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ABSTRACT

This thesis is focused on evolution, analysis and design of improved single-stage based
integrated converters (achieving all modes of vehicle operation, i.e., plug-in charging, propul-
sion and regenerative braking using single-converter) for on-board applications of plug-in
electric vehicles (PEVs).

The research work in this thesis is divided into development of four integrated converter
topologies, each one of which is briefly discussed below.

The first proposed topology is a ZETA-SEPIC based integrated converter. It operates as
ZETA converter during plug-in charging and regenerative braking modes (battery charging
operation), and as SEPIC converter for propulsion mode. Due to ZETA and SEPIC operation,
the converter has buck/boost capabilities in each mode; The battery can therefore be charged
from universal input voltage. Further, the stored mechanical energy can be captured entirety
to charge battery during regenerative braking of vehicle. During propulsion mode, the dc-link
voltage can be controlled for wide range of battery voltages. Moreover, in this converter only
one switch operates for any given mode which simplifies the control implementation. The
theoretical efficiency of the converter in plug-in charging, propulsion and regenerative brak-
ing modes are computed and compared with existing integrated converters. This converter
is then evaluated for voltage and current stresses on semiconductor devices during above-
mentioned modes of operation. It has a limitation of high voltage/current stresses (sum of
input/output quantities (voltage/current)) on semiconductor devices. The voltage stress on
semiconductors in propulsion and regenerative braking modes are a sum of dc-link voltage
and battery voltage usually higher than plug-in charging mode (sum of grid voltage and bat-
tery voltage). The power rating of converter in propulsion mode is usually much higher than
other two modes; therefore, high stresses in propulsion mode are downside for vehicle appli-
cation.

To overcome above-mentioned limitation of ZETA-SEPIC converter, another modified
ZETA based integrated converter has been proposed, which has lower stresses in propulsion
and regenerative modes. Also, the proposed converter has higher efficiency in these two

modes compared to other existing integrated converters . Efficiency improvement in these two



modes leads to a longer run of vehicle. The peak efficiencies of propulsion and regenerative
braking modes are 97.2% and 98.1%, respectively.

To take forward this work, another integrated converter is developed from conventional
SEPIC which has also lower stresses (in propulsion and regenerative braking modes) same
as the modified ZETA based converter. Moreover, this converter utilizes a nonlinear carrier
control method which saves voltage sensor requirement for power factor correction (PFC)
in continuous conduction mode (CCM) operation. Reduction of feedback circuitry enhances
compactness of the converter making it more suitable for on-board charger (OBC). The con-
trol scheme for PFC gives high power factor (PF) and low total harmonic distortion (THD)
for both simulation and experimental validation. Further, converter stress and loss analysis
have been carried out for selection of proper rating of semiconductor devices. The total losses
of the proposed converter in ac/dc (plug-in charging) and dc/dc (propulsion and regenerative
braking) stages have been found close to their conventional counterparts. It is due to the
fact that both in ac/dc and dc/dc stages, one additional mechanical switch in the current path
compared to conventional converters, and calculated loss in mechanical switch is negligible
compared to semiconductor devices and passive components.

An integrated converter has been derived from conventional two-switch buck/boost con-
verter capable of operating for charging, propulsion and regenerative modes have been further
investigated. The main advantage of this integrated converter is a peak efficiency improve-
ment in propulsion boost and regenerative buck modes compared to an existing integrated
converter which is most competent to the proposed converter, and low voltage/current stresses
in each mode. Efficiency improvements in aforementioned modes are desirable in vehicle ap-
plications because the occurrence of these modes is more common than propulsion buck and
regenerative boost modes. Moreover, this converter has two inductors but the size of the
second inductor, i.e., Lo is approximately reduced by more than 25% compared to existing
integrated converter.

All the proposed converters are verified through simulation and experiment undertaken
using laboratory prototype. The waveforms obtained from simulation and experiment are

presented in this thesis.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Land transport sector mainly depends on oil products. Several actions have been taken in or-
der to mitigate this dependency. On one hand, public transport has been developed as electric
trains (trams, subway and high speed trains). On other hand, efficiency of private transport
has been improved by reducing the weight of vehicle by using more efficient internal combus-
tion engines (ICEs). However, the improvements in the ICEs technology are not enough to
significantly reduce oil consumption. In this direction, researchers and carmakers have been
working on several options including vehicles powered by biodiesel, ethanol, compressed
natural gas (CNG), liquefied natural gas (LNG), hydrogen, compressed air, electric vehicles
(EVs), etc.

Recent developments have led to penetration of EVs into market as an alternative to con-
ventional vehicles employing ICEs. Enabling policy of developed as well as developing
countries and ever-growing need to curb air pollution of cities has created most suitable en-
vironment for these developments. Several countries have established emission standards
which are designed to limit the pollutant emissions of upcoming vehicles sold in the coun-
tries. Furthermore, growing research in the battery technology provides improved and more
affordable batteries for upcoming EVs; hence, the overall cost of EVs is reducing fast. It is
expected that sales of EVs will grow continuously for two main reasons: economy of scale
and new developments in the battery technology. As for the economy of scale, some compa-
nies have established battery manufacturing facility of their own to cut its costs. Moreover,
it must be noted that batteries are being widely used in distributed generation, unmanned
vehicle aviation applications, etc., and their cost is bound to fall rapidly.

Most of the EVs are charged through a direct connection between vehicle and low voltage
distribution network and this type of EVs which are connected to the grid, known as plug-in
electric vehicles (PEVs). The PEVs can be classified, mainly plug-in hybrid electric vehicles
(PHEVs), battery electric vehicles (BEVs) and fuel cell plug-in hybrid electric vehicles (FC-
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PHEV). On other hand, vehicles such as hybrid electric vehicles (HEVs) are not considered
as PEVs. As the batteries of these types of vehicles are charged with internally generated
electricity by ICE and they need not be charged from the grid.

The PEVs are now a promising solution to curb the air pollution that uses pollution free
battery power to produce clean energy for the vehicle [1]. The PEVs are a combination of
add-on charger, battery and the inverter-drive system [2-5]. Battery plays a critical role in
the evolution of PEVs. Its cost, weight, energy density, charging time and lifetime are still
challenges for full commercialization. As the charging time and lifetime of the battery have a
strong reliance on the characteristics of the battery chargers [[6-16]. The battery chargers for
on-board applications have to be small and light since it is placed into vehicles. Therefore,
in this direction researchers across the world are working to develop and design of compact

charging system for PEVs.

1.2 Literature Review

This Section focuses on classification of battery chargers, and literature review of single-stage
based chargers for on-board applications. The single-stage chargers are classified into con-
ventional and integrated chargers. These chargers generally employ non-isolated converters

which are suitable for compact charging system for on-board charger (OBC).

1.2.1 Classification of chargers

Two types of battery chargers are employed for PEVs; stand-alone (off-board) charger and
OBC. Off-board charging system is used when higher charging power is required. The
size and weight of the charger are easier to handle with an off-board charger. The OBC
is more prevalent because it is placed inside the vehicle; therefore, vehicle can be charged
anywhere [17,/18]. The desired features of OBC are light weight, high power density and high
efficiency [15[19]. The OBC may have two-stage converter (Fig. [I.I) or single-stage con-
verter (Fig. [1.2), but due to a large number of components in two-stage chargers [3},20-25]],
the single-stage chargers [26-30] are more attractive for on-board applications, even though
it suffers from low frequency battery current ripple. The OBC adds weight, volume, and
cost to the vehicle; therefore, usually, it is designed for power levels (< 3.5 kW) [30, 31].

However, a two-stage converter using transformer as an isolation is a common rule in OBC
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Fig. 1.2. Block diagram of single-stage EV battery charger

design. Moreover, a high-frequency transformer for wide-range output voltage and galvanic
1solation has a negative impact on efficiency and power density [32-34]. As such, there is no
requirement of isolation for the safety of EVs as per SAE (Society of Automotive Engineers)
J1772 [18] . Also, there is no electrical constraint that the battery should be isolated from ac
input, because its ground is generally floating with the body ground of the vehicle [18]]. Nev-
ertheless, from the safety point of view, a relay protective circuit can be added at the output
battery terminals. Another classification of chargers is described in terms of power levels
and charging time. The choice of classification is based on nationally available power lev-
els [20], which is shown in Table Further, chargers are also classified as: unidirectional

charger and bidirectional charger.

Unidirectional charger can charge the battery but can not inject energy into the grid. Usu-
ally, these chargers are implemented in a single-stage to limit cost, weight, volume, and
losses. The block diagram of single-stage charger (Fig. [1.2) is a typical example of uni-
directional chargers. High-frequency isolation transformers can be employed when desired.
Simplicity in the control of unidirectional chargers makes it relatively easy for an utility to
manage heavily loaded feeders due to multiple EVs. With a high penetration of EVs and ac-
tive control of charging current, these chargers can meet most utility objectives while avoiding

cost, performance, and safety concerns associated with bidirectional chargers [35,36].
A bidirectional charger supports charging from the grid, battery energy can be injected
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Table 1.1. Charger classification in terms of power levels

Power level types Charger location Typical uses of place Power level Charging time
Level-1
120 Vac (US) On-board, 1-phase Charging at home 1.4 kW (12A) 4-11 hours
230 Vac (EU) 1.9 kW(20A) 11-36 hours
Level-2
240 Vac (US) On-board 1-or-3-phase Charging at private or public outlets 4 kW (17A) 1-4 hours
400 Vac (EU) 8 kW (32A) 2-6 hours
Level-3
(208-600 Vac or Vdc) Off-board, 3-phase Commercial or public Commercial or public ~ 0.2-0.5 hours

o— Bidirectional J_ Bidirectional
ac/dc T dc/dce
— converter converter

Battery
pack

Grid

Power flow

Fig. 1.3. Block diagram of bidirectional charger

back to grid, referred as vehicle-to-grid (V2G) operation mode. A typical block diagram
of such charger is shown in Fig. The bidirectional charger has two stages: an active
grid connected bidirectional ac/dc converter that enforces power factor and a bidirectional
dc/dc converter to regulate battery current. But bidirectional power flow limitations such as,
battery degradation due to frequent cycling, high cost of a charger with bidirectional power
flow capability, metering issues, and necessary distribution system up-gradation. Moreover,

use of bidirectional charger will require extensive safety measures.

With a significant increase of PEVs, a single-stage based OBC can be more attractive than
off-board charger because OBC avoids lesser deployment of off-board charging stations as
well as controls crowd at the charging stations. To further reduce cost, weight and volume
of the OBC, researchers have developed integrated type of chargers. Which can be classi-
fied as integrated chargers utilizing machine windings and traction converter into charging
circuit, and integrated chargers incorporating bidirectional dc/dc converter into the charging
circuit. In subsequent Sections, single-stage based chargers (conventional and integrated) are

reviewed.



1.2.2 Conventional single-stage chargers

A systematic block diagram of a conventional single-stage charger has been shown in Fig.

In the following paragraph conventional single-stage chargers have been reviewed.

In [29], a SEPIC based converter has been proposed for OBC using three inductors and
at least one additional inductor is required to achieve propulsion and regenerative braking
modes. Therefore, an increase of magnetic components will have a negative effect on weight,
cost and volume of the charger. Authors in [27] and [28] have proposed a Cuk converter
based OBC using two inductors, and to achieve other modes of vehicle some additional com-
ponents will be utilized. As a result, this charger is less suitable for on-board applications. A
charger in [30] utilizes four switches, eight diodes and two inductors for charging operation.
Therefore, this charger uses a number of active and passive components to accomplish all
modes which results in an adverse effect on cost and compactness of the charger. Authors
in [37]] have proposed a bridgeless type front-end power factor correction (PFC) converter for
a battery charger which uses four inductors hence this converter is not an adequate solution
for compact OBC. However, this converter has high efficiency due to its bridgeless nature. A
multi device based interleaved boost PFC converter has been proposed in [38]]. This converter
has four switches, six diodes and two inductors with only boosting capability. Therefore, the
battery voltage, 200-450 V [10,32]] can not be charged from universal input voltage range
(90-260 V). Authors in [26] have proposed a battery charger for wide range of battery volt-
age but it uses a number of passive components and semiconductor devices; therefore, the
floor area of the charger will increase and less suitable for OBC applications. Authors in [39]
have proposed an OBC for PEVs using isolated converter which utilizes a large number of
active and passive components for charging operation. A zero voltage switching (ZVS) based
interleaved boost converter has been proposed in [40]] for efficiency improvement in plug-in
charging mode which uses four auxiliary components, two switches, one capacitor and one

inductor.

1.2.3 Integrated chargers utilizing machine windings into the charging circuit

In this type of integrated chargers, electric motor windings and traction converters are used

in the charging with the help of some relays and mechanical switches, which eliminates the
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Fig. 1.4. Block diagram of an integrated charger utilizing machine windings into the charging

circuit

use of extra converter (set of inductors and switches) for charging operation. This reduces the
weight of charger because inductors are the heaviest components in converter compared to
other components such as switches, diodes and capacitors. A block diagram of such charger
shown in Fig. The various types of these chargers have been reported in [15,41-57];
these chargers are incidentally based on induction, permanent magnet and switch reluctance
machines [[58-66]. All these solutions mostly based on changing or rearranging the wind-
ing configuration of the motor, and inverter serves as a bidirectional ac/dc converter. These
chargers use both single-phase and three-phase supplies; therefore, they can be used for both
low power as well as high power charging applications. But, these chargers always operate
in boost mode then to provide adequate voltage and current to the battery, a bidirectional
dc/dc converter is utilized between dc-link and the battery [67-70]. And the addition of bidi-
rectional dc/dc converter leads to add weight and cost to the charging system. Furthermore,
these integrated chargers exhibit one or more of the following disadvantages: 1) difficulty
in accessing the neutral point of windings; 2) applicability to a certain type of electric ma-
chines; 3) reduced reliability due to mechanical contacts and 4) control complexity and extra

hardware are challenges to implementation in commercial products.

1.2.4 Integrated chargers incorporating bidirectional dc/dc converter into the charging
circuit

A systematic block diagram of this type of integrated charger is shown in Fig. which is

derived from conventional single-stage charger. The bidirectional dc/dc converter connected

between the battery and dc/ac converter [[3371-78]] is combined with PFC stage [4}23] 37,

79-94] to have single power electronic converter for all modes. Therefore, a total number

of components are reduced compared to conventional single-stage chargers because some of
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Fig. 1.5. Block diagram of an integrated charger utilizing dc/dc converter into the charging

circuit

the switches, diodes and passive components are shared among the modes. Various types
of these chargers are reported in [95-100], and all are reviewed. It is assumed that during
charging period vehicle is not driven and during driving period, it is not possible to charge

the battery pack except for regeneration braking period.

An integrated charger was proposed in [95]], as shown in Fig. [I.6] for all modes of vehicle
with buck/boost operation in each mode. The buck/boost operations of the converter allow
more flexible control and capability of efficiently capturing regenerative braking energy. In
addition to this, a wide range of battery voltage, i.e., 200-450 V can be charged from universal
grid voltage. Moreover, in this converter, three or four semiconductor devices (depending on

mode) are in the current path which increases conduction losses and reduces efficiency.

Authors in [96] have proposed an integrated charger using nine switches for any battery
voltage levels, as shown in Fig. The converter has bridgeless nature in plug-in charg-

ing mode; therefore, this converter avoid heat management problem of bridge rectifier and
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associated losses. But presence of the large number of switches leads to less appealing for
OBC application. Moreover, in this converter, a complex control strategy requires to turn on

co-packed IGBT switches.

An integrated charger was in proposed in [97], as shown in Fig. [I.8] using four semi-
conductor switches, one mechanical switch and one inductor for all modes. The converter
operates as an inverting buck/boost, boost and buck in plug-in charging, propulsion and re-
generative braking modes, respectively. Moreover, this converter shows improvement over

converter [95]] in terms of a number of components and efficiency in each mode. Therefore, it
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is a low cost solution for manufacturers. Nevertheless, the major drawbacks of this converter
are increased voltage and current stresses in semiconductors and increased current stress in
magnetic component. Moreover, it has an additional conduction loss compared to their con-
ventional counterpart (two-switch buck/boost converter [[101]) in propulsion and regenerative
braking modes due to the mechanical switch (77).

Dusmez and Khalig [98] have proposed an integrated charger, as shown in Fig. [I.9using
four switches and one inductor with one or two semiconductor devices (depends on mode)

in the main current path. Therefore, each mode has same conduction and switching losses
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Fig. 1.9. Integrated charger [98]]
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Fig. 1.11. Integrated charger [[100]]

compared to their conventional counterparts (single-switch boost converter or two-switch
buck/boost converter). Moreover, this converter has low voltage/current stresses; resulting in
lower losses and smaller heat sink, which ultimately results in miniaturization of the charger.
Moreover, single current transducer is utilized in each mode (by sensing the inductor cur-
rent); therefore, feedback circuitry reduces and making it more compact. But boost operation

during charging; it is not possible to charge the battery when peak grid voltage becomes more

than battery voltage.

Authors in [99] have proposed a charge non-linear carrier control based bridgeless inte-
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grated charger shown in Fig. [[.10] The charge non-linear control based controller has been
used in plug-in charging mode which requires only current feedback for PFC in continuous
conduction mode (CCM). Therefore, reduction of feedback circuity leads to compactness
of the charger. The bridgeless nature of the converter improves the converter efficiency in
plug-in charging mode by reducing devices in the current path. But in a negative half cy-
cle of the grid, the converter operates as conventional inverting buck/boost which results in
high stresses on the components and leads to higher losses (conduction and switching losses).
Therefore, the advantage of bridgeless nature is partially sacrificed in the negative half cycle
of grid voltage. Moreover, none of the operational modes possesses both buck and boost

capabilities leading to limited voltage range of battery and grid.

In [100], a quasi two-stage charger has been proposed for a wide range of battery voltage
shown in Fig. [I.TT, When the battery voltage V}, > peak grid voltage Vj 4., the proposed
converter operates as the conventional boost converter (single-stage operation) and when V;, <
Vgy,maz» the battery draws power through two-stage conversion; therefore, it is named as quasi-
two stage converter. Moreover, two-stage operation results in lower efficiency. This converter
has slightly higher conduction losses in plug-in charging mode compared to conventional
boost PFC converter, it is due to conduction of a additional switch. But this converter has
lower switching losses due to its three-level output voltage characteristics. Moreover, in
propulsion and regenerative braking modes, the proposed converter operates in boost and

buck modes, respectively.

1.2.5 Comparison of integrated chargers

In this Section, a comparison of integrated chargers mentioned in Section have been
established based on voltage/current stresses on semiconductor devices and buck/boost oper-

ation of the converter in each mode along with the total number of components.

The stresses on semiconductor devices in each mode are tabulated in Table where
“High” denotes the sum of input/output quantities [V, + V;, and I,,; + I;;,] and “Low”
denotes either input or output quantity [(V,,; or V;;,) and (s, or I;;,) ]. From Tables [I.2]
and [[.3] the integrated charger [95] has both buck/boost operation and low stresses in each

mode but at the expense of large number of semiconductor devices. The converter [96] has an
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Table 1.2. Voltage and current stresses in semiconductors in each mode

Integrated  Plug-in charging Propulsion Regenerative braking
chargers Voltage Current Voltage Current Voltage Current
Fig.|1.6 Low Low Low Low Low Low
Fig. ; Low Low Low Low Low Low
Fig. E High High Low Low Low Low
Fig. E Low Low Low Low Low Low
Fig.|1.10 High High Low Low Low Low
Fig.[1.11 Low Low Low Low Low Low

Table 1.3. Comparative study of the integrated chargers in terms of buck/boost capabilities

of each mode and number of components

Integrated Mode of operation Number of components
chargers Plug-in charging  Propulsion Regenerative braking Switch Diode Inductor Capacitor
Fig.[1.6 Buck/boost Buck/boost Buck/boost 6 9 1 2
Fig. F Buck/boost Buck/boost Buck/boost 9 4 1 2
Fig. E Buck/boost Boost Buck 5 5 1 2
Fig. E Boost Buck/boost Buck/boost 4 4 1 2

) Boost or Buck/boost
Fig.[1.10 Boost Buck 5 1 1 2

(negative half cycle)

Fig.[1.11 Boost Buck/boost Buck/boost 4 6 2 2
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efficiency improvement over converter [95]] by cutting the number of devices in the current
path but cost of the charger increases due to increase number of switches. The charger [97] is
an improvement over charger [95,96] in terms of the number of components. The charger [98]]
has fewer components compared to all existing converter as well as low stresses in each mode
with only boost charging capability. The charger in [[100] has buck/boost operation in plug-in
charging mode but it requires a complex control strategy during this mode. Moreover, the
two-stage operation of the converter during buck mode sacrifices its advantages.

From the above literature review, it is evident that there is a scope of further improve-
ment in integrated converters by developing converters with have buck/boost capabilities in
each mode, reduce the number of components and improve the efficiency in propulsion and
regenerative braking modes so that vehicle can run for longer distance. In addition to this,
reduction of complexity of feedback circuit will reduce size of the converter and improves

reliability of the converter.
1.3 Objectives of the Thesis

Based on above-mentioned research gaps, the principle objective of this thesis is to develop
improved integrated converters for on-board applications of PEVs with focus on one or more
of the following points: reduction of active and passive components, improvement of opera-
tional efficiency, reduction of feedback element and buck/boost operations in each mode.

To accomplish this, the following research objectives have been formulated:

e The developed topologies have been analyzed for detailed operation, loss analysis,

stress (voltage/current) analysis of switching devices and passive components design.

e Creation of computer simulation for each topology using MATLAB/Simulink software.
Detailed simulation results are presented to verify the suitability of the converter for

charging, propulsion and regenerative braking modes.

e Comparative analysis of the proposed integrated converters is carried out with existing
integrated converters in terms of efficiency, number of components and buck/boost

capabilities for each mode.

e A laboratory prototype has been developed using the field programming gate array
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(FPGA) based dSPACE-1104 controller. The simulation results of the proposed con-

verters have been validated through experimental results of the developed hardware.

1.4 Organization of Thesis

Apart from this chapter the thesis contains five more chapters and two Appendices. The
works included in each chapter and appendix are briefly outlined as follows:

Chapter 2 presents a ZETA-SEPIC based integrated converters which operates as ZETA
converter in plug-in charging and regenerative braking and as SEPIC converter in propulsion
mode. Therefore, it is known as ZETA-SEPIC integrated converter. Due to both ZETA and
SEPIC operations, the converter has buck/boost operation in each mode which is desirable
for vehicle applications. Moreover, in the proposed converter only one switch conducts in
each mode which provides easier control implementation.

Chapter 3 presents a new modified ZETA based integrated converter. The ZETA-SEPIC
integrated converter in Chapter 2 has the problem of high voltage/current stresses on semi-
conductors in each mode. The voltage stress in propulsion and regenerative braking modes
usually much higher than plug-in charging mode as well as high power rating of propulsion
mode result in some of the semiconductor devices are in high stresses. As a result, converter
reliability and devices lifetime are compromised. The proposed converter in this Chapter
overcomes the limitation of high stresses in ZETA-SEPIC integrated converter in propulsion
and regenerative braking modes. Moreover, this converter has higher efficiency in these two
modes compared to other integrated converters.

Chapter 4 focuses on an integrated converter with reduced feedback part. A non-linear
carrier control method is used for PFC operation which saves voltage sensor requirement for
CCM operation. Reduction of feedback circuitry enhances compactness of the converter and
provides more suitability to OBC.

Chapter S presents an integrated converter which has efficiency improvement in propul-
sion boost and regenerative braking modes compared to existing integrated converters. The
efficiency improvement in these two modes leads to a longer distance covered by vehicle per
charging. Moreover, this converter has low stresses in each mode.

Chapter 6 summarizes the conclusions drawn from the exhaustive simulation and exper-
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imentation carried out for each converter topology.
Appendix A describes about simulation and experimental setups. Publications during

the research work are provided in Appendix B.
1.5 Conclusion

This chapter is mainly focused on literature review of conventional single-stage and inte-
grated chargers, thesis objectives and structure of the thesis. The conventional single-stage
chargers operate only in charging mode; therefore, to achieve other modes a separate con-
verter is utilized which adds weight and cost to the system. Therefore, these chargers are not
attractive for OBC applications. In integrated chargers, it is attempted that all modes should
be achieved through a single converter. The integrated chargers can be two types; first which
utilizes machine winding and traction converter in charging circuit. In these chargers, both
single-phase and three-phase supplies can be used for charging operation. Therefore, this
type of integrated chargers can be used for low power as well as high power charging appli-
cations. But high power charging is not popular for on-board applications. These chargers
usually operate in boost mode; therefore, to provide the adequate voltage and current to the
battery some manufactures deploy a bidirectional dc/dc converter between dc-link and the
battery which adds weight and cost to the charging system. Moreover, there is a difficulty to
accessing neutral point of windings and extra hardware requires to implementation in com-
mercial products. In second type of integrated chargers, bidirectional dc/dc converter which
is placed between battery and dc-link, is incorporated into the charging circuit and does not

pose any complexity to the charger. Therefore, it is much popular for OBC.
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CHAPTER 2

ZETA-SEPIC BASED INTEGRATED CONVERTER

2.1 Introduction

This chapter focuses on development of a ZETA-SEPIC based integrated converter topology
shown in Fig. This topology is derived from conventional ZETA converter as shown in
Fig. The proposed integrated converter operates as a ZETA converter in plug-in charg-
ing and regenerative braking modes (battery charging operation), and as a SEPIC converter in
propulsion mode. As both ZETA and SEPIC converters have buck/boost capabilities; there-
fore, the proposed converter has buck/boost capabilities in each mode. Therefore, a wide
range of battery voltage (due to variation in SOC of the battery) can be charged from the grid.
Moreover, the energy stored in the rotating parts can be fully captured during regenerative
braking mode owing to buck/boost capabilities during this mode also. Further, this converter
has fewer number of components compared to the existing converters which have buck/boost
capabilities in all modes. The proposed converter is found to have higher efficiency in each
mode compared to integrated converter (buck/boost capability in each mode) in [95]. As
one switch is in operation during each mode, the controller implementation becomes simpler
in this converter. For the purpose of selection of power switches, voltage/current stresses

analysis and power loss analysis have been carried out for ac/dc and dc/dc conversion stages.
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Fig. 2.1. Proposed ZETA-SEPIC based integrated converter for PEVs
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Fig. 2.2. Conventional ZETA converter for power factor correction

2.2 Conventional ZETA Converter

Fig. [2.2] shows circuit arrangement of conventional ZETA converter for PFC operation. The
converter can operate in either CCM or discontinuous conduction mode (DCM). But for
high power applications, e.g., PEVs, the DCM operation is not preferred because of high
current stress produced in semiconductor devices which in-turn will necessitate use of high
current rating devices. In addition, when converter operates in DCM, the electromagnetic
interference (EMI) problem increases which may cause malfunctioning of other systems too.
Therefore, the CCM operation of the converter is more prevalent for high power applications.
The conventional ZETA converter with single switch can operate only in plug-in charging
mode; to achieve other modes (propulsion and regenerative braking) some additional com-
ponent(s) are employed. The operation of the proposed integrated converter are described in

the following Section.

2.3 Operation of the Proposed Converter

The proposed integrated converter shown in Fig. consists of three switches, four diodes
three capacitors (excluding filter capacitor) and two inductors (excluding filter inductor). In

the following Sections, operation of the converter is discussed using operational waveforms.

2.3.1 Plug-in charging mode

The plug-in charging mode of vehicle is possible only when vehicle is not in motion and then
charger plug is connected to single phase supply socket to charge the battery.
In this mode, the proposed converter operates as ZETA PFC converter and switch S

is operated through PWM signal and remaining switches S, and S5 are kept in OFF-state.
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When switch S; is turned ON, inductor L, stores energy through the path |v,|-L;-S1-Ls-
|vg| and inductor L stores energy through the path |vy|-L-S;1-C-La-Vj-|v,|, as shown Fig.
[2.3(a). When switch S is turned OFF, inductor L; discharges by supplying its stored energy
to the capacitor C, and voltage across capacitor gradually increases, which is shown in Fig.
[2.3(d), and the capacitor gets charged up to the battery voltage V4. While inductor L, supplies
energy to the output stage (capacitor and battery) shown in Fig. [2.3|b) and current through
Ly decreases linearly, as shown in Fig. 2.3(d). The capacitor Cj, gets charged up to Vj pqx
through the body diode of S3 (D7) in short duration then after it retains this value forever in
this mode.

If the duty ratio of the switch Sj is d;, then volt-second balance of inductor L, or L, for

one switching period 7 can be given as
Vi maz|sin(wt)| * di(t) = Vi x (1 — dy () * T (2.1)

From (2.1)), the voltage conversion ratio M; as

Vi di (1)
M, = = 2.2
L st 1 —dy () 2-2)

2.3.2 Propulsion mode

When this mode begins, the battery started supplying power to the dc-link of the inverter and
vehicle comes in running phase.

In this mode, switches S; and S5 are kept in OFF state using mode selector logic, and
switch Ss is gated through PWM signal. When switch Ss is turned ON, inductor L, stores
energy through the path Vj-Ly-S5-V}, and capacitor C discharges through inductor L, as
shown in Fig. [2.4(a) and inductor current through L, is linearly increasing, which is shown
in Fig. 2.5(a). When S, is turned OFF, inductor L, transfers its stored energy in the capacitor
C and dc-link capacitor (', through the path Vj-Lo-C-D7-V},,-V}, and capacitor C is charged
to the battery voltage. The inductor L, transfers its stored energy to the dc-link through
the path L;-D7-V},-L4, as shown in Fig. 2.4(b), and current through L, gradually decreases,
which is shown in Fig. [2.5(a). If the duty ratio of the the switch .S, is d», applying volt-second

balance either in inductor L; or L, for one switching period then one can obtain:
Vpkdy x Ty = Vi * (1 — dg) x T (2.3)
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The voltage conversion ratio M, from (2.3)) can be expressed as

_ th o d2 (2 4)

Vi  1—dy

M;

2.3.3 Regenerative braking mode

During regenerative braking mode switches 57, Sy are OFF and switch S} is in PWM. When
switch S3 is turned ON, inductor L, stores energy through the path V}, Ss3-L;-V}, and in-
ductor L, stores energy through the path V},-S5-C-Ly-V,-V},,, as shown Fig. @Ka). When
Ss is turned OFF L, transfers its stored energy to the capacitor (C) through the path C' -
Ly-Dg shown in Fig. [2.6(b) and capacitor voltage V, gradually increases, which is shown in
Fig. [2.5|d). While, L, transfers its stored energy to capacitor C}, / battery and thus charging
the battery in the process (Fig. [2.6(b)). If the duty ratio of the switch S5 is d3, applying
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Table 2.1. Peak voltage and current ratings of switches in all modes

S] SZ S3
Mode

Voltage Current Voltage Current Voltage Current

Plug-in charging [vg(Wt)wtmrs2 + V3] [ig(wt)utmnsa +Ip]  [Vg(Wl)wtmrsa + V5] [ig(wt)uwtmnsz +Ip]  Vg(wt)utmr/2 + Ve NC
Propulsion Vit Va NC Vit Vi Iy + I, Vit Vo Iy + I,
Regenerative braking Vit Vo NC Vit Vo Iy + I, Vit Vp Iy + In,

NC=Not conducting

volt-second balance in inductor L, or Lo, and given:
th*d?)*TS:‘/b*(l—dg)*TS (25)

The voltage conversion ratio M3 from (2.5)) can be expressed as

Ve ds

M: p—
T Ve 1 —ds

(2.6)

2.4 Components Selection
2.4.1 Selection of semiconductor devices

Usually, power rating and voltage stress on switches in each mode of PEVs are not same.
Therefore, voltage/current rating of a particular switch is selected based on peak voltage/current
developed either in switch or its body diode. It is assumed that voltage stress on body diode
is the same as the switch voltage stress. Table [2.1| shows peak voltage/current stresses in
switches for all modes. From Table [2.1] switch rating is selected as follows:

peak voltage rating of S; and Sy = max( vy(wt)wyi=x/2+ Vs , Vo+V4,) and peak current rating of
St =ig(wWt)wt=r/2 +1Ip. The peak current rating of Sy= max (ig(wt)wi—r/2 +1p, Iy+11,). While
voltage and current rating of S3 is chosen same as Sy because body diode of S3 conducts
in propulsion mode and power rating of propulsion mode in PEVs usually highest among

modes [98]].
2.4.2 Selection of inductors L; and L,

In the PEVs, usually, the power level is high. At high power level CCM operation of converter

is preferred over DCM. During time interval [0, d;(t)7Ts], the inductor current ripple of L,
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can be written as

AiLl = |U—g|d1 (t)Ts (27)
Ly

Boundary condition for inductor current ripple happens when current ripple is the twice of
the average input current. Thus,
- |vg| :
AZLl = —dl (t)TS = 229 (28)
Ly
Assuming unity power factor, the ratio of input voltage and input current can be expressed

by an effective resistor, 2.

V2
Ro="0_-"9 (2.9)
g Py
Thus, the CCM condition for inductor current 77, can be expressed as
R%@) V2 Vi
Ly > max <4 - (2.10)
' ( 2f, Py 25 [Vomazl + Vi

From (2.10), larger are the minimum input power Pg¢,,;, and switching frequency f, the
easier it is for the converter to enter into CCM. Similarly, the boundary condition for L, can

be derived. The CCM condition for inductor current 7,5 can be expressed as

d/ t TS max max 1
L, > Rpdy(t) . R Vs,
2 2 Vymazl + Vo 2fs

2.11)

According to (2.TT)), higher are the switching frequency and smaller load resistance, Rz mqe
the easier it is for the converter to enter into CCM. Using specification given in Table[2.6] the

value of both inductors is selected as 2 mH in the simulation as well as in hardware.

2.4.3 Selection of capacitor C

The coupling capacitor C is an important element in the proposed converter since its value
greatly influence the quality of input current. Therefore, this capacitor will be designed under
the following constraints:

The resonant frequency of L, Ly and C during CCM operation must be greater than
line frequency f;, to avoid input current oscillations at every half line cycle and lower than

switching frequency f; to assure constant voltage in a switching period, i.e.,

fo<fr</fs (2.12)
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where
1

B 2w (Ll + L2>C
In this work, switching frequency, fs is set as 20 kHz, and f, is set as 1 kHz. The

fr (2.13)

capacitor C is selected as 10 pF both in simulation and hardware. The voltage rating of this
capacitor is selected based on battery voltage range because both in ZETA and SEPIC modes,

the voltage across coupling capacitor follows battery voltage.
2.4.4 Selection of L; and C

The design of input filter is essential for maintaining low harmonic distortion in grid current
[91], [102]. The maximum value of filter capacitance is expressed as

1 tan (0)

9smazx

= “fmes ZT17) 2.14
fmaz 27TfL‘/g7maz ( )

and [,

9smazx

where V/

9smazx

are peak input voltage, and 6 is considered below 5° for maintaining
high input power factor. The capacitance C,, . is calculated as 1.14 pF and selected value
in the simulation and hardware is 1 pF.

The filter inductor to maintain low ripple is calculated as

Ly = Wlfo (2.15)
where f. is cut off frequency, which is selected such that it should more than the grid fre-
quency f;, =50 Hz and less than switching frequency f; =20 kHz . Therefore, it is chosen as
4 kHz. The Ly from is calculated as 1.58 m H, and the selected value in the simulation

and hardware is 1.5 mH.
2.4.5 Selection of capacitor C,

With regards to the parallel capacitor across the battery terminal, the switching frequency
voltage ripple is negligible as this capacitor is typically very large. Twice of the line frequency
voltage ripple is more critical since it directly affects the charging voltage. The low-frequency
voltage ripple on the battery capacitor is given as [103]

Py
. 4 frAvV, (2.10)

where f7, is the grid frequency and Awj is the capacitor ripple. To reduce the low frequency

voltage ripple, a large value of capacitor is preferred. However, this will make the electrolytic
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capacitor bulky. Therefore, the trade off between output voltage ripple and capacitor size
must be taken into consideration for designing the converter. From above expression, the

dc-link capacitance is selected as 2.2 mF' for Av, < 5 % of the battery voltage.
2.5 Current Stress and Loss Analyses
2.5.1 Current stress analysis

Further, to investigate the loss analysis of the converter in each mode, we need current stress
model of the proposed converter; therefore, in the following paragraphs, current stresses of
switches and diodes are developed in plug-in charging mode and similar analysis can be
expected for other modes:

Root mean square (RMS) current through switch S, first averaged over one switching

period, then the result is averaged over ac line period and square root is taken of result.

I
I rs = E/ (%)) dt (2.17)
0 T,

() =7 [ O = @i + i) 218

where

where d;(t) = from (2.2) and o = VQTT" The inductors current can be written

1
1+asin(wt)
as: ir1(t) = Imaesin(wt) and irs(t) = al, maeesin®(wt). By substituting di(t), iz (t) and

ir2(t) in (2.18)), which is simplified as

1 ™
L rys = IQMM\/% / sin®(wt)[1 + asin(wt)]d(wt) (2.19)
0

8
Isi rvs = Igrmsy| 1+ am (2.20)
T

A similar analysis for RMS diode current i ps zass can be expressed as

) 3 16
ips,rMS = Ip 5 + 30 (2.21)

Average current through the diode Dy can be expressed as

ID6,avg = %/OW (1 —dy(t))]ip1 + ipe]d(wt) = Lgmaz /Oﬂ[oz sin(wt)]d(wt) (2.22)

/e
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which yields
I g,RMSQ\/§ N

IDG,a'L;g = T

(2.23)

The average current through S; by similar analysis (diode) gives the following expression

2v/2

[sl avg — RMS
b g g7 7T

The instantaneous inductor current through L and L; can be written as

iLf = iLl = 1g max sin(wt)

The RMS current through L; and L, can be computed as

1 [ .
Infrms = Irrus = \/%/ 1y max sin(wt)]*d(wt)
0

which yields

Itfrvs = Ii,rmus = g rus

where I, pys = Ig’maz/\/ﬁ.

The instantaneous current through L, is given as

lrg = ozfgﬁmaxsin2(wt)

1 ™
Iro rms = \/;/ [a]%maxsinQ(wt)fd(wt)
0

3
Ito rvs = [g,RMSa\/;

The average current through L¢, L, and L, is computed as

which yields

I _ 2v/2
ILf,aUg = ]Ll,(wg = ; (/ Ig,max Sln(Wt)) = g,RMST
0

' I
(/ a[g,maxsinz (wt)) = %a
0
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2
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(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)
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Table 2.2. Approximate RMS and average current stresses on switches/diodes in each mode.

Plug-in charging Propulsion Regenerative braking
Device

RMS Average RMS Average RMS Average
Sy [g,RMS\/l + o Ig,RMS¥ NC
S NC Ty WV (1 + 1) NC

b
S3 NC I (V"jiavb)vb d3(Ip + Iny)
hv

Ds NC
Ds Iy/3 + Ba 719"”;32\/506 NC Thoy/ 7(‘]'”";?)‘/]“" (Ip + Ino)(1 — d3)
Dy NC Wt Vo ([, + 1,) (1 — dy) NC
Ly I, rus Ig,RMS¥ NC
Ll Ig,RJ\JS [q,R]\JS% %]}w Ihnv %[hv I}w
L Igusay/3 g 2, L 25 I

where NC = Not conducting.

Similarly, the determination of RMS and average current of switches/diodes and passive com-
ponents in dc/dc stage (propulsion and regenerative braking modes) can be found by integra-

tion of currents over one switching period, which are given as
1 t+Ts
I:? rRMS — A\ 7 / iz (t)dt (2.33)
) TS ¢

1 t+Ts
Lnvg = 7 /t io(t)dt (2.34)

s

where i, (t) is the instantaneous current through a component.
The RMS and average currents through switches/diodes and passive components in each

mode are tabulated in Table

2.5.2 Loss analysis

In this Section, an analytical loss analysis of the proposed converter is investigated in each
mode. The conduction and switching losses for two semiconductor switches, i.e., 1200V/100
A and 1700 V/72 A in ac/dc stage (plug-in charging mode) and dc/dc stage (propulsion and
regenerative braking modes) are analytically calculated using manufacturers data-sheet and

current (RMS and average) expressions (Table[2.2)). Moreover, the passive components which
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are in the main current path also included in this analysis to accurate calculation of efficiency

in each mode. The conduction loss for a MOSFET switch can be calculated as follows

PS,cond =1I * R((m) (235)

s,rms

On other hand, the conduction loss for an IGBT switch will be calculated as:

PS,cond = <7;5>Ts * VCEsat (236)

Switching energy losses occur due to the simultaneous presence of significant drain-
source voltage and drain current during each transient from turn OFF-state to turn ON-state,
and from turn ON-state to turn OFF-state. Then total switching power losses of a switch can

be approximately calculated as

Psw - (V:s,max * ]s,max) * (tr + tf) * fs (237)

N | —

where V .4, and I . are peak values of voltage and current and ¢, and ¢ are the rising and
falling times of a switch, respectively. Power loss of diode is the sum of diode conduction
loss (product of average current (/) and knee voltage (V) ) and reverse recovery loss, which

1s modeled as

PD:VF*IF+PQTT (238)

where Py, is the reverse recovery loss of a diode. The Py, can be neglected for fast recovery
diode and lower switching frequency.

The total semiconductor losses Py is modeled as
PS = PS,cond + Psw + PD (239)

The passive components which are in the main current path are L, Lo, L and capacitor C,

then inductors copper losses are modeled as
P = ]%f,rms *Ty + ]il,rms k7 + ]ig,rms * T2 (240)

where ¢, 1 and ry are series resistances of inductors Ly, L and L, respectively.

The ohmic loss in equivalent series resistance 7. of the capacitor C is expressed as

P.=1% _xr. (2.41)

c,rms
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Table 2.3. Semiconductors and passive components losses of the proposed converter in ac/dc

and dc stages with 1, =300 V and V},, =400 V

Total semiconductors losses, P [W] Total passive components losses, Pp [W]

P, [kW] P kW] Preg [kW]  Vigiq [V Switch ratin;
en (KWI Pprop (KW Preg kW) wria (V] o Plug-in charging  Propulsion  Regenerative braking Plug-in charging  Propulsion  Regenerative braking
(ac/dc stage) ( dc/dc stage) (dc/dc stage) (ac/dc stage) ( dc/dc stage) (dc/dc stage)
1.8 5 0.5 120 113 100.94 23.86 44.88 47.254 22
1200 V/100 A [V =2.55V,
32 5 0.5 240 t,=65ns, ;=80 ns] 116.93 100.94 23.86 48.69 47254 22
1.8 10 1 120 113 207.39 36.8 40.13 189.079 8.2
1200 V/100 A [V =2.55V,
6.6 10 1 240 t, =65ns, t; =80 ns] 253.12 207.39 36.8 185.445 189.079 82
1.8 5 0.5 120 87.44 78.95 16.2 44.88 47.254 22
1700 V/I2 A [Vp =3.6 V,
32 5 0.5 240 t,=20ns,t; =18 ns] 94.18 78.95 16.2 48.69 47254 22
1.8 10 1 120 87.44 201.66 252 44.88 189.079 8.2
1700 V/I12 A[Vp =36V,
6.6 10 1 240 t,=20ns,t; =18 ns] 225.46 201.66 25.2 185.445 189.079 8.2

Then total passive components losses Pp is given as
Pp = Pry+ Pri+ Pra+ F. (2.42)

where Py, Py and P are the copper loss in Ly, Ly and Lo, respectively. To use (2.42) for

loss calculation of passive components in dc/dc stage, the P, will be discarded.

Using loss equations (2.35)-(2.42)), Table [2.3] shows total semiconductors losses Pg and
total passive components losses FPp in ac/dc stage and dc/dc stage where P, P, and
P,.q denote power rating of plug-in charging, propulsion and regenerative braking modes,
respectively. It is noticed that from Table in ac/dc stage, the Pg with grid voltage of 240
V is between 2.9-4% of the rated power for mentioned switching devices. With 120 V grid
voltage, Ps in ac/dc stage varies between 4.8-6.2% of the rated power for both switching
devices. With 120 V grid voltage, percentage of Ps is high compared to 240 V grid voltage.
It is because with 120 V, grid current is higher compared to 240 V, leading to higher losses in
the components. The Ps in dc/dc stage is 2.5-4.7% of the rated power.

The Pp in ac/dc stage with 120 V grid voltage is 2.5% of the rated power and with 240
V grid voltage is 1.5-2.78% of the rated power. In dc/dc stage, the Pp is between 0.3-2%
of the rated power. Moreover, the total losses (semiconductors and passive components) in
ac/dc and dc/dc stages are between 6.2-8.2% and 2-5% of the rated power for both devices,
respectively. Percentage of total losses in ac/dc stage is higher compared to dc/dc stage, it is
because in ac/dc stage additional losses of rectifier diodes and grid side filter components. A

loss breakdown of the converter at full load for 1200 V/100 A switch is given in Table 2.4
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Table 2.4. A loss breakdown of the system in ac/dc and dc/dc stages with 400 V dc-link and
300 V battery

Mode Psconda [W] Psw [W] Pp[W] Pre[W] Pri [W] Ppr2 [W] Pc[W]
Plug-in charging [240 V, 6.6
65 56.62 107.32  45.375 73.18 65.81 1.08
kW]
Propulsion [10 kW] 79.4 58.99 69 -— 68.75 115.95 4.379
Regenerative braking [1 kW] 12 10.2 14.6 -— 34 42 0.6

Table 2.5. Comparative study of the proposed integrated converter with single-stage chargers

Charger Mode of operation Number of components
topologies Plug-in charging Propulsion Regenerative braking Switch Diode Inductor Capacitor
Boost PFC converter Boost Buck/boost Buck/boost 5 5
Inverting Buck/boost PFC Converter Buck/boost Buck/boost Buck/boost 5 5 2
SEPIC PFC converter Buck/boost Buck/boost Buck/boost 5 5 3 3
CuK PFC converter Buck/boost Buck/boost Buck/boost 5 5 3 3
Integrated converter [95] Buck/boost Buck/boost Buck/boost 6 9 1 2
Integrated converter [98] Boost Buck/boost Buck /boost 4 4 1 2
Integrated converter [99] Boost Boost Buck 5 1 1 2
Proposed integrated converter Buck/boost Buck/boost Buck/boost 3 4 2 3
2.6 Comparative Study

2.6.1 Comparison with single-stage chargers

The conventional single-stage battery charger topologies, namely the boost PFC converter, in-
verting buck/boost PFC converter, SEPIC PFC converter, and Cuk PFC converter are shown
in Fig. In order to have a fair comparison of the proposed converter with conven-
tional single-stage converters, the dc/dc converter connected between the battery and dc-link
in Fig. is assumed to be a four-quadrant bidirectional converter. The boost PFC con-
verter can charge the battery when battery voltage is more than the peak grid voltage (V}, >
Vy.maz)- While other conventional converters can charge the battery whether battery voltage

is higher or lower than the peak grid voltage. But inverting buck/boost and Cuk converter
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Fig. 2.7. Conventional single-stage EV battery chargers, (a) PFC boost converter, (b) invert-
ing buck/boost PFC converter, (c) SEPIC PFC converter, (d) Cuk PFC converter

both have negative output voltage with respect to the input. The same polarity between the
input and the output has an advantage of solving electromagnetic interference (EMI) /elec-
tromagnetic compatibility (EMC) problems and in filters design become easy, because the
internal ground of a vehicle, the ground of the OBC and the cathode of the battery can have
the same potential [30]. However, in Cuk and SEPIC PFC based converter topologies have an
additional inductor compared to the proposed integrated converter. In addition to these con-
ventional chargers, other existing integrated chargers are also included in this comparative
analysis. It is seen from Table [2.5] the proposed converter has least components compared
to those converters which have buck/boost operation in each mode. However, the integrated
converter [95] has lower voltage/current stresses in the devices (either input or output volt-
age/current) as well as buck/boost operations in each mode, but the efficiency of this converter
is lower because of three or four semiconductor devices (depending on mode) in the current
path. The integrated converter [98]] has low stresses as converter [95]], but the major limita-
tion of this converter is only have a boost charging capability thereby selection of the wide
range of battery voltage is not possible. The efficiency plots of the proposed converter and
integrated converters of [95,98]] using 1200 V/100 A device in each mode are shown in Fig.

The integrated converter [99] has bridge less nature in plug-in charging mode, low volt-
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age and current stresses in propulsion and regenerative modes and one or two device(s) are
in the main current path; therefore, this converter will have higher efficiency than proposed
converter in each mode. However, the major limitation of this converter is, none of the modes

has buck/boost operation.

From Table [2.5] the proposed converter has two additional passive components (one in-
ductor and one intermediate capacitor C') compared to other existing integrated converters.
The voltage across capacitor C follows battery voltage both in SEPIC and ZETA modes, the
peak voltage across the capacitor C' =V, + AV, where AV is voltage ripple of V- then volt-
age rating of this capacitor is selected according to slightly higher than the battery voltage.
Usually, the capacitance value of C' is between 0.5-10 pF for 20 kHz switching frequency
range [91,/104]]; therefore, the size of this capacitor is smaller compared to the battery termi-
nal capacitor (, (designed based on twice of the grid frequency). Nevertheless, the additional
increase of two passive components as well as higher losses in the proposed converter com-
pared to existing converters [98, 99]] result in increase in volume of the proposed converter.
But converter [95] has a number of semiconductor devices (switches are twice of the pro-
posed converter) and switches with driver circuit occupy a considerable floor area (Fig. [2.20)
as well as higher losses; therefore, the overall size of the proposed converter may be lower
or comparable to this converter. Moreover, compared to conventional single-stage converters
that have buck/boost operations in each mode, the proposed converter has lower volume due

to fewer number of passive and semiconductor components.

2.6.2 Components lifetime and reliability analysis

The lifetime of semiconductor switches are typically much higher than capacitor and battery.
The capacitor connected to the high voltage dc-link is not utilized during plug-in charging,
and the capacitor connected to the battery terminals is also cycled similar to the conventional
OBC:s (Fig. [2.77); therefore, the proposed converter will not pose any additional threat on the

capacitor failure.

Switch S, or its body diode conducts in each mode as discussed in operation modes;
therefore, extra cycling of Sy may reduce its lifetime to some extent. In addition to this,

failure of this switch affects other two modes, as a result, reliability of the proposed converter
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Fig. 2.9. Control algorithm of the proposed converter during different modes

is slightly lower than conventional OBCs. While switch S conducts only in charging mode
and charging power (usually lower than propulsion mode) will not pose any high thermal or
electric stresses compared to dc/dc conversion stage; therefore, its chance of failure is lower
than other two switches. Nevertheless, if switch .S; fails it would not affect other modes of
operation. Switch S3 conducts in regenerative braking mode and its body diode in propulsion

mode. Therefore, its failure chance is high compared to .S; and low compared to S5.

2.7 Control Strategy

The control structure during different modes of converter operation [98] is shown in Fig.
Each mode is implemented by mode selector logic, which requires external input such as;
torque (7), speed (w), and charging power (F). Since this work is focused on power elec-

tronics converter parts of the electric vehicle; therefore, the mode selection is done manually.

During battery charging from the grid, the reference charging power is divided by instan-
taneous battery voltage to create a reference battery current as input to the outer proportional-
integral (PI) controller G;;(z). The output of the outer PI controller is a reference dc signal,
which is multiplied by a unit rectified sinusoidal wave to generate the reference input to the
inner current PI controller G, (). This current controller works on this reference current so

as to get power factor correction on the grid side.
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The outer PI controller G (2) is expressed as

KT,

Glb(z) = Kp+ -1

(2.43)

where K, is the proportional gain to adjust the control bandwidth and K; is the integral gain
to achieve zero steady state error.

The inner PI controller is given by the following equation as

KicTs
Gir(2) = Kpe + —— (2.44)

where K, is the proportional gain and K. is the integral gain. These two coefficients are
tuned such that the bandwidth of the controller is kept between one sixth to one tenth of
the switching frequency. Further, due to presence of low frequency component (100 Hz)
in battery current, the bandwidth of G;(2) controller is kept below 100 Hz to avoid the
distortion in the reference signal for inner current loop.

In propulsion and regenerative braking modes, average current mode controller is used.
Depending upon operating modes appropriate switch is turned ON. In propulsion mode, the
dc-link voltage is regulated through two loop controller. The outer PI controller Gy, (2)
regulates the dc-link voltage by generating reference battery current for the inner current
controller G;.(2). In regenerative braking modes, the reference quantity is usually torque.
Therefore, torque is converted into reference charging power and this reference power is
divided by instantaneous battery voltage, to generate reference battery current, which is input

to the current controller G,.(z) for battery current tracking, as shown in Fig.
2.8 Results and Discussion
2.8.1 Simulation results

The simulation of the proposed converter has been carried out in MATLAB/Simulink envi-
ronment using two sets of parameters shown in Table[2.6] The first set is for nominal voltage
and power, whereas the second set is for reduced voltage and power to bring parity between
simulated and experimental results.

SET-1: This simulation study is carried out with the parameters values corresponding to

SET-1.
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Table 2.6. Simulation parameters

Parameters Values (SET-1/SET-2)

Grid voltage (V) 220/70.7 'V
dc-link voltage (Vy,,) 400/60 V
Line frequency (f1) 50/50 Hz
Battery nominal voltage (Vy) 300/36 V

Nominal charging power () 1 kW210 W

Ly/Ls 2/2 mH
Switching frequency ( fs) 20/20 kHz
Cpo/ CIC, 550/ 10/ 2200 i F' (SET-1 and SET-2)

(V)& i (A)

A%

((‘i)

7
3

8.7 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.8
Tirgee) (s)

Fig. 2.10. Simulation waveforms during plug-in charging mode with 220 Vs of grid volt-

age, (a) grid voltage and current, (b) battery voltage, (c) battery current, (d) filter voltage
(Ver) (V), (e) filter inductor current (¢r,¢)
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Fig. 2.11. Simulation waveforms of propulsion mode, (a) dc-link voltage, (b) battery voltage,

(c) battery current, (d) dc-link current

In charging mode, the grid voltage is fixed at 220 V, charging power is 1 kW and the
nominal battery voltage is 300 V with 20 % of SOC. Fig. [2.10] shows simulated waveforms
of grid voltage (v,), grid current (z,), battery voltage (V}), battery current (i) and grid side
filter voltage and current (Vs and i.¢). It is seen from Fig. (a), the grid voltage and grid
current are in the phase. The total harmonic distortion (THD)and power factor (PF) of the
grid current computed using Fast Fourier Transform (FFT) tool of the MATLAB are 3.77%
and 0.99, respectively. The battery voltage and current are also shown in Fig. (b) and
(c), respectively. From Fig. it is seen that the battery current has a low frequency (100
Hz) oscillation, which is inherent in single-stage (single-phase) system. This oscillation of
battery current depends on filter inductor connected in series with the battery. The value of
inductance filter is chosen such that compromised between allowable low frequency battery
ripple current and compactness of the charger. The grid side filter capacitor voltage and filter

inductor current are also shown in Fig. [2.10(d) and (e), respectively.

The relevant waveforms of propulsion mode are shown in Fig. 2.11] with 400 V dc-link
and 1 kW output load power. The dynamic performance of this mode is shown in Fig. 2.12]

by step load variations. The load power is changed from 1 to 2 kW at t = 1.2 s and from 2 to
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Fig. 2.12. Simulation waveforms of propulsion mode with step load variations, (a) dc-link

voltage, (b) battery voltage, (c) battery current, (d) dc-link current

1 kW at t = 1.8 s. The control objective of this mode is to keep the dc-link voltage constant
for satisfactory operation of the inverter-drive system. The dc-link voltage is well regulated
at 400 V after the load changes, as shown in Fig. [2.12(a) which shows effectiveness of the
controller performance. The battery voltage and current are shown in Fig. [2.12(b) and (c),
respectively. The battery current is seen to be increasing from 3.45 At0 6.9 Aatt=1.2s1n
Fig. 2.12]c). Similarly, when load is reduced from 2 to 1 kW at t = 1.8 s, the battery current
comes down to 3.45 A from 6.9 A. As seen in Fig. [2.12(b), the battery voltage is nearly
constant during this interval. The change in dc-link current is shown in Fig. 2.12(d) at the

load power variations.

The simulation waveforms of regenerative mode are shown in Fig. To verify this
mode, the dc-link voltage is varied and battery is charged through a constant current. The
dc-link voltage variations are between 290 V to 350 V, as shown in Fig[2.13((a). The battery
voltage and current are shown in Fig. [2.13(b) and (c), respectively. Fig. 2.13(c), The battery

current is kept constant at 3.5 A by controller irrespective of the dc-link voltage variations.

SET-2: In this set of simulation, the proposed converter is simulated at lower voltage and

power levels which are used for experimental validation. The parameters used in this set are
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Fig. 2.13. Simulation of regenerative braking mode (a) dc-link voltage, (b) battery voltage,

(c) battery current

2 0.21 0.22 0.23 0.24 0(2)5 0.26 0.27 0.28 0.29 0.3
e

Time (s)

Fig. 2.14. Simulation waveforms of plug-in charging mode with 100 V (peak) grid voltage
and 60 V battery voltage, (a) grid voltage and current, (b) battery voltage, (c) battery current,

(d) filter voltage (V. ), (e) filter inductor current (i)
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Fig. 2.16. Voltage waveform across switch S; in plug-in charging mode

given in Table

In plug-in charging mode, the peak grid voltage is fixed at 100 V, charging power is
210 W and the nominal battery voltage is 36 V with 20% SOC. Fig. shows simulated
waveforms of this mode. It is seen from Fig. [2.14(a), the grid voltage and current are in the
same phase with sinusoidal shape. The measured THD of the grid current and PF are around
3.53% and 0.999, respectively, which indicates the effectiveness of the converter operation at
lower charging power, grid and battery voltages. The battery voltage and current are shown
in Fig. [2.14] (b) and (c), respectively. The V.; and iy are also shown in Fig. [2.14(d) and
(e), respectively. In Fig. [2.15(a), the voltage across capacitor C, i.e., V> which follows the
battery voltage (Fig. [2.15(b)), and ripple in the V. depends on the battery voltage ripple and
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Fig. 2.17. Simulation waveforms during propulsion with 60 V battery, 100 V dc-link and 400
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Fig. 2.18. The dynamic operation of propulsion mode with step load variations, (a) dc-link

voltage, (b) battery voltage. (c) battery current, (d) dc-link current
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Fig. 2.19. Simulation waveforms of regenerative braking mode, (a) dc-link voltage, (b) bat-

tery voltage, (c) battery current, (d) capacitor voltage V,

capacitance value of C'. The voltage developed across switch S; is shown in Fig. 2.16| which

is the sum of the battery and grid voltages.

Simulation of propulsion mode is done with 60 V dc-link voltage and 240 W load power,
as shown in Fig. Dynamic operation of the converter is verified by step load changes at
t=1sfrom 120 to 240 W and 240 to 120 W at t = 2 s. From Fig. 2.1§|(a), the dc-link voltage
is well regulated at reference value even after the load change which indicates controller
is working effectively at the lower voltage and power ratings. The battery voltage, battery
current and dc-link current are shown in Fig. 2.18](b), (c) and (d), respectively. From Fig.
b), the battery current increases from 3.44 A to 6.89 A at t = 1 s. Similarly, when load
is reduced from 240 to 120 W at t = 2 s, the battery current reduces to 3.44 A from 6.89 A.
The dc-link current varies as 2-4-2 A at the load changes shown in Fig. [2.18|(d).

The regenerative braking mode of this set is verified by linear variations in the dc-link
voltage, as shown in Fig. The dc-link voltage is linearly increased from 50 V, t =0 s
to 80 V, t = 2 s. It is held constant at 80 V betweent=2stot=2.5s, aftert =2.5 s, it is
linearly reduced, as shown in Fig. 2.19(a), and the battery is charged with constant current

of 3 A shown in Fig. c). The voltage V- follows the battery voltage, as shown in Fig.
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Table 2.7. Experimental setup parameters

Parameters Values
Grid voltage (v,) 42.42/70.7 V
dc-link voltage (V) 60V
Line frequency (f7) 50Hz
Battery voltage (V}) 36V
Battery capacity 26 Ah
Ly/Ls 2mH
Cho/Cril Gy 550/10/2200 puF

2.19(d).

2.8.2 Experimental results

The parameters and specifications of prototype model of the proposed converter are men-
tioned in Table[2.7] A field-programmable gate array (FPGA) based dSPACE-1104 controller
is used for the development of the proposed converter. The isolation between controller and
gate drivers of semiconductor switches is developed using the optocoupler TLP-250, which
can be operated up to 25 kHz. For voltage protection of the switches, an RC snubber cir-
cuit is used along with driver circuit shown in Fig. 2.20f During plug-in charging mode,
the grid voltage and output battery current are measured using voltage and current sensor,
respectively. The dc-link voltage is also measured using voltage sensor. The grid current is
measured through an ac current probe of FLUK power analyzer. A detailed explanation of
experimental setup was discussed in Appendix A.

Figure 2.21] shows experimental waveforms during plug-in charging mode. During this
mode when the battery is charged from the grid supply; the converter is operating in PFC.
In Fig. the grid current at CH1 has nearly sinusoidal shape and in phase with the grid
voltage at CH2, which shows that the converter is operating under unity power factor condi-
tion. The battery current and battery voltage are shown at CH3 and CH4, respectively. The

low frequency oscillation in the battery current is seen at CH3 of Fig. which increases
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Fig. 2.21. Experimental waveforms of plug-in charging mode (CH1: grid current, CH2: grid

voltage, CH3: battery current and CH4: battery voltage)

the reverse recovery losses of diode Dg; therefore, an inductive filter is connected at bat-
tery terminal to suppress this oscillation. The addition of this filter depends on manufacturer
and battery capability to absorb low frequency ripple current without impairing its life. In
PFC operation, it is mandatory to connect an LC filter after rectifier bridge diode to filter
out discontinuous input current. The waveforms of filter capacitor voltage and filter inductor
current are shown in Fig. 2.22] The voltage across coupling capacitor C' is same as output
voltage, i.e., battery voltage, which is shown in Fig. 2.23] From Fig. [2.24] the measured
power factor is 0.99, and total harmonic distortion (THD) is 7.1%. The high PF operation

of the proposed converter relieves the grid of reactive power burden and reduces the cost
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Fig. 2.22. Experimental waveforms of grid side filter voltage and current (CHI: V. and
CH2: ip¢)

CHI1->>

CH2—>|

Fig. 2.23. Experimental waveforms of coupling capacitor and battery voltage (CH1: coupling

capacitor voltage and CH2: battery voltage)
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Fig. 2.24. Waveforms of grid voltage, grid current and Power quality parameters
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Fig. 2.25. Experimental waveforms of plug-in charging mode (CH1: grid current, CH2: grid

voltage, CH3: battery current and CH4: battery voltage, (b) power quality parameters
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Fig. 2.26. Power quality parameters with 210 W charging power

of electricity. Furthermore, with 100 V (peak) grid voltage and 85 W charging power (Fig.
@Ka)), the measured PF and THD of the grid current are 0.99 and 7.2%, respectively, as
shown in Fig[2.25(b). The measured input power p, is 89.5 W at 85 W charging power P;
therefore, calculated efficiency is 94.9% . With 210 W charging power and 100 V (peak) grid
voltage, the measured input power is 226 W (Fig. [2.26)) and calculated efficiency is 92.9%,
which is lower compared to 85 W charging power, it is due to fact that conduction losses in

the switches and inductors significantly increase at higher power.

In propulsion mode, the battery voltage is either stepped up or stepped down depending
on the battery SOC and dc-link voltage. Fig. shows screenshot of oscilloscope with 125

W load and 60 V dc-link. The control objective of this mode is to keep the dc-link voltage
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Fig. 2.27. Experimental waveforms during propulsion mode (CHI: dc-link voltage, CH2:

battery voltage, CH3: battery current and CH4: dc-link current)
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Fig. 2.28. The dynamic performance of the converter in propulsion mode (CH1: dc-link

voltage, CH2: battery voltage, CH3: battery current and CH4: dc-link voltage)
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Fig. 2.29. Experimental waveforms during regenerative mode (CH1: dc-link current, CH2:

battery voltage and CH3: battery current)
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Fig. 2.30. Experimental waveforms of regenerative mode with dc-link voltage variations (

CHI1: dc-link voltage, CH2: battery voltage and CH3: battery current)

constant for smooth operation of inverter-drive system. The dynamic performances for this
mode is tested with step load changes from 125 to 215 W and from 215 W to 125 W. The
measured dc-link voltage is regulated at reference value even after the load change, which is
shown in Fig. [2.28]at CH1. The corresponding change in the battery voltage, battery current
and load current are shown in Fig. [2.28|at CH2, CH3 and CH4, respectively.

In regenerative mode, the battery is charged by converting the mechanical energy (stored
in rotating parts) into electrical energy. The generated EMF across the machine terminals is
rectified through the feedback diodes of the inverter to develop a dc link voltage proportional

to rotor speed. In the present work, this mode is tested by rectifying ac voltage, which is
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applied through an auto-transformer. The relevant waveforms of this mode are shown in
Figs. 2.29and 2.30] In Fig. [2.29] the dc-link voltage has been fixed at 70 V, and the battery
is charged with 2.78 A current. In Fig. [2.30} the dc-link voltage is varied between 45 V to 70

V, and the battery current remains constant at 2.78 A through closed loop control scheme.
2.9 Conclusion

The integrated converter proposed in this Chapter operates as ZETA converter for plug-in
charging and regenerative braking modes, while for propulsion mode it operates as SEPIC
converter. Due to this, it exhibits buck/boost capabilities for each of these modes of operation
without voltage inversion, which allows selection of a wide range of the battery voltages,
efficient control of dc-link voltage and capture of the regenerative braking energy over a
wide range of motor speed. In comparison to the existing single-stage converters with sim-
ilar buck/boost capabilities in each mode, the proposed converter has fewer components.
The functionality and performance of the proposed integrated converter have been verified
through extensive simulation and hardware results. The performance of control algorithm is
tested with step load variations in propulsion mode and dc-link voltage variations in regener-
ative braking mode. The detailed stress analysis and loss analysis of the proposed converter
is investigated to select the power stage switches. The maximum theoretical efficiency of the
converter in plug-in charging, propulsion and regenerative braking modes has been computed
as 95.1%, 96.1% and 96.7%, respectively. The measured THDs in the experiment are found
as 7.1% for 85 W charging power, 60 V(peak) grid voltage and 4.8% for 210 W charging
power, 100 V (peak) grid voltage.
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CHAPTER 3

MODIFIED ZETA BASED INTEGRATED CONVERTER

3.1 Introduction

The ZETA-SEPIC based integrated converter discussed in Chapter 2 has many advantages,
but has limitation of high voltage/current stresses (sum of the input/output quantities (volt-
age/current)) on semiconductor devices. The voltage stress on semiconductors devices during
propulsion and regenerative braking modes is the sum of dc-link voltage and battery voltage,
which is higher to the voltage stress in plug-in charging mode (sum of grid voltage and bat-
tery voltage). Moreover, the power rating of propulsion mode is usually much higher than
other two modes. Therefore, high stresses in propulsion mode is a downside for vehicle ap-
plication. To overcome the limitation of ZETA-SEPIC based integrated converter, a modified
ZETA based integrated converter has been proposed with reduced stresses in propulsion and
regenerative modes. The proposed converter in this chapter is derived by modifying conven-
tional ZETA converter with addition of a mechanical switch shown in Fig. @ Also, the con-
verter has higher efficiency in these two modes over existing integrated converters [95,98,99].
The higher efficiency in propulsion and regenerative braking modes leads to a longer run of
vehicle per charging. The detailed analysis, voltage/current stresses and efficiency and loss

calculation have been carried out for the proposed converter.

Fig. 3.1. Proposed modified ZETA based integrated converter
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3.2 Operation of the Proposed Converter

The proposed integrated converter shown in Fig. [3.1|consists of three semiconductor switches,
one mechanical ON-OFF switch, two inductors (excluding filter inductor), three capacitors
(excluding filter capacitor) and one bridge rectifier. In the following Sections, the operation

of converter in each mode is discussed in detailed manner.
3.2.1 Plug-in charging mode

The plug-in charging mode of vehicle is possible only when vehicle is not in motion and the
charger plug is connected to single phase supply socket to charge the battery.

In this mode, converter operates as ZETA PFC converter and switch S is gated through a
PWM and mechanical ON-OFF switch M., is always ON while switches S5 and S3 are OFF-
state. When switch S; is turned ON, inductor L, stores energy through the path |v,|-L;-S;-
|vg| and inductor Lo stores energy through the path |v,|-S;1-C-La-Vj- |v,], as shown in Fig.
[3.2(a). The current through both the inductors increases linearly, as shown in Fig. [3.2] (c).
When switch 5] is turned OFF, inductor L, charges the capacitor C through the body diode of
Sy, and inductor L, supplies energy to the output stage (battery), as shown in Figure [3.2(b).

Let us assume that the duty ratio of the switch S; is d;. The volt-seconds balance of

inductor L, or Lo in switching period 7 can be written as

Vg maz|sin(wt)| * di(t) = vy * (1 — dy(t)) * T (3.1)
From (3.1)), the voltage conversion ratio M, is expressed as

Vi dy (1)
M _ 32
Ly Jsimwl] 1= di(0) (3.2)

3.2.2 Propulsion mode

In this mode, switch M., semiconductor switches S7 and S3 are OFF and switch S5 is operated
through a PWM signal. When S; is turned ON, inductor L, stores energy through the path
Vy-Lo-S2-V}, (blue solid line), as shown in Fig[3.3|(a), and when S, is turned OFF, inductor L
transfers its stored energy to the dc-link capacitor through the diode D~ (red dotted line). The

operation of converter in this mode is same as the operation of conventional boost converter.
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Fig. 3.2. Operation of the converter during plug-in charging mode, (a) switch S is ON, (b)

switch 57 is OFF. (c) Waveforms over one line cycle and one switching cycle
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Fig. 3.3. Operation of converter during (a) propulsion mode, (b) regenerative braking mode

Let us assume that the duty ratio of the switch S; is dy. The volt-second balance of inductor

Lo in switching period T can be written as
Voskdy x Ty = (Vi — Vi) % (1 — dg) * Ty (3.3)

The voltage conversion ratio M, from (3.3)) is expressed as

Vi1

M. —
TV, 1—dy

(3.4)

3.2.3 Regenerative braking mode

The operation of the converter in this mode is same as conventional buck-converter operation.
In regenerative braking mode, buck operation of converter is typically required when

motor back EMF is higher than the battery voltage. The braking energy is then used to
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Table 3.1. Peak voltage and current stresses on switches

S, So S3
Mode
Voltage Current Voltage Current Voltage Current
Plug-in charging [Uq(Wt)wt:w/z +W] [i_q(b-)t)m:w/z +Ih] [U_4/<Wt)wt:7r/2 +V] ll’g(Wt)wt:w/z +Vi] |’Uq(¢~'t)w,:1r/2 +W] NC
Propulsion (NIL] NC Vil [iLaprop)rs +52522] (Vi (iLaprop) s +252722]
Regenerative braking [NIL] NC [Vi] [ (iLareqe) s +2122222] [Vio] [ (iLareqe)rs +2100002

where NC = Not conducting, NIL = 0 voltage, ¢ 1.2,r0p and 77,2,¢ge are inductor Lo current in

propulsion and regenerative braking modes.

Table 3.2. RMS and average current stresses on switches and diodes

Plug-in charging Propulsion Regenerative braking
Device
RMS Average RMS Average RMS Average
Si Irus \/ T4+ad I, pus2Z NC
Sy NC I2dy + mdf—vz do, NC
Ss NC sl
M. I, ris a% 0 NC
Dy NC
Dy Iyfi+ e lmedf, NC \/ B~ da) + C5EpE 11— dy)
D, NC \/1,?(1 —dy) + % I(1— dy) NC
Ly, Ly Iy rus Ig,RMS% NC
Ly ]g‘,RMSOé\/g [’R%Oé %Ib I %Ib I,

where NC = Not conducting.

charge the battery. Switch M, is permanently OFF and switch S3 is PWM gated and the
remaining semiconductor switches are OFF. When switch S5 turned ON, inductor L, stores
energy through the path indicated by blue solid line in Fig. [3.3(b). When S5 is turned OFF
L, transfers its stored energy to the output stage via the path shown by a dotted red line in
Fig. [3.3(b).

Let us assume that duty ratio of the switch S5 is d3. The volt-second balance of inductor

L, in switching period 75 is given as

(Vh’l}_‘/b)*d?)*TS:%*(1_d3)*TS (35)
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The voltage conversion ratio M3 from (3.5)) is expressed as

Y
=7 =

M; ds (3.6)

3.3 Selection of Components
3.3.1 Selection of switching devices

Due to bidirectional operation in the dc/dc stages some of the switches/diodes are shared
between ac/dc and dc/dc stages. The voltage and current stresses on switches/ diodes may be
different in each mode due to different power and voltage rating of these mode. Hence, the
selection of voltage/current rating of a particular switch is decided by the peak voltage/current
developed in switch or its body diode during any mode. Table [3.1] shows the peak voltage
and current stresses of switches in each mode. From this Table, switch rating is selected as
follows:

The peak voltage rating of .S is given as: (vg(wt).wi=r/2 +V4), and the peak current rating
of Sy i ig(wt)wi=r/2 +1p. The peak voltage rating of S, is decided as max ( Vi, vg(wWt)wi=r /2
+V4) and peak voltage rating of switch S5 is chosen as V},,. While current rating of Ss and S

are chosen by propulsion mode power rating.

3.3.2 Selection of passive components

Except inductor Lo, selection of passive components is same as the ZETA-SEPIC based in-
tegrated converter. Therefore, this Section only deals selection of inductor Ls.

Inductor L, participates in all mode of converter operation. Therefore, the CCM condition
of the converter for each mode can be ensured by selecting the inductor value for each of these
modes with allowable current ripple. The maximum of these computed values is picked up
as the value of inductor L.

The value of L, for CCM operation in plug-in charging mode is given as [91]]

Wl =dy)  Vida < Vi ) 3.7)

L = = =
Zplug—in Ay fs Aty fs Aigfs \ Vgmax + Vb

where A, is the grid ripple current.

The values of Ly for CCM operation in propulsion and regenerative braking modes are
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given by following equation as [105,/106]

Viydy
L = 3.8
Zron = At (3.8)
V(1 — d3)
L 3.9
2req Airt. (3.9)
where A1, is the battery ripple current.
The final value of L5 is selected as
L2 = max(Lgplugfm, Lonp, Lgmg) (310)

3.4 Loss Analysis

In this Section, a loss analysis of the proposed converter is investigated in each mode. The
conduction, switching and reverse recovery losses for 1200 V/100 A switch in each mode are
analytically calculated using manufacturers data-sheet and loss expressions given in Chapter
2 Section 2.5.2)). To find the efficiency of the converter, the passive components losses are
also calculated in this Section.

Total losses of semiconductor and mechanical switches Ps is given as

PS:PS,cond+Psw+PD+PMC (311)

where Pg cond, Psw, Pp and Py, are switch conduction loss, switching loss, diode con-
duction loss and conduction loss in switch M., respectively. The above expression (3.11))
is used for loss calculation in ac/dc stage (plug-in charging mode). To use (3.11)) for loss
calculation in dc/dc stage (propulsion and regenerative braking modes), F);, component will
be discarded.

Then total passive components losses Pp for ac/dc and dc/dc conversion stages is given
as

Pp = Pry+ Pr1 + Pro + P, (3.12)

where Prs, Pri, Pro and P, are the ohmic loss of the Ly, Ly, Ly and C, respectively. The
above expression (3.12) is used for ac/dc stage. To use (3.12)) for dc/dc stage, only inductor

Lo loss, i.e., Pro 1s considered.
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Table 3.3. A loss breakdown of the system in ac/dc and dc/dc stages with 400 V dc-link and

300 V battery
Mode Pscond [Wl Psw [WI Pp [W] P, [W] Pre[W] Pri[W] Pra [W] P.[W]

Plug-in charging (ac/dc stage) [240

28.05 27.45 60.93 8.38 10.6 19.55 17.8 0.74
V, 3.2 kW]

Propulsion (dc/dc stage) [10 kW] 41.75 35.49 72.5 -— —— — 122.22 —

Regenerative braking (dc/dc stage
& g g) 6.83 2 6.87 - - - 5.1 -

[1 kW]

Table 3.4. Total losses of the proposed converter in ac/dc and dc stages with 1}, = 300 V and
Vie =400V

Total semiconductors losses, Ps [W] Total passive components losses, P, [W]
Plug-in charging  Propulsion  Regenerative braking plug-in charging Propulsion Regenerative braking
Pn[kW]  Pprop [KW]  Preg [KW] Vg (ac/dc stage) (dc/dc stage) (dc/dc stage) (ac/dc stage) (dc/dc stage) (dc/dc stage)
1.8 10 0.5 120 119.49 149.74 139 45 122.22 1.1
32 10 0.5 240 125.31 149.74 13.9 48 12222 1.1
1.8 15 1 120 119.49 245 15.7 45 275 4.4
6.6 15 1 240 288.646 245 15.7 190.1 275 4.4
1.8 20 1.5 120 119.49 301.6 21.75 45 488.88 6.6
6.6 20 1.5 240 288.646 301.6 21.75 190.1 488.88 6.6

Using loss equations given in Section the loss calculation of each components in

each mode at rated power has been given in Table[3.3]

Further, Table @ shows Pg and P, in each mode for various ac/dc and dc/dc power
levels where P, P, and P,.., denote power rating of plug-in charging, propulsion and
regenerative braking modes, respectively. It is seen from Table the Ps in ac/dc stage with
grid voltage of 240 V is between 3.9-4.3% of the rated power (3.2 and 6.6 kW) for mentioned
switching device. While with 120 V grid voltage, the Ps in ac/dc stage is 6.6% of the rated
power (1.8 kW). The Ps in dc/dc stage is between 1.4-1.8% of the rated power (10, 15 and
20 kW) which is lower than ac/dc stage. It is due to high stresses in semiconductor devices
leading to higher switching and conduction losses as well as switch ). and rectifier diodes
losses. The Pp in ac/dc stage is between 2.5-2.8% of the rated power. The P, in dc/dc stage

varies between 0.22-2.5% of the rated power which is lower than ac/dc stage. It is because
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Table 3.5. Comparison of the proposed converter with conventional single-stage converters

Charger topologies Voltage Polarity Switch Diode Inductor Battery voltage range
Boost PFC converter + 3 5 2 V gridpeak=Vomaz
Bridgeless boost PFC converter + 4 2 2 Vgridpeak=Vomaz
Inverting buck/boost PFC converter - 3 5 2 0-Vimaz
Cuk PFC converter - 3 5 3 0-Vimaz
SEPIC PFC converter + 3 5 3 0-Vimaz
Integrated converter [98] + 4 4 1 Vgridpeak=Vbmaz
Integrated converter [99] + 5 1 1 V gridpeak=Vomaz
Integrated converter [95] + 6 9 1 0-Vipmaz
Proposed integrated converter + 3 4 2 0-Vimas

only one magnetic component i.e. L is present in the current path. Moreover, the lower
losses in the dc/dc stage will enable the vehicle to cover longer distance for the given battery

charge.

3.5 Comparison with Single-Stage Chargers

The conventional single-stage battery charger topologies are namely the boost PFC converter,
bridgeless boost PFC converter, inverting buck/boost PFC converter, SEPIC PFC converter,
and Cuk PFC converter. In order to have a fair comparison of the proposed converter with
these single-stage chargers, the dc/dc converter connected between the battery and dc-link,
is assumed to be a two-quadrant bidirectional converter. The boost PFC converter can only
charge the battery when battery voltage is more than the peak grid voltage (V, > Vj maz)-
The problems of inverting buck/boost and Cuk converter have been discussed in Chapter 2
(Section [2.6). However Cuk and SEPIC PFC based converter topologies have an additional
inductor compared to the proposed integrated converter (excluding filter inductor because it
may present in other converters). In addition to these conventional chargers, other existing
integrated chargers are also included in this comparative analysis. It is observed from Ta-
ble that the proposed converter has fewer components compared to the converters which
has wide voltage conversion ratio (buck/boost operation) in plug-in charging mode, also the
proposed converter has lower voltage/current stresses in propulsion and regenerative braking

similar to other conventional / integrated converters. The efficiency curves of the proposed
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Efficiency (%)

Fig. 3.4. Efficiency comparison, (a) propulsion mode, (b) regenerative braking mode

converter and existing integrated converters are shown in Fig. [3.4, The proposed converter
has higher efficiency in propulsion and regenerative braking modes than the integrated con-
verters [95,98,99], because in these converters three or four semiconductor devices are in the

current path, while in the proposed converter only one semiconductor device is in the current

path.

Efficiency (%)
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3.6 Simulation and Experimental Results

The simulation of the proposed converter is performed in MATLAB/Simulink environment
with parameters of the converter listed in Table[3.6] The simulation and experimentatal stud-

ies are conducted for plug-in charging, propulsion and regenerative braking modes are dis-

cussed separately.
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Table 3.6. Simulation parameters

Parameters Values
Grid voltage (v,) 220/42.42 V
Charging power () 1kW/100 W
dc-link voltage (V) 400/ 60 V
Line frequency (f7,) 50 Hz

Nominal battery voltage (Vy) 300/36 'V
Ll/LQ 3 mH
Chro/Cp/Cy 550/10/22001.F

T 1N -

| | | | | | | |
8.3 0.31 0.32 0.33 0.34 0(.3)5 0.36 0.37 0.38 0.39 0.4
c
Time (s)

Fig. 3.5. Simulation waveforms of plug-in charging mode (a) grid voltage and grid current,

(b) battery voltage, (c) battery current
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Fig. 3.6. Simulation waveforms of plug-in charging mode, (a) voltage across C'y, (b) current

through L,

The simulation waveforms during grid plug-in charging mode are shown in Figs. and
3.6l In Fig. [3.5] the grid voltage (v,) and the grid current (i) are in phase with sinusoidal
shape, which shows converter is operating in near unity PF condition. The measured RMS
grid current is 4.85 A at 220 V. The calculated power at grid side is 1.067 kW hence, efficiency
of the converter is 94.7% for 1 kW load. Fig. [3.5(b) shows the battery voltage (V3) which is
close to 307 V with 20% SOC and the measured average battery current (z;) is found to be
3.25 A, which is shown in Fig. [3.5[c). The voltage across filter capacitor (C) and current
through filter inductor (L) are shown in Fig. [3.6(a) and (b), respectively. The peak voltage
across Cy is 311 V, which is same as the peak grid voltage and the peak current through L ¢
is 6.7 A.

In propulsion mode, the battery voltage is stepped up to desired dc link voltage for sat-
isfactory operation of motor-drive system. The simulation waveforms of dc-link voltage,
battery voltage, dc-link current and voltage across switch (S3) with 2 kW load are shown in
Fig. 3.7(a), (b), (c) and (d), respectively. In this mode, switch S, is operated with PWM
signal for boosting the battery voltage to desired dc-link voltage. The voltage across S is
equal to the dc-link voltage, as shown in Fig. [3.7(d). Fig. [3.§] shows simulation results of
propulsion mode with step load changes. Att = 1.2 s load is decreased from 2 kW to 1 kW
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Fig. 3.7. Simulation waveforms of propulsion mode, (a) dc-link voltage, (b) battery voltage,

(c) battery current, (d) voltage across Sy

and again increased to 2 kW at t = 2 s, the closed-loop controller regulates the dc-link voltage
at 400 V, as shown in Fig. (a). The corresponding change in the battery voltage, battery
current and dc-link current are shown in Fig. [3.8(b), (c) and (d), respectively. The battery
voltage is approximately constant even after load changes, as shown in Fig. [3.§(b). From
Fig. the measured battery and load currents at 2 kW are 6.8 A and 5 A respectively and

hence the calculated efficiency of the converter at 2 kW is 95.8%.

Fig. shows simulation waveforms during regenerative mode. The regenerative brak-
ing action is tested by linearly increasing the dc-link voltage from 350 V,t=0sto 390 V, t
=1 s and from t = 1-1.5 s, the dc-link voltage is kept constant at 390 V. From t = 1.5 s, the
dc-link voltage linearly decreases to 370 V, as shown in Fig. [3.9(a). The battery current is
regulated at 4 A irrespective of the dc-link voltage variations, as shown in Fig. [3.9(c) and the
battery voltage is around 308 V, as shown in Fig. [3.9(b).

The converter efficiency curve for plug-in charging mode is shown in Fig. It is seen
from this curve, the efficiency at 0.5 kW (lower charging power) is 93% and increases to
94.6% at 3.2 kW then again decreases at higher charging power levels. The efficiency of this

mode is relatively lower compared to propulsion and regenerative braking modes. Reason for
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Fig. 3.8. Simulation waveforms of propulsion mode, (a) dc-link voltage

(c) battery current, (d) dc-link current

Fig. 3.9. Simulation waveforms of regenerative mode, (a) dc-link voltage, (b) battery voltage,

(c) battery current



95

94t .

93f .

92 .

Efficiency (%)

91 .

90 1 1 1 1

35 1 18 32 6.6
Charging power (KW)

Fig. 3.10. Efficiency of the proposed converter in charging mode

lower efficiency in this mode has been analyzed in Section [3.4

The proposed converter is also simulated at lower voltage and power levels to provide
parity between simulation and experimental results. The simulation parameters at lower rat-
ing have been given in Table[3.6] Figs. [3.11] and [3.12] show waveforms of plug-in charging
mode with 100 W charging power. [3.13] shows simulation waveforms of propulsion mode
with step load changes as 100-70-100 W. Fig. shows simulation waveforms of regen-
erative braking mode where the dc-link voltage is linearly increased from 50 V to 90 V and
then kept constant at 90 V shown in Fig. [3.14(a). The battery is charged with 3 A of current,
as shown in Fig[3.T4(c).

A laboratory prototype has been developed for testing and validation of the proposed
converter with 36 V battery and 60 V dc-link. The circuit parameters for experimental verifi-

cation are listed in Table 3.7

Fig. [3.15] shows waveforms for plug-in charging mode with 100 W charging power. In
this Fig., the grid current at CH1 has sinusoidal shape as well as in phase with the grid voltage
at CH2, which shows converter is operating at high power factor. The measured grid current
1s 2.52 A. Therefore, calculated power at grid side is 107 W and the efficiency of the converter
is 93.4%. The recorded battery current and voltage are shown at CH3 and CH4, respectively.
A low frequency oscillation in the battery current is seen at CH3 in Fig. [3.15|(a), the filter

inductor at battery terminal suppresses the oscillation of the battery current.

Fig. shows the waveforms of oscilloscope during propulsion mode with 60 V dc-
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Fig. 3.14. Simulation waveforms of regenerative braking mode at lower voltage and power

levels
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Table 3.7. Experimental parameters

Parameters Values

Grid voltage (vy) 4242V
Charging power (P,) 100 W
dc-link voltage (V},,) 60V
Line frequency (f1,) 50 Hz
Nominal battery voltage (V}) 36V
Battery capacity 26 Ah
Ly/L, 3mH

Cin/Cail Cy 550/10/2200 puF

link and 100 W load where CH1, CH2 and CH3 denote battery current, dc-link voltage and
battery voltage, respectively. The dynamic performance of this mode is tested with step load
changes as 100-70-100 W and the closed-loop controller closely regulates the dc-link voltage
at 60 V. The corresponding change in the battery current with the load is seen at CHI in Fig.
.17 The measured battery current with 100 W load is 2.89 A hence, calculated power at
battery side is around 104.04 W; therefore, experimental efficiency at 100 W is 96.1%.

In the prototype model, regenerative braking mode is implemented by manually varying

the dc-link voltage with the help of auto-transformer and bridge rectifier. The change in

v 7 A

P+ P T SO 7S OPUR S SO O O

10 ms/div

Fig. 3.15. Experimental results of plug-in charging mode (CHI1: grid current, CH2: grid
voltage, CH3: battery voltage and CH4: battery current)
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CH2—>
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Fig. 3.16. Experimental results of propulsion mode with 100 W load (CH1: Battery current,
CH2: dc-link voltage and CH3: battery voltage)

..... 6"’2A/dw

CHI=> - . V ...................

e DU RO MU IO o SN
CH3—) ..... ls/.:IliV

Fig. 3.17. Experimental waveforms of propulsion mode with step load change ( CH1: Battery
current, CH2: dc-link voltage and CH3: battery voltage)

CH1->

CH2-{ 7
CH3=>» @ @ @ 1s/d1v

Fig. 3.18. Dynamic response of converter in regenerative mode (CH1: battery current, CH2:

dc-link voltage and CH3: battery voltage )
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the dc-link voltage represents speed variation of the motor during regeneration process. The
motive here is to charge the battery through the braking energy. As the dc-link voltage is
varied between 57-84 V, as shown in Fig. at CH2, the reference charging current remains
constant at 3 A as shown at CH1. The battery voltage is 36 V, as shown at CH3 in Fig.

3.7 Conclusion

The proposed integrated converter in this Chapter operates as conventional ZETA converter
with power factor correction for plug-in charging mode. While in propulsion and regenera-
tive braking modes it operates as conventional boost and buck dc/dc converters, respectively.
Also, there is no reversal of voltage polarity in any mode of converter operation. The volt-
age/current stresses analysis in ac/dc and dc/dc stages have been developed for selection of
switches. Further, a loss analysis of the converter in ac/dc and dc/dc stages have been given
to calculate the efficiency in each mode. The peak efficiency of plug-in charging mode is
94.6 %, and in propulsion and regenerative braking, are 97.2% and 98.1%, respectively. The
operational capabilities and performance of the proposed integrated converter have been ver-
ified with simulation as well as experimental results. The performance of control algorithms
in propulsion and regenerative braking modes are tested with step change of load and the

dc-link voltage variations, respectively.
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CHAPTER 4

SEPIC BASED INTEGRATED CONVERTER

4.1 Introduction

This chapter focuses on a new power electronic converter for PEVs which is capable of
operation for all three modes. The proposed structure is derived from conventional SEPIC
converter which operates as SEPIC PFC during plug-in charging mode, and as conventional
boost and buck converter in propulsion and regenerative braking modes, respectively. Due
to SEPIC operation in plug-in charging mode, the battery can be charged from the universal
input voltage. Moreover, a nonlinear carrier control (NLCC) method is used in this converter
for PFC, which eliminates voltage sensor requirement for CCM operation. The consequent
reduction of feedback circuit enhances its compactness and makes it more suitable for OBC.
Compared to ZETA derived integrated converters discussed in Chapters 2 and 3, this SEPIC
based converter does not require a large passive filter on the grid side for PFC. Further, a
rigorous stress and a loss analysis of the converter have been investigated for selection of

semiconductor devices and to show the feasibility of the proposed converter.

4.2 Conventional SEPIC Converter

Fig. shows conventional SEPIC converter for PFC operation. Similar to conventional
ZETA PFC converter in Section [2.2] (Chapter 2), conventional SEPIC PFC converter can
operate only in plug-in charging mode of PEVs. To operate conventional SEPIC in other

modes of vehicle operation, some additional switches need to be employed, which is shown

in Fig. 4.2
4.3 Operation of the Proposed Integrated Converter

The proposed converter has two semiconductor switches, two mechanical switches (M; and
M), one bridge diode rectifier, two inductors and three capacitors. Operating states of

switches and diodes in each mode are shown in Table
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Fig. 4.2. Proposed power electronic interface with reduced feedback part

Table 4.1. States of the switching devices in each mode

Mode of operation Fig. N S, M, M, Dy Dg )
Fig.4.3(a) PWM OFF ON OFF OFF OFF OFF
Plug-in charging
Figi4.3(b) OFF OFF ON OFF ON OFF OFF
Fig.4.4(a) PWM OFF OFF ON OFF OFF OFF
Propulsion
Fig.44(b) OFF OFF OFF ON OFF OFF ON
Fig.4.5(a) OFF PWM OFF ON OFF OFF OFF
Regenerative braking
Fig.4.5(b) OFF OFF OFF ON OFF ON OFF
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Fig. 4.3. Operation of the converter during plug-in charging mode, (a) S; is ON, (b) S is
OFF

4.3.1 Plug-in charging mode

In this mode, switches S and M, are OFF, switch S, is PWM gated and switch M, is always
ON. When switch S; is turned ON, inductor L, stores energy through the path |vy|-L;-S5;-
|vy| while inductor L, is charged by capacitor C through path L,-Cs-S;-Lo, meanwhile,
capacitor Cj, provides energy to the battery, as shown in Fig. 4.3(a). When 5] is turned OFF,
inductor L, charges the capacitor C through the path |v,|-L,-Cs-Ds-v,-|v,| and inductor Lo
supplies energy to the output stage, i.e., capacitor Cj, and battery, as shown in Fig. £.3|b).

Moreover, capacitor Cj,, is immediately charged to peak grid voltage(V/, ,,.,) through the
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diode D7 and then this diode remains OFF throughout the operation this mode.
Let us assume that the duty ratio of the switch S is d;. The volt-second balance of

inductor Ly and L4 in switching period 7 is written as
Vg(t) xdy(t) * Ty = Vi (1 — dy) * T 4.1)

the above equation gives the voltage conversion ratio M, as

Vi dy (1)
M, = = 4.2
LT sinet] 1= di(1) (4.2)

+

M,

iLI f .

1 01040 Clw -~ Vw
1 i,
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Fig. 4.4. Operation of the converter during propulsion mode, (a) S, and M, are always ON

and S; is PWM turned ON, (b) .57 is OFF
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4.3.2 Propulsion mode

In this mode, switch M, is always ON, switches S, and M; are OFF and switch 5] is operated
with PWM signal. When switch S is tuned ON inductor L; stores energy through the path,
as shown in Fig. #.4(a) and when S is turned OFF, inductor L, releases its stored energy to
the dc-link capacitor C},, through the diode D; as shown in Fig. [#.4(b). Let us assume the
duty ratio of switch S; in the propulsion mode is d,. The volt-second balance of inductor L,

in switching period 7 gives the voltage conversion ratio M5 as

Vs dy* Ty = (Vyy — Vi) * (1 — do) % T} 4.3)
Vi 1

M, = = 4.4

VA B 4.4

4.3.3 Regenerative braking mode

In this mode, the battery is charged by the electrical energy captured from conversion of
mechanical energy stored in rotating parts of vehicle; therefore, this mode not only develops
braking torque to stop the vehicle but also helps in efficient use of braking energy, leading to

longer run of vehicle.

Switches S; and M, are always OFF during this mode, switch S, is operated through
PWM signal and switch M, is kept in ON condition. By turning ON of S5, inductor L
stores energy through the path shown in Fig. [.5(a) and when S, is OFF, L, transfers its
stored energy to the battery through the path shown in Fig. 4.5(b). The volt-second balance

of inductor L, in switching period 7T gives the voltage conversion ratio M3 as

(Vi = Vo) dg * Ty = Vi x (1 — d3) * T, (4.5)

My = —> = dy (4.6)
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Fig. 4.5. Operation of the converter during regenerative braking mode, (a) M5 is always ON

and S; is PWM tuned ON, (b) S5 is OFF

4.4 Components Selection and Loss Analysis
4.4.1 Components selection

Due to bidirectional operation of the proposed converter in dc/dc conversion stage, some of
the switches and passive components are utilized for more than one mode; therefore, rating of
a particular switch is selected based on maximum voltage/current stresses on the switch or its
body diode during these modes of operation. It is assumed that voltage stress on body diode

is the same as the switch voltage stress. Table shows the peak voltage/current stresses on
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Table 4.2. Peak voltage and current stresses on switching devices in each mode

Plug-in charging Propulsion Regenerative braking
Device
Voltage Current Voltage Current Voltage Current
Sl [Vq,mul +‘/b] [ig,771ax+ <iL2,g7'id>Ts +W] V;) [<7:L1,prop>Ts +%] V'h,v NC
SZ 2‘/;7,ma,m NC ‘/]7,71 NC ‘/hv [<iL1.T696>TS +%]
D5 [Vg,mam +Vb] [ig,maz"' (iLZ,g7'id>Ts +W] Vb NC Vb NC
M, NIL ig.mae max(1, Yzes) Vi NC Vie NC
My |Vymar — Vil NC NIL  [(igiprop)rs +25522]  NIL  [{iggeqe)rs +205re ]

where NC = Not conducting, NIL =0V, 11 prop = inductor Ly current in propulsion mode, 1,1 rege =
inductor L, current in regenerative braking mode, 712 4,;¢ = inductor Lg current in plug-in charging

mode.

the switches and diode in each mode. From this Table switch ratings are selected as follows:

The switch .S; conducts in plug-in charging and propulsion modes but peak voltage/current
stresses on the switch S; in plug-in charging mode are sum of the input/output quantities
(voltage/current). While in propulsion mode, peak voltage/current stresses are either input or
output quantity (usually lower than plug-in charging mode); therefore, rating of S; is chosen
based on plug-in charging mode. Similar to switch .S, the rating of diode Dj is also selected
based on plug-in charging mode. Even though the switch S, operates only in regenerative
braking mode but peak voltage developed across this switch is 2 V4, in plug-in charg-
ing and V},, in regenerative braking mode; thus, the voltage rating of S5 is given as max (2
Vg,maz and Vj,,,), while the current rating of S5 is decided by propulsion mode because body
diode (D7) of Sy conducts in this mode, since the power level of propulsion mode is usually
higher than other two modes. The peak voltage rating of switches M; and M, are |V ,q.-V5|
and V},,, respectively. The current rating of M/ is decided on the basis of plug-in charging

mode which is given as i 4, *max (1, g",’b‘”) The current rating of M5 is given as max

; ANi o . N
(<ZL1’pTOp>TS +%’ <ZL1,rege>Ts + %)

4.4.2 Selection of passive components

In this Section, passive components design is discussed for CCM operation of the converter.
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4.4.2.1 Selection of inductors L, and Lo

Since inductance L; is functional in all modes; the final selection of L, is based on its com-
putation for each mode, and then determining largest of these values.

a) Plug-in charging mode:

The battery voltage V;, is given from (4.2)) as

d (t)
(1 —di(t))

where d(t) is instantaneous duty ratio and | v,(t) |=V,mas | Sin(wt) | hence, duty ratio d(t)

Vi = [0g(t)] (4.7)

is obtained as
B Vi B Vi
Vit [og(t) | Vot Vimar | sin(wt) |

The minimum value of inductor L for allowable ripple current (n) is written as [92,/106),

107]
t)dy (t V2 d(t 1 (V2 |%
Liplug—in = —vg(. )i (t) = (—g) ) = _(—g> — (4.9)
Mig(t) fs Pynfs  nfs\ Py ) Vot | Vg |
b) Propulsion mode:

dy(t)

(4.8)

The minimum value of L; in propulsion mode for allowable ripple current (') is given

as [105-107]
Vida
Llprop = T]Ifs (410)
where ds is given in (4.4)).
c) Regenerative braking mode:
The minimum value of L; in regenerative braking mode for allowable ripple current (1)

is given as [105,/106]

Vi(l —d
Lieg = % @.11)
The final value of inductance L; is selected as
Ll = max<L1plugfin7 Llpop7 Llreg) (412)

Inductor L, is utilized only in plug-in charging mode; therefore, selection of inductance
value of Ls should satisfy maximum allowable ripple 7. Thus, the critical value of inductor

is given as [[105]]

_ V2
PR O O T s
nry (t)fs Pg n‘/g,ma:vfs ‘/b + ‘/g,maw
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4.4.2.2 Selection of capacitor C

The value of coupling capacitor,C' to operate in CCM with allowable ripple voltage of k% is

given as [92]
_ Wd(®)
B k‘/cs(t)stL

by substituting V,s(t) = |v,(¢)| and equivalent load resistance as R;, = V;?/ P, and d(t) in

Ceem (4.14)

(4.14) and then rearranging terms gives
. ( Vi(t) )
ccm T V2
kfsl (0g(2) | (vg () + V2)

the maximum value of coupling capacitor is calculated at maximum ripple voltage of C,

which occurs at maximum value of grid and battery voltages.
4.4.2.3 Selection of capacitor C,,

The value of capacitor Cj, is given by as [92]

By
I Vi, P,

B WAV, - 2woVj, - 2wV

Ch (4.16)

where 0 is the tolerable ripple voltage in the battery capacitor C,.
4.4.3 Loss analysis

In this Section, loss analysis of the proposed converter is investigated for each mode. A
1200 V/100 A switch is selected for this loss study. The current (RMS and average) expres-
sions (Table[d.3) and data-sheet of switch are used for calculating semiconductor and passive
components losses.

The conduction loss in a MOSFET switch, which is determined by on-state resistance is
given as

PS,cond =1I * Rs<0n) 4.17)

S,rms

On other hand, the conduction loss in an IGBT switch is determined by average current

and voltage drop in saturation state and calculated as:

PS,cand = <is>Ts * VCE,sat (418)
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Table 4.3. RMS and average current stresses on switching devices and passive components

in each mode.

Plug-in charging Propulsion Regenerative braking
Device
RMS Average RMS Average RMS Average
/ . &3
Sl Ig,RMS 1+ CY% [gYR]uSQﬂ_ﬂ \/]bzdg + 121;;25 dg[b NC
S, NC NC I2dy + BV ds I,
sT2
Dy I+ Lo emusiVi, NC NC
_\32
Dy NC NC \/13(1 —ds) + “12‘;%};5 I,(1 — ds)
sa
da(1—d2) V2
D- NC \/15(1*(12)+2(1Ti)§" I,(1—dy) NC
]Ml,CS ]gTRAJSQ/OL’S% 0 NC NC
M, NC 21, I, 21, I,
Ly Iy rus Iy rus 22 Z0 I, Z1I I,
Lo Iy rusa \/g 71”'2”5 a NC
where NC = Not conducting, o = Vgij;"‘“‘, Iy, = average dc-link current, I, = average battery current

and I; rars = grid RMS current.

Switching loss occurs due to the simultaneous presence of significant drain-source voltage
in MOSFET (or collector emitter voltage in IGBT) and drain (or collector) current during
each transient from turn OFF-state to turn ON- state, and from turn ON-state to turn OFF-

state. The switching power loss can be approximately calculated as

Psw = (Vs,max * [s,max) * (tr + tf) * fs (419)

1
2
where V 1,4, and I ,,,q, are peak values of voltage and current and t,, ¢ are the rising and
falling time of the switch. Power loss of diode is the sum of diode conduction loss (product
of average current (/) and knee voltage (V) ) and revers recovery loss, which is modeled

as

PD:VF*IF+PQTT (420)

where F,, is the reverse recovery loss of a diode. It can be neglected for fast recovery diode

and lower switching frequency. The ohmic loss in mechanical switch is determined as

PM,cond = ]]\24,rms *Tr (421)
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Table 4.4. Parameters for loss calculation

Parameters Values
Switch rating 1200 V/100 A
VeE(sat) 245V
Rise time (%) 65 ns
Fall time (¢y) 80 ns
Resistance of M; and M, 0.05 Q
Forward voltage of

2.55/1.5V
Body diode/Rectifier diode (Virp)
Resistance of Lq/L, 110 mf2

Table 4.5. Total losses of the proposed converter and conventional converters in ac/dc and

dc/dc stages with V, =300 V and V},, =400 V

Total Tosses in plug-in Total losses in Total Tosses in regenerative
charging mode [W] propulsion mode [W] braking mode [W]
(ac/dc stage) (dc/dc stage) (dc/dc stage)

Peu[KWI Pprop [KW] - PreglkW] - Viia [V]

Conventional Proposed Efficiency Conventional Proposed Efficiency (Conventional Proposed Efficiency

EPIC SEPIC  drop (%) boost boost drop (%) buck buck drop (%)
1.8 10 0.5 120 140.93 146.33 0.3 271.96 327.75 0.55 139 13.95 0.01
32 15 1 240 156.55 164.86 0.25 520 645 0.833 15.7 16.25 0.055
6.6 20 1.5 240 419.74 455 0.53 790.41 1011.88 1.1 21.75 225 0.055

The total semiconductors and mechanical switch losses Ps in any mode is modeled as
PS = PS,cond + Psw + PD + PM,cond (422)

The passive components that come in main current path are L, L, and capacitor Cj, then

inductor copper loss is modeled as
Py =1} s %7 (4.23)

where r is the resistance of inductors L, and L.

The ohmic loss in equivalent series resistance 7. of the capacitor C; is expressed as

P.=1% _xr. (4.24)

c,rms
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Table 4.6. Comparative study of the proposed integrated converter with single-stage convert-

ers
Charger Mode of operation Number of components
topologies Sensor
Plug-in charging Propulsion Regenerative braking Switch Diode Inductor Capacitor
(voltage and current)
Boost PFC converter Boost Buck/boost Buck/boost 5 5 2 2 5
Inverting Buck/boost
Buck/boost Buck/boost Buck/boost 5 5 2 2 5
PFC Converter
SEPIC PFC converter Buck/boost Buck/boost Buck/boost 5 5 3 3 5
CuK PFC converter Buck/boost Buck/boost Buck/boost 5 5 3 3 5
Integrated
Buck/boost Buck/boost Buck/boost 6 9 1 2 4
converter [95]
Integrated
Boost Buck/boost Buck /boost 4 4 1 2 4
converter [98]
Integrated
Boost Boost Buck 5 1 1 2 4
converter [99]
Proposed integrated
Buck/boost Boost Buck 2 5 2 3 4

converter

Then total passive component losses Pp is written as
PPIPL(OTPLl—l—PLg)—l—PC (425)

where Pp; and Py, are the copper loss of L; and L, respectively.

The total losses (Ps+ Pp) of the proposed converter and their conventional counterparts
in each mode are given in Table@]where Py, Pyrop and P, denote power rating of plug-in
charing, propulsion and regenerative braking modes, respectively.

In ac/dc stage, the proposed converter has an additional switch M; compared to conven-
tional SEPIC converter. Due to that there is a slight efficiency drop (due to low resistance
of M) in the proposed converter which varies between 0.25-0.53% for 1.8-6.6 kW charging
power. In dc/dc stage of the proposed converter, switch M, is additional component in the
current path compared to their conventional counterparts. In regenerative braking mode for
power level in the range of 0.5-1.5 kW, efficiency drop is not significant (0.01-0.055%) due
to negligible losses in M. Therefore, In propulsion mode for the power level in the range of
10-20 kW, the efficiency drop of the proposed converter is between 0.55-1.1%. Addition of

mechanical switches do not contribute significant efficiency drop in each mode. Therefore,
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the proposed converter has approximately same efficiency in each mode as compared to their

conventional counterparts.

4.5 Comparative Analysis

The proposed converter is compared with conventional single-stage converters as well as with
existing integrated converters. The proposed converter has the fewer number of components
compared to all conventional converters, namely: boost, inverting buck/boost, SEPIC and
Cuk PFC converters. It is also compared with existing integrated converters, as shown in
Table The integrated converter [95] requires an input passive filter for PFC in plug-in
charging mode. In addition to this, presence of the large number of semiconductor devices
in [95]] it has lower efficiency in each mode compared to the proposed converter, as shown
in Fig. 4.6l The converter [98] has higher efficiency in plug-in charging mode compared to
the proposed converter due to its boost operation, as shown in Fig. {.6[a). The integrated
converter [99]] has bridgeless nature in plug-in charging mode; therefore, this converter has
the highest efficiency compared to the proposed converter as well as integrated converters.
In dc/dc stage (propulsion and regenerative braking), the proposed converter has two devices
(one semiconductor device one mechanical switch) in the current path while converters [98,
99| have two semiconductor devices; losses in mechanical switch is negligible compared to
losses in semiconductor device. Therefore, efficiency of the proposed converter in dc/dc stage
is higher in comparison with converters [98]99]], as shown in Fig. 4.6(b) and (c). The higher

efficiency in the dc/dc stage leads to a longer run of vehicle.

4.6 Control Strategy

A generalized block diagram of the controller used for the proposed converter is shown in
Fig. Since the integrated converter has three operation modes and in each mode of
operation different control strategies are adopted. Firstly, the mode selector logic decides the
mode of operation, the reference quantity is determined for that mode. The prior knowledge
of the reference quantity is necessary because input reference can be dc bus voltage, charging
power or torque according to the mode of operation. Once operation mode and reference
quantity are set, the concerned controller becomes active and ensures that controlled variable

follows the reference value.
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Fig. 4.6. Efficiency comparison, (a) plug-in charging mode, (b) propulsion mode, (c) regen-

erative braking mode
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Fig. 4.7. General control diagram of the proposed integrated converter

4.6.1 PFC using nonlinear carrier control method

In previous research, various closed-loop control techniques have been proposed to actively
shape input current waveform for high power factor (PF), including average current mode
control [108], current programmed control [[109]], sliding-mode control [[110], input voltage
feed-forward, predictive control [[111] and critical conduction mode control [[112]]. Usually,
these control techniques require both voltage and current sensing circuits to perform PFC in
CCM. The proposed converter uses a nonlinear carrier control (NLCC) method for PFC to
reduce the feedback circuitry [[113-115]]. This control technique requires only one current
sensor for PFC operation in CCM. The reduction of feedback circuitry reduces the volume of
the charging system and enhances the compactness of the converter. In addition to this, cost

of the charger is also reduced.

The basic concept behind the NLCC for PFC operation in CCM to generate a voltage
signal proportional to the integral of switch current (current through S7) to be compared
with the reference voltage signal v, to generate required duty signal as shown in Fig. 4.§|b).
The switch is turned ON at the beginning of switching period. Meanwhile, integral of i, is
calculated using operational amplifier based integrator which converts it into voltage signal
v; which is then multiplied by a negative unit signal to nullify the inversion of v; due to
operational amplifier. When -v; becomes equal to v, the switch is turned OFF. Further, it is
desirable to control the integral of this current, for two reasons: (1) integral of the waveforms

improves noise immunity, and (2) the integral of the waveform is directly related to its average
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value,
1 di1Ts
’Ul<t) = —% isl(T)dT 0<t<diT, (426)
0

The integrator voltage v;(t) must be reset to zero at the end of each switching period, and the
integration process begins afresh at the beginning of next switching cycle. When the switch
is turned-“off”, the voltage v;(d;Ts) which is proportional to the average switch current, is

given as:

{is1)7,
RCf;
To control the average switch current, it is desirable to obtain the average grid current by

Ui(les) =

0<t<Ty (4.27)

emulating it as input resistance current, given as follows :

(1g(1) >Ts - ;tg((zzj;)

Further to avoid sensing of v,(t) and 7,(t), these quantities are computed from sensed feed-

(4.28)

back variables V}, and 7,;, which can be written as:

(i51(1)) 1, = di(t){ig(t) + (1)) 1, (4.29)
which yields
(is1) g, = (ig(t)) . (4.30)
and
1 —dy(t)
(vg(t)) = T(t)vb 4.31)
Using (4.28), and (4.30), we get:
, [ =di(®)] Vs
(ia(t))y, = B (O Belonn) (4.32)

By replacing d; (t) with ¢/Ty, the average current of switch can be controlled with control

voltage through nonlinear carrier waveform as follows:
T

Ve(t) = Veont(t) ;

t
1-— 0<t<T,y 4.33
(1-7) o<ts @)

This nonlinear reference voltage is valid between 0 < ¢t < Ty and should be set to zero at
the end of the switching period, such that v.(t + T,) = v.(t), as shown in Fig. 4.8(a). From
Fig. @.8(a), the outer closed-loop controls the charging power and sets the amplitude for NLC
waveform. The reference waveform given by (4.33) is compared with the integral of switch

current to generate PWM signal to be applied to switch .Sy through its gate driver circuit.
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Fig. 4.9. Control block diagram of the converter in propulsion and regenerative braking

modes

4.6.2 Propulsion and regenerative braking modes

The controller details for propulsion and regenerative braking modes is shown in Fig. In
both modes, two loop controllers are used to generate PWM pulses for respective switches.
The inner proportional integral (PI) controller is common for both modes. The control target
of propulsion mode is to keep the dc-link voltage at a desired value for smooth operation
of inverter fed motor drive. The reference dc-link voltage is compared with the measured
dc-link voltage and error is fed to the outer PI controller which generate a reference battery
current for inner PI controller. The output of inner PI controller compared with triangular

wave and generates PWM pulse for switch S;.

In regenerative braking mode usually, the input reference quantity is torque or speed
which is set manually by the operator. The error between reference and measured quantities is
fed to outer PI controller to reference charging power (/) which is divided by instantaneous
battery voltage (V}) to generate a reference battery current for common PI controller. The

parameters of these controllers have been tuned by trial and error method.
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Table 4.7. Simulation parameters

Parameters Values
Grid voltage (V) 220/70.7 'V
dc-link voltage (V) 400/60 V

Nominal charging power (P,) 1.5 kW/120 W
Line frequency (f1) 50H7z
Nominal battery voltage (V) 300/38V
L,/L, 2mH
Cro/Cu/Cy, 330/172200u F

4.7 Results and Discussion
4.7.1 Simulation results

The different modes of operation of the proposed converter has been simulated in MAT-
LAB/Simulink environment with sampling time of 1 ps. The list of parameters used in
simulation is given in Table

During Plug-in charging mode, the proposed converter operates as SEPIC converter and
battery draws power from the grid. This mode is also known as PFC mode because converter
operates in UPF condition to reduce the burden on supply system. From Fig. {4.10(a), grid
voltage (v,) and grid current (z,) have desired wave-shape as well as in phase with each other
which shows the effectiveness of the closed loop operation. The measured RMS grid current
1s 7.2 A at 220 V grid voltage with 1.5 kW charging power, the calculated power at grid side
is 1.584 kW. Hence, the efficiency of the converter is found as 94.6%. Further, in SEPIC
converter, the voltage across intermediate capacitor C is same as rectified grid voltage, i.e.,
|vy| shown in Fig. b) and denoted as V_,. The battery current has low frequency (100 Hz)
oscillation (Fig. #.10(d)) which is inherent in single-stage charging system. The amplitude
of low frequency oscillation can be controlled by introducing an inductor filter in series with
the battery. Its size is determined on the based on allowable low frequency ripple current

and overall charger size. The battery voltage is around 308 V with 20% SOC as shown in
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Fig. 4.10. Simulation waveforms of plug-in charging mode with 220 V grid voltage, (a) grid
voltage and current, (b) voltage across capacitor (Y, (c) battery voltage, (d) battery current
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Fig. 4.11. Simulation waveforms of inductor currents, (a) current through L, (b) current

through Lo

Fig. 4.12. Simulation waveforms of switch voltage (S57)
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Fig. 4.13. Simulation waveforms of propulsion mode with dynamic operation

(©)
Time (s)

Fig. 4.14. Simulation waveforms of regenerative braking with dc-link voltage variation

Fig. @Kc). The inductor current waveforms 77, and 775 are shown in Fig. @ (a) and (b),
respectively. Current waveforms of L, and L, are similar to the rectified sinusoidal shape
but magnitude of current through L, and L, depends on input voltage/power and output
voltage/power, respectively. The peak voltages of input and output side are close to each
other; therefore, peak current through L, and L, are approximately same. The peak voltage
across switch .S} is around 620 V (sum of input and output voltages), as shown in Fig. {.12]

The propulsion mode is characterized as battery discharging mode. The relevant waveforms
of the converter during this mode are shown in Fig. [4.13] For stable operation of the inverter-

drive system, it is necessary to keep the dc-link voltage constant. To examine the performance
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Fig. 4.15. Simulation waveforms of plug-in charging mode with 100 V (peak grid voltage),

(a) grid voltage and current, (b) voltage across intermediate capacitor Cy, (c) battery voltage,

(d) battery current

of closed loop operation of this mode, the step load changes from 3-2.5 kW att=1.2 s and
2.5-3 kW at t = 1.8 s have been applied and the dc-link voltage is regulated at 400 V, as shown
in Fig. 4.13|a) which indicates the effectiveness of the controllers under dynamic conditions.
From Fig. §.13(b), the dc-link current is seen to vary between 6.5 to 7.5 A during the step
change in load. The average battery current is 8.41 A and 10.1 A for the load 3 kW and 2.5
kW respectively, as shown in Fig. [4.13[(d). The calculated battery side power for 2.5 kW
and 3 kW load are 2.587 kW and 3.1108 kW hence, the efficiency for 2.5 kW and 3 kW are
96.6% and 96.4%, respectively.

The waveforms during regenerative braking operation are shown in Fig. {.14] Unlike
plug-in charging, in this mode, the battery is charged with braking energy of the motor and
usually, converter operates in buck mode to capture braking energy. The dc-link voltage
varies due to variation of motor speed and consequent generated electromotive force (EMF),
which is proportional to the speed of motor. The developed voltage across motor terminals is
rectified by inverter body diodes which appears as dc-link voltage across capacitor C},. The
dc-link voltage is kept 380 V for t= 0-1.2 s then reduced to 345 V, as shown in[4.14(a). The
battery voltage and the battery current are shown in Fig. f.14(b) and (c), respectively. The
battery is charged with constant current of 4 A, which is shown in Fig. d.14(c).
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Fig. 4.16. Simulation waveforms of inductor currents in plug-in charging mode, (a) current

through L, (b) current through Lo

Fig. 4.17. Dynamic performance of propulsion mode with 60 V dc-link, (a) dc-link voltage,

(b) dc-link current, (b) battery voltage, (d) battery current
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Fig. 4.18. Simulation waveforms in regenerative braking mode with varying dc-link voltage,

(a) dc-link voltage, (b) battery voltage, (c) battery current

Furthermore, a scaled down simulation is also performed to provide parity between sim-
ulation and experimental results using 36 V battery (initial SOC = 20%), 100 V grid (peak)
and 60 V dc-link with same passive components values.

Figs. and show simulated waveforms of plug-in charging mode using 120 W
power. It is seen from Fig. [4.I5(a), the grid voltage and current are in same phase with
sinusoidal shape. The measured THD in the grid current and PF at grid side using FFT tool
of MATLAB/Simulink are 2.93% and 0.990, respectively. The measured RMS value of i,
is 1.8 A and calculated power at grid side is 127.26 W; thus, efficiency is determined as
94.3% at 120 W charging power. Moreover, voltage across intermediate capacitor C', battery
voltage and battery current are also shown in Fig. {.15(b), (c) and (d), respectively. The
voltage developed across capacitor C's is same as the rectified grid voltage (|v,|), as shown in
Fig. @.15(b). Current through inductors L and L, is shown in Fig. {.16]

The simulated waveforms of propulsion mode are shown in Fig. with load changes
from 160-110 W and 110-160 W at t = 1 s and 2 s, respectively. The dc-link voltage is
regulated at 60 V with load changes.

The regenerative braking mode is tested by varying the dc-link voltage from 60 V to 90
V, as shown in Fig. [@ The dc-link voltage is linearly increased from 60 V, t =0 s to 80V,

t =1 s and kept constant at 80 V between t = 1 to 2 s thereafter, the dc-link voltage increases
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Table 4.8. Experimental circuit parameters

Parameters Values
Grid voltage (v,) 70.7V
dc-link voltage (Vi) 80V
Line frequency (f1) 50Hz
Battery voltage (V) 36V
Battery capacity 26 Ah
Li/L, ImH
Cro/Cyil Cy 330/1/2200 pF

till 90 V, t = 2.5 s. The battery is charged with 3 A current, irrespective of the dc-link voltage

variation.
4.7.2 Experimental results

The experimental waveforms of plug-in charging mode are shown in Figs4.19/and .20 In
this mode, the grid voltage and charging power, B, are taken as 70.7 V and 120 W, respec-
tively. Fig. a), the v, (CH1) and i, (CH2) have sinusoidal shape and in phase with
each other which indicates converter is operating under high PF condition. The measured
RMS value of grid current is 1.83 A; therefore, calculated input power is 129.3 W at 120 W
charging power then converter efficiency is found as 92.7%. The battery voltage and current
are shown at CH3 and CH4, respectively. The battery current has oscillating nature similar
to simulated result, which is an indication for agreement between simulation and hardware
results. The power quality parameters are shown in Fig. f.19(b). The waveforms of voltage
across series capacitor C'; and current through inductor L, are shown in Fig. at CH1
and CH2, respectively. The voltage across C, i.e., Vg follows the rectified grid voltage
|vg]. Fig shows waveforms of control signals. The current through switch S is shown at
CHI in Fig. and integral of this current generates a parabolic signal, v; then it is inverted
by multiplying with negative unit signal as -v; which is compared with nonlinear reference
carrier signal, v.. Whenever, v, is greater than -v;, it generates PWM pulses for S;. The v, is

clamped at a constant value to prevent it from approaching an infinite value at the beginning
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Fig. 4.19. (a) Experimental waveforms during plug-in charging mode (CH1: grid voltage,
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Fig. 4.20. Experimental Waveforms of voltage across capacitor Cs and current through in-

ductor L; (CH1: V_, and CH2: i7,)

of switching period.

In propulsion mode, the battery feeds power to the load through the inverter by boosting
the battery voltage to the dc-link voltage level. For satisfactory operation of the vehicle
system, the dc-link voltage is kept constant through the closed loop control system. Fig.
M.22](a) shows waveforms of this mode with 80 V dc-link and 160 W load where CH1, CH2,
CH3 and CH4 denotes dc-link voltage, battery voltage, dc-link current and battery current,
respectively. The effectiveness of the controller is tested with step load variations from 160-
110 W and from 110-160 W meanwhile, the dc-link voltage is well regulated at 80 V, as
shown in Fig. The measured battery current at 160 W power is around 4.7 A; therefore,

96



CH3
CH2

CH4—>

125ps/d1v o 10V/div

Fig. 4.21. Control signal waveforms

BT L O
Rt N f”;60V/dw

CHl1—}c

CH2

CH3>

Fig. 4.22. Experimental waveforms of propulsion with step load change (CH1: dc-link volt-

age, CH2: battery current, CH3: dc-link current and CH4: battery current)

the battery side power is calculated as 169.2 W and hence, efficiency of the converter in this
mode is found as 94.5%.

In regenerative braking mode, braking energy of the motor is used to charge the battery
which leads to a long run of vehicle per charging. In hardware, this mode is implemented by
manually varying the dc-link voltage with help of auto-transformer and a bridge rectifier. The
battery is charged through 3 A of current irrespective of the dc-link voltage variation whereas
battery side voltage is constant at 36 V. The output load is constant by regulating the battery
current, the battery voltage is regulated as well. In constant load applications either voltage
or current regulation is same as power regulation; therefore, the dc-link current 7, increases
when the dc-link voltage decreases and vice-versa, as shown in Fig. 4.23]

The experimental efficiency curves of the proposed converter in each mode are drawn

through Fluk Power Analyzer shown in Fig. #.24] The efficiency of the converter in plug-
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Fig. 4.23. Experimental waveforms of regenerative braking mode (CH1: dc-link voltage ,

CH2: battery voltage, CH3: dc-link current and CH4: battery current)

in charging mode varies between 90-94% for 80-220 W charging power. The efficiency of
the converter in propulsion and regenerative braking modes are between 92.5-95.7% which is
higher around 1.5% compared to plug-in charging efficiency, it is because in plug-in charging
mode high stresses on semiconductor devices (higher losses) and losses of rectifier diodes

result in lower efficiency.
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generative braking mode

4.8 Conclusion

In this chapter, a new power electronic interface has been proposed with reduced feedback
circuity. In plug-in charging mode, a nonlinear carrier based control strategy has been used
for PFC in CCM which requires only current feedback to correct the power factor. Reduction
of feedback element increases the compactness of converter and makes more suitable for
OBC applications. Moreover, with this control scheme both high power factor (PF)[0.99] and
low THD (below 5%) are obtained in the experimental and simulation results. A loss analysis
of the proposed converter for ac/dc and dc/dc stages has been investigated and compared
to their conventional counterparts to examine the amount of additional losses and drop in
efficiency. The experimental results are found to be in agreement with simulation results,

which validates the effectiveness of the proposed converter.
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CHAPTER 5

INTEGRATED CONVERTER WITH REDUCED
CONDUCTION LOSSES

5.1 Introduction

In the integrated converter topologies discussed in previous chapters, the focus has been laid
on reduction of components, buck/boost operation in each mode and device voltage/current
stresses. In a quest for further improvement, this chapter focuses on a new integrated con-
verter which is derived from conventional two-switch buck/boost (TSBuB) converter (Fig[5.1)),
as shown in Fig. [5.2fa). The proposed converter has the peak efficiency improvement of
2-2.5% 1in propulsion boost and regenerative braking buck modes over existing integrated
converter [98]. The proposed converter has two inductors and the size of second inductor is
approximately reduced by more than 25% compared to single inductor converter [98]]. The
operation of converter and design procedure of passive components are discussed for each
mode. Moreover, a loss comparison of the proposed converter with integrated converter [98]]
has been investigated in propulsion boost and regenerative buck modes. Simulation and ex-

perimental results are presented to validate the proposed converter.

5.2 Conventional Two-Switch Buck/Boost Converter

A conventional two-switch buck/boost (TSBuB) converter [101]] is shown in Fig. [5.1] As
compared to single-switch buck/boost converter (SEPIC, Cuk, ZETA, etc.), the TSBuB con-

L
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| i 1 |+
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Fig. 5.1. Conventional two-switch buck/boost (TSBuB) converter.
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Fig. 5.2. (a) Proposed integrated converter, (b) Integrated converter [98]]

verter has low stress on semiconductor devices, which makes it more suitable for high power
applications with improved efficiency. The proposed integrated converter (Fig. [5.2(a)) is
compared with integrated converter shown in Fig. [5.2(b) because this converter is closest
to the proposed converter in terms of number of components and stress in semiconductor

devices.

5.3 Operation of the Proposed Integrated Converter

The proposed integrated converter has three modes of operation: plug-in charging, propulsion
(discharging of the battery), and regenerative operation (charging of the battery through brak-
ing energy). In the following Sections, the operation of the proposed integrated converter has

been discussed in detailed manner. The states of switches for each mode are given in Table

5.1
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Table 5.1. The states of switches of the proposed converter in each mode

Operation mode Fig. S, So S Sy

Plug-in charging JS_% PWM OFF OFF OFF
Propulsion boost 54 OFF PWM ON  OFF
Propulsion buck 5_4 b) OFF OFF PWM OFF

Regenerative braking boost [5.5(a) PWM OFF OFF ON

Regenerative braking buck |5.5(b) OFF OFF OFF PWM

5.3.1 Plug-in charging mode

In this mode, when switch S; is turned ON, inductor L; stores energy through the path |v,|-
Ly-S1-|vy|, as shown in Fig. meanwhile capacitor connected parallel to the battery sup-
plies energy to the battery. When S; is turned OFF, current through L, follows the path
|vg|-L1-D7-Vj-|v,y|, and inductor L; transfers its stored energy to the battery. While L, and
C form low-frequency filter between input and output, and voltage across C; is the dif-

ference of the rectified grid voltage and the battery voltage, i.e.,

vy| — Vj. Let us assume
that the duty ratio of the switch S is d;. The volt-second balance equation of inductor L, in

switching period 7 can be written as:

DX D;K

D,& D,;,x

Fig. 5.3. Operation of the proposed integrated converter during plug-in charging mode

(Vgmaz Isinwt]) * dy(8)Ts = (Vo — Vi maa [sSinwt|) * (1 — dy(2)) T (5.1
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Using (5.1)), the voltage conversion ratio //; can be expressed as

v, o
Vymaz | sinwt | 1 —di(t)

M, = (5.2)

5.3.2 Propulsion mode

In propulsion mode, power is transfered from the battery to the dc-link capacitor, either by

boost or buck operation depending on battery SOC and the dc-link voltage.
5.3.2.1 Boost operation

In this mode, switch S5 is gated through PWM signal, switch S3 is always ON, and switches
S1 and S, are in OFF-state. When S, is turned ON, both inductors L; and L, store energy
through the V,- L;1-S2-Chy-S5-V;, and Vj,-Le-S5-V4, respectively, as shown in Fig. [5.4{(a).
When S, is turned OFF, both inductors L; and L, transfer their stored energy to the dc-
link capacitor through the path V}-L1-S3-Dg-V},,-V;, and Vi~ La- Cy- Dg-Vy,,- Vi, respectively.
The average voltage across (' is found as zero, and due to that volt-second balance of
both inductors is same as the voltage second balance of the inductor in conventional boost
converter. Let us assume the duty ratio of the switch S5 is dy then the volt-second balance

though inductor in a switching period 7 can be written as

Vi doTy = (Vi — Vi) # (1 — d) T, (5.3)

Using (5.3)), the voltage conversion ratio M, is expressed as

Vi 1
= = 54
V14 (5.4)

Ms

The battery current 7; is the sum of the currents through inductors L; and Lo, which is

expressed as

W =151 + L2 (5.5)

The average currents of L; and S5 are equal to average output current, [, then I, is

given as

Ipg = Iy — Iny (5.6)
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Fig. 5.4. Operation of the proposed integrated converter during propulsion mode, (a) Boost

mode, (b) buck mode

5.3.2.2 Buck operation

The propulsion buck mode is initiated by PWM gating of S5. When switch S5 is turned ON,
inductor L, stores energy through the path, Vj,-S3-L1-Ds-V},,-Vj, as shown in Fig. [5.4(b).
When Sj is turned OFF inductor L, transfers its energy to the dc-link through the path Dj-
Ly-Dg-V}y,,,. While Ly and C'y; form a low-frequency filter between input and output, and
have insignificant effects in steady state. Let us assume that the duty ratio of the switch S5 is

ds. The volt-second balance of inductor L is written as

(Vi — Vi) x d3Ts = Vi % (1 — d3) T (5.7)
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From (5.7)), the voltage conversion ratio M3 can be expressed as

5.3.3 Regenerative braking mode

The power transfer in regenerative braking takes place from the dc-link system to the bat-
tery through buck or boost mode of operation. The operation of these two modes has been

explained in following Sections.

5.3.3.1 Boost operation

The operation of this mode is same as the operation of plug-in charging mode, only difference
is, the input voltage in this mode, is V}, instead of V| 4, |sin(wt)|. In this mode, switch Sy
is always ON and switch 5] is gated through PWM. When 5] is turned ON, L, stores energy
through the path V},,-Sy- L1-D7-Vj-V},,,. When S turns OFF, L, transfers its stored energy to
the capacitor Cy/battery through the path V},,,-Ss- L1-S1- Vi, . Let us assume the duty ratio
of the switch S in this mode is d4. The volt-second through inductor L; in switching period

T, can be written as

Vio # dy Ty = (Vi — Vi) # (1 — dy)T, (5.9)

The voltage conversion ratio M, from (5.9)) is given as

Wy 1

M: p—
YT Ve 1—d,

(5.10)

106



T T T T s B
b B
= 000" : .
Ip
l Chv —_ Vh
I+ Y
i
il Cb::l_;Vb
S,Jk— -1 -
M |
Lt
(a)
l;hv
J.J_JI_I +
A\
L, D
] ’”,’m‘. ] : ]
, th: ~ T
= i C,, =
| CM ﬁ LZ : : + hy 7~ I/hv
| SR I e 1_ _i-l |
| Gy == &=V,
<« AD |-
[[]*6 |
| !
| | | | A
| a

(b)

Fig. 5.5. Operation of the proposed converter during regenerative mode, (a) boost mode, (b)

buck mode

5.3.3.2 Buck operation

In this mode, switch S, is PWM gated and all other switches are in OFF-state. When 9, is
turned ON, inductor L stores energy through the path V},,-S4-L1-D7-V,-V},,, and inductor
L, stores energy through the path V},,-S,-Cy/-Lo-V,. When switch Sy is turned OFF, both
inductors L; and L, supply energy to the battery and capacitor C}, through the path C';-L;-
D7-Vy-Dg, and Ly-Dg-Vi, respectively as shown in Fig. [5.5(b). In the steady state voltage
across the capacitor, C'y; will be zero. Therefore, the volt-second balance of L; and L, will
be the same. Let us assume the duty ratio of the switch Sy is d5. The volt-second balance

applied to the inductors in a switching period 7 is given as
(Vi — Vb)) xdsTs =V x (1 — d5)Ts (5.11)
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From (5.11)), the voltage conversion ratio M5 can be expressed as

Vi

M = — =
i th

ds (5.12)
The battery current 7, is the sum of the currents through inductor L; and L.
1 =151 + 112 (5.13)

The average currents of L,; and D7 in steady state is equal to the average dc-link current
Iy, then I, is expressed as

Iy = Iy — I, (5.14)

5.4 Comparative Analysis
5.4.1 Loss analysis

In this Section, losses of the proposed integrated converter are compared with losses inte-
grated converter [98]] shown in Fig. [5.2]b), specifically in propulsion boost mode and re-
generative braking buck mode. The reasons for selection of these modes only are discussed
below.

The proposed integrated converter has lower conduction losses in the propulsion boost
mode than converter [98]], which is explained as: when switch S5 conducts, it carries the
output current [, while counterpart switch Sé of the converter [98] carries input current /. In
the boost operation of the converter I, < I; therefore, switch S35 has lower conduction loss
than switch Sé. In addition to this, input current [, is shared between two inductors, which
results in lower inductor copper loss compared to the inductor copper loss of the converter
[98]]. The switch S3 and inductor (L, L) conduction losses are normalized with respect to
conduction losses of the switch Sé and inductor L of the converter [98|] as function of V},,/V},
which is shown in Fig. [5.6{(a).

Furthermore, in regenerative braking buck mode, input current 7, flows through diode
D7 while counterpart diode D; of the converter [98]] carries output current [,, as in buck
operation [, < I,. Therefore, conduction loss of diode D7 is lower compared to conduction
loss of D’7. In addition to this, output current [, is shared between two inductors; therefore,

inductor copper loss also reduces. The diode D7 and inductors (L4, L2) conduction losses are
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in regenerative buck
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normalized to the conduction losses of the diode D/7 and inductor L of the converter [98]] as
function of V;/V},, which is shown in Fig. [5.6(b).
The mathematical expressions of normalized conduction losses for propulsion boost mode

(Ppp) and regenerative buck mode (Pgp) can be written as

2 2 2
]sg,rms *Tds + (ILl,Tms + IL2,rms) *TLig

P 5.15
rB (IQ/ * Tgs + I% rms ¥ TL) ( )
83,rms ’
Ino * Vi, + (11, s + Tia.rms) * 7
s = h D7 ( Lyi,rms LQJ”mS) 112 (516)

([b * VD; + I%/,rms * 7nL)

where [

83,rms

and IS/

3,rms

= RMS current of S5 and S, respectively, 111 rmss 112,rms and I,y
= RMS current of L, L, and L, respectively; I, and [, = average current through the dc-
link and battery, respectively; V., and VD; = voltage drop of D7 and D;, respectively; rr,, =
inductor resistance of L; and Lo; r;, = resistance of inductor L and r;, = switch resistance.
The reduction of conduction losses in these two modes is desirable from battery charge
point of view, which is one of the important feature of proposed converter. Since propulsion
boost mode and regenerative buck mode are more common than propulsion buck mode and
regenerative braking boost mode, the improvement is manifested more. Moreover, in propul-
sion mode, when battery SOC is low (lower battery voltage), the converter operates in boost
mode. At lower battery voltage, input current will be high; thus, efficiency improvement
(lower losses) in boost mode results in a longer vehicle run. In case of regenerative mode, at
higher speed back EMF of the machine will be high; hence, converter must operate in buck
mode to capture the braking energy. Thus, the efficiency improvement in buck mode again

contribute to a longer run of vehicle.

5.4.2 Size reduction of [,

In propulsion boost mode or regenerative braking buck mode current flows through both in-
ductors L, and L,. Due to high power rating of propulsion mode, core size and winding
thickness of inductor L, are decided by this mode only. The core size an inductor is deter-

mined by the following equation as [116]

LIy Irums
ZImIRMS _ 4 5.17
kw B G.17)
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where B,,, = maximum saturation flux density; K,, = window space factor; J = peak current
carrying capacity; A. = effective area for the magnetic path as well as electric current; [, =
peak current; /ry;s = RMS current and L = inductance value. Based on reduction of
the core size of inductance L, compared to single inductor converter in [98]] can be examined
with the following assumptions.

1) Input Peak and RMS currents are equal.

2) Peak input current through inductor L, in propulsion boost mode is normally higher than

regenerative buck mode.

Let us take the worst situation for propulsion boost, i.e., 50% duty cycle (the dc-link
voltage is twice of the battery voltage), inductor (L5) current will be half of total input current
Iy,. Therefore, the effective core area of Ly from can be reduced by 25% compared to
single inductor converter in [98]]. Further, the size of winding thickness of L. also will be
half compared to winding thickness of inductor in [98]]. Therefore, the size of inductor L, is

approximately reduced by more than 25%.

5.4.3 Comparison with conventional single-stage chargers

The conventional single-stage battery charger topologies are namely the boost PFC converter,
inverting buck/boost PFC converter, SEPIC PFC converter, and Cuk PFC converter, as shown
in Fig. The proposed converter has the least number of components compared conven-
tional topologies shown in Table To have a fair comparison of the proposed converter
with these single stage converters, the dc/dc converter connected between the battery and the
dc-link is assumed to be a four-quadrant bidirectional dc.dc converter. The boost PFC con-
verter can only charge the battery when battery voltage is more than the peak grid voltage.
While inverting buck/boost and Cuk converter have negative output voltage with respect to
the input. The problem with negative polarity has been discussed in Chapter 2 in Section[2.6]
The Cuk and SEPIC based converter topologies have one additional inductor compared with

the proposed integrated converter.
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Fig. 5.7. Conventional single-stage EV battery chargers, (a) PFC boost converter, (b) invert-
ing buck/boost PFC converter, (c) SEPIC PFC converter, (d) Cuk PFC converter

Table 5.2. Comparison of proposed charger with conventional single-stage chargers

Charger topologies Voltage Polarity Switch Diode Inductor Capacitor Battery voltage range
Boost PFC converter + 5 5 2 2 Vgrid,peak=Vo,maz
Inverting buck/boost PFC converter - 5 5 2 2 0-Vi max
SEPIC PFC converter + 5 5 3 3 0-Vi maz
Cuk PFC converter - 5 5 3 3 0-Vimaz
Proposed integrated converter + 4 4 2 3 Vigrid peak-Nibmaz

5.5 Design of the Proposed Converter

This Section discusses the design procedure of Ly, Ly, Cyy, Cy, and Ch,,.

5.5.1 Selection of L; and L,

In high-power applications, CCM operation of the converter is preferred over DCM as it
exhibits lower power loss. To ensure the CCM operation, it is essential to determine the value

of inductance in each mode and the largest value will be chosen as final value for inductors.
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5.5.1.1 Plug-in charging mode

In plug-in charging, the converter operates in boost mode. The duty cycle d;(t) from (5.2) for
operation in CCM is given as

Vi, maz |sin wt|
Vi

di(t) =1 (5.18)

The inductor L, current ripple is relevant for converter operation in CCM. Thus, the CCM

condition can be written as

i1 > AiLl (519)
where
Aiyy — Vg, max [sinwt| dy (t)Ts (5.20)
214
Combining (5.18)-(5.20), yields CCM condition as
Vg,maz|sin wt
Ly > (5.21)

2

where I?. is the emulated input resistance to a given output power. In order to ensure the

CCM operation throughout line cycle under all input voltages and output power levels, from

(5.21) we can write
(5.22)

where R, ,,,q, corresponds to the lowest power, and the largest input voltage ac voltage.
5.5.1.2 Propulsion mode

(a) Boost mode:
In this mode, both inductors L; and L, current ripples are relevant for operation in CCM.

Therefore, the CCM condition can be written as
=11+l > AiLl +AiL2 (523)

where inductor current ripples Aiy; and Aips is given as

. %dQTS

Nipq = 5.24
L1 oL, ( )
. %dQTs

Nijg = 2
12 2L, (5.25)

113



From (5.23))-(5.25) and using the result of (5.4) yields CCM condition as

%2 (th - ‘/b) RTS
2V

Leg > (5.26)

where L., = L1Ly/(Ly + Ly) and R is the output resistance.
(b) Buck mode:
In this mode, only inductor L, current ripple is relevant for operation in CCM. Thus, the

CCM condition can be written as

111 > AiLl (527)
where
. (% - th) dSTs
Aip = 2
tr1 2L, (5.28)
Combining (5.27)),(5.28)) and using result of (5.8)), yields CCM conditions as
(1- %) TR

Ly > (5.29)

2

5.5.1.3 Regenerative braking mode

(a) Boost mode:
This mode is exactly same as boost operation of plug-in charging mode, therefore only in-

ductor L; current ripple is relevant for CCM operation. The CCM condition can be expressed

as
The > AiLl (5.30)
where
. vhvd4
Al = 5.31
L1 2L, fs ( )

From (5.30), (5.31)) and (5.10)), the CCM condition can be written as

> Vh2v (‘/b B th) RTS

L
1 2‘/1)3

(5.32)

(b) Buck mode:
In buck mode, both inductors current ripples are responsible for operation in CCM. There-

fore, the CCM condition can be written as

=151 +iro > AiLl + AiLg (533)
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where inductor current ripples are expressed as

(th - ‘/b)d5Ts

Aipy = 34

(991 2L, (5.34)
. (th - ‘/b)d5Ts

Aipy = 5.35

tr2 2L, ( )

Combining (5.33)-(5.35) and using the result of (5.12]) gives the CCM condition as

(1- &) TR

Leg > . (5.36)

2

Using parameters of Table[5.3] the selected value of L; and L is 3 mH.
5.5.2 Selection of capacitor (),

The value of capacitor (', affects voltage V;, and V},, in plug-in charging and propulsion
modes, respectively as well as current through L,-C'y; path. Therefore, the natural frequency
fr of Ly and C'; should be more than the line frequency f7, and less than switching frequency

fs; therefore, f,. can be expressed as

fo<fr</fs (5.37)

where
1

- 271’\/ LQCM
For f. =0.2 kHz and L, =3 mH, the calculated value of C'y; from (5.38]) is 0.63 uF".

fr (5.38)

5.5.3 Selection of capacitor (),

With regards to the parallel capacitor across the battery terminal, twice of the line frequency
voltage ripple is more critical since it directly affects the charging voltage than switching
frequency voltage ripple. Therefore, capacitor C} is determined by twice of the line frequency

voltage ripple as [103]]
Py

Ch = ———
" Af AnY,

(5.39)

where A, is the capacitor Cj, voltage ripple. From (5.39), the value C, is 2.1 mF for Av, <
2% of V.
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5.5.4 Selection of capacitor C},

The dc-link capacitor C},, is required to suppress the dc-link voltage ripple. The value of this

capacitor is determined by propulsion operation mode then it is expressed as [105]

d3
Chp = ——— (5.40)
Rf, S5
where Auwy, is the capacitor Cj,, voltage ripple. From (5.40), the value of C},, is 187.5 puF

for Avy, < 2% of Vj,.
5.6 Control Strategy

The controller block diagram for different modes is shown in Fig. During battery charg-
ing from grid the reference battery power is divided by instantaneous battery voltage to gen-
erate reference battery current. This reference current is compared to actual battery current

and error is fed to outer proportional-integral (PI) controller GG;;(z), which is expressed as
KiTs
z—1

Gu(z) = K, + (5.41)

where K, is the proportional gain to adjust the control bandwidth and K is the integral term
to achieve high dc compensation gain. The outer PI controller G;;,(z) generates a dc signal,
which is multiplied by a unit sinusoidal template to generate reference current for an inner

digital PI controller, and can be expressed as
KicTs
z—1

(5.42)

GZL(Z) - Kpc +

where K, is the proportional gain and K;. is the integral gain. These two coefficients
should be tuned such that the bandwidth of the controller is kept between one sixth to one
tenth of the switching frequency. Further, to achieve accurate current tracking and make the
control system robust against supply variation, an open loop duty cycle is derived from
is added to the output of the inner PI controller GG, (z) to arrive final reference PWM signal,
as shown in Fig. [5.8(a).

In propulsion and regenerative braking modes, an average current mode controller is used.
Depending on the operating mode, appropriate switches are turned ON. In the case of propul-
sion mode, the dc-link voltage is regulated using a digital PI controller GG, (z) by generating

reference battery current for a common digital PI controller G;;.(z) (used in both modes).

116



5o ;% ir7
P, A_E—ll: L 2 PWM
Vp] &) ! < Signal

ip |sinot| ] MM
gy S o
I |vg = Repeating
| sequence
o 1 _
Feed-forward loop
(@)
Bus Selector

%
th

Vhy

|—>.

Common controller for propulsion
and regenerative braking

(b)

Fig. 5.8. (a) Control diagram of plug-in charging mode, (b) propulsion and regenerative

braking modes

In regenerative braking, the reference quantity is usually torque. The torque is converted
into reference charging power by a digital PI controller G;(z), which is divided by instanta-

neous battery voltage to generate a reference battery current for the inner PI controller G.(z),

as shown in Fig. [5.§(b).
5.7 Results and Discussion
5.7.1 Simulation results

The simulation study of the proposed converter was carried out in MATLAB/Simulink envi-

ronment and the circuit parameters used in this study are listed in Table[5.3]

The simulation waveforms for plug-in charging at 1 kW charging power are shown in Fig.
5.9} From Fig[5.9(a), the grid voltage v,/ 24 and grid current 7, are seen to be in same phase
which shows converter is operating under UPF condition. The THD bar chart of input current

is shown in Fig[5.10] where the THD is 3.6%. The UPF operation of converter reduces cost
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of electricity usages and also mitigates the reactive power loss in grid system.

Table 5.3. Simulation circuit parameters

Parameters Values
Grid voltage (V) 220/30V
dc-link voltage (Vp,,) 400/50 V
Line frequency (f1) 50Hz
Battery voltage (V;) 345.6/36 V
Nominal charging power (F) 1kW/ 80 W
Ly/Ly 3mH
Cro/CpICy 330/172200u F

| | | | |
8.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7

Fig. 5.9. Simulation waveforms in plug-in charging mode with 1 kW reference charging

power, (a) grid voltage and current, (b) battery voltage, (c) battery current

The battery voltage is around 354 V with 20% of SOC ( Fig. [5.9(b)) and the measured
average battery current is 2.82 A, as shown in Fig. [5.9)(c). Further, in steady state, the
voltage across coupling capacitor C), is the difference of |v,| and Vj, shown in Fig. a),
and current through C) is almost zero, which is indicated in Fig. [5.11|b).
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Fig. 5.10. THD of grid current

Fig. 5.11. Simulation waveforms in plug-in charging mode with 1 kW reference charging

power, (a) voltage across capacitor C'cyy, (b) current through Copy

The performance of closed loop control scheme is done by step change in reference charg-
ing power which is shown in Fig. [5.12] The grid current is again in phase with the grid voltage
even after the change of reference power from 1 to 1.5 kW at t =2 s and from 1.5 to 1 kW
at t = 2.5 s. The corresponding change in the battery current is shown in Fig. [5.12|c) which

varies between 2.8 t0 4.23 A.

In propulsion mode, the battery voltage is either stepped up or stepped down depending
on the battery SOC and the dc-link voltage. The reference dc-link voltage is chosen as 400
V with 2 kW output power. Therefore, the battery voltage 345.6 V is boosted to 400 V.
From Fig. [5.13|a), the dc-link voltage is regulated at 400 V, the battery terminal voltage
(Fig. [5.13](b)) is around 352 V slightly less than charging mode battery voltage, it is due to
drop across internal resistance of the battery and recorded battery current (Fig. [5.13c)) is

found 5.85 A. Therefore, calculated power at battery side is 2.059 kW hence, efficiency of
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Fig. 5.12. Simulation waveforms in plug-in charging mode with change of reference charging

power, (a) grid voltage and current, (b) battery voltage, (c) battery current
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Fig. 5.13. Simulation waveforms of propulsion mode with 2 kW load, (a) dc-link voltage, (b)

battery voltage, (c) battery current
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Fig. 5.14. Simulation waveforms of propulsion mode with 2 kW load, (a) Current through
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Fig. 5.15. Voltage waveform across capacitor C'y,
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Fig. 5.16. Dynamic response of propulsion mode, (a) dc-link voltage, (b) battery voltage, (c)

battery current, (d) dc-link current
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Fig. 5.17. Simulation waveforms of regenerative braking with varying dc-link voltage, (a)

dc-link voltage, (b) battery voltage, (c) battery current

the converter at 2 kW load is 97.1%. The inductor currents 7, and 75, and capacitor current
through C); are shown in Fig. [5.14] Fig. [5.15] shows voltage developed across C); which
is almost zero but a small voltage appears across this capacitor due to variation in current
through L, and L, . The dynamic performance of the propulsion mode is tested with step
load variations from 2 to 1 kW att=1sand 1 to 1.5 kW at t = 2 s. The control target of
this mode is to keep the dc-link voltage constant irrespective of the load variation, which
is shown in Fig. [5.16(a). The corresponding change in the battery voltage, battery current
and dc-link current with load variations are shown in Fig. [5.16(b), (c) and (d), respectively.

In regenerative mode, the dc-link voltage depends on back-EMF of the machine which is
directly proportional to speed of the machine. The closed loop control of this mode is verified
by linearly increasing the dc-link voltage from 300 V, t =0 s to 380 V, t = 2 s then it is kept
constant from t = 2 s to t = 2.5 s, which is shown in Fig. [5.I7(a). The battery current is
regulated at 3.5 A irrespective of the dc-link voltage variations and the battery voltage and
current are shown in Fig. [5.17(b) and (c), respectively. The waveforms shown in Fig.
depicts both boost and buck operations of regenerative braking mode. In boost mode, the
battery current is smooth while in buck mode (after t = 1.4 s), it is in oscillatory nature
because of part of battery current flows through the L,-C'y; path which is responsible for

oscillations in the battery current.
The Efficiency versus V;/V}, ratio curve of the proposed converter and converter [98] in
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Fig. 5.18. Efficiency curves of the proposed converter and existing integrated converter ( Fig.

@b)), (a) regenerative braking buck mode, (b) propulsion boost mode

regenerative braking buck mode is shown in Fig. [5.18|a). It is observed that the efficiency
improvement in this mode is 2-2.5% compared to the converter [98] when the ratio V;,/V},
is near to 0.5. The efficiency curve in propulsion boost mode with respect to V},/V}, ratio
is shown in Fig. @Kb). At low SOC or lower battery voltage (V},,/V}, = 2), the efficiency

improvement of the proposed converter is around 2% compared to converter [98]].

Further, to provide consistency between simulation and hardware results, a scaled down

simulation of the converter is performed with 36 V battery, 30 V grid (peak) and 50 V dc-link.

Fig. [5.19|shows simulation waveforms in plug-in charging mode; the charging power is

taken as 80 W. The simulation waveforms of propulsion mode are shown in Figs. [5.20| and
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Fig. 5.19. Simulation of plug-in charging mode with 36 V battery and 80 W charging power,

(a) grid voltage and current, (b) battery voltage, (c) battery current
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Fig. 5.20. Simulation waveforms of propulsion mode with 50 V dc-link, (a) dc-link voltage,

(b) battery voltage, (c) battery current., (d) dc-link current
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Fig. 5.22. Simulation waveforms of regenerative braking mode with dc-link voltage varia-

tions, (a) dc-link voltage, (b) battery voltage, (c) battery current

125



[5.21] The close loop verification of regenerative braking mode is shown in Fig. [5.22]

Table 5.4. Experimental circuit parameters

Parameters Values
dc-link voltage (V,) 40V
Line frequency (f1) 50Hz
Nominal battery voltage (V) 24V
Battery capacity 26 Ah
Ly/Ly 3mH
Cro/Cril Cy 330/1/2200 pF

5.7.2 Experimental results

The circuit parameters for experimental verification are listed in Table [5.4] A reduce scale
laboratory prototype has been built for testing and validation of the proposed converter using

24 V battery and 40 V of dc-link voltage.

During plug-in charging mode, the average battery charging current ¢, (CH4) is main-
tained at 1.25 A and the grid current ¢, (CH2) is almost in phase with the grid voltage v,
(CH1), as shown in Fig. [5.23(a). The battery voltage V}, at CH4 is near to 24 V. The dynamic
response of converter is verified by changing the reference charging power from 30-60-30 W,
and corresponding variation in the grid current is shown at CHI in Fig. [5.23[b). The grid

current is still in sinusoidal shape, which shows the effectiveness of the controller.

During running mode of vehicle operation there are two modes of operation, i.e., propul-
sion and regenerative braking. The waveforms of propulsion mode are presented in Fig. [5.24]
For satisfactory operation the inverter-drive system of the vehicle, the dc-link voltage is reg-
ulated at desired value. In the prototype model. The closed loop operation of this mode is
tested by varying the load power, i.e., from 50-120-50 W while dc-link voltage regulated at
40 V shown in Fig. [5.24(a) at CH1. The corresponding variations in the battery voltage and
the dc-link current are shown in Fig. [5.24(a) at CH2 and CH3, respectively.
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Fig. 5.23. (a) Experimental waveforms in plug-in charging mode (CH1: grid voltage, CH2:
grid current, CH3: battery voltage and CH4: battery current), (b) dynamic response of plug-in

charging mode by increase and decrease of reference charging power
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Fig. 5.24. Experimental waveforms in propulsion mode (CH1: dc-link voltage, CH2: battery
voltage and CH3: dc-link current)

In regenerative mode, the battery is charged through braking energy of the motor. The
relevant waveforms of this mode are presented in Figs. [5.25] and 5.26 The closed loop
operation of this mode is verified by increasing the dc-link voltage from 40 to 55 V and the
battery current is well regulated at 1.62 A, as shown in Fig. [5.26(a) at CH3. The closed-loop
control of the converter is also tested by decrease of the dc-link voltage from 40 to 30 V,

which is shown in Fig. [5.26(b).
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Fig. 5.25. Experimental waveforms in regenerative braking operation (CH1: battery voltage,

CH2: battery current and CH3: PWM signal of switch Sy)
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Fig. 5.26. Experimental waveforms during regenerative mode, (a) verification of closed loop
control of by increasing the dc-link voltage (CH1: battery voltage, CH2: dc-link voltage and

CH3: battery current), (b) by decreasing the dc-link voltage

5.8 Conclusion

The integrated converter proposed in this chapter has been shown to operate for all modes
of vehicle employing a single power electronic converter. In addition, this topology has an
efficiency improvement 2-2.5% in boost mode of propulsion and buck mode of regenerative
braking over existing integrated converters. Since propulsion boost mode and regenerative
buck mode are more common than propulsion buck mode and regenerative braking boost
mode then efficiency improvement leads to a long run of vehicle. The closed loop operation

of each mode is verified by variations of relevant parameters in the simulation as well as
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in hardware. Even though two inductors are used in the proposed converter, but the size of
the second inductor is reduced by more than 25% compared to the single inductor integrated

converter. Therefore, addition of second inductor is not much disadvantageous.
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE OF WORK

6.1 Conclusion

This thesis presented evolution of power converter topologies for on-board applications of
PEVs, which were essentially based on single-stage conversion. These converters are capa-
ble of multi-mode operation to achieve battery charging, vehicle propulsion and regenerative
braking. This feature of multi-mode operation is reflected in calling them as integrated con-
verters. After evaluating the existing converter typologies, four integrated converter topolo-
gies were proposed in this thesis. These topologies are shown to achieves all modes of op-
eration, i.e., plug-in charging,vehicle propulsion and regenerative braking. To validate the
effectiveness of the proposed topologies, they are compared with existing integrated convert-
ers. Each proposed topology is supported by relevance analysis, MATLAB based simulation
results and finally development of prototype hardware with experimental waveforms under
various operating conditions.

The work in this thesis begins with literature review (Chapter 1) in the area relevant to
research being carried out. The emphasis is placed on classification of chargers and review
of conventional single-stage and integrated chargers. The non-isolated converters are found
more suitable for on-board EV applications. Review of integrated chargers has been divided
into two groups: a) integrated chargers that use machine winding as energy storage elements
into the charging circuit with utilization of inverter switches and b) integrated chargers using
diode rectifier in ac/dc stage, and bidirectional dc/dc converter incorporated into the charging
circuit. Review of each topology is focused on their merits and demerits. Based on this
literature review, the research objectives for present work were formulated in Chapter 1.

The research work contributed in this thesis is to development of the integrated converters.
Even though conclusion has been given at the end of each chapter, the following points are

concluded by comparing the proposed topologies with each other.

e The proposed ZETA-SEPIC based integrated converter has buck/boost operation in
each mode, as shown in Table But this topology has the limitation of high volt-
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Table 6.1. Comparative study of the proposed converters in terms of mode of operation and

number of components.

Proposed Mode of operation Number of components

topologies Plug-in charging Propulsion Regenerative braking Switch Diode Inductor Capacitor Sensor

ZETA-SEPIC based

Boost/buck Buck/boost Buck/boost 3 4 2 3 5
Integrated converter
Modified ZETA
based Integrated Buck/boost Boost Buck 3 4 2 3 5
converter
SEPIC based
Buck/boost Boost Buck 2 5 2 3 4
Integrated converter
Integrated converter
with reduced Boost Buck/boost Buck/boost 4 4 2 3 5

conduction losses

age/current stresses (sum of input/output quantities (voltage/current)) on semiconduc-
tor devices in each mode, as shown in Table Due to high stresses, efficiency of the
converter in each mode is lower compared to other proposed converters (except plug-in

charging mode of modified ZETA based converter), which is shown in Fig. [6.1]

e The modified ZETA based integrated converter has low stresses (either input or output
voltage/current) in propulsion and regenerative braking modes. Also, this converter has

the highest peak efficiency in propulsion and regenerative braking modes, as shown in

Fig.[6.1}

e The SEPIC based integrated converter has low stresses in propulsion and regenerative
braking modes same as the modified ZETA based integrated converter. Moreover, this

converter has fewer number of components compared to other proposed converters, as

shown in Table

e The TSBuB based integrated converter has low stresses in each mode compared to
other proposed converters, as shown in Table [6.2] This converter has higher efficiency
similar to modified ZETA based converter in propulsion boost mode and regenerative

braking buck mode.
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Table 6.2. Voltage and current stresses on semiconductors in each mode

Proposed Plug-in charging Propulsion Regenerative braking

topologies Voltage Current  Voltage Current  Voltage  Current

ZETA-SEPIC based
‘/ou,L + ‘/m ]ouL + Iin ‘/OUL + V;n IouL + Iin V‘ouL + ‘/in Ioul, + Im
Integrated converter

Modified ZETA
based Integrated V;mt + ‘/l’!l ]out + Iin ‘/out or V;,n Iout or IlTL ‘/out or ‘/lTL ]out or [in
converter

SEPIC based

‘/out + V;n Iout + Iin V:mt or ‘/7,TL Iout or Izn V;mt or ‘/7/n Iout or ['m
Integrated converter

Integrated converter
with reduced Vout or Vm Iout or Iin Vout or Vm Iout or Iin Vout or Vm [out + Im

conduction losses

where Vo t, Iout, Iy and Vi, , are the output voltage, output current, input voltage and input current of operating mode, respectively.

= Plug-in charging
= Propulsion

99 Regenerative braking

98 -
97 -
96 |
95
94 -
93 -
92 -

Peak efficency (%)

ZETA-SEPIC Modifed SEPIC Two-Switch
ZETA Buck/Boost

Proposed topologies

Fig. 6.1. Peak efficiency plot of the proposed converters

6.2 Future Scope of Work

The research work presented in this thesis focuses on converter part of PEVs. The different
integrated converters were proposed. Future expansion of presented work in this thesis will

include:

e The drive system of the vehicle can be included to interface various types of motors

such as induction, PMSM and SRM with the integrated converters.
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e It is possible to use the solar photovoltaic (PV) system for battery charging which
requires a dc/dc converter that interfaces PV system with integrated converter. When
solar power is available, the battery will be charged through it, if it is not available,
plug-in charging mode can be activated. This will save the fossil fuel based electricity

and such EVs can be more environmental friendly and attractive for users.

e Use of super capacitor with PV interfaced integrated converter can be another future
scope of this work. The high power density super capacitor can be used in the two
ways in the vehicles; a) with battery or b) in stand-alone mode. When super capacitor
is used with battery, either it can be directly connected to the dc-link or through a dc/dc
converter depending on application. Further, stand-alone mode of super-capacitor is
not much attractive due to low energy density and capacitor can not hold charge for
long as does the battery. The major challenges of these future works are addition of
dc/dc converters that will add weight in OBC. Control complexity will increase when

both PV and super capacitor are used simultaneously.
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APPENDIX A

SIMULATION AND EXPERIMENTAL SETUP

This appendix explains about more detail of simulation and experimental setup that have been
conducted in order to investigate the performance of the proposed converters in each mode

of vehicle operation.

A.1 Simulation Setup

The simulations were conducted in MATLAB/Simulink environment. MATLAB is widely
used as an interactive tool for modeling, analysis and visualization of systems, which itself
contains more than 600 mathematical functions and supports additional toolboxes to make
it more comprehensive. Simulink is a MATLAB add-on software that enables block dia-
gram based modeling and analysis of linear, nonlinear, discrete, and continuous and hybrid
systems. The power circuit of the proposed topologies has been modeled using SimPower-
Systems toolbox of 2013a MATLAB version. The control circuit has been developed using
’Math Operations’, *Signal Routing, *Discrete’, ’Sink’ and *Source’ blocks of Simulink. The

simulation sample time has been kept 1e~%s for the execution of power circuit.

A.2 Experimental Setup

The prototype model of experimental setup and its block diagram are shown in Fig. [A.T|and
respectively. The PWM signal for MOSFET (IRFP460) switches is applied through
FPGA based controller dSPACE-1104 which has been interfaced with desktop computer
(A.3(a)). The dSPACE-1104 has 8 ADC/DAC channels, as shown in Fig. [A.3(b) which
has two operating modes, i.e., Master and Slave. For higher switching frequency (5-30 kHz)

operation, Slave mode is used, while for low switching frequency range (0-5 kHz), Master
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Fig. A.1. Photo of experimental setup
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Fig. A.2. Block diagram of experimental setup
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mode is used. A single-phase variac shown in Fig. [A.3]c) has output voltage range of 0-260
V, which is used during plug-in charging and regenerative braking modes. In regenerative
braking mode, the variac is used to form a dc-link by utilizing a rectifier and a large capacitor
(4700pF). In Fig. (d), the battery stack of four units is shown and rating of each unit
is 12 V, 26 Ah. For powering the voltage and current sensors, a Scientific multiple power
supply PSD 3304 is used which has three supply terminals as: +30 V/2 A, 5 V/ 5 A and
£+15 V/ 1 A. All experimental waveforms are recorded in Agilent Technology, DSO1014A,
as shown in Fig. [A.3(e). In the following Sections, development of MOSFET driver circuit

and measurement circuits, i.e., voltage and current sensors are discussed.

A.2.1 MOSFET driver

A circuit diagram the MOSFET driver is made using 8-pin TLP 250 optocoupler which can
be operated upto 25 kHz of switching frequency . However, in this research, the switching
frequency was selected as 20 kHz. The driver circuit comprises of + 15 V supply, TLP op-
tocoupler and voltage protection for switch shown in Fig. [A.4(a). The PWM pulses from
the controller are fed between second and third terminals of TLP optocoupler and magnified
PWM pulses are taken at output terminal seven which is connected to gate terminal of the
switch. The printed cicuit board (PCB) layout and photograph of driver circuit for experi-
mental setup are shown in Figs. [A.4(b) and (c), respectively.

A.2.2 Voltage sensor

The voltages (ac or dc) are sensed to through AD202JN isolation amplifier which is pow-
ered by +15 V supply. In addition, two potentiometers and two resistances are used for the
operation of sensing circuit. The main features of AD202JN are: 1) small physical size, 2)
High accuracy, 3) Low power consumption and 4) Wide bandwidth. Fig. [A.5(a) shows a
cicuit diagram of voltage sensor where sensed voltage is at output terminal 19 of AD202JN.
The output of voltage sensor is scaled properly to meet the requirement of the control cir-
cuit and is fed to the dSPACE via its ADC channel for further processing. The PCB layout
and photograph of voltage sensor for experimental setup are shown in Figs. [A.5[b) and (c),

respectively.

151



(e) Multiple power supply (f) DSO (g) Power quality

analyzer
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A.2.3 Current sensor

The ac or dc current is sensed using Hall effect sensor (TELCON HTP25). The HTP2S is
Hall effect current transformer suitable for measuring current up to 25 A. The current sensors
provide the galvanic isolation between the high voltage power circuit and the low voltage
control circuit and require a nominal supply voltage of the range + 12V to + 15V. A dual
supply based two operation amplifiers (LF353) is used to convert current signal into voltage
signal and scales down the voltage signal at a required magnitude for ADC channel. A PCB

layout of current sensor and photo of current sensor for experimental setup are shown in Figs.

[A.6](b) and (c), respectively.
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