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Abstract

With the rapid development of the economy and the continuous innovation of technology, the auto-
mobile industry is developing at a high speed. While providing convenient transportation and improv-
ing the efficiency of production and living, it has also caused a series of problems such as the energy
shortage and environmental pollution. Electric vehicles (EVs) are getting more and more attention and
support because of their unique advantages such as the energy saving and zero emission. Once the
electric vehicle can charge from the clean and sustainable energy source such as the solar and wind
energy, it can be an environment-friendly mode of transportation. Therefore, the photovoltaic (PV)
integrated EV charging system appears in recent years. In the meanwhile, ABB is also interested in
finding a way to combine their PV products and the EV chargers to make a more compact and efficient
PV integrated EV charging system.

A possible solution of making a more compact PV integrated EV charging system is to use the multi-
port converter which can integrate the separated DC-DC converters. However, the traditional multiport
converter needs a large number of active switches and the control of the whole converter is complex.
Moreover, the zero voltage switching (ZVS) operation cannot be achieved easily in the traditional mul-
tiport converter. Therefore, a dual boost integrated dual active bridge (DAB) converter used for the PV
integrated bidirectional EV charging system is investigated in this master thesis project.

This master thesis is the first step to investigate the dual boost integrated DAB converter working with
a large output voltage range, which can be compatible with the new CHAdeMO standard (CHAdeMO
2.0) regarding the charging voltage range and make the whole PV integrated EV charging system more
compact and efficient. The investigation is divided into three parts which are: the working principle
and control analysis, the power loss modeling and analysis and the experimental verification tests.

First of all, the specifications of the converter are clarified, the circuit structure, the working principle
of the two interleaved boost converters in the primary side and the working principle of the whole
converter are analyzed. Secondly, the parameters of the converter are calculated according to the
specifications and all the equations in terms of the voltage, the current and the output power are
deduced. The power modes and the control structure of the converter are also introduced.

Afterwards, the soft switching characteristics of the switches and the circulating power in the dual
boost integrated DAB converter are investigated by considering the DC bus voltage, PV voltage, and the
EV battery voltage, and then the ZVS region is enlarged by applying the DC blocking capacitor voltage
control. Besides, the transistor candidates are chosen and the power loss model and the thermal model
of the candidates are built. The loss breakdown, the loss ratio and the thermal performance of the
switches are analyzed and evaluated.

An analysis tool which can analyze the voltage and current at different points, the output power, the
soft switching region and the circulating power of the dual boost integrated DAB converter is developed
in Mathcad. This analysis tool is not only suitable for this project but also can be used to do other
customized designs, which helps to decrease the time and cost for the development. The simulation
model including the control loop and the thermal model of this converter is built in PLECS to check the
feasibility of the design. Finally, a test bench is built and the experimental tests are implemented to
verify the analysis and the simulation results.
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Introduction

1.1. Background

With the rapid development of the economy and the continuous innovation of technology, the auto-
mobile industry is developing at a high speed. While providing convenient transportation and improving
the efficiency of production and living, it has also caused a series of problems such as the energy short-
age and environmental pollution.

Electric vehicles (EVs) are getting more and more attention and support because of their unique
advantages such as the energy saving and zero emission. The prediction of the vehicle sales in the
next 30 years is shown in the Figure 1.1, it can be seen that the battery electric vehicle has the largest
sale ratio in the future.

100%
o I
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70%
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60% Engine
Hybrid Electic
Wehicles
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ug-in Hybri
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Electric Wehiole
o
40% W Battery Elechic
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30% Fuel Cell Electric
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. I
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0%
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Figure 1.1: The prediction of the vehicle sales [1]

If the electric vehicle can charge from the clean and sustainable energy source such as the solar and
wind energy, it can be an environment-friendly mode of transportation. Therefore, the photovoltaic
(PV) integrated EV charging system appears in recent years.

1.2. Motivation

The system structure of the existing PV integrated EV charging system is shown in the Figure 1.2.
There are three DC-DC converters (the DC-DC converter between the DC bus and the PV panels, the
DC-DC converter between the energy storage system and the DC bus and the DC-DC converter between
the DC bus and the battery of the EV) in the whole system, which results in problems such as high

1



2 1. Introduction

cost, low efficiency and low power density due to the large number of components and the several
power conversion stages.

Unidirectional
pc/bc

+ Bidirectional
MPPT pc/pc

EV

PV array

Bidirectional
pc/pc Bidirectional
— DC/AC
Energy storage system

(ES5) Grid

DC bus

Figure 1.2: The system structure of the existing PV integrated EV charging system

The multiport converter can integrate the separated DC-DC converters and may have the advantages
in terms of the efficiency, the cost and the power density due to the reduced power conversion stage and
the smaller number of components in the whole system [3]. The new system structure which combines
the DC-DC converter between the DC bus and the PV panels and the DC-DC converter between the
DC bus and the battery of the EV by using the three-port DC-DC converter is shown in the Figure 1.3.
The three-port bidirectional DC-DC converter which is in the red dash line is the research object of this
master thesis project.

Research object

Bidirectional
Dc/DC

PV array

Energy storage system
(ESS)

Bidirectional {
DC/AC —

DC bus

Figure 1.3: The new system structure of the PV integrated EV charging system
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1.3. Research objectives and research questions

This master thesis project is the first step to investigate the isolated DC-DC converter for the PV
integrated bidirectional EV charging system to make the whole system more compact and more efficient.
The investigated converter should be able to work with a large output voltage range so that it can
support both the existing 500V battery EVs and the next generation high voltage EVs. These research
objectives can be translated into the following research questions:

e What is the best topology of the DC-DC converter to make the PV integrated bidirectional EV
charging system more compact and more efficient?

¢ What are the best control and modulation methods for the converter to operate in a large voltage
range?

» How will the converter perform at different operation points and operation modes of the system?

1.4. Research methodology

The research methodology of this master thesis project is indicated by a flowchart which is shown
in the Figure 1.4.

Objectives of the design

(cost, efficiency, power density, etc)

v

Specifications of the design
[power level, voltage range, current level, etc)

v

Literature review
(converter topology, control and modulation
method)

v v

Choose control and modulation
method

v v

Build the simulation model in PLECS
{verify the results got from the Mathcad az well 35 the control and
modulztion methed and investigate the loss breakdown, the loss ratio and
the thermal performance of the switches)

Choose converter topology

Develop the analysis tool in Mathcad
{znalyze the voltage and current level, the output power characteristics, -
the soft switching range and the circulating power)

v

Choose the semiconductor
candidates

v

Build the loss model Build the thermal model

Yy

Build the test bench(design and wind the inductor, choose the components and develop the FPGA programming)
{verify the results got from the analysis tool and the simulation)

Figure 1.4: The flowchart of the methodology

In order to design a novel isolated DC-DC converter for the PV integrated bidirectional EV charging
system, the first thing needs to be done is to clarify the objectives and the specifications of the design.
The second step is to find the suitable topology and the suitable control and modulation method
according to the objectives and specifications by doing the literature review. Afterwards, the working
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principle, the voltage and current level, the output power characteristics, the soft switching range
and the circulating power of the investigated converter should be analyzed. According to the analyzed
results, several semiconductor candidates should be proposed and the loss model of the semiconductor
should be developed. Then, the simulation model including the control loop and the thermal model
should be built to verify the previous analysis and evaluate the loss breakdown, the loss ratio and the
thermal performance of the switches. The last step is to build a test bench to do the experiment test
to verify the analysis and simulation results.

1.5. Literature review

1.5.1. Review of the converter topologies

The EV chargers are classified into two types: unidirectional EV chargers and bidirectional EV charg-
ers. The latter type can realize the vehicle to grid (V2G) function since it can support the power flow
from the EV battery to the grid. Hence, the load of the grid can be reduced during the peak load hours
[4]. That is why the bidirectional DC-DC converter is more preferable for the EV charging application.
And the bidirectional DC-DC converters are divided into non-isolated and isolated bidirectional DC-DC
converters. The isolated DC-DC converter is preferred over the non-isolated type because of the high
gain and galvanic isolation [5]. With the galvanic isolation, the shock hazard can be mitigated and the
common mode noise can be reduced. The main types of the isolated bidirectional DC-DC converters
which can realize the buck-boost purpose are bidirectional flyback converters, dual active bridge (DAB)
converters and CLLC resonant converters. In [6-8], different kinds of bidirectional flyback converters
are designed and analyzed. The main drawback of the bidirectional flyback converter is that it is only
suitable for low power level. In [9], the interleaved flyback structure is used to increase the power
level. However, the number of the components, the cost and the complexity of the whole converter
are increased due to the interleaved structure. The DAB and CLLC resonant converters are the most
popular DC-DC converters for bidirectional EV chargers because of their high efficiency, buck-boost
capability, high power density and the controllable bidirectional power transfer [10—-14].

The main types of the DAB converters and CLLC resonant converters are full bridge DAB, half bridge
DAB, full bridge CLLC and half bridge CLLC, which are shown in the Figure 1.5 and Figure 1.6 [15].
Different topologies are suitable for different applications and need different design methods.

Sy E—}L Sﬂg} SSJE’}37 é}
R 3 {—° dCu:LRD[] ;
N,

Ly
Vin = ip ||
N : s

- |
SZJEL}L S‘IJE »:

(@) Full bridge DAB converter

.
SGJ I: Sg |1+

(b) Half bridge DAB converter

Figure 1.5: The full bridge and half bridge DAB converter topologies
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(b) Half bridge CLLC resonant converter

Figure 1.6: The full bridge and half bridge bidirectional CLLC resonant converter topologies

A 5kW full bridge DAB for a 380V input and 20V-28V output battery charger is designed, built and
tested in [16], the highest efficiency is more than 96%. In [17], a 600W half bridge DAB for EV charger
is built and tested, which verifies the theoretical analysis. A 5kW full bridge CLLC converter for a 380V
DC power distribution system is built and tested in [18] and the highest efficiency is 97.8%. The 1kW
half bridge CLLC converter with the 300-600V input voltage and 200V-400V output voltage, which is
used for the bidirectional EV charging system, is built and tested in [19]. The highest efficiency is
96.5% for the charging mode and 97.4% for the discharging mode.

The four topologies are analyzed and compared in [15] and [20], from which the following conclusions
can be got:

CLLC resonant converters have a higher efficiency than the DAB converters in the narrow load
range conditions.

The highest efficiency of the CLLC resonant converter can be achieved when it operates around
the resonant frequency. When the operating frequency is far from the resonant frequency, the
efficiency will be reduced due to the increased circulating losses. And the DAB converter may
lose the soft switching of the switches at the light load condition.

The soft switching region of the CLLC resonant converters is larger than the DAB converters
especially at the light load condition.

The half bridge structure has a higher efficiency than the full bridge structure in low power
application due to the reason that there are fewer switches and corresponding driving circuits
in the whole converter, but the full bridge is more suitable for high power (higher than 1kW)
application.

Another advantage of the half bridge CLLC resonant converter is that the two capacitors in each
side can reduce the flux imbalance of the transformer.

If the converter needs to operate with a large voltage range, the design and control complexity
of the CLLC resonant converter is larger than that of the DAB converter due to the larger number
of design considerations and the nonlinearity relationship between the gains and the loads.
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e The output current of the CLLC resonant converter is similar to the sinusoidal waveform and
has less high-order harmonic ripples compared with that of the DAB converter. Therefore, the
current filter is not needed for the CLLC resonant converter, whereas it may be needed for the
DAB converter.

¢ Both the primary side and secondary side current of the half bridge structure are much larger
than those of the full bridge structure. Hence, the current stress on the components of the half
bridge converter is larger than that of the full bridge converter.

» The half bridge structure has the advantages in terms of the size and weight since the reduced
number of switches and the corresponding driving and cooling systems.

To integrate the PV panels to the EV charging systems, a lot of researches focus on how to do this
by using the three-port converters. Compared with the separated two-port converters, the three-port
converter has a more compact structure, higher efficiency, lower cost and more flexible power flow
control due to the reduced number of components and the reduced power conversion stage in the
whole system [21]. And the complicated communication between the different two-port converters
can be eliminated in the three-port converter.

The conventional isolated three-port bidirectional DC-DC converters use the multi-winding trans-
former to get the galvanic isolation between the source and the load and three bridges are connected
to the three-winding transformer [22]. The structure of the conventional full bridge and half bridge
three-port converters are shown in the Figure 1.7 [23-25], from which it can be seen that the ad-
vantages of the three-port converter compared with the different two-port converters in terms of the
number of components and the design and control complexity are not so obvious due to the additional
bridge. In [26] and [27], the resonant tanks are added to the conventional three-port converters to
improve their performance.

A novel LLC integrated partly isolated three-port DC-DC converter is proposed in [21], which inte-
grates two interleaved buck-boost converters with a full bridge LLC converter. The structure of this two
buck-boost integrated LLC converter is redrawn and shown in the Figure 1.8. A 500W prototype, in
which the PV voltage is 65V — 115V, the input voltage is 165V — 200V and the output voltage is 360V,
is built and tested. This structure is helpful to the ripple sensitive energy sources such as solar and fuel
cell since the two interleaved buck-boost converters can have a phase shift which can reduce the cur-
rent ripple. Moreover, the switches in the two buck/boost converters can be reused as the primary side
switches of the full bridge LLC converter, which reduces the number of the components in the whole
converter. However, this structure cannot realize the bidirectional power flow due to the uncontrolled
rectifier in the secondary side. Fortunately, this topology can be evolved into the one which integrates
the two interleaved bidirectional buck/boost converters with a DAB converter or a bidirectional CLLC
resonant converter which has the capability of bidirectional power flow.

A 300W dual buck/boost integrated three-port bidirectional DC-DC converter which integrates two
buck/boost converters with the DAB converter and has a half bridge secondary side is built and tested
in [3]. The schematic of this converter is shown in the Figure 1.9. The voltage at the PV port is 60V,
the voltage at the battery port is 24V and the output voltage is 102V. The power transfer between the
two input ports and the input and output ports, the performance characteristic and the soft switching
of all the switches are verified. A full bridge three-port bidirectional DC-DC converter which integrates
two boost converters and the full bridge DAB converter is proposed in [28]. The power rating of this
converter is 250kW and the output voltage is 7000V. The functionality and the characteristic of this
converter are verified in simulation.

In the above studies, all the existing designs do not consider the applications which require the high
power (equal or larger than 10kW) and also the large output voltage range (200V — 950V) which are
the specifications of the converter in this master thesis project.

1.5.2. Review of the modulation strategies

For the three-port DC-DC converter integrating two buck/boost converters with the full bridge con-
verter, the phase-shift plus the pulse width modulation (PWM) is proposed in [29] and [30]. This
modulation strategy can realize the power flow control among the three ports and also regulate the
output voltage. The control is performed by using two control variables: the duty cycles of the primary
side switches and the phase shift between the two switch legs in the primary side. This primary-side
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Figure 1.8: The two buck/boost integrated LLC converter

phase-shift (PSPS) plus PWM modulation increases the design flexibility of the multiport converters.
However, the main drawback of this modulation strategy is that the soft switching range is very limited
and the power flow between the primary side and secondary side cannot be bidirectional. Moreover,
the conduction losses are relatively high in the PSPS plus PWM modulated multiport converter because
of the circulating current at the freewheeling stage. The secondary-side phase-shift (SSPS) plus PWM
modulation is proposed in [31-33], which can widen the soft switching range of the switches and also
reduce the circulating current to get less conduction losses. This modulation strategy is used in a full
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Figure 1.9: The two buck/boost integrated DAB converter with half bridge secondary side
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bridge three-port converter where the two lower diodes in the secondary side of the full bridge are
replaced by two switches. The phase shift between the two legs in the primary side is 180° to get
the minimal current ripple. There are still two control freedoms left, the phase shift between the gate
signals of the primary side switches and the secondary side switches and the duty cycle of the primary
side switches. However, this kind of converter cannot realize the bidirectional power flow between the
primary side and secondary side either.

Generally, the resonant converter is modulated by using the pulse frequency modulation (PFM). The
main drawback of this modulation is that the input and output voltage range is very narrow since the
voltage gain is only regulated by the switching frequency. The switching frequency needs to be varied
in a large range if the input voltage range or the load variation range is wide, which is a big challenge
for the magnetic components. The hybrid modulation of PWM and PFM used in the LLC resonant
converter is proposed in [34-36]. The hybrid modulation can effectively increase the input voltage
range and the load variation range. The hybrid modulation of PWM and PFM is also used in the three-
port bidirectional CLLC resonant converter in [37] which uses the PFM to achieve higher voltage gain
and uses the PWM to achieve the lower voltage gain. A 1kW prototype is designed and implemented
to charge a 150V to 250V battery pack, the switching frequency range is 60.2kHz — 99.7kHz and the
maximum efficiency is 96.14% with 390V input voltage at rated 1kW. It can be seen from this case
that the buck/boost integrated CLLC resonant converter is not suitable for the application with a very
large output voltage range since the output voltage variation from 150V to 250V has already resulted
in a frequency variation from 60.2kHz to 99.7kHz.

1.5.3. Summary of the literature review
Based on the above studies, several conclusions need to be emphasized:

¢ The novel two buck-boost integrated three-port DC-DC converter is a very good choice to realize
the more compact and more efficient PV integrated EV charging system since the interleaved
structure in the primary side is suitable for the PV array which is a current sensitive energy
source. Besides, the reuse of the switches in the primary side can reduce the cost of the whole
system.

¢ The half bridge structure is more suitable for the low power application and the full bridge struc-
ture is more suitable for the high power application because the current stress on the components
of the half bridge structure is much larger than that of the full bridge structure.

¢ The CLLC resonant converter has a higher efficiency than the DAB converter but it is more suitable
for the application with a narrow output voltage range since the efficiency will be reduced once
the operating frequency is far from the resonant frequency. Besides, the design and control
complexity of the CLLC resonant converter is larger than that of the DAB converter when it
operates with a large output voltage range due to the larger number of design considerations.

A dual boost integrated DAB converter with the full bridge secondary side is investigated and the
SSPS plus PWM modulation is used in this master thesis project according to these conclusions.
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1.6. Project contributions

This master thesis project is the first step to investigate the novel isolated DC-DC converter for the
PV integrated bidirectional EV charging system to make the whole system more compact and more
efficient. Besides, the investigated converter can be compatible with the new CHAdeMO standard
(CHAdeMO 2.0) regarding the charging voltage range requirement. The main contributions of this
project are:

The feasibility to use the dual boost integrated DAB converter with a full bridge secondary side
for the PV integrated bidirectional EV charging system with the 10kW power rating has been
investigated in this thesis. The investigated converter can be compatible with the new CHAdeMO
standard (CHAdeMO 2.0) regarding the charging voltage range requirement.

The analysis tool which can analyze the voltage and current at different points, the output power,
the soft switching region of the switches and the circulating power in the investigated converter
is developed in Mathcad. All the key parameters of this converter such as the input voltage, the
PV voltage, the output voltage, the switching frequency, the leakage inductance, the inductance
of the boost inductors and the turn ratio of the transformer are the inputs of the analysis tool
and all these parameters can be changed and the results in terms of the important voltage and
current waveforms, the output power curve, the soft switching region map of the switches and
the circulating power curve can be drawn immediately.

The simulation model including the control loops of the dual boost integrated DAB converter is
built in the PLECS. The feasibility of the SSPS plus PWM modulation method, the new modulation
method which changes the full bridge secondary side to the half bridge one when the DC blocking
capacitor voltage control is used and the analysis results got from the analysis tool are verified
by the simulation results.

The ZVS characteristic of the switches and the circulating power in the dual boost integrated DAB
converter are investigated by considering the DC bus voltage, PV voltage, and the EV battery
voltage, and then the ZVS region is enlarged by applying the DC blocking capacitor voltage
control. The effect of the DC blocking capacitor voltage control on the soft switching region, the
power losses of the switches and the circulating power in the converter when it is working with
a large voltage range is analyzed and tested.

The method which uses the thermal model to evaluate the power losses and the maximum
junction temperature of the switches in a designed converter is proposed in this thesis. The
proposed method and the built thermal model can be used to check the feasibility of the converter
design and to estimate the efficiency of the designed converter.

A test bench of the investigated converter is built by doing the modifications on a CLLC resonant
converter and connecting the newly designed components to it. The analysis and simulation
results got from the Mathcad and the PLECS as well as the implementability of the dual boost
integrated DAB converter are verified by the experiment results.

1.7. Structure of the thesis

This thesis is composed of the following five chapters:

Chapter 1 introduces the background, the motivation, the research objectives and research ques-
tions, the research methodology, the literature review and the contributions of this master thesis
project.

Chapter 2 clarifies the specifications of the converter and describes the circuit of the dual boost
integrated DAB converter. The working principle of the two interleaved boost converters in the
primary side and the working principle of the whole converter are analyzed in this chapter. Be-
sides, the parameters of the investigated converter are calculated and all the equations in terms
of the voltage, the current and the output power are deduced. The power modes and the control
structure of the dual boost integrated DAB converter are also shown in this chapter.
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e Chapter 3 mainly focuses on the power loss modeling and analysis of all the switches in the

dual boost integrated DAB converter. The ZVS characteristic of the switches and the circulating
power in the dual boost integrated DAB converter are investigated by considering the DC bus
voltage, PV voltage, and the EV battery voltage, and then the ZVS region is enlarged by applying
the DC blocking capacitor voltage control. All the equations related to the soft switching of the
switches and the circulating power are deduced in this chapter. All the analysis is verified by the
simulation results. Besides, the transistor candidates are chosen and the power loss model and
the thermal model of the candidates are built. The loss breakdown, the loss ratio and the thermal
performance of the switches are analyzed and evaluated.

Chapter 4 presents the content of the experimental tests. First of all, the two boost inductors
are designed. A comparison of gapped ferrite cores and powder cores is done and a summarized
procedure about the design of the inductors with the powder core is introduced. Then, the FPGA
programming is developed to do the open loop control of the converter. Afterwards, the test
of the original board has been done to check the gate driver circuit and the dedicated power
supply, so any error can then be identified at a much earlier stage of the experimental test. All
the experimental test results are shown in this chapter, which can verify the previous analysis.

Chapter 5 gives the conclusions summarized from the previous analysis and the experiment test
and also points out the future work of this project.



Working principle and control

2.1. Specifications of the converter

The dual boost integrated DAB converter used for the PV integrated EV charging system, which
consists of two non-isolated boost converters and an isolated DAB converter is the research object of
this work. According to the data sheet of ABB’s 10kW PV inverter, the full power maximum power point
tracking (MPPT) voltage range is 220V — 470V [38]. Hence, the voltage range of the PV port of the
three-port converter in this master thesis project is 220V — 470V. The voltage at the DC bus port can
be changed from 600V to 900V which is decided by the power factor correction module in the system.
The maximum output voltage is 950V which can make sure that the converter can support both all
the existing 500V battery EVs and the next generation high voltage EVs. The maximum output current
is 304 which is decided by the design requirement of ABB’s EV charger. All the specifications of the
converter are summarized in the Table 2.1.

Table 2.1: Converter specifications

Parameters Specifications
Voltage range at the DC bus port | 600V — 900V
Voltage range at the PV port 220V — 470V
Voltage range at the output port | 200V — 950V
Maximum output power 10kW
Maximum output current 304

2.2. Working principle of the two interleaved boost converters

The schematic of the two interleaved boost converters is shown in the Figure 2.1. Two boost inductors
(L, and L,) are connected to the mid-points of the two switch legs. The two switch legs are shifted
180° in this master thesis project in order to get the minimum PV current ripple. The gate signals of
the two switches in the same leg are complementary. The output voltage of the two interleaved boost
converters is regulated by regulating the duty cycle D of the lower switches (S2 and S4) and can be
matched with the input voltage of the DAB converter V,,.

The currents of the two boost inductors and the PV current can be calculated by equation 2.1 ,
equation 2.2 and equation 2.3.

ir1(t) :J; V;’”—L—?“(t)dt+ i1, (2.1)
Vo, —up(t

iL(t) = fo pL—jb()dt i, 2.2)

Loy () = ip1 () + ip2(t) (2.3)

11
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Figure 2.1: The schematic of the two interleaved boost converters

i1, and i, are the initial values of i;; and i,, respectively.
The key waveforms of the two interleaved boost converters are shown in the Figure 2.2.
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Figure 2.2: The key waveforms of the two interleaved boost converters

It can be seen from the Figure 2.2, there is a high frequency AC voltage u,; between the mid-points
of the two switch legs. The pulse width of the high frequency AC voltage will change when the duty
cycles of the switches are changed. Hence, the two interleaved boost converters can be also took as
a full bridge inverter and the AC voltage produced by this full bridge inverter can produce a stable DC
voltage by connecting a rectifier to the inverter. The DC voltage can be the output of the third port,
then the three-port converter is formed. The structure of the novel three-port converter is shown in
the Figure 2.3.

In order to realize the galvanic isolation, the high frequency transformer can be added between the
inverter and the rectifier.

The novel three-port converter has following advantages:

e The two ports in the primary side of the three-port converter are bidirectional and the partly
isolated output port can be unidirectional or bidirectional, so the application of this novel three-
port converter is flexible.

» The reduced power conversion stages between different ports can improve the conversion effi-
ciency of the whole system.

e It is possible to realize the soft switching of all the switches in this converter.

e The two interleaved buck-boost converters can significantly reduce the current ripple, which is
suitable for the current sensitive input source such as the PV panels.
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Figure 2.3: The structure of the novel three-port converter

e The primary side and the secondary side can use different control methods, so the decoupled
control of the power ports can be realized.

2.3. Circuit description and parameter design

The schematic of the dual boost integrated DAB converter is shown in the Figure 2.4. The two
input ports in the primary side are connected to the PV panels and the DC bus, respectively. The
isolated output port is connected to the EV battery. From the PV port to the DC bus port, the converter
works as a boost converter while from the DC bus port to the isolated output port, it works as a DAB
converter. Hence, the active switches on the primary side are used as the interleaved boost converters
and the primary side switches of the DAB converter simultaneously. L;, is the leakage inductance of
the transformer which determines how much power can be transferred from the primary side to the
secondary side. And if this leakage inductance is not large enough to provide the power required, an
extra inductor will be needed.
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Figure 2.4: The schematic of the dual boost integrated DAB converter

o~

The main parameters of this converter can be chosen and designed as follows:

e Switching frequency (f;,,): Consider the electromagnetic compatibility (EMC) requirement, the
secondary harmonic frequency should be less than 150k Hz, so the suitable choice of the switching
frequency can be 48kHz—65kHz. In order to reduce the size of the whole converter, the switching
frequency is set as 65kHz.

« Inductance of the two boost inductors (L, and L,): For the cost consideration, the current ripple
of the inductor in the boost converter which is connected to the PV panels is generally set as
20% of the maximum average current. In this project, the worst situation of the current ripple
will happen when the PV panel has the maximum power (10kW) and minimum voltage (220V)
and the DC bus has the maximum voltage (900V). In this case, the average inductor current and
the minimum and maximum value of the inductor current are:
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P

_ v _
I, = v, = 22.727A (2.9)
Iy, =ln,,, *(1—02)=18.1824 (2.5)
Ity = li1gy, * (1+0.2) = 27.2734 (2.6)
The duty cycle (D) of the boost converter is:
v
D=1- % =0.756 (2.7)

mn

The turn on time (T,,,) of the boost converter is:

1
Tpn =D * — = 1.162 * 1055 (2.8)

sw

According to the Figure 2.2 and the equation 2.1, the inductance of L, is:

Toanv

L, = 2813 %107*H (2.9)

B Ileax - Llmin
The inductance of L, uses the same value as that of L,.

e Turn ratio of the transformer (n): For the 10kW EV charging system, the critical operating point
is when the EV voltage is 333.3V, simply set the turn ratio of the transformer (n) as 2 since the
DC bus voltage can change from 600V to 900V.

¢ Leakage inductance of the transformer (L;;): According to the power equation of the conventional
single phase shifted DAB converter, which is deduced in [39] and can be expressed as:

MWV, ® (1 — @)
Pout = T o N2F T
2(m)?* fswLik
where @ is the phase shift angle between u,;, and u.4y. When @ = g, the P,,; is maximum.

Since the maximum output power required in this project is 10kW, the leakage inductance can
be calculated by the equation 2.10 and the calculation result is L;, = 8.545 x 10~5H.

(2.10)

2.4. Working principle of the dual boost integrated DAB con-

verter

In order to analyze the operation characteristics of the dual boost integrated DAB converter, the
whole converter can be simplified to a structure which is shown in the Figure 2.5.

When the duty cycle D of S2 and S4 is equal or less than 0.5, the pulse width of wu,, is DT, , where
T, is the period time. When the duty cycle D of S2 and S4 is larger than 0.5, the pulse width of u,,, is
(1 — D)T,. The gate signals and the two different cases of u,,; are shown in the Figure 2.6.

The current and the voltage of the leakage inductance have eight different cases which are defined
according to the different D and the different § which is the phase shift between the gate signals of S1
and S5. The turn-on time (7,,) and turn-off time (7, ) of S2 and S4 can be calculated by the equation
2.11 and equation 2.12. The different cases and the boundary conditions are shown in the Table 2.2.

Tyn = DT, (2.11)

TOff = TS - TOTL (2.12)
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Figure 2.5: The equivalent circuit of the dual boost integrated DAB converter
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Figure 2.6: The gate signals and the two different cases of ug,

Table 2.2: The different cases of the current and voltage of the leakage inductance and the boundary conditions

Case | Boundary Condition (D < 0.5) | Case | Boundary Condition (D > 0.5)
I 0<8<(L-1) Vv 0<6< (L)
I (%—%)35«%) VI (T"%)s(k(%)
III Gy <8< VII G<s< L+
v (y<s<1 VIII (L +H<6<1

Every switching cycle of the dual boost integrated DAB converter can be divided into six stages. Take
Case V as an example to analyze the operation principle of this converter. The gate signals and the
key waveforms of Case V in steady state are shown in the Figure 2.7 and the equivalent circuit of each
stage is shown in the Figure 2.8.

e Stage I [ty — t, ][Figure 2.8a]:
At t,, switches S1, S4, S6 and S7 are on and the power is delivered from the primary side to the
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Figure 2.7: The gate signals and the key waveforms of Case V

secondary side. Once S6 and S7 are turned off and the i;, reaches its maximum value, this stage
ends. The output voltage of the primary side bridge (u,;) is V;, during this stage. The voltage on
the secondary side of the transformer (u.,4) is —V, during this stage. The voltage on the leakage

inductance during this stage is V,, + nV,, where n = IIVV—" is the turn ratio of the transformer. The
current flowing through the leakage inductance i;;, can be expressed as:

“ Vin + Y,
ilk(t) = f —lnL als dt + ileo (213)
0 lk

Neglect all the losses in the converter, the output power in this stage can be expressed as:

t V.. +nV,
P (£) = f (e T e (2.14)
0

where i, is the initial value of the leakage inductance current and 0 < t < t;. The initial value
of the leakage inductance current will not influence the output power, so it can be neglected in
the power calculation.

Since the phase shift § is defined as the shift between the gate signals of S1 and S5, t; = § = T;.
The current flowing through the leakage inductance i;; and the output power at the end of Stage
I can be expressed as:

Vin + 1V,

Ir(ty) = I % % 8Ty + ik, (2.15)

T3 6% Vin (Vin + 1¥)
2Ly,

Pout (1) = (2.16)
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e Stage II [t, — t,][Figure 2.8b]:

At t;, the secondary side switches S5 and S8 are turned on and this stage will end when the
S1 is turned off. The output voltage of the primary side bridge (u,;) is V;,, during this stage.
The voltage on the secondary side of the transformer (u.4) is V,. The voltage on the leakage
inductance during this stage is V;,, — nV,. The current flowing through the leakage inductance i,
and the output power P,,,; can be expressed as:

"V — 1,
i (t) = ik (t1) +f o gt (2.17)
t, L
L Vi, — 1V
Poue(®) = | VoGl (6 + (¢ = 02) « =22t (2.18)
ty

where t; <t <t,.

Since this stage ends when the S1 is turned off, t, = T,fr. The current flowing through the
leakage inductance i;;,, and the output power at the end of Stage II can be expressed as:

Vi nV,
i (62) = ige(t1) + ———= * (Topy — 6T) (2.19)

Ly

Vin(Toff - é"Ts)(ToffVin + T55[/in - Tofano + 3T55nVo)
2L

Poue (1) = (2.20)

Stage III [t, — t;][Figure 2.8c]:

At t,, the S2 is turned on. In this stage, both S2 and S4 are on, u,;, is 0 and the boost inductors
(L, and L,) are charged. This stage ends when S3 is turned on. The voltage on the secondary
side of the transformer (u.;) is V,. The voltage on the leakage inductance during this stage is
—nV,. The current flowing through the leakage inductance i;;, and the output power P,,,; can be
expressed as:

t

o L,
i (t) = ik (t2) + f I dt (2.21)
t, Lk
t . _nI/O
Pruc®) = | 0 ((t2) + (¢ = 1)+ -2l (2.22)

where t, <t < t5.

Since this stage ends when the S3 is turned on, t; = % The current flowing through the leakage
inductance i;;, and the output power at the end of Stage III can be expressed as:

. . —nl, T
i (t3) = i (t2) + Lie * (? = Torf) (2.23)
Poye(111) = 0 (2.24)

Due to the symmetry of the current waveform,
Ur(t3) + i, =0 (2.25)

. ZTOffVln - Ts%n + 4-TSV()6n
likg = — 4L,

(2.26)
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e Stage 1V [t; — t,][Figure 2.8d]:

At t;, the S3 is turned on. In this stage, S2 and S3 are on, u,, is —V.,,. This stage ends when
S5 and S8 are turned off. The voltage on the secondary side of the transformer (u.4) is V,. The
voltage on the leakage inductance during this stage is —V;,, — nV,. The current flowing through
the leakage inductance i;;, and the output power P,,; can be expressed as:

L~V —n,
ik (t) = i (t3) +f mL—nOdt (2.27)
ts lk
’ Vi — 1V,
Poue(®) = | (=Vip) (i (t3) + (£ —t3) * %)dt (2.28)
t3

where t; <t < t,.

Since this stage ends when the S5 and S8 are turned off, t, = (6 + %) * Ty;. The current flowing

through the leakage inductance i;;, and the output power at the end of Stage IV can be expressed
as:

. . —Vin — 1V, 1 T.
Uk (ta) = iy (t3) + % *((6 + E)TS - ?S) (2.29)
Ts6llin(T56‘/in - 2T0ffVin + Tsnl, — 3Ts6nvo)

Poue(IV) = 2Lk

(2.30)

e Stage V [t, — ts][Figure 2.8¢]:

At t,, the S6 and S7 are turned on. In this stage, S2 and S3 are on, u,,, is —V,,,. This stage ends
when S3 is turned off. The voltage on the secondary side of the transformer (u.4) is —V,. The
voltage on the leakage inductance during this stage is —V;,, + nV,. The current flowing through
the leakage inductance i;;, and the output power P,,,; can be expressed as:

t

—Vip + 1V,
Uk (t) = i (ts) +j T T e (2.31)
ty Ly
¢ Vi + 1V,
Pout (D) = | (Vi) e (ta) + (¢ = £4) » — - —)dt (2.32)
ty

where t, <t < ts.

Since this stage ends when the S3 is turned off, t5 = TZ—S + Tof5- The current flowing through the
leakage inductance i;, and the output power at the end of Stage V can be expressed as:

_Vin + nVo Ts

i (ts) = i (ts) + —— = (

1
T 5+ Topr = (64 5)T) (2.33)

_Vzn(Toff - Ts6)(ToffI/in - Ts6[/in - Tano + Tofano + TSSnI/O)
2Ly

Poue (V) = (2.34)

e Stage VI [ts — t¢][Figure 2.8f]:

At t5, the S4 is turned on. In this stage, both S2 and S4 are on, u,;, is 0 and the boost inductors
(L, and L,) are charged. This stage ends when S2 is turned off. The voltage on the secondary
side of the transformer (u.4) is —V,. The voltage on the leakage inductance during this stage is
nV,. The current flowing through the leakage inductance i;;, and the output power P,,; can be
expressed as:

t

V.
Ur(t) = i (ts) + 2 4t (2.35)
ts Lik
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e v,
P (£) = ft 0+ iuts) + (¢ = t5) » -0)de (2.36)

where t5 < t < tq.
The current flowing through the leakage inductance i;;, and the output power at the end of Stage
VI can be expressed as:

nv, T.
i (te) = L (ts) + F: * (Ts — (?S + Torr)) (2.37)
Pout (V1) =0 (2.38)
The average output power in the whole switching cycle can be calculated by:
2 _ Pout(l)'l'Pout(”)+P0ut(1”)+Pout(IV)+Pout(V)+P0ut(VI) 2.39
out = . (2.39)

Hence,

NV Vo (4TsTop 8 — 4T2 8% + TTopp — 2T55f)
2L, T,

Using the Mathcad programming to plot the current waveform of the current flowing through the
leakage inductance according to the deduced equations and compare this waveform to the one which is
taken from the simulation in PLECS. The comparison result can prove the correctness of the equations.
The waveforms of the leakage inductance current taken from Mathcad and PLECS when the DC bus
voltage is 666.6V, the PV voltage is 220V, the EV battery voltage is 333.3V and the phase shift § is 0.2
are shown in the Figure 2.9.

(2.40)

Pt (8)(CaseV) =

t(s)

(@) The waveform taken from Mathcad

40
20

0-

i_lk(A)

20
40

: : :
1.72216 1.72220 1.72224 1.72228 x le-1
t(s)

(b) The waveform taken from PLECS
Figure 2.9: The waveforms of the leakage inductance current taken from Mathcad and PLECS

By using the same methods, the values of the current flowing through the leakage inductance (i;;)
at time points ¢, - t, and the average output power in all the eight cases can be deduced.
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e CaseI:
The current flowing through the leakage inductance (i;;) at time points t, - t is:

2TonVin — TsVon + 4TV, 6n

ik (to) = — 4L, (2.41)
ft2) = i () + (2.42)

Uk (t2) = U (to) — T;ZJ: ToZlZon + ZTSL‘f:Sn (2.43)
() = iyt + ot Tstort  ZTsVodn (2.44)

Ly 2Lk Ly

TonVin  TsVon  TVyén

Up(ty) = i (tg) + — + 2.45
() = i) + =T = e (245)

TonVin  TsVon | Torflon

I (ts) = i (o) + - + 2.46
elts) = e (to) + = = 2= 4 =2 (246)

x (te) = L (o) (2.47)

The average output power in the whole switching cycle is:

nVinVo(Ts - Toff)(Ts - 2Toff + 4Ts5)

Pout(8)(Casel) = 2L, T, (2.48)
e Case II:
The current flowing through the leakage inductance (i;;) at time points t, - t4 is:
2Ty Viy — TSVon + 4TSV, 6
i (tg) = — IO T s (2:49)
lk
T.V,n  TyreeVpn
i (t1) = k(o) = 57—+~ (2.50)
lk lk
TVip — 2Ty Vi + 26TV, + 28TNV,
i (£2) = i (tg) + (2.51)
lk
2T Vi — 2T ¢ ¢Viy — TsVon + 4TSV, 6n
ik (t3) = i (to) + ——— of l;L =2 2 (2.52)
lk
TVin = ToriVin — ToreVon + 2T,V 80
i (ts) = i (to) + —— ofy L”(:ff 2 2 (2.53)
T Viy — 2T5 6V — T Von + 2TV, 60
i (ts) = i (to) + —— > mZL =2 =2 (2.54)
lk
Uk (te) = L (to) (2.55)
The average output power in the whole switching cycle is:
NV Vo (AT Ty s 8 — 4T28% + TTyrp — 2T2
P,.:(8)(Casell) = —= 0(sTory : Tors = 2Tory) (2.56)

2L T
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e Case III:
The current flowing through the leakage inductance (i;;) at time points t, - t¢ is:

2Ty Vin + 3TsV,n — 4T, V,6n

I (to) = — 4Ly, (2.57)

T,V,n TV,6n

e (B1) = i (& - 2.5
Uk (t1) = G (to) + 2L, Lix (2.58)
TVon  TorVon  2TsV,6n
e (t) = i (o) + - (2.59)
we(t2) = iue(to) + 5= + =] "
2TViy — 2Ty ¢ ¢Vipy + 3TsVon — 4TV, 6n
e () = ie(to) + —— oI mZL 22 22 (2.60)
lk
TVin — TorfVin + TsVon — TV, 6n
ik (tg) = igpe(to) + ——LL mL - — (2.61)
lk
TsVin = TorfVin + TsVon — Ty reVom
i (ts) = iy (tp) + ——2LL " les - ofr (2.62)
Uk (te) = L (to) (2.63)
The average output power in the whole switching cycle is:
nV,, Vo (Ts — T, Ts + 2T, 77 — 4Ts6
Prue(®)(Caselir) = 22t Ts = Tor){s + 2lory = 4150) (2.64)
2Ly T
e Case IV:
The current flowing through the leakage inductance (i;;) at time points ¢, - t; is:
2Tyn Vi + 3T, Von — 4TV, 6n
ilk(to) - _ on'in SYo SYo (2.65)
4Ly,
T.V,n  TyrVon
e (tr) = i (tp) + =2 — LS 2 (2.66)
2Ly Ly
—2T,¢¢Vip + 2T 6V, + TonV, — 28TnV,
Uk (tz) = (o) + offn . le . =2 (2.67)
lk
2TV — 2Ty ¢ ¢ Viy, + 3TV,n — 4TV, 81
i (t5) = ige(tg) + ————H 220 (2.68)
lk
TVin = TorfVin + TVon 4+ Ty e eVon — 2TV, 6n
Ui (ts) = (o) + S offn > Ole 2Ll o =2 (2.69)
TVip — Ts6Viy + TsVon — TV, 01
fk(ts) = iy (to) + ——— mL — — (2.70)
lk
Uk (te) = L (to) (2.71)
The average output power in the whole switching cycle is:
NV, Vo (4T26% — AT28 + T2 — 4T, Tyr 6 + Ty Tyrr + 2T
P, (8)(CaselV) = — o (475 5O+ Ts = 4TsTorr® + TsTory + 2Toss) (2.72)

2L, T
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e Case VI:
The current flowing through the leakage inductance (i;;) at time points t, - t4 is:

2T, s Vin — TsVpn + 4TV, 6n

k(to) = — 4L, (2.73)
. ] Torr(Vip +Von)
i (t1) = ix(to) + (Jﬁ;‘# (2.74)
lk
TyeeVin + TV, 6n
Uk (tz2) = ik (to) + ofme—so (2.75)
lk
2Ty ¢ ¢Vip — TVon + 4TSV, 6n
i (ts) = i (t) + —2L2 ZSLO 2 (2.76)
lk
—TsVyn — 2T, 7V, + 4TV, 6n
i (ta) = igie(to) + —— 02f£ 2 =2 (2.77)
lk
. . T, V,n+ 2T.V,6n
i1k (ts) = i (to) + —— oL =L (2.78)
lk
Uk (te) = L (to) (2.79)
The average output power in the whole switching cycle is:
nV,,V,T, Ts + 2T, 77 — 4T,
Py (8)(CaseVi) = —22-01f (Is + 2Ty — 4150) (2.80)
2Ly Ts
e Case VII:
The current flowing through the leakage inductance (i;;) at time points ¢, - t; is:
2Ty ¢Vip + 3TsV,n — 4TV, 6n
iy (o) = —— = (2.81)
lk
—TsVip + 20TV, + T5Vyn — 28TsnV,
e (1) = ige(to) + ——= > l;L = =2 (2.82)
lk
ToreVin + TsVon + Ty eVpn — 28TnV,
i () = (1) + —H == e (2:83)
2T, ¢ ¢Vip + 3TsV,n — 4T,V,6n
ik (t3) = L (to) + —2L 22 . S (2.84)
lk
TVip + 2T, Vi — 2T 0V, + 2T5Von — 2TV, 6n
i (84) = iy (to) + T S (2.85)
lk
TVon — 2T, ¢ ¢Vpn
i (ts) = ipe(to) + — oL off (2.86)
lk
Uk (te) = L (to) (2.87)
The average output power in the whole switching cycle is:
NV, Vo (4T26% — AT28 + T2 — 4T, Tyr 6 + TyTyrr + 2T
P, (8)(CaseVIl) = —= o(4T5 s0+ T = #sToss0 + TsTors + 2Toy) (2.88)

2L, T
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e Case VIII:
The current flowing through the leakage inductance (i;; ) at time points ¢, - t; is:

2T, Vi + 3TsV,n — 4TV, 81

ik (to) = — 4L, (2.89)
. . Torf(Vin — Von)
U (t) = G (to) + Offz# (2.90)
lk
2Ty ¢ ¢Viy + T Von — 26TV,
ik (t2) = iy (o) + —LL ZSijn e (2.91)
2T, ¢ ¢V, + 3T V,n — 4TV, 6n
e (ts) = i (to) + —LL2 22”‘: s (2.92)
3T, Vyn + 2T, s Vyn — 48T,nV,
i (ta) = inie(to) + —— 0;2 k SR (2.93)
lk
T.V,n — 8§T,nV,
Uk (ts) = i (to) + % (2.94)
lk
[ (te) = L1 (o) (2.95)
The average output power in the whole switching cycle is:
Vi Vo T, 3T, + 2T, ¢ — 4TS
P, (8)(CaseVIIT) = — 2o off (3T + 270y = 4150) (2.96)

2L, T

According to the Figure 2.7, it can be seen that the relationship of the phase shift between the gate
signals of S1 and S5 (&) and the phase shift between the output voltages (u,; and u.;) of the primary
and secondary side bridges (@) is:

§ 11 2.97
D = 2 + 2D (2.97)

Using the Mathcad programming to plot the power curve of the dual boost integrated DAB converter
according to the deduced equations. The results based on different phase shifts when D < 0.5 (Case
I - Case IV) and when D > 0.5 (Case V - Case VIII) are shown in the Figure 2.10 and the Figure 2.11,
separately.

The power curves when D < 0.5 are plotted when the DC bus voltage is 666.6V, the PV voltage is
470V and the EV battery voltage is 333.3V and power curves when D > 0.5 are plotted when the DC
bus voltage is 666.6V, the PV voltage is 220V and the EV battery voltage is 333.3V. When the duty
cycle D = 0.5 (PV voltage is 333.3V), the maximum output power can be reached. The power curves
based on different phase shifts when D = 0.5 are shown in the Figure 2.12.

It can be seen from the output power curves that the output power is not only related to the input
voltage, output voltage and phase shift but also related to the PV voltage since it will influence the
duty cycle of the primary side switches. The maximum output power is in the Case II when D < 0.5
and in the Case V when D > 0.5. The maximum output power point can be found by calculating the
derivative of the output power equations of Case II and Case V with respect to §. The 3D plots of the
maximum output power with different input and output voltages in several different cases in which the
duty cycles of the S2 and S4 are different are shown in the Figure 2.13.

In the Figure 2.13, P, +—max iS the maximum output power with different input and output voltages
and P,,; (which is the blue plane) is the 10kW plane. It can be seen that the maximum output power
increases when the absolute value of D — 0.5 decreases if the input and output voltages are the same.
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(@) The power curve based on phase shift § when D < 0.5(b) The power curve based on phase shift ® when D < 0.5

Figure 2.10: The power curves based on different phase shifts when D < 0.5
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Figure 2.11: The power curves based on different phase shifts when D > 0.5
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Figure 2.12: The power curves based on different phase shifts when D = 0.5

2.5. Control strategy

2.5.1. Power modes
The dual boost integrated DAB converter has six power modes which are defined according to the

power level at the different ports.
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Figure 2.13: The 3D plots of the maximum output power with different input and output voltages

Power mode 1: the power is transferred from the PV port to the output port when the illumination
is strong enough to produce the same power which the EV battery required.

Power mode 2: the power is transferred from the DC bus port to the output port when the power
at the PV port is 0 since there is no illumination.

Power mode 3: the power is transferred to both the DC bus port and the output port from the
PV port when the power produced by the PV panel is larger than the power required by the EV
battery.

Power mode 4: the power is transferred from both the DC bus port and the PV port to the output
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port when the power produced by the PV panel is not enough to supply the power required by
the EV battery.

e Power mode 5: the power can also be transferred from the output port to the DC bus port when
the EV battery has enough power or during the peak hours of the grid.

¢ Power mode 6: the power can be transferred from the output port and the PV port to the DC bus
port when the grid needs more power.

The six power modes are demonstrated in the Figure 2.14. The simulation results of the switch
between the different power modes are shown in the Figure 2.15. In the Figure 2.15, the positive
average power means the power is transferred from this port and the negative average power means
the power is transferred to this port. In the Figure 2.15a, the PV power is 10kW, the load is also 10kW
at the beginning, so the power is transferred from the PV port to the output port, which is power mode
1. The output power is a little bit less than 10kW since there is a small part of power is circulating in
the circuit. The load is reduced to 5kW at 0.5s, so the power is transferred from the PV port to both
the output port and the DC bus port since the PV power is more than the power which is needed by
the EV. In the Figure 2.15b, the PV power is 10kW at the beginning and the load is also 10kW, so the
power is transferred from the PV port to the output port. However, the PV power is reduced to 5kW at
0.5s due to the lack of illumination, so the EV battery is charged by both the PV power and the power
from the grid, which is power mode 4. In the Figure 2.15c, the EV battery is charged by the PV power
at the beginning and it starts to discharge after 0.5s. The power discharged from the EV battery and
produced by the PV panel is transferred to the grid during the peak hours.

DC bus DC bus
EV > EV
\'
(@) Power mode 1 (b) Power mode 2
DC bus DC bus
> battery » battery
(c) Power mode 3 (d) Power mode 4
DC bus DC bus
PV E] battery battery
(e) Power mode 5 (f) Power mode 6

Figure 2.14: The power modes of the dual boost integrated DAB converter
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Figure 2.15: The simulation results of the switch between the different power modes

2.5.2. Control structure

The charging curve of the EV battery is shown in the Figure 2.16. Generally, only the constant current
charging stage (t, - t,) will be used when charge the battery of the EV because of the following two
reasons:

¢ Fully charge the battery will over stress the battery and reduce its life time.
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e The EV battery can be charged to 80% of its capacity in a short time [40].

A

Charging Voltage

e~

Charging Curren

74;

t0  tl t2 t3
Figure 2.16: The charging curve of the EV battery

The control of the whole converter has two different cases:

e The first case is when there is some illumination from the sun so the PV power is not zero and
the duty cycle of the primary side switches is controlled by the PV current which is the sum of the
current flowing through the two boost inductors. The control structure of this case is shown in
the Figure 2.17, which is aimed to manage the power flow between the three ports and regulate
the output current and output voltage of the dual boost integrated DAB converter.

e The second case is when there is no illumination from the sun. The two interleaved boost con-
verters have a start-up voltage, the start-up voltage is set as 200V according to the information
in the data sheet of the ABB's 10kW PV inverter [38], the PV port of the dual boost integrated
DAB converter will be disconnected from the whole converter when the PV voltage is less than
200V and the duty cycle of the primary side switches is kept as 0.5 in order to get the maximum
transferred power in principle and the real power which is transferred to the secondary side is
still decided by the phase shift between the primary side and secondary side, which is the same
with the first case.

In the Figure 2.17, the PV current and PV voltage are sensed at the PV port to implement the MPPT
of the PV panels. The duty cycle D of S2 and S4 in Figure 2.4 is decided by the voltage at the PV port
and the input port and regulated by controlling the PV current which is the sum of the current flowing
through the two boost inductors. And this duty cycle is produced by the PWM method. The power flow
and the output current are controlled by the phase shift § between the gate signals of S1 and S5 in the
Figure 2.4. The duty cycles of the secondary side switches are always 0.5 while the S5 and S8 as well
as the S6 and S7 are conducted as switch pairs. The maximum output current is 304 which is decided
by the design requirement of ABB’s EV charger, once the output current is larger than 304, the phase
shift should be adjusted to limit the output current. Hence, when the voltage is less than 333.3V, the
output power cannot reach 10kW because of the current limitation.

The whole control loop in the simulation is composed of two subsystems which are shown in the
Figure 2.18. It can be seen from the Figure 2.19a that there is another subsystem (PrimarySideControl)
inside the primary side subsystem, which is used to realize the control of the duty cycle of the primary
side switches in the first control case and the outside part is used to generate the PWM signals of the
primary side switches in the second case. The structure of the PrimarySideControl block is shown in the
Figure 2.19b and it adjusts the duty cycle of the primary side switches according to the error between
the measured boost inductor current and the reference boost inductor current. And there are three
subsystems in the secondary side subsystem which is shown in the Figure 2.20. The GeneratePhaseShift
subsystem is a PID controller used to generate the phase shift between the primary and secondary side
according to the error between the measured output current and the reference output current. The
MaxMiné including a C-Script block which is used to calculate the maximum and minimum phase shift
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Figure 2.17: The control structure of the dual boost integrated DAB converter

according to the equations deduced in Mathcad to avoid that the converter works at the phase shift
which is already out of the phase shift range with which the output power is from maximum negative
value to the maximum positive value. The third subsystem (PhaseShiftModulation) is used to generate
the PWM signals of the secondary side switches according to the phase shift got from the last step.
Besides, the DC blocking capacitor voltage control is also included in this subsystem. The effectiveness
of the built control loop in the simulation model can be verified by the simulation result which is shown
in the Figure 2.21. It can be seen from the Figure 2.21 that the output current can reach the reference
value in a short time.

i >—ain so——»>s2 vo [>—»lvo ss———————»>ss
Vpv D—>va s3—>{>s3 To [>—>Io 55—>|>35
s1 <——>|> s1 Vpv s8 <——>[> ss
si———— >4 v D Vin s———Ds7
Vin
Primary side Secondary side

Figure 2.18: The whole control loop in the PLECS

2.6. Summary

The contents about the specifications of the design, the parameter design of the dual boost integrated
DAB converter, the working principle, the output power characteristic and the control strategy of this
converter are presented in this chapter. Among all the contents presented in this chapter, the followings
are important and need to be emphasized:

e The dual boost integrated DAB converter has the bidirectional capability and the interleaved
structure in the primary side can significantly reduce the ripple of the PV current, which is suitable
for the PV integrated bidirectional EV charging system.

¢ All the equations related to the working principle and the output power characteristics of the dual
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Figure 2.19: The primary side subsystem
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Figure 2.21: Verification of the control loop

boost integrated DAB converter are deduced in Mathcad. The deduced equations are verified
by comparing the waveforms of the important current and voltage as well as the output power
got from the Mathcad equations and the PLECS simulation. The built Mathcad programming is
not only suitable for this master thesis project but can be also used for other design of the dual
boost integrated DAB converter since all the key parameters (DC bus voltage, PV voltage, EV
battery voltage, switching frequency, leakage inductance, turn ratio of the transformer and the
inductance of the two boost inductors) are the input values of the programming. The customized
design can be done by changing the input values in this programming.

The power modes and the control strategy of the dual boost integrated DAB converter are also
described in this chapter. The closed loop control is built in PLECS and the simulation results can
verify that the effectiveness of the designed control loop.

After the basic working principle and the control strategy of the dual boost integrated DAB converter
are studied in this chapter, the further analysis in terms of the soft switching region, the circulating
power and the loss breakdown of it is proceeded in the next chapter to evaluate the performance of
this converter.



Power loss modeling and analysis

3.1. Zero voltage switching characteristics

The dual boost integrated DAB converter in this project is a DAB converter from the DC bus port to
the output port. One of the main disadvantages of the DAB converter is when the output voltage is not
matched with the input voltage or when the load is too light, the zero voltage switching (ZVS) range of
the switches will be very small. However, due to the interleaved boost converters at the primary side,
the ZVS characteristics of this dual boost integrated DAB converter are different from the traditional
DAB converter.

Generally, the prerequisite of the ZVS of the switches is that the antiparallel diode of the switch can
conduct before the gate signal is given to the switch. The conducting of the antiparallel diode can
clamp the voltage on the switch to zero to make sure that the switch has ZVS.

As for the dual boost integrated DAB converter with the PWM plus the phase shift modulation, the
two switches on the same leg conduct complementarily. In order to realize the ZVS of the switch which
is going to conduct, the current flowing through the switch which is on the same leg and going to
be turned off should be larger than zero, so when this switch is turned off, the current on it starts to
flow through the antiparallel diode of the switch which is going to be turned on. The current flowing
through the switches on the secondary side of the dual boost integrated DAB converter is only related
to the current flowing through the leakage inductance, so the analysis of the ZVS is relatively simple.
The current flowing through the switches on the primary side is not only related to the current flowing
through the leakage inductance but also related to the current flowing through the boost inductors (i, ,
and i;,), the analysis of the ZVS is more complex.

3.1.1. ZVS characteristics of the secondary side switches

Take Case V as an example to analysis the ZVS characteristics of the secondary side switches of the
dual boost integrated DAB converter.

According to the gate signals and the key waveforms of Case V which are shown in the Figure 2.7,
the ZVS conditions for the secondary side switches are:

e For S5 and S8:
i(t1) >0 (3.1)

e For S6 and S7:
i (ty) <0 (3.2)

Due to the symmetry of the waveform of iy,
i (ts) = =i (1) (3.3)
Hence, the ZVS condition of the secondary side switches in Case V is:
i(t1) >0 (3.4)

33
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i (t1) can be calculated according to the equation 2.15 and equation 2.26, the final result of the
ZVS condition of the secondary side switches in Case V is:

(46+2D+G—-2)>0 (3.5)

where § is the phase shift between the gate signals of S1 and S5, D is the duty cycle of the switches
S2 and S4 and G is the voltage gain which is equal to nV"

By using the same method, the ZVS conditions of the secondary side switches in all cases can be
derived and the results are shown in the Table 3.1.

Table 3.1: The ZVS conditions of the secondary side switches in different cases

Case ZVS Condition Case ZVS Condition
I (G—2D)>0 V [ (46+2D+G-2)>0
II | (46+2D+G—-2)>0| VI (2-2D+G)>0
I1I 2D+G)>0 VII | (4-46+G—-2D)>0
IV | (4—46+G—2D)>0 | VIII 2D—-2+4+G)>0

Since the range of the input voltage (V) is 600V — 900V and the range of the output voltage(V,) is
200V — 950V, the range of the voltage gain (G) is 0.667 — 2.111. The ZVS conditions of the secondary
side switches in all cases can be simplified according to the range of the duty cycle (D) and the range
of the phase shift (§) in different cases. The range of the duty cycle (D) and the range of the phase
shift (§) in different cases are shown in the Table 3.2. The simplified ZVS conditions of the secondary
side switches in different cases are shown in the Table 3.3.

Table 3.2: The range of the duty cycle (D) and the range of the phase shift (§) in different cases

Case | Range of D Range of & Case | Range of D Range of §
I D<05 [0<6<;-D| V D>05 |0<6<1-D
I D05 | ;-D<8<; | VI D>05 |[1-D<8<3
III D<05 | 5<8<1-D | VIl | D>05 %sa<§—u
v D <0.5 1-D<§f<1 | VI D > 0.5 E—DSSSl

Table 3.3: The simplified ZVS conditions of the secondary side switches in different cases

Case | ZVS Condition | Case | ZVS Condition
I G>1 \' G>0
II G>1 VI G>0
111 G>0 VII G>1
v G>0 VIII G>1

According to the Table 3.3, the summaries of the ZVS conditions of the secondary side switches are:

e When the duty cycle (D) of the switches S2 and S4 is less than 0.5 or equal to 0.5, the ZVS of
the secondary side switches of the dual boost integrated DAB converter can be realized when the
voltage gain G is larger than 1 when the phase shift § is less than 0.5. When the phase shift § is
larger than 0.5 or equal to 0.5, the ZVS can be realized when the voltage gain G is larger than 0,
which means the ZVS of the secondary side switches can be realized in the whole voltage gain
range in this project when D is less than 0.5 or equal to 0.5 and the phase shift & is larger than
0.5 or equal to 0.5.

e When the duty cycle (D) of the switches S2 and S4 is larger than 0.5, the ZVS of the secondary
side switches of the dual boost integrated DAB converter can be realized in the whole voltage
gain range when the phase shift § is less than 0.5. When the phase shift § is larger than 0.5 or
equal to 0.5, the ZVS of the secondary side switches can be realized when the voltage gain G is
larger than 1.
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3.1.2. ZVS characteristics of the primary side switches

Take Case V as an example to analysis the ZVS characteristics of the primary side switches of the
dual boost integrated DAB converter.

The current flowing through the switches in the primary side of the dual boost integrated DAB
converter is not only related to the current flowing through the leakage inductance but also related to
the current flowing through the boost inductors (i, and i;,).

According to the gate signals and the key waveforms of Case V which are shown in the Figure 2.7,
the ZVS conditions for the primary side switches are:

e For S1:
ir1(to) — i (to) >0 (3.6)

e For S2:
ip1(tz) — ix(tz) <0 (3.7)

e For S3:
i2(t3) + i(t3) >0 (3.8)

e For S4:
i2(ts) + i (ts) <0 (3.9)

Due to the symmetry of the waveform of iy,

i (tz) = =i (o) (3.10)
Ui (ts) = —in(t2) (3.11)

Since the switches in the two boost converters in the primary side have the same duty cycle and the
two boost inductors have the same inductance, I, = I}, and Iy . =1, . . According to the
waveforms of i;; and i;, in the Figure 2.7,

ir1(to) = i12(t3) = 11,4, (3.12)

ip1(tz) = ip2(ts) = Ipa,,, (3.13)
Hence, the ZVS condition of S3 is the same with that of the S1 and the ZVS condition of S4 is the
same with that of the S2.
The average values of i;; and i;, are the same and equal to the half of the average value of the PV
current. Hence, the maximum and minimum boost inductor current (4, and I, ) are:

P 1 V
I — + — % pry T (314)
Llmax W,y 2 1 on

P 1 V
L, . =2 ——« Py (3.15)
L1lmin ZVpU 2 L1 on

The current flowing through the leakage inductance (i;;) at different time point can be replaced by
the equations deduced in the Section 2.4. Then, the ZVS conditions of the primary side switches can
be represented as:

e For S1 and S3:

. T,
va > ZVIJvllk(tO) - VIJZVD * L_i (3.16)
* For S2 and $4:
. o Is 1 Ts
va < _Zvallk(tO) + vaD * L_1 + 2(—5 + D)Tle,;V;) * m (3.17)

By using the same method, the ZVS conditions of the primary side switches of the dual boost inte-
grated DAB converter in other cases can be represented as:
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e Casel
For S1 and S3: .
Fov > 2Wuink(to) = VgD * 7~ (3.18)
1
For S2 and S4:
. T Ts
Pyy < =2V (to) + V3D * .t (1 - 2D — 48)nV,,V, * . (3.19)
1 Lk
e Case Il
For S1 and S3: .
Fow > Vol (t0) = VoD * - (3.20)
For S2 and S4:
. TS 1 TS
Py < =2Vypiye(to) + VD * — + 2(—5 + D)nVp,V, ¥ — (3.21)
Ly 2 Lix
e Case III
For S1 and S3: .
Fov > 2Wuink(to) = VoD * 7~ (3.22)
1
For S2 and S4:
T.
Pyy < —2Vppige (to) + V3D L—j + (=3 + 2D + 48)n¥,,V, * ﬁ (3.23)
e Case IV
For S1 and S3: .
Fov > 2Vpolu(t0) = VoD * - (3.24)
For S2 and S4: . .
Pyy < =2V igge (to) + V2D L—S + (1= 2D)nk,V, * L—S (3.25)
1 Lk
e Case VI
For S1 and S3: .
Fow > Vol (t0) = VoD * - (3.26)
For S2 and S4:
. 2 TS TS
va < Zvallk(tO) + vaD * E - [Zva(D - 1)(Vm +nx Vo)] * m (327)
e Case VII
For S1 and S3: .
Pyy > 2Vppipe(to) — VED = L—i (3.28)

For S2 and S4:

T. T.
Pyy < =2V, iy (to) + V2D L—S + (1 = 2D)nV,,V, * L—S (3.29)
1 lk
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e Case VIII
For S1 and S3:
P> Dot (t) = VD * 1> (3.30)
For S2 and S4:
: Ts Ts
Byy < 2Vppiyg(to) + Vi3, D * L, [2Vpy (D = 1) (Vi — V)] * T (3.31)

According to the ZVS regions of the primary side switches and the output power equations deduced
in Section 2.4, the maps of the ZVS regions of the primary side switches of the dual boost integrated
DAB converter with the output power can be obtained. The maps of Case I - Case IV (D < 0.5) when
the voltage gain G is less than 1, equal to 1 and larger than 1 are shown in the Figure 3.1, Figure
3.2 and Figure 3.3, respectively. The three subfigures in each figure are plotted by changing the PV
voltage, so the duty cycle D is changed.

3 3 3
1 410l e 4
\ 2] et N

(@)b=05 (b) D = 0.358 (c) D =0.217

Figure 3.1: The ZVS region with the output power when G < 1 (D < 0.5)

@ ® ®

(@) p=o05 (b) D = 0.358 (c) D = 0.217

Figure 3.2: The ZVS region with the output power when G = 1 (D < 0.5)

The maps of Case V - Case VIII (D > 0.5) when the voltage gain ¢ is less than 1, equal to 1 and
larger than 1 are shown in the Figure 3.4, Figure 3.5 and Figure 3.6, respectively.

In the Figure 3.1 - Figure 3.6, the green line is the boundary of the ZVS region of S1 and S3, the
purple line is the boundary of the ZVS region of S2 and S4 and the red line is the output power curve.
The following conclusions can be summarized from the Figure 3.1 - Figure 3.6:

e The ZVS region of the primary side switches is increasing when the duty cycle D of S2 and S4 is
approaching 0.5.
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g

Ppv and Pout (W)

(@Dp=05 (b) D = 0.358 (c) D =0.217

Figure 3.3: The ZVS region with the output power when G > 1 (D < 0.5)

(a) D = 0.633 (b) D = 0.583 (c)p =05

Figure 3.4: The ZVS region with the output power when ¢ < 1 (D > 0.5)

Ppv and Pout (W)

(a) D = 0.633 (b) D = 0.583 (c)p=05

Figure 3.5: The ZVS region with the output power when G = 1 (D > 0.5)

e The ZVS region of the primary side switches increases when the voltage gain G decreases. How-
ever, it can be seen from the Table 3.3, the ZVS of the secondary side switches will be more
difficult to realize when G decreases.

e The ZVS of the primary side switches will be easier to realize when the phase shift @ is approaching
0.5.

e In the charging mode (® < 0.5), the ZVS of the S1 and S3 is easier to be realized compared with
that of S2 and S4. In the discharging mode (® > 0.5), the ZVS of the S2 and S4 is easier to be
realized compared with that of S1 and S3.
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(a) D = 0.633 (b) D = 0.583 (c)p=05

Figure 3.6: The ZVS region with the output power when ¢ > 1 (D > 0.5)

3.2. Circulating power analysis

When the power is transferred from the primary side to the secondary side of the dual boost inte-
grated DAB converter, there may be a period when the direction of the current flowing through the
leakage inductance (i;;) and the direction of the primary side output voltage (u,;,) are opposite, as
highlighted with orange in the Figure 3.7. Then the power is transferred to the opposite direction of
the required direction. This power is called the circulating power. The circulating power is not useful
to the output power and it will increase the current stress of the switches and the losses in the whole
converter, so the efficiency will be decreased. When the output power of the dual boost integrated
DAB converter is fixed, in order to compensate the circulating power, the converter needs to produce
more power and the voltage is fixed, so the current needs to be increased. Hence, the conducting
losses of the switches and the core losses of the transformer will be increased. The circulating power
will also exist in the discharging period when the power is transferred from the secondary side to the
primary side. It is very necessary to analyze the characteristics of the circulating power in the dual
boost integrated DAB converter since it is one of the main factors which will influence the efficiency of
this converter.

Figure 3.7: The circulating power of the dual boost integrated converter

Take Case V as an example to analyze the circulating power of the dual boost integrated DAB con-
verter.

It can be seen from the Figure 3.7, in one switching period, there are two intervals which have the
circulating power: t, —t; and t; —t5. In these two time intervals, the signs of u,; and i;;, are different.
Due to the symmetries of the waveforms of u,;, and i;;, the circulating power in these two intervals has
the same amplitude. Hence, the average circulating power in one switching period can be expressed
as:
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th )
2 ftoo Ugp |y (t)]dt

Pcirculating (8)(CaseV) = T (3.32)
S
The point t; can be calculated by letting the equation 2.13 equal to zero and the result is:
t’ _ 2T0ffVln - TlTSVO + 4nTS5VO (3.33)

0 4(Vin + 1)
In the interval t = t, — t;, the output voltage of the primary side bridge (u,;) is V;,,, So the average
circulating power equation is:
l/En(ZTOffVin —nlV, + 4nT55V;))2
Pcirculating (6)(CaseV) - | 16leTs(Vin + TLVO)

By using the same methods, the average circulating power in different cases can be deduced:

(3.34)

Vin TonVin + nTsV, — 4nTp,V, — 4nT58V2))2

Feirculating (6)(Casel) = | 16L . Ts (Vi — nVy) | (3.35)
Pcirculating (6) (CaseII) = | Vin (ZTonVin +122j3_(;n102?/v§ i 4nTS6VO)2 | (336)
sUin o
Peircutating (8)(Caselll) = |V"”(ZT""l‘g’z:Tg?VT_SVi;xn‘w")z (3.37)
s\Uin o
Pcirculating (5)(6‘153”1) = |Vin(ZTorlllzril:Tg?JSVj_:l;-T)lTSé\VO)Z (3-38)
sUWin o
Pcirculating (5) (CaseVI) = | Vm (ZTo};f;;i:k; ?;SK_)'_;;Y;TSS%)Z (339)
sWin o
Pcirculating (6) (CaseV”) = |Vin(2TOffVin EQZ;SI:{; -(i-V4nIOT]:§V)O — 4nT56V0)2 | (340)
sUin o
Parcutatng @(Caseviin) = A Zlorrtin = 305t —nlorrfo + WO (5 41

16Ly Ts (Vi — V)

According to the circulating power equations (equation 3.34 - equation 3.41), the circulating power
curves when G < 1, G = 1 and G > 1 with different D can be plotted, as shown in the Figure 3.8. The
red line in the Figure 3.8 is the case when G < 1, the blue line in the Figure 3.8 is the case when ¢ = 1
and the green line in the Figure 3.8 is the case when G > 1. The output power curves are also plotted
in the same figure with the same colors as their corresponding circulating power curves.

The circulating power ratio (Q) is the ratio between the circulating power and the output power,
which can be calculated as:

Q= Pcirculating(6)
| Poue (6)]
According to the circulating power equations (equation 3.34 - equation 3.41) and the output power
equations deduced in the Section 2.4, the circulating power ratio curveswhen G < 1,6 =1and G > 1
with different D can be plotted, as shown in the Figure 3.9. The red line in the Figure 3.9 is the case
when G < 1, the blue line in the Figure 3.9 is the case when ¢ = 1 and the green line in the Figure 3.9
is the case when G > 1.
The following conclusions can be summarized from the Figure 3.8 and Figure 3.9:

(3.42)

¢ At the maximum output power point, the difference of the circulating power ratio with different ¢
is largest when D is 0.5. This difference will become smaller when the absolute value of D — 0.5
is increasing. However, there is a duty cycle with which the difference of the circulating power
ratio with different G will be 0 at the maximum output power point and when the absolute value
of D — 0.5 continuously increases, this rule will be changed to when the absolute value of D — 0.5
is increasing, the difference of the circulating power ratio with different G becomes larger.
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Figure 3.8: The circulating power curves

 The circulating power ratio Q is smaller when the voltage gain G increases before the point when
the difference of the circulating power ratio with different ¢ is 0 at the maximum output power
point and after this point the circulating power ratio Q is larger when the voltage gain G increases.

Since the circulating power will increase the current stress and losses on the components of the
dual boost integrated DAB converter, it is necessary to keep the circulating power as small as possible.
However, according to the analysis of the ZVS characteristics and the circulating power, it can be seen
that the condition of increasing the ZVS region of the secondary side switches and the condition of
increasing the ZVS region of the primary side switches are contradictory since when the voltage gain
G is increasing, the ZVS region of the secondary side switches will increase but the ZVS region of
the primary side switches will decrease. Besides, when the absolute value of D — 0.5 is smaller than
the boundary when the difference of the circulating power ratio with different ¢ is 0, the condition of
decreasing the circulating power at the maximum output power point is contradictory with the condition
of increasing the ZVS region of the primary side switches and when the absolute value of D — 0.5 is
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Figure 3.9: The circulating power ratio curves

larger than the boundary when the difference of the circulating power ratio with different G is 0, the
condition of decreasing the circulating power at the maximum output power point is contradictory with
the condition of increasing the ZVS region of the secondary side switches. Hence, it is necessary to find
a method which can realize the ZVS of all the switches in a large voltage range while the circulating
power can be kept as small as possible.

3.3. Optimization of the ZVS region and the circulating power

According to the analysis of the ZVS region and the circulating power of the dual boost integrated
DAB converter, several important conclusions should be addressed again:

e Once G > 1, the ZVS of the secondary side switches can be realized in the whole power range in
all the cases.

¢ For the primary side switches, the smaller the G, the larger the ZVS region.

e When D < 0.5, the larger the D, the larger the ZVS region of the primary side switches but when
D > 0.5, the smaller the D, the larger the ZVS region of the primary side switches.

» There is a boundary of the absolute value of D — 0.5, the circulating power ratio decreases when
the voltage gain increases when the absolute value of D — 0.5 is smaller than the boundary value
and the circulating power ratio increases when the voltage gain increases when the absolute
value of D — 0.5 is larger than the boundary value.

The specifications of the converter is clarified in Section 2.1: the input voltage of the DC bus port is
600V —900V, the PV voltage is 220V — 470V and the output voltage is 200V —950V. Hence, the range
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of the duty cycle D is 0.217 — 0.756 and the range of the voltage gain G is 0.667 — 2.111. It can be
seen that there is a large range where the voltage gain is far beyond 1 and the ZVS of the primary side
switches is difficult to realize during this range. Besides, once the absolute value of D — 0.5 is larger
than the boundary when the difference of the circulating power ratio with different ¢ is 0, the large
voltage gain will introduce a larger circulating power ratio.

The DC blocking capacitor voltage control which is proposed in [39] is aimed to increase the ZVS
region and decrease the circulating power of the DAB converter with a large output voltage range. The
same method can be used in this dual boost integrated DAB converter since it is a DAB converter from
the input port to the output port.

3.3.1. DC blocking capacitor voltage control
The schematic of the proposed dual boost integrated DAB converter with the DC blocking capacitor
is shown in the Figure 3.10.

Vin

o~

Figure 3.10: The schematic of the proposed dual boost integrated DAB converter with the DC blocking capacitor

The basic principle of the DC blocking capacitor voltage control is to introduce a voltage offset on the
blocking capacitor (C,s) when the voltage gain G is close to 2. A new modulation method is introduced
to realize the DC blocking capacitor voltage control. Instead of pulse-width modulating S7 and S8, S7
is always off and S8 is always on in the new modulation when the voltage gain G is close to 2. The
voltage at the point d in the Figure 3.10 will be clamped to 0, so the output voltage of the secondary
side bridge (u.4) will be changed from the pure AC voltage to the one with a DC component, as shown
in the Figure 3.11. The DC component in u.; is always VZ—" since the duty cycle of the S5 and S6 is
always 0.5. This DC component will drop on the blocking capacitor, so the voltage on the secondary
side of the transformer will be an AC voltage whose amplitude is % with no DC component.

] [ 1] [
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Figure 3.11: The gate signals and the key waveforms using DC blocking capacitor voltage control
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By using the DC blocking capacitor voltage control, the voltage gain G can be always kept close to 1,
which can widen the ZVS region and the low circulating power range to improve the efficiency of the
dual boost integrated DAB converter with a large output voltage range.

3.3.2. Optimized working range
It can be seen from the Figure 3.1 - Figure 3.6 that the ZVS of the primary side switches is more
difficult to realize when D < 0.5 compared with that when D > 0.5 and the most difficult points are

when D < 0.5 and the phase shift @ are = — >D and > + 2D, as shown in the Figure 3.12 which is the
case when D = 0.217 and G > 1.

Py 1(8)

Ppv and Pout (W)
i
N VY

—ax10%

Figure 3.12: The most difficult points to realize the ZVS of the primary side switches when D < 0.5

Due to the symmetry of the ZVS region of the primary side switches, only consider one of the two
worst points. Since when D < 0.5, the smaller the D, the smaller the ZVS region of the primary side

switchesand D =1 — %, so the worst case must happen when the input voltage is minimum (V,, =

600V). Use the ZVS bo”Lllndary equations deduced in Section 3.1.2 and the output power equations
deduced in Section 2.4, the cross point of the ZVS boundary of S2 and S4 and the output power when
the phase shift ® = % — %D can be calculated by solving the following equation which is got by using
the equation 3.19 to subtract the equation 2.48:

p(D, Gy = TeVin(2DL: +2DLy = GLy = 2DL, = 4DLy +2D°Ly +2D%GLy) _
T 2L1Li =

The solutions of equation 3.43 are shown in the Figure 3.13 which is drawn in Mathcad and P, is
the zero plane. In Mathcad, all the solutions (different combinations of D and G) can be displayed.
According to the ranges of D and G in this project, choose the minimum D when G is just larger than 1.
Hence, this is the minimum D with which the converter is possible to realize the ZVS of both primary
and secondary side switches. The minimum D is 0.465 and the corresponding G is 1.019, which is read
from the results in the Mathcad. When V;,, is 600V, the output voltage V, is 305.7V. The ZVS region
of the primary side switches when the input voltage is 600V, the duty cycle D is 0.465 and the voltage
gain G is 1.019 is shown in the Figure 3.14.

When the voltage gain is 1.019 and V;, = 900V, the corresponding output voltage V, is 458.55V.
When V,,, = 900V, according to the MPPT voltage range of the PV panel in this project, the minimum
duty cycle D is 0.478. When D = 0.478, according to the solutions of the equation 3.43, G = 1.065,
which means once the voltage gain is less than 1.065 (Vo = 479.25V), the ZVS of the primary side
switches can be realized in the whole power range when V;,, = 900V. The ZVS region of the primary side
switches when the input voltage is 900V, the duty cycle D is 0.478 and the voltage gain G is 1.065 and
1.019 are shown in the Figure 3.15. The maximum PV voltage is 470V in this project, which means the
ZVS of both primary and secondary side switches can be realized in the whole PV voltage range when
the input voltage is larger than 878.5V. And when the input voltage is less than 878.5V, the maximum
PV voltage should be controlled to make sure the minimum duty cycle is 0.465 once the voltage gain

0 (3.43)
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Figure 3.13: The solutions of equation 3.43

]
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Figure 3.14: The ZVS region of the primary side switches when the input voltage is 600V, the duty cycle D is
0.465 and the voltage gain G is 1.019

can be kept at 1.019. When the input voltage is larger than 878.5V, the maximum voltage gain which
can realize the ZVS of both primary and secondary side switches can be calculated by the equation
3.43. Calculate the duty cycle and replace the duty cycle in the equation to calculated the voltage
gain. Once the input voltage is larger than 878.5V, the minimum duty cycle is larger than 0.465, the
maximum voltage gain can be larger than 1.019. Since the boundary of the absolute value of D — 0.5
is 0.25, which means once the duty cycle D is larger than 0.25 and smaller than 0.75, the circulating
power ratio decreases when the voltage gain increases and most of the cases of this converter when
the optimized duty cycle is implemented is inside this range, the circulating power is also optimized
because the voltage gain is set as the maximum allowable value.

According to the analysis of the worst case, in order to realize the ZVS of both the primary and
secondary side switches and get less circulating power of the dual boost integrated DAB converter with
a large output voltage range, the following rules should be followed:

e When 200V < Vo < 300V, keep Vin = 600V, the ZVS of primary side switches can be realized,
but the ZVS of the secondary side switches cannot be realized in some cases.

e When 300V < Vo < 305.7V, keep Vin = 600V, 1 < G < 1.019, the ZVS of both primary and
secondary side switches can be realized in the whole power range.

e When 305.7V < Vo < 458.55V, adjust Vin to keep the ¢ = 1.019, then the ZVS of both primary
and secondary side switches can be realized in the whole power range and the circulating power
is minimum when the output power is maximum.

e When 458.55V < Vo < 479.25V, keep Vin = 900V, since 1.019 < G < 1.065, the ZVS of both
primary and secondary side switches can be realized in the whole power range.
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Figure 3.15: The ZVS region of the primary side switches when the input voltage is 900V and the duty cycle D
is 0.478

e When 479.25V < Vo < 600V, keep Vin = 900V, G > 1.065, the ZVS of the primary side switches
will be lost in some cases but the ZVS of the secondary side switches can always be realized.

e When 600V < Vo < 611.4V, use the DC blocking capacitor voltage control and keep Vin = 600V,
1 < G < 1.019, the ZVS of both primary and secondary side switches can be realized in the whole
power range.

e When 611.4V < Vo < 917.1V, use the DC blocking capacitor voltage control and adjust Vin to
keep the ¢ = 1.019, then the ZVS of both primary and secondary side switches can be realized in
the whole power range and the circulating power is minimum when the output power is maximum.

e When 917.1V < Vo < 950V, use the DC blocking capacitor voltage control and keep Vin = 900V,
1.019 < G < 1.065, the ZVS of both primary and secondary side switches can be realized in the
whole power range.

Hence, if all these rules are followed, except the output voltage range of 200V < Vo < 300V and
479.25V < Vo < 600V, the ZVS of all the switches in this converter is possible to be realized in the
whole power range once the output capacitance of the switches and the dead time are chosen properly
if the minimum D is 0.465. Besides, since the voltage gain G is controlled as the maximum allowable
value, the minimum circulating power is kept in a large range. The optimized working range of the
PV voltage according to the different input voltage is shown in the Figure 3.16 and the optimized
input voltage according to the different output voltage is shown in the Figure 3.17. It can be seen
from the Figure 3.16 that once the input voltage is larger than 878.5V, the whole MPPT voltage range
(220V — 470V) of this project is satisfied with the optimized working range of the PV voltage. Besides,
the minimum duty cycle of S2 and S4 can be lower than 0.465 when the output voltage is smaller than
305.7V since the voltage gain will be smaller than 1.019 in these cases. And the minimum duty cycle
of the S2 and S4 in these cases can be calculated by the equation 3.43.

The ZVS conditions of the primary and secondary side switches analyzed before are the conditions
with which the ZVS of the primary and secondary side switches is possible to be realized in the whole
power range. However, the power rating of the EV charger in this project is 10kW, once the output
power of the converter cannot reach the 10kW due to the limitation of the maximum output current,
the converter will always work at the maximum output power point during the steady state charging
period. According to the analysis of the output power curves in the Section 2.4, the maximum output
power point is when the phase shift @ is 0.25 and it is always in the Case II when the duty cycle of S2
and S4 (D) is less than or equal to 0.5 or in the Case V when the duty cycle of S2 and S4 (D) is larger
than 0.5. According to the ZVS conditions in the Table 3.1, the ZVS conditions of the secondary side
switches of Case II and Case V are the same, which is:

(45+2D+G—-2)>0 (3.44)
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where § = & — %D + % and @ is 0.25 at the maximum output power point. So the ZVS condition of the
secondary side switches at the maximum output power point is simplified to:

G>0 (3.45)

and this is always satisfied. Hence, the ZVS of all the switches in this converter can be realized at
the maximum output power point when 200V < Vo < 300V and since the maximum output power
cannot reach 10kW during this range because of the limitation of the maximum output current, so
the converter will always work at the maximum output power point during the steady state charging
period.

As for the output voltage range when 479.25V < Vo < 600V, during which the ZVS of the primary
side switches will be lost in some cases but the ZVS of the secondary side switches can always be
realized according to previous optimized results. However, if the DC blocking capacitor voltage control
is used during this range, the ZVS of the primary side switches is possible to be realized in the whole
power range and the ZVS of the secondary side switches can always be realized at the maximum
output power but the maximum output power cannot reach 10kW anymore. The average output
power equations of Case II and Case V are the same, which is:

Vi Vo (ATs Ty p8 — AT28% + TsTopp — 2T 4)
Pyt (8) = LT off (3.46)
S

Yo

where Torp = (1-D)T;and § = & — —D + —. The voltage gain is G = nV— if the DC blocking capacitor

voltage control is used. Therefore, the average output power equation of Case II and Case V can be
written as:

0.125GT,V2(4D? — 4D + 1602 — 8 + 1)

_ sVin
out —
Ly

(3.47)

If the DC blocking capacitor voltage control is used when 479.25V <V, < 600V, keep V,,, = 600V.
When D = 0.5 and ® = 0.25, the transferred power is maximum according to the analysis in the Section
2.4. Hence, the maximum output power curve which all the switches in the converter can realize ZVS
at the maximum output power point is shown in the Figure 3.18.
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Figure 3.16: The optimized working range of the PV voltage according to different input voltage

Another method to realize the ZVS of the primary side switches in this converter when 479.25V <
Vo < 600V is to reduce the PV power. The ZVS of the secondary side switches can always be realized
but the ZVS of S2 and S4 will be lost is some cases during the charging mode and the ZVS of S1 and
S3 will be lost in some cases during the discharging mode when 479.25V < Vo < 600V. Due to the
symmetry of both the output power curve and the ZVS region, once the ZVS of S2 and S4 can be
realized in the charging mode, the ZVS of S1 and S3 will be also realized in the discharging mode.
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Figure 3.18: The maximum output power at which the ZVS of all the switches can be realized when
479.25V <V, < 600V

Therefore, only the ZVS of S2 and S4 in the charging mode when 479.25V < Vo < 600V is analyzed
here. According to the ZVS boundary conditions of the S2 and S4 deduced in the Section 3.1.2, it can
be seen that once the PV power is less than the boundary value, the ZVS of S2 and S4 can be realized at
that point. The output power can reach 10kW when 479.25V < Vo < 600V if the DC blocking capacitor
voltage control is not used. Hence, the converter is always transferring 10kW to the EV battery during
the steady state charging period. The phase shift when the output power is 10kW can be calculated
by the output power equations deduced in the Section 2.4 and the ZVS boundary of the S2 and S4
can be calculated by substituting the phase shift in the boundary equations to the one at which the
output power is 10kW. And make sure that the PV power is less than the boundary value then the
ZVS of S2 and S4 during the charging mode and the ZVS of S1 and S3 during the discharging mode
when 479.25V < Vo < 600V can be realized. Besides, the ZVS of the secondary side switches can be
realized in the whole power range and the output power can reach 10kW. This boundary PV power
curve with which the ZVS of the primary side switches can be realized at 10kW output power point
when 479.25V < Vo < 600V is shown in the Figure 3.19.

3.3.3. Simulation verification
In order to verify the optimized ZVS range, the simulations of the converter working at different
output voltages are done in the PLECS. The simulation results are shown in the Figure 3.20. The green
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Figure 3.19: The boundary PV power curve

lines are the gate signals which are enlarged 20 times since the PLECS does not allow to use two
different Y axes in one scope and the red lines are the drain source current of different switches. It
can be seen from the Figure 3.20 that the ZVS of all the switches in the dual boost integrated DAB
converter can be realized at the boundary points of the optimized working ranges. The reverse current
is smallest when the output voltage (V,) is 479.25V and voltage gain (G) is 1.065 since this is the
boundary of the output voltage range when the ZVS of S2 and S4 can be realized in the charging mode
and the DC blocking capacitor voltage control is not used.

According to the conclusion got from the Section 3.3.2, the ZVS of all the switches can be realized
at the maximum output power point when 200V < V, < 300V. The simulation results of V, = 200V
and V, = 300V at the maximum output power points are shown in the Figure 3.21. The duty cycles in
this figure are the minimum duty cycles corresponding to these cases, which are calculated by using
the equation 3.43.

As for the output voltage range 479.25V < Vo < 600V, the two methods (applying the DC blocking
capacitor voltage control and reducing the PV power) to realize the ZVS of all the switches in the
converter are verified by the simulation results shown in the Figure 3.22 and Figure 3.23,respectively.
The duty cycles in the Figure 3.22 are the minimum duty cycles calculated by using the equation 3.43.
Once the DC blocking capacitor voltage control is used when the output voltage is 479.25V — 600V,
the output power cannot reach 10kW but it can be seen from the Figure 3.22 that the ZVS of all the
switches can be realized at the maximum output power points. The output power can reach 10kW if
the method of reducing the PV power is used to realize the ZVS of all the switches when the output
voltage is 479.25V — 600V. The ZVS of all the switches in this converter can be realized at the 10kW
output power point by limiting the maximum PV power. And it can be seen from the Figure 3.19 that
once the output voltage is higher than 500V, the maximum PV power should be lower than 10kW in
order to realize the ZVS of all the switches at the 10kW output power point.

All the simulation results are consistent with the previous analysis, which can verify that the analysis
is correct.

3.4. Loss breakdown of the switches

According to the loss breakdown analysis of the traditional DAB converter in [41—44], it can be seen
that the conduction losses and the switching losses of the switches are the largest loss in this converter.
Due to the introduction of the interleaved boost converters in the primary side, the loss distribution
on the switches is not symmetric any more. The losses on the upper switch and lower switch in the
same leg in the primary side are not the same. Besides, there is no loss on the switch S7 and only
conduction loss on switch S8 when the DC blocking capacitor voltage control starts to work. Hence, it is
meaningful to analyze the loss distribution of the switches in the dual boost integrated DAB converter.
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Figure 3.20: The ZVS simulation verification
3.4.1. Selection of the transistors

According to the input and output voltage level which are specified in the Section 2.1, the 1200V
SiC MOSFET is selected in this converter. According to the recorded data got from the simulation, the
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Figure 3.21: The ZVS simulation verification of V, = 200V and v, = 300V
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Figure 3.22: The ZVS simulation verification of V, = 500V and V, = 540V with DC blocking capacitor voltage
control

maximum peak current of the switches will be higher than 864 and the maximum RMS current of the
switches will be higher than 504 in this converter. The 10% margin should be set to the maximum
peak current and maximum RMS current of the switches, which means the SiC MOSFET candidates
should be able to stand a peak current as high as 94.64 and the RMS current as high as 554. The low
on-resistance of the MOSFET is important for this converter due to the high RMS current. Besides, since
the switches will be turned off at the peak current point, the switching off losses are also critical for the
total losses of the switches. The continuous drain current of the existing commercial SiC MOSFETs is
hard to meet the current requirement when the temperature is 100°C in this project. A solution to solve
this problem is paralleling the SiC MOSFETs to get the higher current rating and also reduce the turn
off losses and conduction losses. Three SiC MOSFET candidates are selected according to the voltage
level, the current level, the on-resistance and the switching off energy. The information of the three
candidates are shown in the Table 3.4 [45—47] and the schematics of the bridges with two parallel SiC
MOSFETs and the bridges with three parallel SiC MOSFETs are shown in the Figure 3.24.

In order to evaluate which SiC MOSFET is more suitable for this topology and to decide whether two
parallel MOSFETs or three parallel MOSFETs solution should be used, the power loss model and the
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Figure 3.23: The ZVS simulation verification of V, = 500V and Vv, = 540V with reduced PV power

Table 3.4: Information of the SiC MOSFET candidates

Ids,max (A) Ids,max (A) Tj,max V;is,max Rds (m-Q)
Manufacturer | Type Part No. (1= 25°¢) | (1) = 100°C) | (°C) i) (typical)
Cree SiC | C3M0075120K 30 19.7 150 1200 75
Cree SiC | C2M0040120D 60 40 150 1200 40
Cree SiC | C2M0025120D 90 60 150 1200 25
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(b) The bridge with three parallel SiC MOSFETs

Figure 3.24: The schematics of the bridge with the parallel SiC MOSFETs

thermal model of the switches should be built.

3.4.2. Power loss model of the switches

The power losses of the MOSFET are composed of switching losses and conduction losses. The
conduction losses include the conduction loss of the MOSFET and the conduction loss of the antiparallel
diode.
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E[p]]

E [m]1]

Switching loss modelling:

The switching losses exist because of the overlap of the drain-source current iy, and the drain-
source voltage v, during the turn-on and turn-off period. And the switching loss model can be
represented as:

Psw = fsw [Eon (ion' Ublock» Tj) + Eoff (ion' Ublock» Tj)] (348)

where E,, and E, s are the turn-on and turn-off energy losses, separately. vy, is the block
voltage on the switches and i, is the conduction current at the turn-on or turn-off transition. T;
is the junction temperature of the switches.

The turn-on and turn-off energy losses are provided in the datasheet [45—47] of the SiC MOSFET
by the manufacturers. Assuming the switching loss is linearly related to the block voltage and
the junction temperature, the 3D look-up tables of the E,, and E,;; of the three SiC MOSFET
candidates are shown in the Figure 3.25, Figure 3.26 and Figure 3.27, respectively. In these
tables, the switching losses of the body diode due to the reverse recovery charge are also included.
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Figure 3.25: 3D look-up tables of the switching losses of C3M0075120K
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Figure 3.26: 3D look-up tables of the switching losses of C2M0040120D

Conduction loss modelling:

The conduction loss of the power MOSFET is decided by the conduction current (i,,) flowing
through the MOSFET during the conduction phase and the equivalent on-state resistance (Ryson))
and the Rys(on) is influenced by the conduction current and the junction temperature of the
MOSFET, so the conduction loss model is:
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Figure 3.27: 3D look-up tables of the switching losses of C2M0025120D
Peona = Rds(on) (ion'Tj)'ion(t)z = V:m(ion'Tj)ion(t) (3.49)

Since the on-state resistance (Rys(on)) is changed according to the i,, and T}, the voltage dropped
on the MOSFET during the on phase will also be changed. According to the datasheets [45-47],
the 2D look-up tables of the V,,,(iy,, T;) of the MOSFET and the body diode are shown in the
Figure 3.28, Figure 3.29 and Figure 3.30. And the conduction losses of the MOSFET and the
body diode can be estimated according to these look-up tables.
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Figure 3.28: 2D look-up tables of V,,,(i,,, T;) in terms of different i,,, and T; of C3M0075120K

Hence, the power loss model of the single MOSFET is:

Ts
Poss = = (Peona(t) + Py (8))dt (350)
Ts Jo

For the paralleling MOSFETs, the loss model is:

Ts

Poss =N (Peona(t) + Psy (£))dt (3-51)
0

T

where N is the number of the MOSFETs connected in parallel and T; is the switching period.
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Figure 3.29: 2D look-up tables of V,,,(i,y, T;) in terms of different i,,, and T; of C2M0040120D
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Figure 3.30: 2D look-up tables of V,,,(i,y, T;) in terms of different i,,, and T; of C2M0025120D

3.4.3. Thermal model of the switches

The thermal model of the power MOSFET is actually a thermal circuit which the thermal parameters
are represented by the electrical parameters. By neglecting the heat transfer in the horizontal direction
and the convection as well as the radiation, the thermal model is simplified into one dimension, which
is called 1D thermal model.

Two different thermal equivalent circuit models named continued-fraction circuit and partial-fraction
circuit are introduced in [48]. The continued-fraction circuit reflects the physical layers of the semi-
conductor and the RC elements can be assigned to each layer while the partial-fraction circuit is just
an mathematical equivalent model. The nodes in the partial-fraction circuit do not have any physical
meaning. The inside thermal parameters of a power MOSFET are provided by the manufactures but
the thermal parameters of the outside layers of the MOSFET can only be estimated according to the
selected heatsink. Hence, the continued-fraction circuit is used in this project to do the thermal model
because the physical significance of each layer.

The thermal circuit used for thermal modelling in this project is shown in the Figure 3.31. In the
Figure 3.31, Ryjcn and Cp,, are the thermal resistance and thermal capacitance of each layer inside the
MOSFET and the Ry . is the total internal thermal resistance which is called junction-to-case thermal
resistance. The case-to-heatsink thermal resistance Ry and the heatsink-to-air thermal resistance
Ry, are the external thermal resistance. Cy. is the case thermal capacitance and Cy is the thermal
capacitance of the heatsink.

The internal thermal parameters of the three SiC MOSFET candidates are shown in the Table 3.5. All
the internal thermal parameters are provided by the datasheets [45—47]. The case thermal capacitance
Co. is decided by the thermal interface material (TIM) and can be calculated by the equation [49]:
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Figure 3.31: The thermal circuit used in this project

Coc = mcy (3.52)

where the m(kg) is the mass of the TIM and the c,(J/kg - K) is the specific heat capacity of the TIM.
The thermal resistance Ry, is influenced by the package and the typical value of TO-247 is provided
in [50], which is 0.4K/W. The thermal resistance of the heatsink can be read from the datasheet of
the heatsink and the thermal capacitance can be calculated by using the equation 3.52. In all the
simulations in this thesis, the Ry, is set as 0.6K/W when two MOSFETs connected in parallel and
0.4K /W when three MOSFETs connected in parallel.

Table 3.5: The internal thermal parameters of the three SiC MOSFET candidates

Thermal resistance (K /W) Thermal capacitance (J/K
Rgjc1 Rgjca Rgjcs Rgjca Co1 Co2 Co3 Coa
C3M0075120K 25e-3 59.2e-3 498e-3 469e-3 0.369e-3 1.22e-3 3.926e-3 | 355.2e-3
C2M0040120D | 25.8e-3 | 85.72e-3 | 84.23e-3 | 182.4e-3 | 6.342e-3 | 16.45e-3 112e-3 358.6e-3
C2M0025120D | 31.8e-3 74.1e-3 49.9e-3 113e-3 6.89%¢-3 19.3e-3 76.7e-3 235e-3

3.4.4. Performance evaluation of the MOSFET candidates
The relationship between the power loss and the junction temperature of the MOSFET is:

T; — T,

3.53
Rora (3.53)

loss =

where T; is the junction temperature of the MOSFET, T, is the ambient temperature and Ry, is the
junction-to-ambient thermal resistance which is equal to the sum of Ry ., Rgcs and Rggq.

Based on the built power loss model and the thermal model of the switches, the performance in terms
of the power losses and the maximum junction temperature can be evaluated to check the feasibility
of the design.

Due to the turn ratio of the transformer in this projectis 2 : 1, the current rating of the secondary
side switches is much higher than the primary side switches, which means the conducting losses of
the secondary side switches are much higher than the primary side switches. Besides, although the
zero voltage turn-on of all the switches is realized, there are still turn-off losses. It can be seen from
the equation 3.48 that the turn-off losses are not only related to the current but also related to the
voltage on the MOSFETs. Hence, it is obvious that the worst case of the power loss will happen on the
secondary side switches when the DC blocking capacitor voltage control is used since even the current
level of the secondary side switches is almost the same with that when the DC blocking capacitor
voltage control is not used but the voltage level is much higher. To evaluate which SiC MOSFET is
more suitable for this project and to decide whether two-parallel-MOSFETs or three-parallel-MOSFETs
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solution should be used, the power loss and temperature tests are done to the S6 and S8 in two cases
(the first one is when the input voltage is 600V, the PV voltage is 300V and the output voltage is
611.4V, the second case is when the input voltage is 600V, the PV voltage is 470V and the output
voltage is 611.4V) which are chosen according to the peak and RMS current got from the simulation
results of the boundary cases. The test results of the two cases are shown in the Table 3.6 - Table
3.10 and the statistic histograms are drawn based on the data in these tables, which are shown in
the Figure 3.32 and Figure 3.33. In order to distinguish the results of two parallel MOSFETs and three
parallel MOSFETSs, the additional subscript “d” is used to represent the two-parallel-MOSFETs case and
the additional subscript "t" is used to represent the three-parallel-MOSFETs case. The total loss in the
following tables means the total loss of the two or three paralleled MOSFETs and the maximum junction
temperature is the maximum junction temperature of one of the paralleled MOSFETs.

Table 3.6: The test results of S6 in case 1

Total Toss(W) Maximum junction temperature(°C)
Protai-d Protai—t Tj,maxfd Tj,maxft
C3M0075120K 60.65 39.92 104.90 59.95
C2M0040120D 66.27 48.38 90.34 56.75
C2M0025120D 37.88 28.57 60.26 42.71

Table 3.7: The test results of S6 in case 2

Total loss(W) Maximum junction temperature(°C)
Protai-d Protal-t Tj,max—d Tj.max—t
C3M0075120K 49.64 34.83 90.00 55.30
C2M0040120D 65.27 54.49 89.26 60.75
C2M0025120D 44,50 31.09 66.42 44.26

Table 3.8: The test results of S8 in case 1

Total loss(W) Maximum junction temperature(°C)
Protal-d Protai—t Tj,max—d Tj,max—t
C3M0075120K 95.64 52.86 151.98 71.78
C2M0040120D 61.04 32.81 85.46 46.65
C2M0025120D 31.76 19.84 54.68 37.36

Table 3.9: The test results of S8 in case 2

Total Toss(W) Maximum junction temperature(°C)
Ptotal—d Ptatal—t Tj,max—d Tj,max—t
C3M0075120K 56.54 40.05 100.10 60.40
C2M0040120D 44.73 29.17 69.29 44.25
C2M0025120D 28.45 16.49 51.59 35.28

Table 3.10: The sum of the total losses of S6 and S8

Case 1 Case 2
Psum—d Psum—t Psum—d Psum—t
C3M0075120K 156.29 92.78 106.18 74.88
C2M0040120D 127.31 81.19 110.00 83.66
C2M0025120D 69.64 48.41 72.95 47.58

According to the information in the Figure 3.32 and Figure 3.33, several conclusions can be got:

e Compare the simulation results of the two-parallel MOSFETs and the three-parallel MOSFETs, it
can be seen that adding one more paralleled MOSFET can obviously reduce the total losses since
the conduction losses are reduced by the reduced on-resistance and the switching losses are
reduced by the reduced current. However, this does not mean that the more paralleled MOSFETs
the better because the gate driver losses are ignored here, the gate driver losses will be increased
by increasing the number of the paralleled MOSFETs. Besides, the design difficulty of the hard-
ware part will become larger and larger with the increasing number of the paralleled MOSFETs
since it is difficult to guarantee that all the paralleled MOSFETs can be switched simultaneously
and have the balanced current sharing.
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Figure 3.32: The statistic histogram of case 1
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Figure 3.33: The statistic histogram of case 2

e According to the simulation results of the power losses of S6 and S8, it can be seen that the
power losses of S8 are decreasing with the reduced on-resistance but the power losses of S6 are
not always following this rule. This is because there is no turn-off loss in the losses of S8 since
the DC blocking capacitor voltage control is used when the output voltage is larger than 600V,
so the power losses are only decided by the on-resistance. However, the total power losses of S6
are not only related to the on-resistance but also related to the turn-off energy and the turn-off
energy of C2M0040120D is more than two times that of C3M0075120K which results in the larger
total losses of S6 when the C2M0040120D is used even its on-resistance is smaller than that of
the C3M0075120K.

¢ Another point is that it can be seen from the Figure 3.32a and Figure 3.32b that the maximum
junction temperature of C2M0040120D is lower than that of the C3M0075120K even though the
power loss of it is larger than that of C3M0075120K. This is because that the junction-to-case
thermal resistance of C2M0040120D is smaller than that of the C3M0075120K.

e It can be seen from the Figure 3.32 that the maximum junction temperature of C3M0075120K
will excess the maximum allowable value (150°C) when connecting two in parallel and the sum of
the total power losses of S6 and S8 will be larger than 80W even when connecting three of them
in parallel, which is too much from the efficiency point of view. As for the C2M0040120D, it can
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be seen from the Figure 3.32 and Figure 3.33 that the sum of the total losses of S6 and S8 wiill
also be larger than 80W even connecting three in parallel. Hence, the most suitable SiC MOSFET
for this project is C2M0025120D. From the efficiency point of view, the three-parallel-MOSFETSs is
the best solution for this project but from the cost and the difficulty of the hardware design points
of view, the two-parallel-MOSFETs is the better solution. Hence, the SiC MOSFET C2M0025120D
and the two-parallel-MOSFETs solution are chosen in this project.

3.4.5. Loss evaluation
In this dual boost integrated DAB converter, the losses on the different switches are different because
of the following reasons:

« For the primary side switches, the losses are different among different switches because the duty
cycle of the upper switches is different from that of the lower switches in the same leg since the
duty cycle of the lower switches is decided by the PV voltage.

« For the secondary side switches, the losses are different among different switches when the DC
blocking capacitor voltage control is used since the full bridge secondary side will be changed to
the half bridge structure and there is no loss on the S7. S5 and S6 have both turn-off losses and
conduction losses but S8 only has conduction losses.

The loss breakdown of all the switches in this converter with different power modes when the DC
blocking capacitor voltage control is not used (the input voltage is 654.2V and the output voltage is
333.3V) and when it is used (the input voltage is 654.2V and the output voltage is 666.6V) are shown
in the Figure 3.34 - Figure 3.37. The PV port is not used in the power mode 2 and power mode 5 due

to the illumination is not enough. The loss ratios (Qs,, = P“’“”) of the total losses of all the switches in

different cases are shown in the Table 3.11 in which the ratio |s calculated by using the total losses of the
switches to divide the power transferred to the EV port when the converter is working in the charging
mode and to divide the power transferred to the DC bus port when it is working in the discharging
mode. The PV voltage is 100V is the case when the PV port is not used since 100V is smaller than the
start-up voltage (200V) of the PV port set in the control loop.
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Figure 3.34: The loss breakdown of power mode 1 and 3

The following conclusions can be drawn according to the information in the Figure 3.34 - Figure 3.37
and the Table 3.11:

« It can be seen from the Figure 3.34 - Figure 3.37 that the losses on the primary side switches are
almost the same when the DC blocking capacitor voltage control is used with that when the DC
blocking capacitor voltage control is not used since the current and voltage of the primary side

switches are mainly decided by the input voltage, PV voltage and the voltage gain ( ") The
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Figure 3.35: The loss breakdown of power mode 4
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Figure 3.36: The loss breakdown of power mode 6
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Table 3.11: The loss ratio of the different power modes

Power mode 1 and 3 Power mode 2 Power mode 4 Power mode 5 Power mode 6

333.3V 666.6V 3333V | 666.6V | 333.3V | 666.6V | 3333V | 666.6V | 333.3V | 666.6V
Vpy = 100V - - 2.03% 2.06% - - 2.03% 2.08% - -
Vpy = 220V 1.73% 1.76% - - 2.10% 2.14% - - 0.69% 0.70%
Vpy = 327.1V 1.89% 1.97% - - 2.13% 2.17% - - 0.44% 0.44%
Vpy = 349.9V 1.93% 1.98% - - 2.14% 2.18% - - 0.42% 0.42%
Vpy = 470V 2.71% 2.72% - - 2.52% 2.57% - - 0.53% 0.54%

voltage gain when the output voltage is 666.6V is the same with that when the output voltage is
333.3V due to the import of the DC blocking capacitor voltage control.

o Compare the loss breakdown in the Figure 3.34 with that in the Figure 3.35, it can be seen that
the difference between the losses on S1 (S3) and S2 (S4) is smaller when the EV battery is
charged by the PV power (5kW) and the power from the DC bus (5kW) than that when the EV
battery is charged only by the PV power (10kW) since the difference of the RMS current and the
difference of the peak current between S1 (S3) and S2 (S4) are smaller when the EV battery is
charged by the PV power (5kW) and the power from the DC bus (5kW).

e It can be seen from the Figure 3.34 and the Figure 3.35 that the loss variation of S8 with different
PV voltage is different with that of other secondary side switches when the DC blocking capacitor
voltage control is used when the converter is working in the charging mode since the power loss
of S8 when the DC blocking capacitor voltage control is used only includes the conduction loss.
The current flowing through the secondary side switches is only related to the leakage current
(izx) which can decide how much power can be transferred from the primary side to the secondary
side. According to the conclusion got from the Section 2.4 (the output power increases when
the absolute value of D — 0.5 decreases if the input and output voltages are the same), the RMS
current of the secondary side switches increases when the absolute value of D — 0.5 decreases
if the input and output voltages are the same, which means the conduction losses will also be
increased when the absolute value of D — 0.5 decreases. Therefore, the conduction loss of the
secondary side switches is the largest when the duty cycle of the primary side switches is 0.5.
Hence, the power loss of S8 is the largest when the duty cycle of the primary side switches is
0.5 compared with that when the duty cycle of the primary side switches is not 0.5 when the DC
blocking capacitor voltage control is used. The power loss of S8 when the PV voltage is 470V in
the case when the DC blocking capacitor voltage control is used is larger than that when the PV
voltage is 220V even though the output power of the latter case is larger than that of the former
case since the circulating power is larger when the PV voltage is 470V than that when the PV
voltage is 220V. However, the power losses of other switches are composed of the conduction
loss and the switching loss (the turn-off loss in this project). The turn-off losses of the switches
are decided by the peak current when the switches are turned off if the voltage is the same. The
peak current of the secondary side switches is increased with the increasing PV voltage when the
output voltage is 333.3V and 666.6V according to the simulation results, which results in a larger
turn-off loss when the PV voltage is increasing.

e The power losses on the switches are smallest in the Figure 3.36 compared with that in the other
figures. The Figure 3.36 shows the loss breakdown of the switches when the converter is working
in the discharging mode and the power is transferred from the EV port (5kW) and the PV port
(5kW) to the DC bus port. In this case, only 5kW power is transferred from the secondary side
to the primary side, the current stress of all the switches is much less than that in other cases (in
which the power transferred between the primary and secondary sides is 10kW), which means
both the RMS current and the peak current of all the switches are less in this case. Therefore,
the losses of all the switches are much less. This loss reduction is more obvious in the losses
of the secondary side switches whose current is only decided by the leakage current which is
determined by how much power is transferred between the primary and the secondary sides.

* The power losses of S2 and S4 are very large compared with the losses of other switches when
the PV voltage is 220V in the Figure 3.36. This is because the zero voltage turn-on of S2 and
S4 is lost in this case. The current flowing through S1 (S3) is negative when it is turned off
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according to the simulation result, which means the sum of the current flowing through the boost
inductors and the current flowing though the leakage inductance is positive. Therefore, there is
no current flowing through the diode of the S2 (S4) before it is turned on, which means the ZVS
is lost. As described in the last conclusion that the RMS current of all the switches are very small
in this case, so the conduction losses of the switches are small. Besides, the turn-on energy of
the C2M0025120D is larger than the turn-off energy which can be seen from the Figure 3.27.
Hence, the power losses of S2 and S4 are much larger when the PV voltage is 220V compared
with that of other switches.

It can be seen from the Figure 3.37 that the power losses on the switches are almost the same
when the converter is working in the charging mode with that when it is working in the discharging
mode if the values of the DC bus voltage and the EV voltage are not changed in the two cases
when the PV port is not used.

It can be seen from the Table 3.11 that the loss ratio of the total losses on the switches when the
output voltage is 666.6V has the same variation trend and almost the same value with that when
the output voltage is 333.3V due to the import of the DC blocking capacitor voltage control. In
most of the cases when the converter is working in the charging mode, charging the EV battery
from both the PV port and the DC bus port has the largest loss ratio and charging the EV battery
only from the PV port has the smallest loss ratio. The loss ratio of the power mode 6 (power is
transferred from the EV battery and the PV port to the DC bus port) has the smallest loss ratio
among all the cases.

To evaluate the losses on the switches of the dual boost integrated DAB converter with a large output
voltage range, four loss ratio curves with different PV voltages when the converter is working in the
power mode 1 and 3 are drawn, which are shown in the Figure 3.38. In the Figure 3.38, the case 1
is the case when the PV voltage is 220V, the case 2 is the case of the PV voltage with which the duty
cycle of all the primary side switches is 0.5, the case 3 is the boundary PV voltage which is got from the
Figure 3.16 or calculated by the equation 3.43 and the case 4 is the case when the PV voltage is 470V.
When the output voltage is in the range of 479.25V — 600V, the simulation test is done by reducing
the PV power to realize the ZVS of all the switches in the converter.

Loss ratio curve

Figure 3.38: The loss ratio curves

According to the information in the Figure 3.38, the following conclusions can be drawn:

¢ The loss ratio curve of case 3 is very similar to that of case 2 since the boundary PV voltage is

calculated to satisfy the requirement that the duty cycle of S2 and S4 is 0.465 once the voltage
gain can be kept as 1.019, which is very close to 0.5.

¢ In most of the cases especially the critical working range (for the low voltage battery is 250V —

420V and for the high voltage battery is 666V — 840V), the loss ratio is too high when the PV
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voltage is 470V which is already out of the optimized working range in these cases. This result
further verifies that the optimized working range deduced before is correct and meaningful. And
there is a small period when the loss ratio is not so high in the mid of the loss ratio curve of case
4 since the input voltage is close to or already larger than 878.5V, which means the PV voltage
470V is not out of the optimized working range.

¢ When the output voltage is increased from 333.3V to 420V or increased from 666.6V to 840V,
the decrease of the loss ratio of case 2 and case 3 is more drastic than that of the case 1 and
this is because the decrease of both the RMS and peak current of all the switches of case 2 and
case 3 when the output voltage is increased from 333.3V to 420V or increased from 666.6V to
840V is much larger than that of case 1.

» The peak loss ratio of case 1 is showing when the output voltage is 580V in the Figure 3.38 since
the converter has the largest voltage gain at this case compared with other test points in this
figure, which will result in a large leakage current. Therefore, the losses of the secondary side
switches will be large. Besides, the PV power is reduced to 2499W in order to realize the ZVS of
all the switches, which means a large amount of power needs to be drawn from the DC bus so
the current stress on S1 and S3 will be larger. And the larger current stress will result in larger
losses on S1 and S3.

e Last but not the least, it can be seen from the Figure 3.38 that the loss ratio is not continue rising
with the increasing output voltage due to the introduce of the DC blocking capacitor voltage
control.

3.5. Summary

In this chapter, the contents about the power loss modeling and analysis of the switches and the
circulating power analysis of the dual boost integrated DAB converter are presented. Several important
points need to be emphasized:

e The ZVS region of all the switches and the circulating power in the dual boost integrated DAB con-
verter are calculated and programmed in the Mathcad. The developed programming is verified
by the simulation results got from PLECS. The ZVS region and the circulating power of any cus-
tomized design of the dual boost integrated DAB converter can also be checked by the developed
Mathcad programming.

e It is hard to realize the ZVS of all the switches in the dual boost integrated DAB converter with
a large voltage range which is required by this project and it can be seen from the analysis of
the ZVS characteristics and the circulating power that the conditions to realize the ZVS of all the
switches in this converter and the conditions to have the minimum circulating power are contrary
in some cases. Therefore, the optimization method (DC blocking capacitor voltage control) is
proposed and the optimized working range in terms of the DC bus voltage, PV voltage and the EV
battery voltage is calculated to enlarge the ZVS region of the switches and reduce the circulating
power. As a result, ZVS is able to be achieved in all the switches in the full operation range expect
200V < Vo < 300V and 479.25V < Vo < 600V, and the circulating power is kept low.

e The power loss model and the thermal model of the SiC MOSFET candidates are built to evaluate
the performance of different candidates and the most suitable one is chosen for this project
according to the evaluation results. The simulation results might have some deviation even
the PLECS simulation is used to make the modeling as precise as possible since the parasitic
components of the PCB trace will also influence the losses on the switches.

¢ The losses on different switches are different in the dual boost integrated DAB converter, so the
loss breakdown of different switches in different power modes is analyzed. Besides, the loss ratio
curves are drawn according to the simulation results. It can be seen from the loss ratio curves
that the performance of this converter with the large output voltage range is effectively improved
by the optimization method and the calculated working range.
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After all the principle analysis and the loss analysis of the dual boost integrated DAB converter
are done, the experiment test is proceeded in the next chapter to verify the implementability of this
converter and the previous analysis about this converter.



Experiment test

A test bench of the dual boost integrated DAB converter is built by modifying an existing CLLC
converter in the lab. The CLLC resonant tank is removed and the third port which is connected to the
PV panel is added by connecting the input capacitor (C; in the Figure 2.4) and the two boost inductors
(L, and L, in the Figure 2.4). A new transformer and the additional inductor which is used to satisfy the
leakage inductance requirement in this project as well as the DC blocking capacitors are also added.
The Field Programmable Gate Array (FPGA) programming is developed to realize the open loop control
of the converter.

4.1. Inductor design

The design of the two boost inductors in the primary side is critical for the achievement of the good
performance of the whole converter. The specifications of the two boost inductors are shown in the
Table 4.1.

Table 4.1: Boost inductor specifications

Parameters Specifications
Maximum average current 22.727A
Maximum current ripple (p-p) 9.0914
Maximum peak current 27.273A
Switching frequency 65kHz
Required inductance 0.2813mH

To design an inductor, the first step is to choose the proper core material. There are two main
commercial available core material for high power and high frequency application: gapped ferrite core
and powder core. The powder core is selected in this project because of the following reasons:

¢ The gapped ferrite core often requires really low effective permeability to prevent saturation when
the current is high. Since the initial permeability of ferrite is pretty high, it requires a relatively
large air gap to get the low effective permeability. However, this large air gap results in a larger
loss due to the fringing flux at the high switching frequency especially when the center gap is
used. The powder core has the distributed air gap, so there is no fringing loss in the powder
core.

* The powder core has the soft saturation characteristic which can be seen from the Figure 4.1.

It can be seen from the Figure 4.1, the powder core has a gradual reduction in inductance when
the current load is increasing. The gapped ferrite can keep the inductance almost unchanged
before the saturation point. However, a sudden drop of the inductance can be seen once the
saturation point is reached. Therefore, powder core is more suitable for the application with a high
DC bias. The soft saturation characteristic also has advantages in terms of minimal temperature
shift and natural fault tolerance, this makes the control and protection of the converter easier.

65
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Ferrite /

inductance

Powder core

Ferrite Powder core current
current current

Figure 4.1: The soft saturation characteristic of the powder core

¢ The powder core has higher inherent saturation flux density compared with the ferrite core. And
the elimination of the fringing flux makes it can work with higher switching frequency. The higher
switching frequency, higher inherent saturation flux density and the soft saturation characteristics
result in a large reduction of the inductor size.

The Kool My E core "00K8020E040" is selected in this project and the powder core selection procedure
is referred to the procedure in [2], which is summarized as:

» Calculate the product of LI?, where L is the required inductance and I is the maximum average
current.

« Choose the core based on the calculated value of Li? according to the Core Selection Chart which
is shown in the Figure A.1. Choose the core which just lies above the diagonal permeability line
at the calculated LI2.

¢ Calculate the number of turns according to the following equation:

L*106
N = 7 4.1)

where L is the required inductance (mH) and 4, is the inductance factor (nH/T?) which can be
read from the core data sheet. Considering the worst case, generally set a negative tolerance
(—8%) to the value read from the data sheet. The calculated number of turns is the value needed
to get the required inductance at no load.

Calculate the DC bias according to the following equation:

_ NI

H
le

4.2)

where [, is the path length which can also be read from the data sheet.

Check the roll-off percentage of the initial permeability at the calculated DC bias according to the
Permeability versus DC Bias Curves shown in the Figure A.2.

Dividing the previously calculated number of turns by the roll-off percentage to get the required
number of turns at the full load.

Recalculate the inductance and the DC bias according to the required number of turns at the full
load by using the equation 4.1 and equation 4.2, respectively.
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¢ Calculate the inductance with the DC bias by computing the product of the calculated inductance
and the roll-off percentage in the last step. This will result in an inductance which can satisfy the
inductance requirement.

» Choose a proper wire based on the current level according to the Wire Table which is shown in the
Figure A.3. In practical, it is better to keep the current density of the wire less than 6004/cm?.

» Check the winding factor by the equation:
_ NAy
=W

F 4.3)
where A, is the area of the wire which can be read from the Figure A.3 and W, is the window
area of the core which can be read from the core data sheet. A winding factor less than 60%
means this is a manufacturable design.

After the basic design of the inductor is finished, there are still several parameters need to be
checked: copper losses, core losses and the temperature rise of the inductor. The check process
can be accelerated by using the inductor design tool provided by the company Magnetics. The test
results of the designed boost inductor in this project are shown in the Figure 4.2.

Inductance @ Full Load min 0.282 mH
Inductance @ No load nom 0.388 mH

Specified Current [ o282 mH
Inductance min

Core Loss 5.70 o
Copper Loss 1245 w
Total Loss [ 15 W
Temperature Rise 459 C
Number of Tumns [ s

Wire Size [ 10 AWG
Winding Factor [ a03%

DC Resistance [ 2332 0 ma
Finished A 80.0 mm
Finished HT 433 mm

Total Wire Length 7113.2 mm

Figure 4.2: The check results of the designed boost inductor

4.2. FPGA programming

The open loop control (PWM generation) of the whole converter is implemented by the FPGA devel-
opment board “Cora Z7-10", the programming language used is Verilog and the development software
is Vivado. One of the simulation results (the duty cycle of the S1 and S3 should be 0.336, the duty
cycle of S2 and S4 should be 0.664, the dead time should be 304ns and the phase shift between the
S1 and S5 should be 0.1676) of the designed programming is shown in the Figure 4.3.

Figure 4.3: The Vivado simulation result of the designed programming

To further check the designed programming, the FPGA development board is connected to the os-
cilloscope to check the output signals. The test results are shown in the Figure 4.4.

It can be seen from the Figure 4.4a and Figure 4.4c that the test results of the switching frequency
and the dead time are exactly the same as the supposed value. The phase shift between S1 and S5
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(c) Test result of the dead time (d) Test result of the phase shift

Figure 4.4: The test results of the FPGA signals

in the Figure 4.4d is 2.5856us (which is 2.5856us * 65kHz = 0.1681) and the duty cycles of all the
switches shown in the Figure 4.4b are 0.02 less than the expected values. The little difference of the
phase shift and the duty cycle between the test values and the expected values is because of the import
of the dead time.

4.3. Test of the original board

Before starting to do the modifications on the original board, it is prudential to perform the test of
the board to verify the proper operation of the gate driver circuit and the dedicated power supply. Any
error can then be identified at a much earlier stage of the experiment test.

The gate driver circuit in the original board is redrawn in the Figure 4.5. The MOSFETs are driven
by an isolated gate driver (Si8261BCC-C-IS) which can support 44 peak output drive current with an
input to output isolation of about 3.75kV [51]. The input current (Ir) flowing through the LED of the
driver is followed by the output of the driver and it should be larger than 6mA to rise the output. A
non-inverting buffer IC (MCP1402T-E/OTTR) is used to supply this current. The input of this buffer
IC is connected to the FPGA development board. The output of the buffer IC is non-inverting and its
maximum voltage is 5V [52]. The input current of the driver IC (Si8261BCC-C-IS) is limited by a current
limiting resistor whose value can be calculated by the following equation:

5_VF
IF= R
F

4.4

where the I is the input current and V; is the input forward voltage (ON) of the driver IC. The maximum
value of 1% is 2.8V and the I should be larger than 6mA. The current limiting resistor is selected as
2200 which can limit the input current of the driver IC to 10mA. The isolated dual polarity gate driver
supplies generated by the isolated DC-DC converter module (QA15115R2) are used to prevent the
unintentional turn-on of the MOSFETs. The QA15115R2 is powered by an external 15V power source
and can generate a dual supply of —2.5V and +15V with a margin from —6% to 12% [53]. This
dedicated power supply module also provides an isolation up to 3.5kV.

The test setup for testing the gate driver circuit and the dedicated power supply of the original board
is shown in the Figure 4.6. The PWM signals are generated by the FPGA board and sent to the input
of the buffer IC (MCP1402T-E/OTTR). The test results are shown in the Figure 4.7 which shows the
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Figure 4.5: The gate driver circuit

gate-source voltage of the S1, S2, S5 and S6. It can be seen that the switching frequency, duty cycle
and the dead time are exactly the same with the digital signals shown in the Figure 4.4. The phase
shift between the S1 and S5 is 2.5807us (which is 2.5807us * 65kHz = 0.1677) which is very close to
the expected value. The high-level voltage is around 15.8V and the low-level voltage is around —2.8V,

which are within the range of the dual supply. The test results show that both the gate driver circuit
and the dedicated power supply are working properly.

Original board

Isolator

Figure 4.6: The test setup for testing the gate driver circuit and the dedicated power supply

4.4. Experimental results

Except the designed boost inductors whose parameters have been shown in the Section 4.1, the
parameters of other main components used for the experiments are shown in the Table 4.2 and the
test platform is shown in the Figure 4.8. The primary side DC blocking capacitor is not necessary if a

control method is used to prevent the saturation of the transformer. All the tests are based on 2kW
power.
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Figure 4.7: Test results of the original board

Table 4.2: Parameters of the components used for the experiments

Parameters Values
Turn ratio of the transformer 2:1
Leakage inductance 86uH

DC blocking capacitor primary side | 27.7uF
DC blocking capacitor secondary side | 47uF

4.4.1. Test results of the basic working principle

The waveforms of v, v.4, i and ig.. which is the current flowing through the secondary side of
the transformer in four different working cases are shown in the Figure 4.9.

The Figure 4.9a shows the waveforms when the duty cycle of the S2 and S4 is 0.5 and the phase
shift § is 0.05 (V;,, = 600V, V,,,, = 300V and V, = 250V), so %—D <6< %, which satisfies the condition
of working case II shown in the Table 3.2. The Figure 4.9b shows the waveforms when the duty cycle
of the S2 and S4 is 0.5 but the phase shift § is 0.945 (V;,, = 600V and V, = 250V),so01—-D <§ <1,
which satisfies the condition of working case IV shown in the Table 3.2 and the power is transferred
from the EV port to the DC bus port since the phase shift between the output voltages (v,;, and v.;)
of the primary and secondary side bridges (®) is ® = § — % + %D = 0.945 which is larger than 0.5. The
Figure 4.9c shows the waveforms when the duty cycle of the S2 and S4 is 0.633 and the phase shift §
is 0.013 (V;,, = 600V, V,,, = 220V and V, = 250V), so 0 < § < 1 — D, which satisfies the condition of
working case V shown in the Table 3.2. The Figure 4.9d shows the waveforms when the duty cycle of
the S2 and S$4 is 0.664 and the phase shift 6 is 0.98 (V;,, = 654.2V,V,,, = 220V and V, = 333.3V), so
= — D < § < 1, which satisfies the condition of working case VIII shown in the Table 3.2. The phase
shlft between the S1 and S5 is 0.98 in the last case, which is actually the case when the phase shift §
is —0.02 but the phase shift between the output voltages (v,;, and v,;) of the primary and secondary
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Figure 4.8: The test platform

side bridges (®) is ® = 6§ — % + %D = 0.062 which is less than 0.5, so the power is still transferred
from the primary side to the secondary side. It can be seen from the Figure 4.9 that the dual boost
integrated DAB converter can work in different working cases according to the different duty cycle and
phase shift. And the working waveforms are consistent with the previous analysis and the simulation
results, which can verify the working principle analysis in the Chapter 2.

4.4.2. Test results of the effect of the interleaved structure

The test results of the waveforms of the current flowing through the two boost inductors and the
total PV current with different duty cycles are shown in the Figure 4.10. It can be seen from the Figure
4.10 that the interleaved structure in the primary side of the dual boost integrated DAB converter can
significantly reduce the ripple of the PV current. The closer the duty cycle is to 0.5, the smaller the PV
current ripple and the PV current ripple is almost 0 when the duty cycle of the primary side switches
is 0.5 since the phase shift between the two boost converters in the primary side of the dual boost
integrated DAB converter is 50% (half switching cycle), which means i;; is the maximum while the i;,
is minimum when the duty cycle of the primary side switches is 0.5. The test results are consistent
with the analysis in the Chapter 2, which further verifies the conclusions got in the Chapter 2.

4.4.3. Test results of the DC blocking capacitor voltage control

In order to verify the optimization method (DC blocking capacitor voltage control) used to realize the
ZVS of the switches in the dual boost integrated DAB converter with a large output voltage range, the
waveforms of v, veq, iy and iz as well as the gate-source voltage (V,,) and drain-source voltage
(Vs) of S4 and S6 in the charging mode (S3 and S5 in the discharging mode) are measured. The
reasons why the gate-source voltage (V) and drain-source voltage (V;,) of S4 and S6 in the charging
mode (S3 and S5 in the discharging mode) are measured are:

o It can be seen from the equation 3.1 to the equation 3.4 that the ZVS conditions of all the
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Figure 4.10: Experiment test results of the inductor current and the PV current with different D

secondary side switches are the same, so once the ZVS of any one of the four switches in the
secondary side is realized, the ZVS of all the secondary side switches of the dual boost integrated

DAB converter can be realized.

¢ As for the primary side switches, according to the conclusion got in the Section 3.1.2 that the
ZVS of the S1 and S3 is easier to be realized compared with that of S2 and S4 in the charging
mode (@ < 0.5) and the ZVS of the S2 and S4 is easier to be realized compared with that of S1
and S3 in the discharging mode (@ > 0.5), so it is more necessary to test the ZVS of S2 and S4

in the charging mode and to test the ZVS of S1 and S3 in the discharging mode.

The test results when the DC blocking capacitor voltage control is not used (V;,

654.2V and

V, = 333.3V) and used (V,, = 654.2V and V, = 666.6V) in the charging mode (power is transferred
from the DC bus port to the EV port) are shown in the Figure 4.11 and Figure 4.12, respectively. And the
test results when the DC blocking capacitor voltage control is not used (V.,, = 654.2V and V, = 333.3V)



74 4. Experiment test

2 — e = — AR THETNE Y
,;ﬂb rywheroyoubook
Vea
e e e e B e e e B B
388 08 58 50808 5818 08 s 58S 70818
N\ e _\ ke Y — e ———
b N — N A—— —\kd,v———/ -
i
sec
=
/ ‘
cl 6]l o4 BEa
soovidv|  so0mav|  soovin|  10.0Aidw
1.00036 kV/ 10050 A] 10036 kv] 100004

(@) Waveforms of vgp, veq, G and igec

1¥ 2vs Vgs,sa
/

L
= e
v ~ =7
‘z/s"“’ Vas,se VS
/
1 \
I
- Lyl
NS .
T
136 s 116us -96ps 768 5.6 -36ps 16ps %400ns 24ps d4ps 64ps
c1 L c4 [Tbase 3.60 ps| [Trigger L
oovia]  20vig]  foovia|  200viand 200psidvf Ao 190V
6.888 V| 58.26 V| -26.755 V! -595.85 V| 200 kS 10 GS/s|Edge Positive|

(b) Waveforms of Vs and vy, of S4 and S6

Figure 4.11: Test results when the DC blocking capacitor voltage control is not used in the charging mode

and used (V;,, = 654.2V and V, = 666.6V) in the discharging mode (power is transferred from the EV
port to the DC bus port) are shown in the Figure 4.13 and Figure 4.14, respectively.

It can be seen that the primary side voltage of the case when the DC blocking capacitor voltage
control is used is totally the same with that when the DC blocking capacitor voltage control is not used
but the secondary side bridge voltage (v.4) is changed from the pure AC voltage to the one with a DC
component whose value is half of the output voltage according to the comparison of the Figure 4.11a
and the Figure 4.12a. And the current flowing through the primary side and the secondary side of the
transformer when the DC blocking capacitor voltage control is used is the same with that when the
DC blocking capacitor voltage control is not used since the output voltage is doubled. Besides, it can
be seen from the Figure 4.11b and the Figure 4.12b that the ZVS of all the switches can be realized
in both cases (the voltage gain is around 1 and the voltage gain is around 2) due to the introduce of
the DC blocking capacitor voltage control. It can be seen from the Figure 4.13 and the Figure 4.14
that the experiment results when the proposed converter works in the discharging mode have the
same characteristic as that when it works in the charging mode. These results are consistent with the
analysis in the Chapter 3, which can verify the conclusions got in the Chapter 3 are correct.

4.4.4. Test results of the ZVS region

In order to verify the ZVS region and the optimized working range of the dual boost integrated DAB
converter analyzed in the Chapter 3, the gate-source voltage (V) and drain-source voltage (V;s) of
S4 and S6 in the charging mode (S3 and S5 in the discharging mode) with different input and output
voltages in different power modes are measured.

The test results of the waveforms of V,; and V,;; of S4 and S6 in power mode 1 (power is transferred
from the PV port to the EV port) with the critical EV battery voltage range (250V — 420V) and higher
EV battery voltage when the DC blocking capacitor voltage control is used are shown in the Figure 4.15
to the Figure 4.18.

According to the conclusions summarized in the Section 3.3.2 that When 200V < Vo < 300V, the
ZVS of primary side switches can be realized, but the ZVS of the secondary side switches cannot be
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Figure 4.12: Test results when the DC blocking capacitor voltage control is used in the charging mode

realized in some cases once the duty cycle is larger than the minimum duty cycle calculated by the
equation 3.43. The minimum D is 0.4 not 0.465 when V;,, = 600V and V, = 250V since the voltage gain
is 0.833 not 1.019. The test results in the Figure 4.15 show that the ZVS of the primary side switches
is realized when D is larger than 0.4 (D = 0.633 and D = 0.5) and it is lost when D is smaller than 0.4,
which is consistent with the analysis. As for the secondary side switches, the phase shift § is 0.013
when D is 0.633, which is working case V and the relationship between the phase shift and the duty
cycle satisfies the ZVS condition of the secondary side switches in case V ((46 +2D + G —2) > 0), so the
ZVS of the secondary side switches can also be realized as shown in the Figure 4.15a. The phase shift
§ is 0.05 when D is 0.5, which is working case II and the relationship between the phase shift and the
duty cycle satisfies the ZVS condition of the secondary side switches in case II ((46 + 2D + G —2) > 0),
so the ZVS of the secondary side switches can be realized as shown in the Figure 4.15b. The phase
shift § is 0.071 when D is 0.39, which is working case I and the relationship between the phase shift
and the duty cycle satisfies the ZVS condition of the secondary side switches in case I ((G — 2D) > 0),
so the ZVS of the secondary side switches can be realized as shown in the Figure 4.15c. The ZVS of
both the primary and the secondary side switches can be realized when the EV battery voltage (V) is
333.3V or 420V once the duty cycle of S2 and S4 is larger than 0.465, which is the conclusion got in
the Section 3.3.2. It can be seen from the Figure 4.16 and the Figure 4.17 that the ZVS of both the
primary and the secondary side switches is realized when D is larger than 0.465 and the ZVS of the
primary side switches is lost when D is less than 0.465, which is consistent with the analysis in the
Section 3.3.2. When the EV battery voltage (V,) is 840V, the DC blocking capacitor voltage control is
used, so ZVS condition of this case is totally the same with the case when the EV battery voltage is
420V. It can be seen from the Figure 4.17 and the Figure 4.18 that the ZVS of the switches can also
be realized even the voltage gain is doubled due to the introduce of the DC blocking capacitor voltage
control.

The ZVS of the switches in the dual boost integrated DAB converter in other power modes is also
verified by the experiment tests. The test results of the waveforms of V¢ and V5 of S4 and S6 in power
mode 2 (power is transferred from the DC bus port to the EV port and the duty cycle of the primary
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Figure 4.13: Test results when the DC blocking capacitor voltage control is not used in the discharging mode
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Figure 4.16: Test results of power mode 1 when V;,, = 654.2V and V, = 333.3V

side switches is 0.5) are shown in the Figure 4.19. And the test results of the waveforms of V,; and
Vs of S3 and S5 in power mode 5 (power is transferred from the EV port to the DC bus port and the
duty cycle of the primary side switches is 0.5) are shown in the Figure 4.20.

It can be seen from the Figure 4.19 and the Figure 4.20 that the ZVS of all the switches can also be
realized when the dual boost integrated DAB converter is working in power mode 2 and power mode
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5 in the critical EV battery voltage range (250V — 420V) even when the power is only 2kW .
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4.5. Summary

In this chapter, the contents about the experiment test in terms of the component design, the FPGA
programming, the test of the gate driver circuit and all the test results about the basic working principle,
the effect of the interleaved structure, the DC blocking capacitor voltage control and the ZVS region
of the dual boost integrated DAB converter are presented. Several important conclusions need to be
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emphasized:

e Compared with the gapped ferrite core, the powder core is more suitable for the application with
a high DC bias due to its soft saturation characteristic. Besides, the elimination of the fringing
flux makes the powder core can work with the higher switching frequency, which results in a
reduction of the inductor size.

¢ The experiment test results in terms of the basic working principle, the effect of the interleaved
structure, the DC blocking capacitor voltage control and the ZVS region of the dual boost inte-
grated DAB converter are consistent with the previous analysis, which verifies all the analysis is
correct. Besides, the design tool developed in Mathcad is also validated, so it can be used to do
other customized designs and helps to decrease the time and cost for the development.

e Among all the test points, the highest efficiency in the charging mode is 97.5% which is the
efficiency of the case when the power is transferred from the DC bus port to the EV port, the DC
bus voltage is 600V and the EV battery voltage is 250V. The lowest efficiency in the charging
mode is 91.4% which is the efficiency of the case when the power is transferred from the PV port
to the EV port, the DC bus voltage is 824.34V, the PV voltage is 453.4V and the EV battery voltage
is 840V since the ZVS of the primary side switches is already lost in this case. The efficiency of the
case when the power is transferred from the PV port to the EV port is lower than that when the
power is transferred from the DC bus port to the EV port if the DC bus voltage and the EV battery
voltage are the same since there are additional losses on the two boost inductors when the power
is transferred from the PV port. In the discharging mode, the highest efficiency among all the
test points is 97.5% which is the efficiency of the case when the power is transferred from the EV
port to the DC bus port, the EV battery voltage is 666.6V and the DC bus voltage is 654.2V. And
the lowest efficiency in the discharging mode is 95.4% which is the efficiency when the power
is transferred from the EV port to the DC bus port, the EV battery voltage is 420V and the DC
bus voltage is 824.34V. All these efficiencies tested are based on the 2kW power. It should be
noted that, the hardware is not a dedicated design for efficiency test. A better efficiency can be
expected with an optimized hardware design.



Conclusion & Future work

5.1. Conclusion

In this master thesis project, the feasibility of the dual boost integrated DAB converter used for the
PV integrated bidirectional EV charging system has been studied. The working principle and the loss
analysis in terms of the ZVS characteristics and the loss breakdown of the switches, the circulating
power and the optimized working range of this converter are investigated. A test bench is built to
verify all the analysis and simulation results by doing the experimental test. There are some important
conclusions got in this thesis need to be emphasized:

e The dual boost integrated DAB converter has the bidirectional capability and the interleaved
structure in the primary side can significantly reduce the ripple of the PV current, which is a
suitable topology for the PV integrated EV charging system since the PV panel is a current sensitive
energy source and the bidirectional capability of the EV charger can realize the vehicle-to-grid
(V2G) function which can reduce the load of the grid during the peak hours.

¢ The decoupled power control can be realized with the PWM plus SSPS control scheme used in this
master thesis project. The boost inductor current (i;; and i,,) can be controlled by controlling
the duty cycle of the primary side switches and further the power management between the two
input ports can be realized by the controllable boost inductor current. The output current can
be controlled by the phase shift between the primary side bridge and the secondary side bridge,
which means the power transferred between the primary side and the secondary side can be
controlled.

e It is hard to realize the ZVS of all the switches in the dual boost integrated DAB converter with
a large voltage range which is required by this project and it can be seen from the analysis of
the ZVS characteristics and the circulating power that the conditions to realize the ZVS of all
the switches in this converter and the conditions to have the minimum circulating power are
contrary in some cases. Therefore, the ZVS region of the switches and the circulating power are
investigated by considering the DC bus voltage, PV voltage, and the EV battery voltage, and then
the ZVS region is enlarged by applying the DC blocking capacitor voltage control. As a result, ZVS
is able to be achieved in all the switches in the full operation range expect 200V < Vo < 300V
and 479.25V < Vo < 600V, and the circulating power is kept low.

» The losses on different switches are different in operation. For the primary side switches, this
is because the duty cycle of the upper switches is different from that of the lower switches in
the same leg. For the secondary side switches, this is because the full bridge secondary side will
be changed to the half bridge structure and there is no loss on the S7. S5 and S6 have both
switching losses and conduction losses but S8 only has conduction losses when the DC blocking
capacitor voltage control is used. And the loss ratio of the total losses on the switches will not be
continuously rising with the increasing output voltage due to the introduction of the DC blocking
capacitor voltage control.
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» Compared with the gapped ferrite core, the powder core is more suitable for the application with
a high DC bias due to its soft saturation characteristic. Besides, the elimination of the fringing
flux makes the powder core can work with the higher switching frequency, which results in a
reduction of the inductor size.

¢ The experiment test results in terms of the basic working principle, the effect of the interleaved
structure, the DC blocking capacitor voltage control and the ZVS region of the dual boost inte-
grated DAB converter are consistent with the previous analysis, which verifies all the analysis is
correct. Besides, the design tool developed in Mathcad is also validated, so it can be used to do
other customized designs and helps to decrease the time and cost for the development.

« The highest efficiency among all the test points is 97.5% in both charging mode and discharging
modes. It should be noted that, the hardware is not a dedicated design for efficiency test. A
better efficiency can be expected with an optimized hardware design.

5.2. Future work

This master thesis project is the first step to investigate the dual boost integrated DAB converter for
the PV integrated bidirectional EV charging system to make the whole system more compact and more
efficient. There are several important things which are worth to be proceeded with:

e First of all, the hardware design of the converter can be done to further investigate this topology.
In this master thesis, the experiment tests are implemented with a test bench which is built by
removing the CLLC resonant tank of an existing CLLC resonant converter and connecting the two
boost inductors, the additional leakage inductor and the DC blocking capacitors to it. Therefore,
it is hard to verify the losses of the switches and to estimate the real efficiency of this converter.

o After the hardware design is finished and the prototype is constructed, the detailed switching
losses, conduction losses and the loss breakdown as well as the loss ratio of the switches can be
measured and compared with the simulation results, which is a good feedback to the power loss
model and the thermal model built in the PLECS. Besides, the efficiency curves of this converter
in different power modes can also be drawn according to the experiment results.

e Last but not the least, the closed loop control can be implemented after the prototype of the inves-
tigated converter is constructed to check the transient process when the converter is transferred
from one power mode to another power mode.
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