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CHAPTER 1

INTRODUCTION

1.1 Introduction

There is an increasing interest in deployment of electric vehicles (EVs) to reduce greenhouse
emissions and fuel usage. The growing environmental awareness, innovation, and the
government support are together paving the way for EVs. However, the wide adoption of these
vehicles is limited. One of the reasons for this is the limited availability of electric vehicle
battery chargers. Moreover, EV charging technologies that are fast, efficient, and low cost with
a small form factor are needed. In addition to that, these technologies should have features to
minimize harmonics and operate at high power factor. Their impact on the grid should be
minimal as they would contribute to a significant share of the grid load in future. Another
desirable feature is the ability to provide ancillary services to support smart grids [1]. A graph
showing the grid load characteristics with different operational modes of EV charger is shown in
Figure 1-1. The focus of this thesis is to analyze the present EV charger technologies and
introduce a topology that has the potential to bridge the gap between the infrastructure and the

demand for EVs.
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Figure 1.1 Load impact of EV charger operation on grid [2].

The following section discusses the different types of EV charger.

Types of EV Chargers

EV chargers are classified into two types based on their energy transfer methods. Both the
methods have different power electronics interfaces and their own advantages and limitations
related to efficiency, usage, and the infrastructure.

Conductive Chargers: These chargers have a hard-wired connection between the power source
and the power converter that is used for charging the EV’s. They usually consist of two stages,
an active rectifier for power factor correction and a boost converter [3][4].

Inductive Chargers: These chargers do not need a physical hard-wired connection with the
power source to transfer the energy to the EV’s battery system. They utilize primary (transmitter)

and secondary (receiver) coils for power transfer using the magnetic induction principle.



Generally, a resonant converter transfers the power through the large air gap which is then
rectified to charge the battery [3][4].

Conductive chargers are more efficient compared to inductive chargers. However, the scope of
applications is limited for conductive chargers. They only support “stationary charging”, which
requires the vehicle to be at a standstill condition for charging. On the other hand, inductive
charger may support “en-route” charging in addition to stationary charging, which allows the
vehicle to charge while it is in motion [5]. The scope of this thesis covers only conductive
chargers.

Conductive Charger Types

The conductive chargers are classified as “on-board” or “off -board” based on their location. The
on-board chargers are mounted on the vehicle whereas the off-board chargers are mounted off
the vehicle. The on-board chargers are constrained by the physical limits of weight and space.
These constraints limit the power level for which they can be used. In contrast, off-board
chargers have no physical constraints. They can be used for higher power levels. They also allow
sharing the charging infrastructure, as shown in Figure 1.3, unlike on-board chargers which
require every vehicle to have its own on-board equipment . This can reduce a considerable cost

involved with EVs.

The chargers are further classified as “unidirectional” or “bidirectional”, based on their power
flow characteristics. The unidirectional chargers support only single direction of power flow,
from grid to the battery. On the other hand, bidirectional power chargers support the power
transfer in either direction, from grid to the battery and from battery to the grid. The

unidirectional chargers have a simple structure with less hardware components, fewer



interconnection issues, and low impact on the life of the battery. The bidirectional chargers may
comparatively have a complex structure, but they support features for power stabilization with
adequate power conversion. They can be utilized for microgrids and also for reducing the peak
demands on the grid, which makes their application scope much larger than just charging the
vehicle. Table-1 shows a comparison of different technological and economical aspects of these

two types.

Table 1.1 EV Charger Classification [4].
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Figure 1.2 On-board vs Off-Board EV charger [6].

1.2 Standards of EV charger

This section deals with the Charge Method Electrical Ratings according to SAE EV Charging
Power Levels. The chargers are classified by power they can provide to the battery pack. The

classification is separately shown for AC and DC Charging systems [7][8].

1.2.1 AC Charging System

These type of charging systems mostly utilize on-board AC-DC charger for EV batteries. They
are classified as level 1, level 2, and level 3.

(@) Level 1

The level 1 charger provides charging with a standard 120V (16A max) alternating current (AC)
plug using a dedicated circuit. These chargers are mostly standard on vehicles and do not require
a separate system to be installed for usage. The typical time these chargers take to charge a fully

depleted battery ranges from 8- 12 hours. They support power levels of up to 2KW.



(b) Level 2

These chargers provide charging through a 240V power outlet and require a special installation
with a dedicated 40 Amp circuit. They are compatible with most of the electric or plug-in hybrid
vehicles. The power level for these chargers may range from 4-20 KW. It can take 4-6 hours to
charge a fully depleted battery.

(c) Level 3

These chargers are used for power ratings greater than 14.4KW. They are commonly known as
fast chargers . But not all Level 3 chargers can be classified as fast chargers, as this classification
is based on the size of the battery pack and the time required to charge that battery pack [8]. One
may consider a charger as a fast charger if it can charge a EV battery pack in a duration of 30
minutes or less.

The AC charging system power levels are summarized in Table 1-2.

Table 1.2 AC Charging System Power Levels [4].

Charge Method | Nominal Supply Voltage(V) | Maximum Current (A) | Power Level (KW)

120 V AC, 1-phase 12 1.08
AC Level 1
120 V AC, 1-phase 16 1.44
208 to 240 V AC, 1-phase 16 3.3
AC Level 2 208 to 240 V AC, 1-phase 32 6.6

208 to 240 V AC, 1-phase <=80 <=14.4




1.2.2 DC Charging System

Analogous to the AC charging systems, these systems are mounted at fixed locations. Compared
to AC charging systems, these chargers can handle much higher power and quickly charge the
battery. The requirement of DC voltages may vary with the model of the car, hence these
chargers first identify the voltage required for a particular vehicle before starting to charge the
battery.

(a) Level 1

These chargers are rated for power levels up to 36KW, with a dc voltage varying from 200-
450V and current range up to 80A.

(b) Level 2

These chargers are rated for power levels up to 90KW, with a dc voltage varying from 200-450V
and current range up to 200A.

(c) Level 3

These chargers are rated for power levels up to 240KW, with a dc voltage varying from 200-
600V and current range up to 400A.

The DC charging system power levels are summarized in Table 1-3.

Table 1.3 SAE EV DC Charging Power Levels [8].

Supplied DC Voltage

Charge Method Range (V) Maximum Current (A) Power Level (KW)
DC Level 1 200-450V < 80A <36 KW
DC Level 2 200-450V < 200A <90 KW

DC Level 3 200-600V < 400A < 240 KW




1.3 Research Goal

The objective of this thesis is to develop a charger that is compact, efficient, and light weight.
The problems with EV chargers are generally associated with multiple stages of power
conversion; circulating currents in topologies with high-frequency transformers; losses in the
switches; reverse recovery losses in the diodes; or the losses in the snubber circuits associated
with the topologies. The reduction in the conduction losses is limited by the availability of the
devices with low on-state voltage drop (or low RDSon in MOSFETS). To reduce other losses,
one of the methods could be lowering the circulating currents or minimizing the duration where
the current flows in a direction opposite to the required power flow. This can be achieved by
employing techniques utilizing zero voltage switching (ZVS) and/or zero current switching
(ZCS). The topologies using these techniques are commonly known as ‘“soft-switching
topologies”. Another method to reduce the losses involves using fewer power conversion stages.
In the literature reviews, it has been found that topologies using fewer stages tend to be more
efficient and light weight. However, they may have lower power factor compared to topologies
with multiple power conversion stages. These methods are reviewed and a new topology is
introduced that achieves the bidirectional power flow characteristics with a single isolated soft

switching stage.

1.4 Thesis Organization

Chapter 1 is an introduction to EV chargers focusing on different types and power levels. The
research motivation and the thesis outline is also presented in this chapter. A detailed review of

some of the soft switching topologies with their advantages and limitations is provided in



Chapter 2. Chapter 3 discusses the proposed bidirectional single-stage single-phase isolated AC-
DC converter topology with PFC for EV charging. In Chapter 4, the control for the proposed
topology is designed utilizing the derived small signal model and the frequency response
methods. The hardware design procedure for the proposed converter is described in Chapter-5,
with detailed descriptions for selecting hardware components; designing control board sensor
circuits; and PCB design considerations. The simulation and the experimental results are
discussed in Chapter 6. Finally, Chapter 7 provides a summary of the thesis; and the future work

that can be done to optimize the performance of the proposed converter.



CHAPTER 2

REVIEW OF SOFT SWITCHING EV CHARGER TOPOLOGIES

21 Introduction

The performance and the size of converter primarily depend on the switching methodology
adopted. Further, the performance can be evaluated in terms of its efficiency, total harmonic
distortion and the ability to operate at the desired power factor. It also determines the converter
compliance with different electrical codes and standards. Generally, the regulations are met by
adopting complex control strategies and additional hardware circuits. Most of these strategies are
not suitable solutions for the recent and developing power electronics applications. The
operational switching state of the semiconductor devices is responsible for many of the
regulation issues. The life of the converter is also dependent on the switching state. Most of the
existing EV charger topologies adopt hard switching. Here, the voltage or current across the
switch is non-zero when its switching state is changed. This causes switching losses and also
limits the converter operational frequency. Hard switching with high frequency may lead to
electromagnetic interference (EMI) and electromagnetic compatibility (EMC) issues. However,
soft switching techniques may reduce most of the problems associated with hard switching
converters. Soft switching refers to methods that shape the rising and falling edges of the switch
current and voltage waveforms of conventional PWM waveforms, in a way that the switches and

diodes can be turned off or turned on under zero voltage or zero current condition [9],[10]. It

10
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reduces the switching losses and the associated harmonics. In addition, the EMI/EMC issues are
. d d . . . : .
decreased due to its low d—z and/or d—i. It is also suitable for high frequency operation which

results in the size and weight reduction of the converter while increasing its efficiency [11], [12].

2.2  Classification of EV charger topologies and their associated problems

The EV charger topologies can be classified into two types a) Isolated b) Non — Isolated as
shown in Figure 2.1. In isolated topologies a galvanic isolation is provided with a high-frequency
transformer between the source and the load. In non-isolated topologies there is no physical
isolation between the source and the load. The isolated topologies are more prominent because of
their compliance with various safety and EMI/EMC regulations. The isolated topologies offer a
wide output voltage range while non-isolated topologies offer only a small range or a single
value of output voltage. However, the usage of high-frequency transformers for isolation causes
problem of circulating currents and hard switching in converters. In addition, various losses and
high stress on the silicon devices are incurred. Hence, the converter may have low efficiency and
longevity.

Auxiliary circuits are employed to overcome the limitations of the high frequency transformer.
These auxiliary circuits increase the control complexity and losses. The other methods may
utilize complex computational models which are difficult to implement in real hardware designs.
These limitations can be met by adopting soft switching techniques.

Most of the soft switching topologies use interleaved PFC boost converters [13],[14]. However,
the leakage inductance of the transformer used in these converters causes high oscillation in the

circuit [12]. These oscillations can be reduced by using separate snubber circuits. In [15], an
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active clamped capacitor is used to reduce the primary current of the high-frequency transformer
before changing the state of the switching devices. In topologies similar to [15], the range for
achieving ZVS is limited especially on the lagging side.

Section 2.3 discusses different soft switching EV charger topologies. The background on these

topologies would help us understand the benefits achieved in the proposed soft switching

converter.
Switch-mode Non-Isolated DC-DC
Rectifi
Utility Frequency e Converter Battery Packs
Three-Phase AC  Transformer frrm— pr—
0 n
()
Switch-mode Isolated DC-DC
Rectifier === Converter _ _ _ _ _ _ | Battery Packs
Three-Phase AC — I L o |l a N
| @ |
( :) # O | - |
| == HF Transformer] T222000 |
Y _ e |
(b)
Switch-mode Isolated DC-DC
Rectifier e Converter _ _ _ _ _ _ | Battery Packs
Three-Phase AC e | ~ ~U |l 0 N
(: )y = —O O— |
V) | PR Wireless Power| ——— I
| Transfer |
Le—=————="through cqils L—0ooo—2 |

Figure 2.1 Power conversion flow diagram for: (a) non- isolated dc-dc converter, (b) conductive
HF ac-link dc-de converter, and (c¢) contact-less HF ac-link [16].
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2.3  Soft Switching EV charger Topologies

This section describes the operation of few of the soft switching topologies used for EV charger.

2.3.1 Soft Switching Topology with active clamped capacitor [15]

s & e S4J@i -
Vo= a —'gﬂ\_ b
AT | KT
| )

3.1

Figure 2.2 Zero Voltage Zero Current Switching Full-Bridge PWM Converter.

A soft-switching topology utilizing an active clamped capacitor is shown in Figure 2.2. The
primary side of this topology consists of full H-bridge. The secondary side consists of a diode
bridge rectifier, followed by a stage consisting of a series connection of a clamping capacitor and
a switch (S,); inductor (L,) and; a output capacitor (C,). A high frequency transformer is used to
couple the primary and the secondary side. L, is the leakage inductance of the high frequency
transformer. Two additional capacitors C; and C5 are used across the primary diodes of switches

S1 and S3 for clamping the input dc voltage during a particular operational state of the converter.
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Initially, the switches S; and S, are turned ON, the clamping capacitor switch is ON at this
instant. The primary current I, starts flowing through the transformer. The clamping capacitor

starts getting charged by the current represented by (2.1):

I (2.1)
Ip=2-1
Cc n o

The current I, is flowing across the load. The increasing voltage on the rectifier side is limited

by the clamping capacitor. Hence, the primary current starts decreasing according to (2.2):

b(©) =7 (k=) 22)

After the capacitor is fully charged, the current I. becomes zero. The switch S, is then turned off.
The body diode of the switch S, is blocking the current flow and the rectifier voltage at this
instant is (2.3)

Viec = nlg (2.3)

Switch S; is then turned off. The reflected load current then starts charging capacitor C; and
discharging capacitor C3. If capacitor C; is large enough to hold the voltage near zero, during the
switching of S;, the losses are very less. After a certain interval, D; starts conducting and the
primary current starts freewheeling between diode D; and switch S,. Since diode D3 is

conducting, switch S5 is turned on with ZVS. Following this, switch S, is turned on. The voltage

V. is reflected on the primary, which reduces the primary current by the slope -

Y Since (2.1)is
Ly
still valid, the capacitor current starts to increase with decreasing I,,. After the primary current is

reduced to zero, switch S, is turned off with zero current switching. The current through the

rectifier diodes also reduces to zero and the complete load current is supplied by C.. The switch
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S. 1s then turned off and the load current starts free wheeling through the recifier diodes. The
primary current is zero. The switch S, is turned on and the same process is repeated. Hence, ZCS
for leading leg switches and ZVS for lagging leg switches is achieved. The operation waveform

for this converter is shown in Figure 2.3.

Ves| Si || Ss | | St

nl,

s
Viee|[ Ve V(] B
lo N1,

L

Figure 2.3 ZVZCS FB PWM Converter Output Waveform.
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2.3.2 Naturally clamped zero-current commutated soft-switching current fed push-pull

dc/dc converter [17]

iin L
Y'Y

»
>

Vin <+> _L Cin
H H

Figure 2.4 Zero current switching push-pull dc-dc converter.

A naturally clamped zero-current commutated soft-switching current fed push-pull dc/dc
converter for EV charger is shown in Figure 2.4. This topology uses two switches which are
connected to each end of the primary winding. This is coupled to a secondary winding feeding
the full H-bridge connected to the load. The positive end of the dc source on the primary side is
connected to the center tap of the high-frequency transformer.

The advantage of this topology is its snubberless design. The snubbers are used in the circuit for
protection against the high voltage spikes that may occur during switching. Since this topology
has ZCS of its primary devices and ZVS of secondary devices, the need of it is eliminated. To
achieve ZCS, current is transferred from one primary switch to another, before turning it on or

off. This is done by utilizing high-frequency modulation of the secondary switches. For ZCS, the
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gating signals of the primary switches should be identical and have a phase shift of 180 degrees

with overlap. This overlap requires the duty cycle to be greater than 50 %. The modulation of the
secondary switches introduces a voltage of % across the primary side. This voltage reduces the

current from the turning off primary switch and transfers it to the other switch which is just
turned on. The turning on and turning off the switch takes place at zero current condition,
achieving ZCS. On the secondary side, the diodes across the switches are conducting before the
switches are turned on. This is due to the natural flow of current because of the voltage on the
secondary winding. Hence, zero voltage switching is achieved on the secondary side.

The proper functioning of this topology is critical to the design of its components, especially the
leakage inductance. It is the energy transferring element of the circuit which directly impacts the
efficiency and performance of the converter. The leakage inductance is calculated using the
relation represented by (2.4):

2V, (d — 0.5) (2.4)

Ligr = Lyger + Ly = I f
mnJjs

And the input and output voltage can be related using (2.5):

V= nV; (2.5)
° 21-d-4d)
Where

nlin Lyer fs

d=d-05- Vo

The operation waveform for this converter is shown in Figure 2.5.
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Figure 2.5 Zero current switching current fed push pull converter operation waveforms in the

boost mode.
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2.3.3 Snubberless bidirectional naturally clamped ZCS/ZVS Current fed half bridge dc-

dc converter for fuel cell vehicles [18]

lin
% Ly % Lo S3) t S5 Y lo
i L H lﬁ +
—rx_ml*l;\lenF Co § Vo
— R.
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H H )
5_4‘:5 sjnlf
H H

Figure 2.6 Current fed half-bridge dc-dc converter.

A snubberless bidirectional naturally clamped ZCS/ZVS current fed half-bridge dc-dc converter
for fuel cell vehicles is shown in Figure 2.6, which is similar to Section 2.3.2. The distributed
primary winding in Section 2.3.2 topology, is replaced by single primary winding of high
frequency transformer. The secondary side utilizes full H-bridge for achieving bidirectional
characteristics. The two large inductors connected on the primary side provide the boost
function. Ly is the leakage inductance of the high-frequency transformer.

During the power transfer from input to the battery, it acts as a isolated dual-phase boost
converter. For the power transfer from the battery to the input, it acts as a voltage fed dc-dc
converter. ZCS is achieved on primary side and ZVS is achieved on the secondary side. Before
either of the primary switch S; or S, is turned off/turned on, the current through it is made zero.

This is done by modulating the switches on the secondary side. When either pair S3, Sg or Sy, S
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is turned on, a voltage of %is reflected on the primary windings of the high-frequency

transformer . The direction of this reflected voltage is dependent on the switch pair that is turned
on. This voltage reduces the current flowing through one of the primary switches to zero,
transferring the entire current to the other switch. On the secondary side, since the diodes are
conducting for the switch pair that is turned on, ZVS is attained. The current flow on the
secondary side is due to the voltage appearing on the secondary winding. This voltage is caused
by the current flowing on the primary side. The primary switches are therefore required to have
180 degree phase shift and an overlap period. This requires duty cycle to be greater than 50%.

The operation waveform for this converter is shown in Figure 2.7.
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Figure 2.7 ZCS two-inductor current-fed half bridge isolated dc/dc converter.
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2.3.4 Commercial Brusa EV charger [19]
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Figure 2.8 Brusa EV Battery Charger (a) Primary and (b) Secondary side structures.

An EV charger topology employed commercially by BRUSA is shown in Figure 2.8. The
uniqueness of this topology is the simplicity of its control. The topology uses sinusoidal like dc
current to charge the battery. It uses six switching devices, four of which are used on the primary
side and two other are used on the secondary side. The primary four switches are denoted as

Tp1, Tpz, Tps & Ty, and the secondary switch are denoted as Ty and Ts,. Lry and L, represent

the leakage inductance of the primary windings. The primary windings are denoted as T, and
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Tywp2- The secondary windings are represented as Ty, and Tys,. €, and C are the voltage

clamping capacitors on the primary and the secondary side.

The rectified and the battery voltage are compared to decide the operational state of the
converter. If u; is the rectified voltage of the input u,¢, and n is the turns ratio of the transformer.
For duration, when u; > u,;, , battery is charged by the resonant circuit formed by the isolation
transformer leakage inductance and the voltage clamped capacitors. When nu; < u,, then an
additional capacitor Cs, is added to the secondary resonant circuit. This added capacitance
increases the amplitude of voltage oscillation on the secondary side, which is used to charge the
battery. The charging current can be controlled by regulating the input current which is

represented as (2.6):

iAC = 4pruAC (26)

The input current is causing a voltage change of 2u; across the capacitor C,, during each turn-on
period of the primary switches. From (2.6), the charging current can be controlled by adjusting
the switching frequency. In addition, the input current is proportional to the input voltage for a
fixed switching frequency. This maintains unity power factor throughout the operation. The

switching waveforms during operation are shown in Figure 2.9.
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Figure 2.9 Switching waveform for Brusa EV charger.
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The issues related to soft switching EV charger topologies can be summarized into following
points:

* In most topologies, there is a need of additional ac-dc rectifier stage to support operation
with AC inputs. Using multiple stages of power conversion reduces the efficiency in
addition to, increasing the size of the system.

* An additional filter stage is needed to reduce Total Harmonic Distortion.

* Some of the topologies utilize more number of components/additional circuits to achieve
soft switching characteristics, which directly affect the overall volume and cost of the
converter.

* Only few of these topologies have bidirectional characteristics.

To deal with these issues a novel EV charger topology is proposed in the Chapter 3.



CHAPTER 3
BIRECTIONAL SINGLE-PHASE SINGLE-STAGE ISOLATED AC-DC CONVERTER

WITH PFC FOR CHARGING OF ELECTRIC VEHICLES

This chapter introduces the bidirectional single-phase single-stage isolated ac-dc converter with
PFC for charging of electric vehicles. This topology targets the key issues associated with other
soft switching EV charger topologies discussed in Chapter-2. The control for the topology is

described in the following chapter.

3.1 Introduction
> f‘l(_YY\_
l; dc
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Figure 3.1 Soft switching single stage EV charger with PFC.

A soft switching single stage current EV charger with power factor correction is shown in Figure

3.1. It can operate in all four quadrants of voltage and current. It has current-fed bidirectional

26
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half-bridge converter on primary side. Secondary side has full-bridge topology interfacing with
the battery through a filter inductor Lg.. Power is exchanged between primary and secondary
through a HF transformer. Ly is the equivalent series inductance which represents leakage
inductance of the transformer. If the leakage inductance is smaller than the requirement, then an
external series inductance is connected. While charging the battery, the converter operates as a
two-phase boost converter and during reverse power flow, the converter acts as a full-bridge

converter with current doubler.

3.2  Operation of the EV charger

The operation of the converter can be divided into four modes depending on the polarity of input
voltage and the direction of input current as shown in Figure 3.2(a). In mode-1 and mode-2,
power is being transferred from grid to the battery. Mode-3 and mode-4 are used to function as
V2G where power from the EV battery is being transferred to the grid. Since it is possible to
regulate both active and reactive power in either direction, it can operate in all the 4-quadrants of
P-Q plot as shown in Figure 3.2(b). Power factor of the input current can be controlled to

regulate both active and reactive power flow.

Figure 3.3 shows variation in input voltage and input current in time-domain for a typical
operation where power factor angle is controlled to be at a. Converter will be operating in all the

four modes of operation depending on the polarity of the input voltage and current.

Operation and analysis of the converter in all the four modes is explained in the following

sections.
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Figure 3.3 Modes of operation in a typical line frequency cycle.

3.3  Mode-1 Operation

Converter operates in this mode when the input voltage is in positive half cycle and power is
flowing from the grid to the battery. In this mode, primary switches, S;, and S,, are operated at
HF with duty ratio modulation and gate pulses of two phases are phase shifted by 180° as shown
in Figure 3.4. In order to ensure overlap between conduction of S;, and S,,, duty ratio, d; is

always maintained between 0.5 and 1. Since the input voltage is positive in this mode, other two
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primary switches, Sip and Sy, are kept on throughout. Devices on secondary side are switched at
a fixed duty ratio, d, and their turn-off is synchronized with turn-off of the primary switches as

llustrated.

ISla
Is2a

Is3, Ise

Is4,1s5

Figure 3.4 Operating waveforms of the proposed converter in mode-1.

As the switching frequency is much higher than the ac line frequency, input inductor current can
be considered constant over a HF cycle. Input boost inductors are high enough to maintain equal

current sharing between them.
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When S, is on and S,, is off, entire input current flows through S;,. Inductor current, i;, flows
through the transformer transferring power to the secondary. When switch S,, is gated on, the
current is being transferred from the transformer to the switch linearly. Similarly, current through
switch S, decreases and reaches Ii,/2. On the secondary side of the transformer, current flowing
through diodes of switches S4 and Ss becomes zero. In this modulation technique, secondary
switches are used to reduce the current in primary switches to zero naturally to achieve ZCS. By
gating switches S4 and Ss just before turning off of the primary switches results in voltage —V,/n
across the primary of the transformer. This brings the current through the primary switch to zero
naturally and it is independent of the load conditions. Duty ratio of the secondary switch, d is
calculated to make sure the current in the primary switch reaches zero before it is being turned
off. This also limits the peak current flowing through the switch in other leg. Fixing duty ratio of
secondary switch to a specific value prevents peak current through the primary switches to a
value just above the input peak current under all operating conditions of input voltage and
current.

Relation between input and output voltage is given by the relation (3.1),

_ nVin (31)
VO B 1 - dl

Current through the transformer and switches are also shown during mode-1 illustrating ZCS of
primary switches. Power transfer is limited by the product of series inductance and the switching
frequency. In order to track the input current to the reference value, controller is designed to

modulate the duty ratio of the primary switches between 0.5 and 1.
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Table 3.1 Operation conditions for different modes.

Mode-1 Mode-2 Mode-3 Mode-4
Vin Positive Negative Positive Negative
lin Positive Negative Negative Positive
Pin Grid to battery Grid to battery Battery to grid Battery to grid
HF duty ratio OFF
Sla, SZa ON ON
modulation (ZCS) (ZCS)
HF duty ratio OFF
Sib, San ON ON
modulation (ZCS) (ZCS)
Fixed duty ratio, d, and synchronized with 50% duty ratio and phase shift
S-S, modulation
S3-Sg
S3, S same S3, S5 complementary (ZVS)
S4, S5 same S4, S¢ complementary (ZVS)

3.4 Mode-2 Operation

In this mode of operation, power is being drawn from the grid when voltage is in negative cycle.
Since the input current is in opposite direction, S;, and S,, are kept at on state and S;, and Sy, are
operated at HF with duty ratio modulation. Similar to mode-1, duty ratio of primary switches is
maintained above 0.5 and phase shifted by 180°. Secondary switches are gated with a fixed duty
ratio of d, synchronizing turn off with the primary switch. In order to get voltage of opposite
polarity across the primary of the transformer, gate signals of the secondary are interchanged as

compared with the mode-1. Turn-off of switch S;p is synchronized with turn-off of S; and Se.
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Turn-off of S4 and Ss is synchronized with that of switch S;,. Gate signals and current waveforms
in this mode are demonstrated in Figure 3.5. Currents in switches S;, and Sy, decrease to zero
before turning off resulting in ZCS. During turn-on, current rises linearly from zero reducing

turn-on losses. Output voltage is derived as,

Isip
Ison

Is4, Iss| | |
. . | .
Is3,Ise [/ | | | I/
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|
|

Figure 3.5 Operating waveforms of the proposed converter in mode-2.
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3.5  Mode-3 Operation

In mode 3, power is being transferred to the grid from the battery storage. Primary switches, Sip
and Sj, are kept on and S, and S;, are maintained in off state to maintain current in negative
direction. During this mode of operation, gate signals of top and bottom switches on secondary
sides are complementary to each other. Gate signal between two legs are phase shifted by ¢Tg as
shown in Figure 3.6 changing the effective voltage across the transformer. The converter acts
like voltage-fed full-bridge converter with current doubler on the output side. Phase angle ¢ can
be varied between 0 and 0.5 to vary the effective output voltage which is represented as (3.2),

_ @ -0V, 3.2)

Vin =
Where, ¢'Ts represents the time taken for the current in Ly to transit from positive to negative
and vice versa, as shown in Figure 3.6. Dead time between top and bottom switches on the
secondary side are chosen to make sure anti parallel diodes are conducting before turning on to

ensure ZVS. In primary, current flows through S;, and S, and through diodes of switches S,

and S,,. Since these currents are continuous, ZCS is achieved improving the converter efficiency.
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Figure 3.6 Operating waveforms of the proposed converter in mode-3.

3.6 Mode-4 Operation
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Primary devices are being kept in a specific switching state based on the direction of input

current. For positive direction of the input current in this mode, switches Sy, Sy, are retained in

on-state and currents flow through diodes of S;,, and S;,. On the secondary side, switches are

operated similar to mode-3 by controlling the phase shift modulation.
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Figure 3.7 Operating waveforms of the proposed converter in mode-4.
The Table 3.2 shows a comparison of different EV charger topologies with the proposed
converter. It highlights the advantages achieved with the proposed soft switching converter in

terms of components count, control complexity and harmonic suppression.
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Table 3.2 Comparison of different EV charger topologies.

5 |5 |5 | 58|«
°2 | g 2 E o
2 3 5| =8 _ % 2 £
= =~ 5] [ 3 % e = o -
& & S =] H s i o & 2
cS|lsE|lsl| B2 | =B & 2 8 = = T =
ZElZn|ZAa|l WA | MO O O = a »n n
Positive
Buck/Boost 1 6 9 Yes No Moderate Low No
Rectifier [26]
Buck/Boost
Diode Rectifier 1 4 7 Yes No Low Moderate No
[29]
Three-Level ; )
AC/DC [27] 2 11 14 No Yes High High No
Bridgeless
Direct AC/DC 1 9 3 No Yes Moderate Moderate No
[28]
Proposed .
2 8 0 No Yes Low High Yes
Converter

This section introduced the bidirectional single-phase single-stage isolated ac-dc converter with
PFC, along with the detailed discussion of its different operational modes. In Chapter 4, the
control of this converter is designed utilizing its mathematical model. In later chapters, this

control model is utilized to develop the hardware for the converter.



CHAPTER 4
CONTROL DESIGN FOR THE PROPOSED BIDIRECTIONAL SINGLE-PHASE

SINGLE-STAGE AC-DC CONVERTER FOR EV CHARGING

In this chapter, the control for the proposed EV charger topology is designed. The first section
shows the overall block diagram of the control, followed by the section describing the detailed
mathematical model of the EV charger. It is later followed by separate sections, which discuss
other control blocks in detail.

In forthcoming sections following notations are used:

Vin is the input voltage

I;y, 1s the input current

L4, L, are the input inductors

I;4, 1}, are the currents in inductors L, and L, respectively

L, 1s the leakage inductance of the high frequency transformer

C4c 1s the output capacitor

Vpaee 18 the battery voltage connected at the output

I; 1s the current through the leakage inductance

Ipaet 1 the current charging the battery

n is the transformer’s turn ratio

V. is the voltage across the output capacitor
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D is the duty ratio of the primary switch

4.1  Complete Control Block Diagram for the proposed EV Charger Topology

Vin,rms
P e
Veat
2 Battery | Pyt i
current lin,ref 4-Quadrant Gate
charge > calculation He | Limiter > Modulation :
—{ controller Signals
| Current
Bat controller T T
QrefT
Vin Iin
Vin V/)a Va Vin,rms
> . —p —
Quad PLL
— Delay —» — —>
Iin |ﬁ Vﬁ 0

Figure 4.1 Complete control loop of the proposed converter.
The complete model of the proposed EV charger topology is shown in Figure 4.1. The reference
values for active and reactive power are decided by the input received from the battery charge
controller. A input current reference is derived from these values and compared with the actual
input current. The difference between the actual and the reference value is fed to the hysteresis
current control block. This block generates the output gate signals. The current is maintained in
phase with the voltage using Phase Locked Loop (PLL). In addition, PLL can be used to operate

the converter at desired power factor.

4.2 Mathematical modelling of the converter

The mathematical model of the converter is necessary to understand its dynamics and steady
state response. A small signal model of the converter is derived using the state space averaging

method. The mode-1 operational states shown in Figure 4.2, are utilized to arrive at the model.
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The different operational states are divided into intervals represented by
dy,dy, ds,dy,ds,dg, d7, dg, dg and d4o. The associated voltage and current equations are written
for these intervals. The derived state space model is used to design the current control loop. The

input and output voltage relation is also derived.

d dp ds di, ds ds, d7 dg dy,
GSla i i i i i i i 1 . R
GSZa | t
Gs3,Gs6 t
GS41G85 t
| | / ‘
ISZa | ‘ } Iin

Is1a \/ Ly
oA / .

s 22 |~ ; —

Figure 4.2 Graph for the operation of the converter in Mode-1.
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Following assumptions are made:
Ll :LZ :L5CdC:C>Vbatt:VO>VC:VO

The voltage and current relation during different intervals are represented as:

YL leILl
Ly Vin — T (0 R X §)
Y VIBat
VBt L2d1L2
—Cae = Vi =g =0 e (42)
Lpdl,  Lydly
n T T T g +nV, = 0(4.3)
cdav,
Tlllk = dt + Ibatt (44)
Figure 4.3 Current Flow during interval d;.
i Ly |
"L L § 53 Syl | T Lydl
IF ’ L | e a leat 1 _ 1d =0 oo (45)
romnK _YBat t
—Cac =

) | Sta SZaE 1 ] Vi — =3 R € )
T "

Sip Sap|H cdy,
5 —L’} T Dt =0 e (A7)

Figure 4.4 Current Flow during interval d,.
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== = 0 e (48)
o — szlf“ S R € X )
i — LZSZLZ - L”‘dil”‘ +n¥, = 0(4.10)
nly, = %{fc ) S €% 5 )
in — Lli{“ = o (4.12)
Vi — sztl“ =0 e (413)
—nly = % ) AN % )
Vin—%+nv}, +%= 0 (4.15)
in — Lli{“ =0 e (4.16)
nly, = % Ipate e (£17)
o LzztILz —nV, - led k _ 0(4.18)

Figure 4.7 Current Flow during interval ds.



Figure 4.10 Current Flow during interval dg.

leILl

L,dl Ly dl
_ 2% Pl

in dt dt
cdv,

—nly, = 7 + Ipatr o o

leILl

dt

dt

LZdILZ
in dt

Lydl, 4 Ly dly, B

Vin dt dt
cdv.

C
—nllk = 7 + Ibatt

42

o (4.19)

e (4.20)

nV, = 0(4.21)
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— L,dl
Ly Vin — 1dt“ =0 e e (431)
Y VIBat
VBt LZdILZ
C. = Vin— = = (RSN C: 3 7))
Ldly, Lycdly
Vin—T—no+ It = 0(4.33)
cdy,
nly, = d—tc N N € 7|
Figure 4.11 Current Flow during interval d.
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Figure 4.12 Current Flow during interval d;.
From graph, we have
d1+d2+d3+d4+d5+d6+d7+d8+d9+d10=1 (438)

Let d4, = dg = DI

d4, + d5 = dg + d10 = (1 - D) (439)
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Combining the equations from different states and averaging gives (4.42), (4.43) and (4.47):

dILl — d1Vin + dZVin + dSVin + d4Vin + dSVin + d6Vin + d7Vin
dt L, L, L, L, L, L, L,

dgVin  doVin Vin —nlj
e () (4.40)
dly Vin dyonV, (4.41)
at L, L

dlyy Vi —(1—(D+D))nv, (4.42)

dt Ly

Similarly,

dl;; Vi —(1—-(D+D))nv, (4.43)

dt L,

dv, 1
- C [di(nly — Ipaee) + do(—Ipaee) + ds(lye — Ipaee) — da(nye + Ipare)
(4.44)
— ds(ndy + Ipaee) — de (Ml + Ipaee) + d7(=Ipare) — ds(Mdi + Ipace)
+ do(nlye — Ipae) + dio(lye — Ipace)]
dv, 1
E=E[nllk(d1 +d3—dy —ds —dg —dg +dg +dyp)
(4.45)
—Iyate(dy +dy +dz +dy +ds +dg +dy; +dg +dg + dyg)]
From graph the average of I;; can be represented as (4.46):

(4.46)

I:
Iy =2 *%*n(l— (D +D") = nl;,(1 - D)

av, 1 14 4.47
2 M -2 -7 e



Perturbing (4.42), (4.43) and (4.47) with small signal gives (4.48), (4.49) and (4.50):

Ay + 1) Vin+0m) n(D+d)(V, +7,)
dt L L

A2+ 1) _ Vin+ ) (D +d)(V, +75)

dt L, L,
dV.+v,) n . . o WVe+vp)
# = E(ILI + 11 +IL2 + le)(l - (D + d) —%
Equating all the ac quantities gives (4.51), (4.52):
dipy Vi, n(DV,+dv,)
dt L, L,
di; V, n(DV,+dv,)
dt L, L,
The state space model is represented as (4.53):
n(l — D)] nl,
0 0 _¥ < 1
o L Ly [L_]
L1 L1
: n(l—-D)}| =< nl, N __
lB = 0 0 _(L—) [LLZ + L_C d+|1|Vm
A 2 v 1 T
Ve n(1—-D) n(1-D) 1 ‘ _ (I, + 1Ip2) [ng
C C RC C
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(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

From design L; = L, = L. Hence, the state space model can also be represented as (4.54), (4.55):

, 0 0

lr1

2| = 0 0

el |n(1-D) n(1-D)
C C
1

Vo=1[001]| i}

n(1— D)
——
B n(1-D)

L
1

RC

nVv,
c
e a4
|t
B nIin l
C |

o~ RN =

A ——

=
S

(4.54)

(4.55)
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4.3  Current reference calculation from active and reactive power

The active and reactive power commands determine the current reference for the controller. The
current waveform shifts according to the set value of active and reactive power. This shift is
represented by (4.56):

Shift = atan2 (— %) (4.56)

To operate at unity power factor, the reactive power is set to zero. According to (4.56), the shift
for unity power factor would be zero. The generalised equation for the current reference using

shift can be written as (4.57):

V2+/P? + Q2 sin (9 + atan2 (_ %)) (4.57)

Vmag

Iref =

Where,

P is the active power

Q is the reactive power

0 is the phase angle of the input voltage

atan2 (— %) is the shift or the phase angle introduced by the active and reactive power

Vinag 18 the magnitude of input voltage

4.4  Current control loop of the converter

The plant transfer function for the proposed converter is represented by the ratio of the inductor
current and the duty ratio. The transfer function is determined using the state space model

derived in (4.54), which is given as:
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n(1— D) V.
| ; L) A
m i T
! 1-D)|| & Ve | |4l
iz | = 0 0 _nd-D) T ) Lz |+ —nLC d+|1{V,
= D -
%l |n(1-D) n(1-D) 1 e [6]
C C RC | - C

A new state variable is defined as 7;; + [;; = [; . This variable represents the input current

which is the sum of the inductor currents i;; and i;,. Using this variable, the model in (4.54)

reduces to (4.58):
2n(1-D 2nv
7 0 — L ) g P

L?cl “lwa-m 1 [ﬂ | r v, (4.58)
C RC C

Using (4.58), the transfer function is derived as (4.59):
0(s) 2n%(1 — D)V, — nLl;,s T.(s) (4.59)
— = =T,(s
d(s) 2, S 22 =Dy P

LC (s + RC + IC

The frequency response analysis method is used to design the control loop for the proposed
converter model. The nyquist plots are generated using MATLAB.

Figure 4.13 shows the nyquist plot for open loop plant transfer function derived in (4.59). It can
be observed that the open loop transfer function is unstable since it crosses (-1,0) point. Also, the

system has a negative gain margin. For stability, the plot should not cross (-1,0) point.
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L5 xl O Nyquist Dlagram
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Figure 4.13 Nyquist plot of the open loop gain transfer function without the PI controller.

In order to achieve stability and desired operational characteristics, a control loop utilizing a PI

controller and a unity feedback is designed. The current control loop is shown in Figure 4.14.

PI Controller Duty Cycle
il K. Plant d
— Kp 41 »  Transfer »
S Function
T(s) Tu(s)
H(s) <
Feedback

Figure 4.14 Current control loop for the proposed converter.
The nyquist plot with the PI controller and feedback is shown in Figure 4.15. The overall gain

transfer function is given as (4.60):
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Gain Transfer function = T,(s) * T,(s) * H(s) (4.60)

It can be observed from Figure 4.15 that the plot is well within (-1,0) point, showing that the
system is stable. The phase margin in this case is 90 degrees. Hence, the control design achieves
the desired characteristics for the converter.

Nyquist Diagram
0.2 \

0.15+ VN _

Imaginary Axis
<
|

1
e
—
W
T
|

|
-1 -0.8 -0.6 -04 -0.2 0 0.2
Real Axis

Figure 4.15 Nyquist plot of the open loop gain transfer function with the PI controller.
However, it should be noted that the PI values are derived for the operation at full power rating
of the converter. When operating at different voltage or current, these values might need to be
adjusted. Although, these PI values give us a good start point for the controller to be used for the

hardware.

45  Phase locked loop for the converter

Phase Locked Loop (PLL) is used to operate the converter at desired power factor. The most

common problem associated with conventional PLL as shown in Figure 4.16, is the noise
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injected due to the second harmonic term [20]. In addition, for single phase systems the

estimation of angle is difficult due to availability of single input. Further, the method of zero

crossing detection in single phase system suffers from slow transient dynamics, since it will be

updated only twice per cycle. Moreover, it is sensitive to noise near zero crossing.

vV Verr W 9 Digital
— | Phase > L.O P 15 L= Controlled
Detector Filter S .
A Oscillator

Figure 4.16 Basic Phase Locked Loop [20].

The PLL loop used for the control of the proposed converter uses a modified mixer phase

detector, proposed in [20]. It utilizes additional feedback terms to reduce the second harmonic

and higher order ripples. A mixer phase detector uses the product of two signals which are of

sinusoidal nature to produce trignometric relationships between the summation and difference of

the input and estimated frequencies in the resulting signal [20]. A clear illustration is shown in

Figure 4.17.

Loop |[W,| 1 Oc
Filter S

Y

A

sin

COs

Figure 4.17 Modified Phase Locked Loop [20].

For the mathematical analysis of the modified PLL, following notations are used:



0; is the input angle

0, is the estimated angle

51

A is the per unit gain representing any amplitude mismatch in grid voltage magnitude from the

nominal value

w; 1s the input signal frequency
w, 1s the estimated frequency
V., 1s the error signal

From the Figure 4.17

o =06,-6,

Vorr = Asinf;cosf, — sinf,cosb,

Using (4.61) and (4.62), we get:

Vo = Asin(6, + @)cos8, — sinf,cos0,

Vorr = Alsin,cos + cosb,sing|cosb, — sinb,cosb,

Vorr = (Acos@ — 1)sinB,cos6, + Acos?8,sing

Acosp — 1 Asin Asin
Verr = (2—¢)sin(296) + L cos(26,) + > L

Using the trignometric relation (4.65) in (4.64), (4.66) is derived:
asina + bsina = +/a? + b%sin(a + K)

Where K=tan™?! (S)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)
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Asing A2+1 A (4.66)
Vorr = + sin(26, + 6)] * — —CosQ
2 4 2
Where,
Asing
6 =tan™?!
an (Acosp — 1)

From the error signal, it is clear that the feedback is introducing a sine trigonometric term which
can be used to reduce the second harmonic and the higher order ripples as expected. This design
is therefore more rugged then the conventional PLL.

In this section, different blocks required for the control of the converter were derived and studied
in detail. The information on these blocks becomes very relevant when debugging problems at
the hardware level. In real hardware systems, the control systems work on the sampled values of
the actual signals. It is very important to design the hardware that limits these values within the
operational constraints of the control system. In Chapter 5, the hardware for the proposed

converter is designed.



CHAPTER 5
HARDWARE DESIGN FOR THE PROPOSED BIDIRECTIONAL SINGLE-PHASE

SINGLE-STAGE ISOLATED AC-DC CONVERTER FOR EV CHARGING

The hardware for the proposed EV charger topology is implemented. In this chapter, a detailed
discussion for the choice of electrical components, filter designs, including the PCB layout is
provided. The parts are designed keeping into consideration the control constraints discussed in
Chapter 3.

The EV charger is designed to serve the specific requirements of project funded by Qatar
National Research Fund. The complete specification list is shown Table 5-1:

Table 5.1 Specifications used for the EV charger.

Input Voltage (V;,) 120V rms/60 Hz

Battery Voltage (Vy4¢) 220V — 336V using 80 lithium ion batteries
Power 1.5KVA

Switching Frequency (fs) 100kHz

Input Current peak value (Im_max) 17.7A

In this chapter, following notations are used:
n is the turns ratio

Vo min 1s the minimum value of the output voltage
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d1 min 1s the minimum duty cycle of the primary side

Vinmax 18 the peak value of the input voltage

Nj; is the number of turns on the primary side

N, is the number of turns on the secondary side

A, is the cross sectional core area of the magnetic core

B,, is the saturation flux density of the magnetic core

A,, is the winding cross sectional area

fs 1s the switching frequency

Dy 1s the minimum duty cycle

K,, is the window utilization factor (0.4)

J is the maximum allowed current density in the winding

11 +ms» I yms 1s the rms currents on the primary and secondary side for the high frequency cycle
L1 peak I2,peak 18 the peak currents through the primary and secondary of the transformer
Al is the peak to peak ripple in the boost inductor current

Vinmax 18 the peak value of the input voltage

d is the primary side duty cycle

d, is the secondary side duty cycle

P, is the output power

w i1s the line frequency in rad/s given by 2 * 60

AV, is the output ripple voltage
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5.1 High Frequency Transformer Design

The turns ratio for the high frequency transformer is determined by the input and output
specifications. Other limits are set by the operational characteristics of the converter. The

transformers turns ratio, n is calculated as (5.1):

_ Vo,min(l - dl,min) (5-1)

Vin,max
Using the values from Table 5-1 in (5.1), n is obtained as:

220 * (1 —0.6)
n=
V2 %120

The core is selected after deciding the turn’s ratio. The selection of the core and its area is

=0.518 = 0.5

dependent on the core saturation flux density and the switching frequency of the converter. In
order to proceed, it is necessary to know the rms value of the currents flowing in the transformer
windings. It is calculated by accumulating the rms values of the high frequency cycle over a line

frequency by varying corresponding [;;, and d.

I _ Vo,maxdz (52)
1,peak — m
)i _ ]/Z),maxdz (53)
2,peak — TLZL—lka
1—d\ d, (5.4)
Liyms = Iin (T) +—
(5.5)

fms =2 [(57)+3
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11 +ms and I s are the currents flowing through the primary and the secondary windings of the
transformer. Following the winding currents calculation, the turns on the individual windings are
determined. It is used to calculate the A.A,, product of the transformer. The turns on the primary

winding (N;) and the secondary winding (N,) are given by the relation (5.6) and (5.7):

N. = V;),max(l - dmin) (56)
! A B f

N, = V;),max(l - dmin) (5-7)
’ AcBmf;

For the transformer, it is known that
KwAy] = N1]1,rms + NZIZ,rms (5.8)

Using (5.6) and (5.7) in (5.8) gives:

L, 5.9
KA Ay]Bnfs = V;),max [% + 12,rms] (1 —dmin) 5.9
AA. = 2[/;),max(1 - dmin)ll,rms (5-10)
o nKy,J B fs

_ 2%336*(1—0.6)*19.5
T 0.5%0.4%7.5%10%%0.1*100k

AcAy
A A, = 3.5 1077m* = 349440 mm*

For the results obtained, EE65/32/27 core is chosen, where

A A, =2%535x107°

N, =26and N, = 13
Primary side rms current = 19.5A (2 strands of AWG-16): J =7.44

Secondary side rms current = 39A (4 strands of AWG-16): ] =7.44
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5.2  Boost Inductor Design

The boost inductor design is dependent on the current ripple requirement. The current ripple
percentage requirement was set as 1%. The inductor value for obtaining the given ripple
requirement is calculated as (5.11):

Vin,max dl,min (5.11)
AlLfs

_169*0.6_
27 1x100k

L1=L2=

L, =L 1mH

Hence, the value of ImH is used for the boost inductors on the primary side.

5.3  Leakage Inductance Design

The leakage inductance design is critical in order to have ZCS throughout the operation of
converter. In order to ensure zero current crossing under all operating conditions, the used
leakage inductance value is slightly higher than the calculated value. However, the difference
should not be higher as it directly affects the overall efficiency of the converter.

The expression for determining the leakage inductance is obtained from the graph shown in

Figure 5.1. It can be observed that when the current in the leakage inductor changes from 0 to
I;n, the voltage across it is % This happens during the on-time of the secondary switches. Hence

the leakage inductance is calculated as (5.14):

Vo,min (dl,min - 0-5) (5-14)

nl in,maxfs

Ly =

. 220 % 0.1
k™ 0.5%17.7 « 100k

= 25uH
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Figure 5.1 L equation derivation.
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The ZCS is also dependent on the duty cycle of the secondary switches, which is given by (5.15):

dy >

Iin,maxnllkf:s‘

2 Vo,min

Where d, is the minimum limit on the duty cycle of the secondary switches.

~ 0.05

(5.15)
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The leakage inductance of the high frequency transformer is calculated. If the value obtained is
less than the calculated value, then an additional inductance is added across the primary of the

transformer to achieve the target value.

54  Output Capacitor Design

The output capacitor is needed to absorb the variation in power corresponding to twice the line
frequency, as shown in Figure 5.2. Depending on the output voltage ripple requirements, the

capacitance value is calculated.

200 T T [ [ [ [ [ [ [

— Grid Voltage (V)
= Current [lactual*5] (A) ||

100

-100

_200 [ [ [ [ [ [ [ [ [
0 100 200 300 400 500 600 700 800 900 1000

2500 T T T [ [ [ [ [ [

—Power (W)

2000 % Amount of Energy that % j
mount of Energy tha

1500 // capacitor has to compensate //

1000+ i

T

500+ .

[ [ [ [ [ [ [ [
0 100 200 300 400 500 600 700 800 900 1000

Figure 5.2 C,4. capacitor equation derivation.
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The expression for capacitance is derived from the graph, which is given as:

2P, (5.16)

Coe =
a AV;) (‘)Vo,min

In the present setup, (2x1200uF), 450V electrolytic capacitors are used.

55 Selection of Switching Devices

The selection for the switching devices is based on the continuous current and voltage rating, the
peak values of voltage, current and power that the devices can handle. In order to minimize the
conduction losses associated with the devices switches with low R », are selected.

The peak current through the primary devices is given by (5.17):

Iin, Vo maxda (5.17)
IS(primary),peak == 12nax + Onzl;l:fs = 254
The maximum voltage across the primary switches is given by (5.18):
Vo,max (5.18)

=672V

Selected Primary Switch: C2M0040120D, SiC MOSFET from CREE, 1200V, 60A, 40mQ
The peak current through the secondary switches is given by (5.19):

(5.19)

1 1/(),'I'TLCUCClZ

IS( = — %
secondary),peak
n  nlyfs

= 32.254A

The voltage rating should be higher than the output voltage given in the specification, 336V

Selected Secondary Switch: C2M0025120D, SiC MOSFET from CREE, 1200V, 90A, 25m{)



61

56  Control Board Design

This section describes in detail about the different components and circuits used for the control
board design. The design of the filter, offset and gain circuits is dependent on the quality and
output type of different sensors. A flow diagram showing different stages for signal manipulation

is presented in Figure 5.3. The signal conditioning stage shown in the flow diagram is Sallen Key

filter circuit.

Signal |
Input Current | ce |
Sensor _i.> Conéhtlomng |
tage |
| A | DCOffset |
| i Stage
Output Current| ! Signal _'_)| ] :
upS -I—} Conditioning —> g E
ensor | Stage | —> % <
| DC Offset | wiEGE!
| Stage >3 &
| g | N @ ;ET
| S'* I Unity Gai ! > PU
igna nity Gain wn
Inplét Voltage _,_>| Gain Stage | Conditioning —¥» Stage with > g > g
ensor | Stage DC Offset i g %_
! _> o D
| Signal i 2y
igna —» 3 =
Outpsut Voltage| | Gain Stage | Conditioning L) 7 g
ensor I Stage | &:Dr
s _

Signal Manipulation

Figure 5.3 Different Stages in Control Board.

5.6.1 Current and Voltage Sensors

Current Sensor (Allegro ACS714)
Allegro ACS714 is chosen because of its small footprint, high voltage isolation, high precision

and single supply operation. It has a large bandwidth of 80 kHz which can be altered via the
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filter pin. The output voltage of this sensor is directly proportional to the AC or DC currents
measured.

Voltage Sensor (ACPL-C79)

ACPL-C79 voltage sensor is used because of its linearity and dynamic performance. It’s a fully
differential operational amplifier that uses a single 5V supply and has a large bandwidth of 200
kHz with a fast response time of 1.6us. In addition, it has the capability to capture the transients
in short circuit and overload conditions. This helps for debugging fault conditions of the
converter.

Voltage Sensor (Input and Output) Gain stage

In order to bring the voltage output from the sensor to a specific range, a gain stage is used. This
specific range is dependent on the sensor output and the choice of DC offset voltage. An opamp
based differential amplifier circuit, with an appropriate gain and cut off frequency is used as

shown in Figure 5.4.

VOUt

Figure 5.4 Differential op-amp circuit for voltage sensor gain stage.
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The relation between the output and the differential input is given as (5.20):

R; 5.20
Vout = R_ (Vl - VZ) ( )
1
The frequency response of this opamp circuit is shown in Figure 5.5.
Cut-off Frequency = — (5.21)
CRy
A Ry
Ry
-20dB/decade
1 1 Freﬁuency
CR; CR;

Figure 5.5 Cut-off frequency for the differential op-amp configuration.
The chosen values for different components are:
R, = 2k,R, = 10k,C = 47pF

10k
Vout = ﬁ * (V1 = V3)
Using (5.20), we get
Vour =5V — 13)

For the input and output voltage sensor, the circuit and the gain values used are same.

5.6.2 Current and Voltage Sensor Signal Conditioning

A robust filter design is needed to protect the converter from high frequency noise and/or
unwanted signals. These undesirable signals may affect the normal functioning of the converter.
For the control board design, Sallen Key topology is used to design second order filters. A

second order filter circuit reduces unnecessary frequency components twice as fast compared to
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the normal first order filter circuit. This filter circuit is used after the voltage gain stage or after
the current sensor as shown in Figure 5.3.

The general topology for Sallen Key Low Pass Filter is shown in Figure 5.6. The transfer
function H(s), cut-off frequency (f;) and the quality factor (Q) for the filter are given as (5.21),
(5.22) and (5.23) [21]:

1 (5.21)
CiC3R{Ry;s2 + C,(Ry + Ry)s +1

H(s) =

1 (5.22)

VR1R:C, G,
JRiR,C,C, (5.23)

"~ C(Ri +Ry)

w, = 2nf, =

C
'Vss j
Vin N R —
= +V
Ss RS Cs

Figure 5.6 Sallen key topology for signal conditioning.
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Using (5.21), (5.22), (5.33) and the operational requirements, the R and C values for the circuits
are chosen as shown in Table 5-2:

Table 5.2 R, C and f_ values for different signal manipulation stages

Circuits R; (inkQ) | R, (in kQ) | C; (in uF) | C; (in pF) | f. (in kHZz)
Input Current Sensor 10 10 0.01 0.02 1.125
Output Current Sensor 10 10 le-3 le-3 15.92
Input Voltage Sensor 10 10 le-3 le-3 15.92
Output Voltage Sensor 10 10 le-3 le-3 15.92

DC Level Shift Circuit:
The DC level shift circuit is required to bring the measured value within the range of 0-3.3V.
This is required to utilize the ADC of DSP. For the AC signals, the sensors used would provide
both positive and negative values. Adding a DC shift of 1.65V, brings the sensor value between
0-3.3V range. The circuit used for the design is shown in Figure 5.7.
Choosing R; = 150k and R, = 90.9k

Vyer = 2.5V

90.9k (5.24)

DC Shift = 150k * 2.5V = 1.65V

This dc shift circuit 1s used with input voltage sensor and input current which senses grid voltage

and current (ac signal). The input voltage sensor circuit with dc offset is shown in Figure 5.8.
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Figure 5.7 DC Level Shift circuit.
Voltage Sensor Circuit utilizing DC offset:
Rs
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Figure 5.8 Voltage Sensor Circuit utilizing DC offset.




67

The voltage V,,,; for the op-amp circuit in Figure 5.8 is given as (5.25):

. R 5.25
Vour = DC Shlft-l'R6T7R7Vin ( )

Using (5.25) and DC shift of 1.65V, we get

R,
Vout ES 165 + mVin

5.6.3 Snubber Circuit Design

YL
S 4 | I—dc
Ml w} Y IBat
|_
__VBat
——Cq —

Figure 5.9 Snubber circuit design to reduce the parasitic effect.

The parasitic inductances and capacitance for the primary side of the proposed converter are
shown in Figure 5.9. These parasitic components may cause oscillations in the circuit. These
oscillations may damage the devices if they exceed their absolute maximum rating. These
oscillations are also termed as “ringing”. To reduce the ringing effect, snubber circuits are used.
These circuits provide an alternate path to ground, for the currents from parasitic inductances.

This reduces the voltage transients and the ringing with the parasitic capacitance.
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Since the parasitic inductance shown in Figure 5.9 is much lower than the leakage inductance of
the transformer, the oscillation causing inductor value is 25uH. In order to dampen this
oscillation, a snubber circuit with a damping ratio (§) of 2 utilizing a capacitor of value 150pF is
used. The required snubber resistance is calculated as (5.26):

L (5.26)

Repup = 2¢ Conu
snu

Renup = 1.632KQ

Hence, the snubber circuits parameters are Ry, = 2k and C,q, = 150pF.

The maximum voltage across the switch is 600V, when the output dc voltage is 300V (high
frequency transformer turns ratio is 2). For a switching frequency of 100kHz, the power loss in
the snubber circuit is given as (5.27):

1 5.27
Pioss = ECVZfs ( )

1
Pioss = 5 * 150+ 10712 % 600% » 100 * 10°

Pss = 2.7W

Hence, the power rating for the snubber resistance used is SW.
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5.7  Gate Driver Design

Input Supply S
Voltage Common upply
—P >
Mode Choke Voltage
Isolation
Transistor circuit
to limit Supply |[€——
Voltage variation
PWM Signals \ 4 PWM Signals
from DSP High Speed to Switches
—> - —>
Optocoupler > Gate Driver

Figure 5.10 Different blocks of the gate driver.
Gate driver circuits should be able to provide the required switching current and voltage within
suitable intervals to the semiconductor devices. The switches used for the present converter
design are SiC MOSFETs. These devices require a larger voltage swing and higher peak current,
compared to other Si devices. For the gate voltage design, the specifications chosen were +15V
and -5V with a peak current of 9A. In order to protect these drivers from supply voltage noise,
common mode choke and isolated voltage supplies are used. Figure 5.10 shows different blocks

of the gate driver circuit.

5.8 Circuit Board Design

The designing process of the board design was similar to any other conventional PCB but the
following key points were taken into consideration while doing the layout for the proposed

converter PCB [22]:
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1. In power routing, the inductance causes voltage drops that radiate and propagate. It increases
with the increasing length, and decreases with the width of the conductor. Hence, the tracks for
the power supply were kept as short and as wide as possible and they were run directly over each
other to reduce impedance and the loop area. Since it would be difficult to route the ground plane
every time beneath the power line, a complete layer was made as ground.

2. In order to prevent the cross talk (Cross talk occurs when the signal “bleeds” onto the nearby
traces through the parasitic low-impedance path), the distance between the traces is maintained
around 2-3 times of the trace width.

3. To avoid the vias for the high speed signals, the top layer is used for all the small signal traces.
The use of vias is mainly done for power signals. Signal reflection may occur with through-hole
vias, which create multilayer stubs.

4. Power Supply bypassing was done to decouple the unwanted noise from the local integrated
circuits (IC). In order to achieve so capacitors with low ESR were placed close to the power
supply pins of the given IC. This guarantees a low impedance bypass to ground for efficient
decoupling of high frequency power-supply noise.

5. In order to lower ESR and ESL, ceramic capacitors and resistors of 0603 package were used.
6. All the power supplies of the control board, the gate driver board and the power board are
isolated from each other in order to avoid any noise interference because of common ground.

7. While laying down the isolated power supplies tracks proper care was taken not to run any
traces through the package footprint as it might void the isolation characteristics of that particular

IC or component.
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5.9  Final Developed Hardware Circuit

Figure 5.11 Gate Driver Boards, Control Board and the Power Board of the EV Charger.

Figure 5.11 shows the different boards for the complete EV charger. Better isolation is achieved
by having separate boards. The control board and the gate driver boards, in this case, are
protected better from noise that may occur due to switching or other parasitic associated with the
circuit.

The control board is a four layer PCB, gate driver board and the power board are both double

layer PCB’s.



Figure 5.12 EV Charger Board with all the connections and components.

The notations for the numbers used in the Figure 5.12, are shown in Table 5-3.

Table 5.3 Description of the numbers in Figure 5.12.

1. Filter Inductor

6. Additional Leakage Inductance

2. Filter Inductor

7. Ground Wire for Shields

3. Transformer

8. Cooling Fan

4. Gate Driver Board

9. MOSFETs

5. Controller Board

10. Capacitor
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CHAPTER 6
SIMULATION AND EXPERIMENTAL RESULTS FOR THE PROPOSED SOFT

SWITCHING EV CHARGER TOPOLOGY

This chapter discusses the various results obtained from simulation which are validated by the
experimental setup of the proposed EV charger. Section 6.1 discusses the simulation results
which verify the mathematical model derived in Chapter 4. In section 6.2, experimental results

are presented, which validate the design and the control strategy of the proposed converter.

6.1 Simulation Results

The proposed converter was simulated using the PSIM platform. It was tested for different
modes of power flow discussed in Chapter 3. The values of the passive components and switches
are chosen according to the design equations derived in Chapter 5.

Figure 6.1 shows the simulation waveform for the grid integration and transient response. The
input voltage from grid, V;,, current drawn by the source, [;, and current flowing through the
input inductor, I;; are shown during power flow in both directions. V;,, of 120 V,,,s and Vg, of
300V are considered. Initially, the power reference P.o¢ is set to zero. At t = 0.075s, P.or of
1.5kW is commanded to the controller changing the input current to 17.7A peak. Both input

voltage and current are in phase operating in unity power factor. At t = 0.1s, P.¢ is changed to (-
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1.5kW). Input current goes 180° phase shifted with respect to the grid voltage instantly

demonstrating the dynamic performance of the controller.
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Figure 6.1 Simulation waveform for grid integration and transient response.
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Figure 6.2 Simulation results showing reactive power transfer.
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Figure 6.2 shows the simulation results for the reactive power transfer capability of the
converter. In this figure, P..r is set to 1.3kW at t = 0.075s keeping the reference for reactive
power, Qrer to OkVAr. At t = 0.1s, Qs of -0.7kVAr is being commanded with the converter

functioning at 1.47kVA of power.
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Figure 6.3 Simulation results showing the reactive power compensation.

Figure 6.3 simulation results show the reactive power compensation capability of the converter.

It is possible to utilize the converter for reactive power compensation during the idle condition

transferring only reactive power without charging/discharging the battery. Figure 6.2 and Figure

6.3 also demonstrate the ability of the converter to operate in all the four quadrants providing

flexibility to control both active and reactive power flow in both the directions.
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Figure 6.4 Simulation waveforms showing ZCS of primary switch.
Figure 6.4 demonstrates the ZCS of the primary switch of the converter. The current through the
switch Sla and the associated gate signal with the switch during the operation in mode-1 or
mode-2 is shown. The current in the switch naturally reaches zero without any additional circuit
before removing the gate signal achieving ZCS. This is maintained for all the conditions of the
voltage and load range. The equations for which are described in the design section of the
Chapter 5.
Figure 6.5 shows the simulation waveforms demonstrating the zero current turn on of secondary
switch. The current through one of the secondary devices along with its associated gate signal is
shown during operation in mode-1 or mode-2, when power is flowing from the grid to the

battery. When the gate signal is turned-on, the current starts from zero with positive slope to

achieve zero current turn-on of the devices on secondary.
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Figure 6.5 Simulation waveforms showing zero current turn on of secondary switch.

6.2  Experimental Results

This section discusses the experimental results. The results are shown separately for grid to
vehicle and vehicle to grid power transfer.

For the experimental setup, tests are performed for different power and voltage levels.
Experimental results for G2V mode are shown in Figure 6.6 where power from ac grid is
converted to dc. The waveforms of the grid voltage and the current drawn from the ac source
show the unity power factor operation of the converter at different power levels. Input current is
regulated to be in-phase with the voltage while also maintaining THD to be less than 5%. The
experimental waveforms are coinciding and similar to the waveforms shown in Figure 6.1. The
accuracy of the mathematical analysis and design of the converter described in Chapter 4 and

Chapter 5 is verified by these waveforms.
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Figure 6.6 Experimental results for conversion from AC-DC (G2V mode). (a), (b), (c).
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Figure 6.7 Experimental results for conversion from DC-AC (V2G mode). (a), (b).

The peak value of the leakage inductor current shown in the Figure 6.6(b) and Figure 6.6(c) is
within the calculated limits without any spikes. The current naturally reduces to zero and the
negative current shows the conduction of the antiparallel diode across the switch, causing ZCS
turn-off. Soft-switching is maintained well throughout the cycle and also at lower power levels.
Experimental results for V2G mode are shown in Figure 6.7. The voltage and current waveforms
are as per the predicted simulation waveform shown in Figure 6.3. It also demonstrates the
ability of the power factor to compensate for specific reactive power demands.

The experimental results confirm the four quadrant operation capability if the converter along
with ZCS and zero current turn on secondary switches. The ringing free current and the voltage

waveforms reduce the electromagnetic interference in the circuit.
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The rms value of the currents change proportionate to the output of the converter. Hence the
losses under light load conditions are not affected in the semiconductor devices and the
transformer. But in conventional active-clamped converters, the duty cycle of the auxiliary
switches is comparable to the duty cycle of the main switches. The auxiliary devices have higher
conduction losses at light load as they have high ON-sate resistance due to their low current

rating.



CHAPTER 7

CONCLUSION AND FUTURE WORK

This thesis investigates the problems associated with the current EV charger technologies. A

novel bidirectional single-phase single-stage isolated AC-DC converter with PFC for EV

charging is proposed and experimental unit is demonstrated. = The conclusions and

recommendations for future work are presented in this chapter.

7.1

Summary

Different types and standard of EV charger are discussed. The requirements for the EV
charger to efficiently work with the grid are described.

A review of different soft switching EV charger topologies is presented highlighting the
limitations of existing hard switched and soft switched converter based EV chargers.

A novel bidirectional single-phase single-stage isolated AC-DC converter with PFC for
EV charging is proposed. The design is compact and light weight, making it suitable to
be used for wide variety of EV charger applications, especially for on board charging
purpose. It has current-fed half-bridge converter on primary with ZCS and full-bridge
converter on secondary with zero current turn-on. Two interleaved phases at the grid side
reduces the input current ripple and moves the harmonics to twice the switching
frequency reducing the size of input filter. Soft-switching is achieved throughout the

operation range without any additional active/passive circuit reducing the heat sink
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requirement. Converter can be operated in all four quadrants with regulation of active and
reactive power flow in both the directions. HF transformer provides galvanic isolation
and flexibility in the design for a wide range of grid and battery voltages.

The control for the proposed converter is designed using the frequency response analysis
method. The mathematical model to be used for the design is derived using the different
operational states of the converter. The different modules required for the operation are
described. The hardware design along with the component selection has been discussed.
The sensor and the signal conditioning op-amp circuits to be used for the control board
are developed. Few considerations for laying out the PCB have also been highlighted.
The simulation results are shown for the operation of the converter. The developed

hardware operation and performance is validated with the simulation results.

Future Work

The computational speed of the DSP was not sufficient to run the entire code within the 100 kHz

switching interval. The code used for the charger realization consisted of two different interrupt

subroutines, the computation subroutine was run at 50 kHz and the switching subroutine was run

at 100 kHz. The controller could be improved using a faster DSP

The power board may be redesigned to have a closer arrangement of the components to

minimize the parasitic effects. The snubber circuit can also be made into a separate circuit to

minimize its distance with the switches.

These suggestions may optimize the performance of the converter with a possible increase in the

overall efficiency.
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