "~ (R+RC)C
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1 RRc
B, = |- ®*ht (5.15)
0
(R+Rc)C
RRc R
€1 = [R+RC R+RC] (5.16)
RRc
F=[0 —&g] (5.17)

Similarly when the transistor is off, diode voltage goes zero. Figure 5.2 can be used as a
circuit for model during interval ¢, s¢. Therefore state space model can be obtained as follows

R, L&) R L Ting(t)

Figure 5.2 Circuit of buck operation during t,¢

20 = Apx(t) + Bu(t) (5.18)
y(t) = Cox(t) + Fou(t) (5.19)
Where A, = A (5.20)
RR¢
B, = (RrRol (5.21)
" (R+Ro)C
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RR¢ R

2= [TRc) (R+R¢) (5.22)
F, = [0 — ;’;CC] (5.23)
Therefore,
Ay = A (5.24)
C,=0C, (5.25)
F,=F (5.26)

5.3.1.1 METHOD OF STATE SPACE AVERAGING

Converter is basically a switching between two different time invariant system and so it look
like time variant system. To approximate this time variant system into continuous time time-
invariant system, state space averaging technique is used. In this first calculate the non linear

time invariant system by means of averaging followed by linearizing this non linear system.

Two systems are first averaged with respect to their duration in the switching period as:
dx(t) _

at

y(©) = (d(@®)C + (1 —d(®))C)x(®) + (d(OE, + (1 — d(®)E)u(t) (5.27)

(d(OA; + (1 —d(®)A)x@) + (d(@®)By + (1 — d(£))B,)u(t)

W) = [Zgg (5.28)

In system theory all input are to be placed in input vector and therefore d(t) is placed in input

vector.

A nonlinear time-invariant system with state-vector x(¢) , input vector u'(f) , and output

vector y(f) , are written as
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PO — F (), ' (1)) (5.29)

at

y = gx(),u'(t)) (5.30)

A straight forward linearizing is now applied where deviation from operating point is as
follow

x(t) = X + 2(t) (5.31)
u'(t) = U +1(t) (5.32)
y(®) =Y +3(t) (5.33)

Here capital letters denote dc values and hat symbol (#) denoting the perturbation signals (ac

disturbance).

Assume operating point to be in equilibrium i.e.

f@,w (@) jxw=x =0 (5.34)

u'()=ur

The operating point output values are

¥ =g(x(®),u'(®) jxo-x (5.35)
u' (=v’

Following ac signals can now be obtained as follows:

0 = 42(6) + B'R() (5.36)

y(t) = C'x(t) + F'x(t)

Where
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r — [9f
A= [dx] |x(t)=X

u' (H=ur

r_ 't?f]
B = [ durl |x(®=x
u' (H=ur
;o 'd_g]
C' = | dx |x(t)=X
u/ (®=ur
1 _ _d,g:|
F = | dur |x(t)=X

ul (®o=ur

5.34 and 5.35 can be written as
0=A4X + BU
Y=CX+FU

where
A’ == DAl + DAZ

B = DBl + D’BZ
C = DCl + D,CZ

F:DF1+D’F2

Therefore using above equations, we get

A=A
By = B[A; — A;]X + [B, — B,]U
c'=¢C

Fd = F[Cl - Cz]X + [F1 - Fz]U

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)
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% = A'%(t) + B'2(t) (5.51)
y(t) = C'x(t) + F'x(t) (5.52)
B’ = [B By] (5.53)
F'=[F F,] (5.54)

Extraction of transfer functions from state space averaging:

Using 5.43, 5.45, 5.53, 5.54 in equations

s2(s) = A%(s) + B'0/(s) (5.55)
$(s) = C2(s) + F'2/(s) (5.56)
2(s) = (sI — A)1B'A'(s) (5.57)
9(s) = CR(s) + F'a'(s) (5.58)

Therefore from 5.57 and 5.58, we can have three transfer functions that provide control to

input transfer function, output impedance and audio susceptibility.

5.3.2 MODEL OF THE BOOST CONVERTER

The state space description of the boost converter model is derived when transistor operates

in on state and when it is in on state.

During the on state, transistor voltage goes zero and diode is not conducting. The circuit in

figure 5.3 below is the operation during time t,, and current source is also added within.
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Figure 5.3 Circuit of boost operation during ¢, ¢

From the figure, following equations are obtained:

dal

V() —L——1I;nj(t)R, =0

dal, _ (VG(t)—I(t)RL)
at L

20— (52— 1, 00)
(6) (1+25) = V() = Relinj ()

RRC 1

Vo(t)—_V()_ m]()

L0 = (—apI®) + Ve (®)

Using 5.52 and 5.53,we obtain

e _ 1 __R g
dt  (R+Rc) ® (R+R¢) Iinj ()

Therefore,

o L~|.J

0 [Vb(t)]

V(t) V( t) Iin; ()

(R+Rc) | (R+ c)

—RL+Ron
[I(t)] I 0],

—Rr¢ 1[ Ve ()
y(t) = [0 %;gc] []I/((?)] [ (Ri;c) _Ii:j(tt)]

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)
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where,

-_RLZ-ROTL 0
A = 0 -1
(R+R¢)C
=0
B, = 0 -R
| (R+R¢)C

= [0 (R+RRc)]

By = [ (:2;]

When transistor is off, using circuit in figure 5.1

R1+Ron RRc R
A, = L (R+R()L (R+R¢)L
2= R 1
(R+Rc)C (R+Rc)C
1 RRc
L (R+R()L
Bz = _
R
0
(R+Rc)C

c RR¢ R
2 [R+RC R+RC]

F, = [0 _RR+RRCC]

Applying state space averaging, we get

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74)

(5.75)
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[—D'RRc _ RL+Ron

(R+R¢) L
D'R
(R+Rc)C

R
(R+R¢)L
-R
(R+Rc)C

"o ~io

[ D'RR¢ R
| (R+R¢) (R+R¢)

—RR¢
(R+Rc)]

-D'R
(it (5.76)
(R+Rc)C
(5.77)
(5.78)
(5.79)

The dc voltage is zero across capacitor ESR. Value of the mean current is equals the mean

value of diode current. Inductor current equals to diode current during D' of the time and

otherwise equals to zero.The dc amplification of boost converter is more than one.

And therefore,
Ve
By=| . (5.80)
(RD'+Rc)CD’
_ __~RcVg
Fa = (RD'+Rc)D’ (5-81)
D _R Vo
' L (R+R¢)L LD’
B=| (kR o (5.82)
| (R+Rc)C  (RD'+Rc)CD’
' —RR¢ —RcVg
F=|0 (R+R¢) (RD’+RC)D’] (5.83)
Extraction of transfer functions from state space averaging:
Using 5.55, 5.56, 5.82, 5.83 in equations
sx(s) = A%(s) + BU'(s) (5.84)
P(s) = Cx(s) + F'(s) (5.85)
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2(s) = (sl — A)"B'0/(s) (5.86)

$(s) = C2(s) + Fa'(s) (5.87)

Therefore from 5.86 and 5.87, we can have three transfer functions that provide control to

input transfer function, output impedance and audio susceptibility.

5.4 CASE STUDY:

The designed dc—dc converter when operate with following parameter are analysed. Bode
plot of the transfer functions and the poles location check the stability of the transfer

functions in both modes of operations.

R, = 45.1
L =.000355
R, = .45

D = .55

C = 1.388 * 105

VIN = VG = 4‘50V

vV, = 300V

5.4.1 BUCK OPERATION

During buck operation, when the input voltage is 450V and voltage at the output needs to be
around 300V. State space averaging model is being developed to obtain control to input
transfer function, output impedance and audio susceptibility. The transfer functions are being

analysed using bode plot and their corresponding poles location determined.
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5.4.1.1 Z;;= CONTROL TO INPUT TRANSFER FUNCTION

518.554+9.902e005
$2+1.535e0055+4.588e009

Transfer function: 214 =

Bode plot:

Bode Diagram

30 F

40+ 4

50 i

Magnitude (dB)

60 i

Phase (deg)

90k . L I TR S R R R R
10 10* 10° 10°
Frequency (rad/s)

Figure 5.4 Bode plot of Control to input transfer function Z;

It is found from the bode plot that the system Z, is stable and is verified by poles location as
well.

54.1.2 Z,=OUTPUT IMPEDANCE

Transfer function:

;o —0.3453s2 + 1.949e004s + 9.051e009
1z = s2 + 1.535e005s + 4.588¢009
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Bode plot:

Magnitude (dB)

Phase (deg)

Bode Diagram

&
:

Frequency (rad/s)

Figure 5.5 Bode plot of output impedanceZ; ,

It is found from the bode plot that the system Z;, is stable and it is verified by poles location.

5.4.1.3 Z3= AUDIO SUSCEPTIBILITY

Transfer function:

;o 4.154e005s + 5.55e010
137 2 4+ 1.535€005s + 4.588e009
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Bode plot:

Bode Diagram
30 ——

20 - :

Magnitude (dB)
>

Phase (deg)

Frequency (rad/s)

Figure 5.6 Bode plot for audio susceptibilityZ;3

It is found from the bode plot that the system Z;; is stable and is verified by poles location as
well.

5.4.2 BOOST OPERATION

During boost operation we have input voltage of 300V and correspondingly there is an output
voltage of 450V.It may also be interpreted as reverse buck operation. State space averaging
model is being developed to obtain control to input transfer function, output impedance and
audio susceptibility. The transfer functions are being analysed using bode plot and poles

location.
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5.4.2.1 Z,;=CONTROL TO INPUT TRANSFER FUNCTION

Transfer function:

. 351.2s + 3.152e005
21 ™ §2 4+ 1.255e005s + 1.403e008

Bode plot:

Bode Diagram
-30 ‘

Magnitude (dB)

Phase (deg)
&

SO0 il R | | Lol Lol =

Frequency (rad/s)

Figure 5.7 Bode plot for control to input transfer function Z,4

It is found from the bode plot that the system Z,is stable and is verified by poles location as
well.
54.2.2 Z,, = OUTPUT IMPEDANCE

Transfer function:

. —0.3951s% — 5.35¢004s — 4.518e008
227 $241.255e005s + 1.403e¢008
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Bode plot:

Bode Diagram
15 T T T T rrrT T T T T rorrry T T T T rTrry

Magnitude (dB)

_10 Ll Ll Lol Lol

150

Phase (deg)

120 & Lo Lo
10 10° 10° 10* 10° 10°
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Figure 5.8 Bode plot for output impedance Z,,

It is found from the bode plot that the system Z,,is unstable despite negative real part of the
poles.

5.4.23 Z,3=AUDIO SUSCEPTIBILITY

Transfer function:

7 - —54.3252 — 1.009e005s — 8.5404€010
23— s2 + 1.255e005s + 1.403e008

47



Bode plot:

Bode Diagram
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Figure 5.9 Bode plot for audio susceptibility Z,3

It is found from the bode plot that the system Z3,is stable and is verified by poles location as
well.

5.5 CONCLUSION

State-space averaging of a non-ideal boost and buck converter has been presented. There
described a DC equivalent and small-signal equivalent circuit models. Resulting small signal
analysis can be analysed using Laplace transform, to know about the behaviour and
properties of the converters.

Small signal analysis makes it simple to determine: (1) the line-to-output transfer function,
which describes how variations or disturbances in the applied voltage lead to disturbances in

the output voltage (2) the control-to-output transfer function, which describes how control
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input variations influence the output voltage. (3) The input impedance, which plays a
significant role when an electromagnetic interference (EMI) filter is added at the converter
power input. The output impedance describes how variations in the load current affect the

output voltage, etc.
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CHAPTER

CONCLUSION AND FUTURE
CONSIDERATIONS

6.1 CONCLUSION

In this dissertation, overview of the Hybrid Electric Vehicle (EHV) and bidirectional
operation of dc-dc converter is discussed. Further design and analysis of dc-dc converter
dedicated for Hybrid Electric Vehicle (EHV) has been presented. Analysis of the converter is
done using state space averaging technique. The transfer functions are obtained for both buck

as well as in boost mode of operation.

Design of the power converter is being done using pre defined methodology in which
parameters are chosen to design best possible converter design. Design of the converter
involved the calculation of semiconductor losses and inductor loss followed by efficiency
calculation. Inductor core materials used are ferrite and iron powder material with core
shapes such as EC-70 and ETD-49.The list of four combinations of type of inductor are

studied and efficiencies of the power converter with these inductors are calculated.

Analysis of the power converter is carried out employing state space averaging. State
space averaging is done to obtain linear time invariant system for both buck and boost modes
of operation. Parameters of the designed converter are taken into consideration for state space
averaging and transfer function such as control to input transfer function, audio susceptibility
and output impedance are derived. Further, the bode diagrams of the transfer functions are
plotted and the corresponding pole locations are determined. Result shows that all the
transfer functions are stable except the output impedance for boost operation. Thus stability
of all the three transfer functions for both modes of operation are being checked and

analysed.
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6.2 FUTURE WORK

The future scope of the proposed work is as follows:
e The power converter can be designed using other types of inductor core and a
comparative analysis can be carried out with the existing design developed.
e The frequency domain parameters can be improved further for transfer functions
obtained from state space averaging.
¢ The instability of the output impedance in boost mode of operation can be resolved

using suitable compensation techniques.
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