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Abstract

The combustion of fossil fuels, a non-renewable and finite resource, has caused
increasing air pollution, ozone damage, acid rain and global warming. Electric vehicles
(EVs) are eco-friendly with the attractive properties of lower greenhouse emissions, lower
fuel usage and reduced air pollution. Battery and charger is one of the vital elements to
analyse and develop for EVs. This research focuses on the bidirectional on-board battery

charger with the emphasis on the design and analysis of the DC-DC converter.

Firstly, a LLC resonant topology is selected as the initial design candidate of the DC-
DC resonant converter owing to the preferred soft-switching features. Single phase
chargers suffer from a second harmonic voltage/current ripple which can lead to reduction
of battery life. A feedforward-proportional-integral-resonant (FF-PIR) controller has
been proposed and tested for suppressing this low-frequency current ripple in the LLC

resonant converter employed in EV battery chargers.

Secondly, the recent developments in smart-grid technology necessitates bi-
directional power flow from distributed energy storages like EV to support grid in the
vehicle-to-grid (V2G) application. To achieve bi-directional power flow capability, the
conventional uni-directional LLC topology is modified into bidirectional CLLC resonant
converter. The characteristics have been analysed and validated by extensive simulations

and experimental tests.

Further improvement has been implemented to increase the power efficiency under
varying battery voltages. An optimum-resonant-frequency tracking scheme is proposed
and tested to maintain the operation close to the maximum efficiency point over a wide

battery voltage range.

Finally, in order to predict the converter efficiency accurately, this thesis presents a
prediction method employing 2D and 3D finite element analysis (FEA) for calculating

the power losses of magnetic components with litz wire in the converter.
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CHAPTER 1
Research Background and Introduction

This chapter introduces electric vehicles, automotive batteries, their chargers and design requirements. The
motivations to carry out the research is described followed by the main contributions of the doctoral research
work and the outline of the thesis.

1.1 Electric Vehicles

The world energy consumption due to the transport sector is expected to show
dramatic growth of around 44% from 2008 to 2035 [1]. This consumption is responsible
for the largest share (63%) of the total increase in petroleum and other fossil fuels usage
from 2010 to 2040. The combustion of fossil fuels, a non-renewable and finite resource,
has caused increasing air pollution, ozone damage, acid rain and global warming.
Therefore, new technologies for alternative vehicles are of great interest to researchers,

industry, governments and general public nowadays [2, 3].

Electric vehicles (EVs) use electric motors for propulsion and are directly powered
from an energy store rather than indirectly via internal combustion engines (ICEs) [2, 3].
Compared with the traditional fossil fuel-powered vehicles, EVs are more eco-friendly
with the attractive properties of lower greenhouse emissions, lower fuel usage and

reduced air pollution [4]. There is thus a growing interest in EVs globally.

Besides the potential to solve environmental deterioration and fossil fuel crisis,
another benefit of EVs is that they can be used as energy storage units in the vehicle-to-
grid (V2GQ) application when they are plugged in to their charging sockets, as well as the
conventional grid-to-vehicle (G2V) charging [5, 6]. The main idea of V2G technology is
to use vehicles as the energy storage units and provide power to the grid for supporting
the grid during voltage sags and frequency dips [7, 8]. This support may become crucial
when a large percentage of grid power is generated from renewable energy sources, such

as wind, solar and wave/tide, which have a large degree of fluctuation.

1.2 Battery for EVs

Although there are advantages of EVs, technology barriers such as higher cost

compared to equivalently sized petrol vehicles, lengthy charging time, limited battery life
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and limited travel distance on one charge still remain [9]. To overcome the obstacle,

battery is one of the vital elements to analyse and develop.

The main concerns of EV battery are safety, power density (power, volume and
weight), cost, reliability and life span. Firstly, safety is always the priority for the EV [10].
The key protection conditions include galvanic isolation as well as the protection
operation such as over-voltage, over current, deep discharge, over temperature and cell
charge balancing. Secondly, since the space is limited in EV, power density is more of a
concern. In an EV battery, the energy stored is measured in amp-hour (Ah) and
determines the drive range of EV. The power rating of battery, with the unit of watt (W),
determines the rate of charging and discharging. Thirdly, the battery life span can be
measured in two specifications: the minimum calendar life and the total charging-
discharging cycle life [11]. A vehicle battery is generally supposed to last for the calendar
life of 10-15 years with a specified capacity [12]. Overall, although trade-off must be
taken into considerations, EV battery should meet all these requirements with a
reasonable cost, since the high cost of battery has already been a prime barrier that

prevents the widespread of EV [13].

Currently, three main battery technologies are widely used for EVs: the lead-acid
battery, the nickel metal hydride (NiMH) battery and the Lithium-ion (Li-ion) battery

technologies, whose key features are shown in Table 1-1 [14].

Discharge Ener Self-discharge rate .
Type power c&glpacity Cost densi%i ’ Life span
Lead-acid Good Affordable Low High Short
NiMH Good High High High Long
Li-ion Good Reasonable  High Low Long

The lead-acid battery used to power early EVs such as GM EV1 [15, 16]. It has the
advantages of good discharge power capacity enabling the fast response to the load
changes. Meanwhile the cost is affordable due to the mature development of the
technology. However, the low energy density, heavy weight and short life span due to the

deep discharging deterioration make it not suitable for the latest EVs.

The NiMH batteries are employed in Toyota Prius [17] and Honda Insight [18].
Compared to the lead-acid, a NiMH battery has higher power density, due to simpler

charger/discharge reactions. With the high density characteristic, the EV with NiMH
2
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battery has twice drive range than the one with the counterpart lead-acid battery [19].
Also, a NiMH battery can tolerate moderate overcharges and deep discharges thus has a
longer life cycle. The charging efficiency is higher because the NiMH battery has low
internal resistance and much higher charge acceptance capability. However, the main
disadvantage of NiMH is the high self-discharge rate which means the battery will lose
charge when not used. Also, it has higher cost and low charge acceptance capability in

high temperature conditions which reduces the charging efficiency.

Lithium-ion (Li-ion) battery has become one of the preferred energy storage units for
recent generation of EVs such as Nissan leaf [20, 21]. Although the Li-ion battery has the
issues need to be improved such as cell life, cell balance, cooling operation, cost and
safety, compared to other rechargeable batteries, Li-ion has the attractive features of
higher energy density, higher power rating (high cell voltage and output power), lower
weight and great discharging power for faster acceleration. And the advantages can be

summarized as follows [12, 22-25]:

(1) The superior power density is one of the most favourable advantages. To
provide the same amount of capacity, Li-ion batteries have much lighter
weight than other type of batteries. For example, to provide the identical
energy (16kWh), Chevrolet Volt's AC Delco lead-acid battery pack weights
590 kg while with the new Li-ion battery pack the weight has been reduced to
170 kg which is only 28.81% of the original solution.

(2) The self-discharge rate of Lithium-ion cells is 2% to 3% per month, which is
much lower than Lead Acid (4% to 6% per month) and NiMH (30% per
month). Thus, the life time span of the Lithium-ion battery is much
competitive than other types of batteries. In addition, the discharge curve of
Lithium-ion battery is fairly flat. It is well known that if the power delivered
from the battery falls rapidly during the discharge cycle, hazardous issue
occurs at the end of cycle especially for high power applications. As shown in
Fig. 1-1, the Lithium-ion battery delivers approximately constant voltage
(corresponding stable power) during 80% of the whole discharge cycle.

(3) The Li-ion battery pack consists of large numbers of cells inside [26]. For
example, 48 modules each containing 4 cells compose the 196 cells in total in
Nissan Leaf battery pack [27, 28]. This structure makes the charging process

much faster and efficient.
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Fig. 1-1 The Lithium-ion battery discharge characteristics [24, 30]

1.3 Battery Charging Technology

The battery performance is affected by not only the battery design, but also the
charging and discharging regulation. Therefore the operation and control of battery

charge and discharge are essential technologies in the whole EV system [29].

1.3.1 Charging strategy

There are different charging approaches including constant current (CC) [30],
constant voltage (CV) [31], constant power, taper current, etc [32]. The constant voltage
charger is the simplest method which charges the battery by supplying required current
to obtain the constant battery voltage. Basically it needs additional circuit to protect the
battery. Constant current charger supplies a fixed current (usually the maximum current
to get fast charging) into the battery and the battery voltage increases linearly during the
period. Constant power charger, is usually preferred for giant and costly batteries in slow
charging approach. It is worth noting that the main limitation, when charging in domestic
environment, is the maximum current which should be less than the single phase outlet

fuse current.
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For the Li-ion battery, the constant current-constant voltage (CC-CV) charging
scheme is usually employed [33, 34]. In this CC-CV charging profile, the charging
process include two stages: the CC mode and CV mode. The first stage is the CC mode,
during which the current should be regulated at a fixed value (usually the maximum
current which the battery tolerates without causing damage) while the battery voltage
increases rapidly to its rated maximum level. After that, further continuing the constant
current charging will cause overcharging and excessive heating which might damage the
battery. In order to avoid this, when the battery voltage reaches the threshold voltage
(nearly fully-charged voltage), the charging process is switched to the CV mode, during
which the battery voltage is maintained at a constant value while the battery is slowly
charged. Meanwhile, the battery charging current decreases to avoid over-charging of the
battery until the current reaches a specific low value at which the charging process is
terminated. For instance, the Li-ion battery cell usually has a maximum charging voltage
of 3.6V or 4.2V. When the battery voltage reaches 90% state of charging (SOC), the CV

stage starts and the current begins to decrease [35].

According to different power ratings and charging time, battery chargers are classified
into three levels [36, 37]: Level 1 which is the slow (domestic) charging, Level 2 which
is the primary charging and Level 3 which is the fast charging approach (usually with DC
voltage) [9], as shown in Table 1-2.

Type Classification Voltage {;(z/vevle r Charging time
Level 1  slow charging standard domestic outlets (120 2 kW 10-12 hours

V ac in US and 230 V ac in EU)
Level 2 primary charging 240V ac (in US) or 400 V ac 19.2 kW 4 hours
(in EU)
Level 3 DC fast charging 480V DC or higher 50-150 kW less than 1 hours

With Level 1 solution, the EVs can use the standard domestic outlets (120 V ac in US
and 230 V ac in EU) for slow charging, thus no additional infrastructure is needed.
Another advantage is the low off-peak electricity rate at night. For example, Nissan Leaf
can be plugged into the convenience outlet at home with the 2.2kW/10A charger and it is
capable of fully charging the 24 kWh battery pack in a relatively long time of 10-12 hours.
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Level 2 charging approach is usually considered as one of the primary solutions to be
employed in both domestic and public applications. This method employs standard 3-
phase 240 V ac (in US) or 400 V ac (in EU) power outlet capable of delivering continuous
current rated from 16 to 80 A [39]. Usually a special connection with dedicated devices
need to be installed at home or in the public area. For instance, to get Level 2 charging,
the Nissan Leaf needs to use the Electric Vehicle Supply Equipment (EVSE) cable, with
which it is able to fully charge its battery pack (rated 24 kWh) in less than 8 hours with a
3.6 kW/16A charger. It also offers a 6.6 kW/32A solution to charge the battery from
empty to 100% SOC in less than 4 hours.

Level 3 charging is usually the DC fast charging approach and typical used in the
commercial stations, while Level 1 and Level 2 are usually single phase and used at home
or work place [40]. Level 1 and Level 2 chargers provide ac power to the on-board charger
in the vehicle, while there is usually an AC-DC converter in the station to convert three-
phase ac voltage to dc voltage which can bypass the on-board charger and is connected
directly to the vehicles. It typically operates at 480 V DC or higher voltage offering fast
charging less than one hour. For example, in a 500 V DC rapid charger station, it only
takes approximately 30 minutes to charge a Nissan Leaf battery from zero to 80%
capacity. However, the drawback of high power fast charging is also considerable. For
instance, it might aggravate the peak demand and overload quickly in the local
distribution equipment at peak times which will influence the whole grid [41]. Thus the
integration of large numbers of EVs charging stations to the public network need to be
analysed. Another disadvantage of Level 3 fast charging is the investment and public
construction due to high cost to build charging stations. In addition, researchers are also
trying to find out whether the damping of the big amount of electrons into the battery

pack in such a short time would reduce the battery life.

Typically, the battery chargers for EVs are usually categorised into on-board chargers
and off-board chargers, as shown in Table 1-3. Off-board chargers, also known as stand-
alone fast charging stations, act like filling stations for liquid fuel vehicles to provide
rapid charge at high power [9]. Off-board charger stations are usually installed in public
areas such as shopping centres, car parks and motorway services which can greatly extend

the range of pure-battery EVs [42]. There are reduced constrains of size, weight or space
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to develop such an off-board station; however, these stations need significant investment

and long-term construction time.

. . Size Weight Space Construction Power Level . Lo
Classification limit  limit limit requirement  rating type Typical charging time
Off-board less  less less  yes 50 kW 3 fast charging 1 hour
On-board yes  yes yes  less 2-20kW 1,2 slow charging 4-12 hours

In contrast, on-board chargers are integrated into the vehicles, and offer slow charging
within 6-16 hours in low power as 2-20 kW [9]. On-board chargers provide simple
charging at domestic user dwellings overnight when the EVs are plugged into a household
utility outlet. As the charger can be built into the EV, it will not require significant extra
cost compared to off-board charger station. Despite of the constraints such as size, weight
and space limit the input power level and hence slow charging, on-board charging is still
a promising solution due to its compact structure, simplicity of usage and low cost. Two
technologies are available for the On-board charger, including the conductive method and
inductive approach depending on the direct electrical contact between the grid and the
vehicle [43]. As most EVs are being designed with plug-in battery connector, conductive

battery system is a more common solution.

According to the SAE J1772 standard [26], on-board charger usually adopts Level 1
and Level 2 which are supposed to be installed in the vehicle, and Level 3 is usually

employed in the off-board charger.

(1) Grid-to-vehicle (G2V) Charging

The traditional unidirectional on-board battery charger operates only in grid-to-
vehicle (G2V) mode, in which the power only flows from the grid to the EV battery pack.
The benefits of this unidirectional charger include low cost, simple control and fewer

system components [1].

Fig. 1-2 shows the schematic of a typical unidirectional charger which is only capable
of delivering energy from the power grid to the battery pack because it usually employs

diode bridges rather than active switches in the output side [9]. The charger only works
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in G2V mode, thus it cannot provide power back to the grid and contribute to the energy
storage [44]. However, this makes the controller design simpler, cheaper, has fewer active

components and less losses, all of which are attractive features [45].

DC

AC Grid link Battery

Fig. 1-2 Unidirectional battery charger architecture (arrow indicated power flow direction)

(2) Vehicle-to-grid (V2G) Discharging

In general, a vehicle is parked during most of the life time (more than 15 hours a day)
[46]. When the EV is parked, the battery in EV can act as an energy resource, which
implies that a large amount of widespread EVs being plugged into the network provide
good opportunity of acting as distributed energy storage to feed energy back to the grid
[47].

For this reason, the EV should be equipped with not only a powerful battery pack but
also a bi-directional converter for charging and discharging. In charging mode, the grid
charges the battery, and during the discharge mode the battery feeds the energy back to
the grid. By this way, the battery charger has the capability to deliver power from the
traction battery back to the power grid, which provides the benefit of ancillary support
including the spinning reserves and the frequency/voltage compensation by peak shaving
and valley filling [46]. Moreover, in the night, the battery can be charged when the
electricity price is low; while during the daytime when the grid power demand is high,
the battery can be discharged and feed the power back to the network. Thus EV owners
can benefit from participation in the power energy market and potentially reap financial
benefits; while the grid authorities also benefit because the integration of EVs buffering
can be used to balance energy quality and consumption, as well as improving the grid
network stability [43]. Therefore, the EVs with bi-directional battery chargers can be
integrated into the smart grid, and will greatly change the energy market [48]. Thus the
grid-connected bidirectional charger is considered a key research area in the future [49,

50].

1.4 Design Requirement

A typical bidirectional on-board battery charger usually employs two-stage topology

including an frontend AC-DC converter stage connected to a DC-DC converter, as shown
8
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in Fig. 1-3. As can be seen, the AC-DC converter acting as the front-end power factor
corrector (PFC) stage rectifies the power from the grid to the battery load through the dc
link capacitor followed by the DC-DC converter.

DC

AC Grid link Battery

Fig. 1-3 Typical architecture of an on-board bidirectional battery charger (arrow indicated power flow
direction)

This research work will mainly focus on the DC-DC converter part. And the priorities

considered when designing the chargers are:

e Safety

e Power density

e Low cost

e Small size/volume
e High efficiency

e Bidirectional power flow

1.4.1 Galvanic isolation

Safety is of paramount importance in EV system. According to ISO 6469-3:2011-
2012 [51] and UL2231-1:2002-05 [52], insulation and galvanic separation must be
maintained throughout the battery charger service life under all the operating conditions.
Thus an isolated transformer is usually employed between the grid side and battery pack
to provide galvanic isolation and safety operation [53]. Therefore, the basic non-isolated
DC-DC converter such as buck converter and boost converter [54] will not be used in this
research, despite of the advantages of simple structure, low cost, fewer components, small
size and light weight [42]. In addition, with different turns ratio of the transformer,
isolated converter has the potential to provide a wider output voltage to cope with the

wide variety of battery voltages in the battery charging system [55].

1.4.2 High power density

Employing a transformer in a full-bridge voltage/current source DC-DC converter can
provide galvanic isolation and increase reliability, but also result in bulky system with
extra weight, size and cost compared to the non-isolated chargers [9]. Since at high

frequency, the volume of the magnetic components (such as the transformer) and passive
9
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components (such as capacitors) could be minimised, thereby reducing the total cost and
volume of the converter. Thus the most effective method of obtaining higher power

density in the isolated DC-DC converter relies on higher switching frequency.

There are many topologies available for the isolated DC-DC converters, such as
flyback converter [56], forward converter [57], active clamp forward converter [58],
push-pull converter [59], half-bridge converter [60] and full-bridge converter. However,
the transformer in these topologies tends to be bulky for higher power rating applications,
so usually for power rates higher than 500 W, full-bridge converters are generally the
favourable type [55]. Therefore full-bridge high frequency galvanic isolated DC-DC

converter is usually employed for the on-board chargers [61].

The conventional PWM DC-DC converters are usually regulated by generating gate
drives for the switch devices, i.e. regulating the output voltage or current by turning on
diagonal pairs of power switches during the ON stage and turning off all the switches
during the OFF time. When any pair of the diagonal switches are turned on, the rectifier

diodes in another side of the transformer are conducted to enable the power flow [62].

Since the power losses during the switching on/off period increase with switching
frequency, high switching frequencies would result in high switching losses of the power
devices and electromagnetic interference (EMI) emissions, and then limit the conversion
efficiency. To mitigate this issue, soft-switching technology, i.e., zero-voltage-switching

(ZVS) and zero-current-switching (ZCS) is usually employed [63].

The basic concept of ZVS is that during the turn-on transient, the device voltage fails
to a small value near zero before the current going through the device; while in the ZCS
transistors turn-off transition occurs at zero current. For high frequency power conversion
where power MOSFETs are applied as semiconductor devices, ZVS operation is more
preferred, because the considerable turn-on loss caused by the energy circulating in the
MOSFET output capacitance during the charging/discharging period. ZCS operation
however is more preferred for the insulated-gate bipolar transistors (IGBT) devices, to

depress the large power loss caused by the current tail during turn-off period [64].

10



CHAPTER 1 Background and Introduction

1.4.4 Wide operation range

Extensive research has been performed on full-bridge soft-switching converters, such
as the dual active bridge (DAB) converter [65-67]. DAB converter has advantages such
as symmetric structure, galvanic isolation and bidirectional power transfer capability.
However, as the load lightens, the operating region in which the circuit maintains ZVS
becomes narrow, thus the ZVS may be lost under light load, which is a drawback of DAB
topology [68]. In addition, large turn-off current and large circulating energy in the DAB

circuit results in high power loss and reduce efficiency [69].

Resonant converters, featuring high efficiency and low electromagnetic interference
(EMI), can be used to achieve low switching loss with ZVS and ZCS [70-74]. Different
numbers of resonance elements are usually used to form the resonant tank and resonant
with each other to realise the zero-crossing of the voltage or current. Various topologies
of resonant converters have been analysed, of which the conventional types are series
resonant converter (SRC) which contains two resonant elements in series, parallel
resonant converter (PRC) which contains two resonant elements in parallel and Series
Parallel Resonant Converter (SPRC) which has three resonant elements, as shown in Fig.

1-4.

B S S A
CrT GC

O

Fig. 1-4 Basic resonant circuit topologies

In an SRC converter [75, 76], ZVS operation occurs at operating frequencies above
the series resonant frequency (determined by the two resonant elements); otherwise the
converter works at ZCS. When operating at light load or high input voltage, the frequency
needs to be increased to a very high level, therefore causing more energy circulating back
to the input source. The PRC, with narrow operating frequency range, can keep the output
voltage regulated even with light load [77]. However, the power loss during turn-off and
the conduction loss due to the energy circulating in the resonant tank are still major
problems. The SPRC achieves the good characteristics of the previous two converters,

while the conduction loss is still high when the input voltage varies widely [78-80].

11
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Overall, the SRC, PRC and SPRC will have high circulating energy, high conduction
losses and switching losses in wide input range and light load condition, which limits the

capability to achieve high efficiency.

1.4.5 LLC resonant converter

A LLC resonant topology contains a series inductor, a series capacitor and a parallel
(magnetizing) inductor together referred to as the resonant tank, as shown in Fig. 1-5 [81].
Due to the three components in the resonant tank, over the whole operation range there
are two resonant frequencies, one of which is related to the series inductor and capacitor
(series resonant frequency), while the other is determined by all the three elements
(fundamental resonant frequency) [82]. The LLC resonant converter has similar
characteristics to a SRC at operating range above the series resonant frequency. Otherwise,
it performs like a PRC when the load is light and a SRC under heavy load conditions. The
peak gain occurs at system resonant frequency which is between the series resonant
frequency and the fundamental resonant frequency. When the operation is in the range
above the system resonant frequency, the resonant converter can achieve soft-switching
features (ZVS and ZCS) therefore reducing the switching losses and conduction losses

greatly [61, 83, 84] . This feature will be analysed in detail in Chapter 3.

Fig. 1-5 Typical LLC resonant circuit topology
With the LLC resonant tank in the DC-DC converter, ZVS in the primary side active
switches and ZCS in the rectifier diodes can be achieved over the entire load conditions,
or even no load [85, 86]. Therefore, it is clear that, with all these advantages, LLC
resonant converter is a promising topology and therefore will be used as the initial design

candidate in this research.

1.5 Current state-of-the-art in bi-directional EV
charges

In this section, a brief overview of the state-of-the-art in bi-directional EV chargers is

presented. The main topology considered is the galvanic isolated full-bridge DC-DC
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converter with bi-directional power flow capability to facilitate the V2G operation and
high efficiency owing to the soft-switching features and low harmonics distortions.
Further detailed literature reviews are given in each chapter where a specific issue is

addressed.

Numerous different bi-directional DC-DC converter topologies for EV chargers have
been presented. Full-bridge voltage-source and current-source DC-DC converters are
presented in [87]. Since the converter operates in hard switching mode, active-clamped
snubbers or passive-clamped snubbers are necessary to reduce switching loss and EMI.
Although high efficiency is achieved over wide load conditions, the extra snubber circuit
increases the size, volume and cost. Dual active bridge (DAB) converter and series
resonant converter (SRC) are investigated and compared in [86] in terms of the
modulation method, power loss, volume, and efficiency. Although high efficiency can be
achieved with high operating frequency and reduced volume/size, the disadvantage of the
DAB and SRC converters is the narrow soft switching operation range, as illustrated in

the previous section.

In [64], a bidirectional DC-DC converter employing a four-element CLLC resonant
tank based on the combination of two LLC resonant topologies is proposed. The resonant
converter achieves higher efficiency than the conventional LLC resonant converter.
However, the transformer features a large turn ratio in order to cope with large difference
between the input and output voltage, which makes it unsuitable for EV battery charging
system. Although the transformer turns ratio can be easily adjusted to cope with different
input/output voltage combinations, the design method of the resonant tank is challenged
in order to attain the similarly of the two separate LLC resonant tanks [88]. Reference
[89] proposes a symmetric full-bridge CLLC topology, featuring ZVS and ZCS in both
the charging and the reverse discharging modes. Due to the symmetric topology, the
operation and the converter efficiency in forward charging mode is the same as that in the
reverse mode. Comprehensive analysis are presented in [90] on the DAB DC-DC
converter and the symmetric CLLC DC-DC resonant converter. The design methodology,

soft-switching region, component selections and the power density are compared.

A CLLLC resonant topology is analysed and employed in a full bridge bidirectional

DC-DC converter in [91]. Two separate capacitors are employed on each side of the
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transformer to form a new 5-element resonant tank. The reported efficiency was 94.5%

at 3.3 kW power rating.

All of the chargers mentioned so far are conductive chargers, which mean the charger
inlet is directly connected to the connector on EV. This type of battery charger is the most
common technology and widely employed in the market. Another topology being
explored is the inductive power transfer (IPT) which transfers power wirelessly thus also
called contactless inductive charger. The advantages are convenient charging, isolation
and safety. The drawback includes low efficiency, low power density and investment of
infrastructure. For example, a wireless EV charger with large airgap is presented in [92].
Self-resonance PWM control method is used for wide operation range. Large air-gap
results in higher conversion gain and thus the capability of transferring higher power.

However, the total efficiency is still a problem.

Although significant progress has been made by the researchers, challenges still exist
[9]. First, the conversion efficiency can be further boosted by reducing the power losses
in the active components, passive components, winding and core. Secondly, the power
density should be improved due to the wide use of transformers and inductors in the
chargers. In addition, more potential topologies should be investigated for the
improvement of the reliability, durability of the chargers. The capability of high-
efficiency power flow in the V2G mode and the influence of the large-amount of vehicle
plugged in the grid need further research and investigation. For example, the battery
degradation because of the charging/discharging cycles in the frequent V2G and G2V
operations need to be overcome. Safety monitoring and protection are required in the
charging/discharging system. Anti-islanding protection and other issues associated with
the interconnection of the DC-DC converter stage to the front-end stage must also be

addressed.

The main concern of this research is an on-board bidirectional charging system for
electric vehicles that operates at high frequency and over wide battery voltage conditions.
The LLC resonant converter, as mentioned before, will be employed as the initial design
candidate. The main aim is to enhance the DC-DC power conversion efficiency through

extensive work in the following areas:
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(1) Analysis and development of the LLC resonant topologies
In order to design an optimal bidirectional battery charger, the LLC resonant
topology should be analysed and developed to select the optimal components.
Analytical investigation, design approach, simulation study and experimental tests
will be implemented.

(2) Control design
In the battery charging system, battery voltage and SoC usually varies in a wide
range during the charging/discharging process. For example, in Nissan Leaf
battery pack, the voltage changes from 240V to 403V, corresponding to 68% and
112% of the nominal voltage (350V), respectively. In order to cope with this
variation, the battery charger should be capable of regulating charging current and
the output voltage in a wide range under varying load condition. Therefore, it is
critical to design an optimally tuned controller in order to handle the varying load
conditions.

(3) Ripple current reduction
Ripple in charging current can reduce battery life due to higher losses and hence
higher temperature of battery during charging. However, in single phase chargers,
a second harmonic voltage/current ripple is inevitable due to inherent ripple in
power flow. Therefore, a control approach that reduces this ripple current is
desirable.

(4) Application of new converter topology
The analysis and application of new DC-DC converter topology is essential for
the bidirectional power flow capability. High efficiency, soft-switching and side
load condition range should be taken into consideration.

(5) Control technique for high efficiency operation
Based on the designed charger with the selected converter topology, the control
scheme is crucial in the voltage/current regulation, current waveform shaping,
harmonic depression. A well-designed controller will further boost the efficiency
of the battery charger.

(6) Power loss evaluation
The main target of the battery charger is to improve the efficiency. Even fractional
improvement of efficiency has big impact on yearly energy consumption and
hence power loss is important to be analysed, evaluated and quantified in a

reasonable accuracy. Moreover, the use of litz wire in the magnetic components
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also brings challenges for the power loss evaluation, because the complex

structure of litz wire is not easy to be modelled.

1.7 Main Contributions of the Thesis

With a focus on the development of high-frequency/high-efficiency on-board
bidirectional battery charger for EVs, the main contributions of the doctorial work that

will be presented in this thesis are outline as follows:

(1) A feedforward-proportional-integral-resonant (FF-PIR) control scheme has
been developed for suppressing the low-frequency current ripple in an LLC
resonant converter employed in EV battery chargers.

(2) A systematic design method and procedure is presented based on the
comprehensive investigation on bidirectional CLLC DC-DC resonant topology
in both the G2V and the V2G modes. A comprehensive approach of selecting
the secondary side capacitance is presented. Extensive experimental tests have
been implemented to validate the performance, and illustrated that 10%
efficiency improvement has been achieved in the reverse mode.

(3) An optimum-resonant-frequency tracking scheme is proposed to maintain the
operating frequency close to the optimum resonant frequency corresponding to
the maximum efficiency point in both the G2V and V2G modes. Experimental
tests have validated that the efficiency has been enhanced further by 2%.

1.8 Outline

The thesis is organized in 6 chapters. Each of the chapters can be summarised as

follows:

Chapter 1 presents the background knowledge of the EV and battery charger. Basic
requirements for EV charger are briefly outlined and candidate charger topologies are
assessed. The LLC resonant converter topology is initially selected as the candidate for

the bi-directional chargers.

Chapter 2 describes a feedforward-proportional-integral-resonant (FF-PIR)
controller employed to suppress the low-frequency current ripple in an LLC resonant
converter. A small-signal model of the LLC resonant converter based battery charging
system has been established from time-domain simulations. A FF-PIR controller is
subsequently designed and the control performance is analysed. The performance of the
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proposed resonant controller on suppressing the harmonic current is assessed by extensive

simulations and experimental tests.

In Chapter 3 a CLLC resonant converter is analysed for the use of bi-directional
battery charger. While a LLC converter has good performance in charging (forward)
mode of operation, its performance deteriorates significantly in discharging (reverse)
mode (V2G mode). By adding an extra series capacitor in the transformer secondary side,
the conventional three-element LLC resonant converter has been reshaped into four-
element resonant converter. In both G2V and V2G modes, the resonant tank possesses
almost the same operational characteristics of the conventional LLC resonant tank. Thus
the ZVS+ZCS soft switching can be achieved both in forward and reverse modes and the
switching losses can be minimized, hereby improving the charger efficiency. The circuit
topology, operation principle and DC gain characteristics are analysed. Design procedure
is described. Performance of the designed CLLC resonant converter in both forward and
reverse modes are assessed by extensive experimental tests. Power loss analysis shows
that the efficiency of CLLC improves between 1% to 10.02 % in the whole operating

range compared with conventional LLC converter.

Chapter 4 presents an optimum-resonant-frequency-tracking scheme for further
enhancing the efficiency of the 4-element CLLC resonant converter proposed in Chapter
3. The operation and characteristics of the CLLC resonant tank is analysed to identify the
optimal operating frequency for this converter. In order to maintain the operating
frequency close to the optimum resonant frequency corresponding to the maximum
efficiency point in a wide battery voltage range, the DC link voltage is adjusted
accordingly when the battery voltage varies. Thus, the resonant converter is always
operating with less circulating current in the resonant tank and transformer, less turn-off
current in the primary side MOSFETs and less di/dt in the secondary side diodes.
Simulations, tests and comparison with the conventional fixed DC link voltage are

presented to verify the effectiveness of the proposed control scheme.

Chapter S proposes a method employing 2D and 3D finite element (FE) method to
calculate the power losses for magnetic components in the converter. The features of litz
wire coil are taken into consideration. The FE model is built with the definitions of the
geometries, meshes, materials, electric circuits, boundary conditions and load conditions.
The flux density is calculated via finite element analysis (FEA) at the given load condition.

Then, the power loss of each element is calculated using the obtained nodal flux densities
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and power loss density function. Finally, the total loss is the sum of the power losses of
all the elements. Compared to the conventional method described in Chapter 4, the FEA
approach can predict the flux density more accurately, owing to a detailed model with all
the geometric parameters and thus the flux leakage and end-winding effects can be
considered. In addition, the nonlinear effect of the core material can be considered in the
B-H curve definition in FEA. The 3D FEA approach can predict more accurate winding
flux density and thus more accurate proximity loss. Experimental measurements have

been performed to assess the proposed calculation method.

Chapter 6 summarise the research work on on-board bi-directional battery charger
for EVs, followed by the future scope of work that can be continued for further

optimisation and improvement of the battery charger.
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CHAPTER 2

Modelling and Control Design of Electric Vehicle
On-Board Battery Charger with Current Ripple
Reduction Employing FF-PIR Controller

This chapter describes a feedforward-proportional-integral-resonant (FF-PIR) controller employed to
suppress the low-frequency current ripple in an EV battery charger based on a LLC resonant converter. A
small-signal model of the DC-DC converter with 3-element LLC resonant tank is established from time-
domain simulations by injecting a small perturbation signal into the converter operating frequency. A FF-
PIR controller is subsequently designed and the control performance is analysed. The effectiveness of the
proposed resonant controller on suppressing the harmonic current is assessed by extensive simulations and
experimental tests.

Part of the contents in this chapter has been published in [93] by the author.

2.1 Introduction

As described in Chapter 1, in the DC-DC stage of a typical on-board EV battery
charging system, as shown in Fig. 2-1 [9], full-bridge DC-DC converters that employ a
high-frequency galvanic isolated transformer and active power switches are often used as
the interface between the front end converter and the EV battery [61], to provide galvanic

isolation and flexibility of installation on the EVs.

DC

AC Grid link Battery

Fig. 2-1 Typical on-board EV battery charging system

The LLC resonant converter described in Chapter 1 is a promising candidate for the
DC-DC stage in an on-board EV battery charging system. However, when combing with
the front-end and connecting to the AC Grid, the charging system suffers from the second

order mains frequency harmonic.

2.1.1 Influence of second order mains frequency harmonic on
battery charging system

In the EV battery charging operation, a typical charging cycle of EV battery contains
part or full of the two stages: constant current stage and constant voltage (CC-CV) stage.
During CC stage, the charging current is controlled to be fixed at a desirable constant

value for optimal performance. However, when the single-phase grid side AC voltage (50
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or 60 Hz) is rectified, a second order mains frequency harmonic (100 or 120 Hz) will be
present in the DC link voltage. This voltage harmonic in turn results in a low frequency

current ripple during battery charging as shown schematically in Fig. 2-2.

& 50 Hz ﬁﬁ@, 100 Hz Eﬁ@, 100 Hz

DC
link

AC Grid Battery

Fig. 2-2 Second order voltage and current harmonic in the charging system
The ripple current can be relatively high, due to low internal impedance of the battery.
This low frequency current ripple is not desired as it causes additional losses, resulting in
an increase in battery temperature, which in turn reduce the battery lifetime and EV

driving range [94].

Additionally, the temperature increase may give rise to internal heat generation of the
battery and potential safety issues. Thus, most battery manufacturers recommend the

current ripple should not exceed 5% of the total battery Ampere-hour capacity [95].

In the EV battery dis-charging operation, battery deliveries power to the grid through
the converter. The second order mains frequency harmonic on DC link side has negligible
effect on dis-charging current because the overall impedance of the converter in the
reverse power flow mode is comparatively large. In addition, the LLC resonant converter
is not usually used for the reverse mode operation which will be further explained in next

chapters. Thus, only the forward charging mode is discussed in this chapter.

2.1.2 Conventional ripple reduction methods

To suppress this 100/120 Hz current ripple, a large DC-link capacitor or L-C filter
may be used. However this will lead to a bulky system [96]. A compensator network is
used in [97] and [98] to reduce the current ripple while in [99] low-ripple output current
is achieved by storing the ripple energy in an extra inductor. The voltage ripple may also
be suppressed by feedforward compensation [100]. However, all these methods require

additional ac circuits which increase the overall volume, weight and cost.

A resonant controller, featuring high loop gain at its resonant frequency, is a preferred
option which has widely been used for the grid current harmonic compensation in active

filters [101, 102], photovoltaic power conditioning systems with PWM inverters [103]
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and wind power converters [104] to achieve zero steady-state current control error.
Steady-state characteristic and dynamic behavior of the low-frequency current ripple is
evaluated in [105] for a single-phase inverter. Based on the input-to-output current gain,
a proportional-resonant filter is presented to suppress the ripple of the charging current in
the inverter. A frequency-adaptive filtering approach is proposed in [106] to reduce the
current ripple in power conditioning systems of the fuel cell. More ripple cancellation

methods are analysed and developed in [107-110].

However, all these control schemes, based on varying duty ratio constant frequency
PWM operation, are, not suitable for constant duty cycle LLC resonant converters whose
outputs are controlled by adjusting switching frequency. In addition, in order to achieve
high efficiency, LLC converter is usually operating close to its resonant frequency and
the voltage gains of the converter over its operating frequency range is usually quite high.

Thus, a small DC-link voltage ripple could result in a large current ripple during charging.

Whilst a resonant controller has been proposed to reduce 120 Hz voltage ripple in the
half-bridge LLC DC-DC resonant converter in [111], its effect on the system performance
has not been quantified, nor have the detailed design procedures on determining the
controller parameters been presented. In [112] a PIR controller is designed after the
quantitative propagation analysis of the relationship of the input-to-output voltage ripple.
Although the LLC DC-DC resonant converter is used for an EV battery charger, the issues
associated with modelling (ac input voltage ripple to charging current ripple) of battery

chargers have not been addressed.

This chapter describes an effective approach to suppression of battery harmonic
current in a 4 kW LLC resonant converter based EV battery charger. The advances over
the current state-of-the art are: 1) the influence of the battery State-of-Charge (SOC) on
dynamic behavior is taken in to consideration in both the modelling and the control design

of the battery charger; 2) control robustness to the grid frequency variations is addressed.

The chapter is organized as follows. In Section 2.2, the basic operation of the LLC
resonant converter is analysed and explained. In Section 2.3, the small-signal transfer
function of the battery charger is analyzed and established. Based on this, the DC gain
characteristic is analyzed and the PI based resonant controller capable of reducing the

current ripple at 100 Hz is designed and evaluated in Section 2.4. Simulation and
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experimental tests are presented and discussed in Section 2.5 and Section 2.6,

respectively to verify the control performance.

2.2 Operation of the LL.C Resonant Converter
2.2.1 Converter Topology

As shown in Fig. 2-3, a typical LLC resonant converter consists of input voltage
source Vi, inverter stage S;~Sy, LLC resonant tank, transformer, rectifier stage D;~Dy,
output filter Crand the load. The resonant tank includes the series inductor Ls, the series
capacitor Cs, the magnetizing inductor L,. Power flows from the input voltage source to

the battery load through the transformer.
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Fig. 2-3 A typical uni-directional LLC resonant converter diagram

The series inductor Ly and series capacitor Cs constitute a series resonant tank, which
has a minimum impedance to the sinusoidal current at the series resonant frequency
defined in Equation (2-1). Changing the frequency of the input voltage away from this
frequency, the impedance of the resonant circuit increases. As a result, the amount of
current circulated in the resonant tank and the energy delivered to the load vary

accordingly.

1

for = gL G (2-1)

With the second inductance L,, anticipated in the resonance operation, a new resonant
frequency called system resonant frequency f; exists in the LLC resonant tank which is

described in Equation (2-2).
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1

T2+ L) G (2-2)

fs

The peak resonant frequency f,, at which the resonant gain reaches the highest level,
moves within the range of f; and f;, determined by the load condition. At no load
condition, the peak resonant frequency f, is equal to the system resonant frequency f;,
and when the load increases, the peak resonant frequency moves towards to series
resonant frequency fg,. At short circuit, peak resonant frequency f, is equal to the series

resonant frequency fs,.

If the LLC resonant operates close to the series resonant frequency, the circulating
current can be assumed as a pure sinusoidal current. First-Harmonic Approximation

(FHA) [113] can be used to analyse the circuit.

Since the main composite of circulating current in the resonant tank is a pure
sinusoidal current, it is assumed that only the fundamental of the current transfer real
power to the load, and all the high order harmonics are ignored, which is the principle of
FHA method. The ac equivalent model of the LLC resonant converter can be obtained
and shown in Fig. 2-4 based on the following assumptions: (1) The input voltage is
modelled as an ideal sinusoidal voltage source, which represents only the fundamental
component ignoring all the higher-order harmonics; (2) The output filter capacitor and
the secondary side leakage inductance of the transformer are ignored; (3) Refer the

secondary side variables to the primary side.

[
L I
Vin * Cs Lm Roe Vaut

Vin and Vou, are the RMS values of the fundamental component of the input and output

voltages of the resonant tank in the forward mode, respectively. Roe given in Equation
(2-3) is the equivalent resistive load representing the rectified diode, filter capacitor and

battery load referred to the transformer primary side from the transformer secondary side.
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Ls
0= Ls/Cs (2-7)
ROE
And the relationship between input and output voltages is:
1
Vour = M(fp, ln, Q) X N X Vi (2-8)

With the transfer function, the DC/DC voltage gain of the resonant tank can be

obtained and shown in Fig. 2-5.
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Fig. 2-5 DC gain characteristics of the LLC resonant converter
It can be seen that the voltage gain is a function of the frequency with the variations

of loads. As the load resistor is in parallel to the magnetizing inductor L, reduction of
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the load resistor will reduce the effect of L., thus increase of the quality factor Q causes
narrow curve with a smaller peak gain. At open load, the load resistance is infinite and
Q = 0, the gain peak very high and can be infinite in theory. While when the load is
shorted, load resistance is zero, and Q is infinite. In this condition, the magnetizing

inductor L,, is shorted and the effect of L,, on the gain disappear.

Regardless of the value of Q (representing the load conditions), all the gain curves go
through one point which means that this is independent of the load. At this point, the
nominalized frequency is 1 and the switching frequency the series resonant frequency.
The impedance of the series resonant circuit is zero, and the voltage drop across series
inductor and series capacitor is zero, thus the input voltage is applied directly to the output

load, resulting a unity voltage gain of M(f,,[,,Q) = 1.

When the DC gain curve slope is negative, the converter is working under zero voltage
switching (ZVS) with inductive input impedance; while when the slope is positive, the
converter works under zero current switching (ZCS) with capacitive input impedance.
Thus the whole area can be divided to three regions as shown in the figure. Region 1 and
Region 2 are the ZVS regions while region 3 is the ZCS region. As ZVS is preferred for
MOSFET devices to reduce the turn-on losses, the operate region should be in region 1

and region 2. Fig. 2-6 shows the ZVS operation of the LLC resonant converter.

N
500 " -
s !
g o !
> ' 1
500 —y—4%
6 !.ooz 6.004 6.006 6.008 6.01
-3
__ 10 I ¥ . . x 10
§ 1 1 >\ —— Series Inductor Current
S 0 ) I — Parellel Inductor Current
= I T
| |
S 40—t » —
6 6.002 6.004 6.006 6.008 6.01
_ 20 x10°
<
° 10
2 0
2 10
6 6.002 6.004 6.006 6.008 6.01

Time (s)

25



CHAPTER 2 FF-PIR Controller

2.2.3 Design of the LLC resonant converter

This thesis will not focus on the design procedure of the LLC resonant tank since it is
based on an existed design in [61], thus only the design principle is outlined in this section.
Generally, a typical design procedure starts with the design of transformer. The
transformer turns ratio can be calculated through the input-output relationship at the series
resonant frequency (based on FHA method) and full load condition. With the designed
transformer, voltage conversion ratio can be determined according to the input voltage
and output voltage. Then the inductor ratio and quality factor should be determined to

meet the limit in DC gain curve.

It should be noted that there are many trade-offs of the combination of [,, and Q that
affect the design. A small [,, provides narrow frequency range and high peak gain, which
help to attain ZVS; however, the turn off current of MOSFETs would be large, and the
high magnetizing current will increase the conduction loss. A small @ makes the peak
gain higher while increase the frequency variation range. A large Q results a very low
peak gain, which may not meet the design requirements. Generally, the initial value can
be selected around 5 for [,, and around 0.5 for Q, then check the DC gain is between
maximum and minimum gain or not. Reiteration is needed after the initial selection. With

the inductor ratio, quality factor and equivalent output, the resonant tank can be designed.

The power rating in the converter can be calculated to help analyse the power loss and
select components (the input filter capacitor, MOSFETs, output rectifier and output-filter

capacitor).

2.3 Modelling of the LL.C Resonant Converter

In order to devise an effective control scheme for suppression of the ripple component,

it is essential to establish a representative dynamic model of the LLC resonant converter.

2.3.1 Modelling methods

Generally, in PWM converters, the state space average method is widely employed to
generate small signal models. However, it is not applicable to a frequency-controlled
resonant converter because the operating frequency is not constant and the energy is
mostly transferred through the fundamental components of the voltage and current
waveforms [114]. In [115] an extended describing function (EDF) method is used to

obtain the voltage transfer functions. This method however is too complicated to be
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applicable to an LLC resonant converter with multiple operating modes [81]. To solve
this problem, small signal characteristics of the LLC resonant converter is analysed from
a simulation method with the function of simulated impedance analyzer [116]. Here, time
domain simulation is used to extract the small signal model by injection of small signal

perturbations at the nominal switching frequency.

2.3.2 Time-Domain Simulink model

A time-domain simulation model of the LLC resonant converter is built in
MATLAB/Simulink software as shown in Fig. 2-7 and Fig. 2-8. The parameters is based
on [61] and shown in Table 2-1. Ly, L, and C; are the series inductor, parallel inductor
and series capacitor which form the LLC resonant tank; Cris the output filter capacitor.
The transformer turns ratio is 1.66. The series resonant frequency of the converter is 128
kHz. The converter operates at a DC link voltage of 380 V and variable battery voltages
from 240 V (SOC 2.65%) to 402 V (SOC 99.8%) to enable modelling of a typical Li-ion
battery pack as used in a Nissan Leaf [117]. The battery has a rated capacity of 66.2 Ah

and its charging/discharging current Ips 1s set to 9 A for maximum power transfer

efficiency.
| il I
: SME% SI3 H%: : QE% 83 H% DI D3| : |
| | o © NI
: Grid IC‘}E[JInk : C | - |
| |
| ng% SME%I I szi% 542% D25 D4k : | :
I ||| |
R | |
I AC/DC Converter | Isolated LLC DC/DC Converter i LBattery |
_________ | —_— e — — — — — — — — — — — —_——

Fig. 2-7. Typical EV on-board battery charger architecture based on LLC resonant converter
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Fig. 2-8 MATLAB/Simulink model of the battery charger

Table 2-1 The designed LLC resonant converter specification

Parameters Symbol Value Unit
Series inductor Ly 97.0 pH
Parallel inductor Ly, 136.5 pH
Series capacitor Cs 15.8 nF
Output filter capacitor Cr 330 puF
DC link voltage Ve 380 v
Battery charging current Tpat 9.0 A
Battery internal resister Ry 0.1148 Q
Battery rated capacity A-h 66.2 Ah
Battery fully charged voltage Vinax 403.2 A%
Battery initial voltage Vmin 240 v

2.3.3 Small signal model at nominal battery voltage

Under a given battery voltage and switching frequency f;, a small sinusoidal
perturbation signal is injected to the switching frequency, f;, = f; + AFsin(2xft), where AF
and f are the amplitude (100 Hz) and frequency of the perturbation, respectively. The
resultant output current will contain a small ripple of the same frequency (f). The
magnitude and phase of the resultant current ripple is extracted by Fourier analysis. The
magnitude and phase variations with the perturbation frequency can be established. Fig.
2-9 (a) shows the Bode plots for 6 switching frequencies ranging from 109 kHz to 111
kHz in 0.4 kHz step at 320 V battery voltage (SOC 5.5%). As can be seen, apart from the
DC gain and corner frequency, the frequency responses at different switching frequencies
exhibit the characteristics of a second order system. The small signal transfer function of
the battery current against perturbation frequency is therefore derived from the simulation
data through curve fitting. By way of example, Equation (2-9) shows the transfer function
at the nominal frequency of 109.37 kHz (at which the charging current is 9A) and the

nominal battery voltage of 320 V (SOC 5.5%).
28



CHAPTER 2 FF-PIR Controller

(2-9)

5.613s — 835400
52 4+30390s + 118700000

Al (s)
Afs(s)

Gp_320 (s)

After obtaining this transfer function, the Bode plot is compared with the simulation

results in Fig. 2-9 (b) and a very good match between the two can be observed.

It should be noted that the coefficients of the s-polynomials in Equation (2-9) vary

with operating switching frequency (or battery charging current). The variation of the DC

gain of the transfer function represents the controllability of the LLC converter for

regulating the charging current by adjusting the switching frequency.
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Fig. 2-9. Small signal frequency response of LLC converter based charging system at the nominal

320 V battery voltage. (a) variations with switching frequencies. (b) comparison of simulated and
derived frequency responses at 109.37 kHz switching frequency.

2.3.4 Small signal model at low/high battery voltages

Small signal transfer functions for different battery voltages and charging currents can
be similarly derived. Equation (2-10) and (2-11) show the transfer functions at the
nominal frequency for 9.0 A charging current at 240 V (SOC 2.65%) and 402 V (SOC
99.8%) battery voltages respectively. Simulated and derived Bode plots in each condition
are compared in Fig. 2-10 and Fig. 2-11, respectively. As can be seen, they all exhibit the
characteristics of the second order system in Equation (2-9) while the coefficients are

dependent on the battery voltage and current.

Al,(s) ~ 4.765s — 868000

c _ _ 2-10
p_240 (s) Af.(s)  s? + 26480s + 67560000 ( )

c (s) = ALy (s) B 8.477s — 712400
p_402S) = Af,(s)  s%+31530s + 164200000 @-1h)
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Fig. 2-10. Small signal frequency response of the charging system at 240 V battery voltage. (a)

variation of switching frequencies; (b) comparison of simulated and derived frequency responses at
124.04 kHz.
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Fig. 2-11. Small signal frequency response of the charging system at 402 V battery voltage.
(a) variation of switching frequencies; (b) comparison of simulated and derived frequency
responses at 101.7 kHz.

2.4 FF-PIR Control Design

2.4.1 Frequency control characteristics

The steady state relationship between average charger current and converter switching

frequency for a given battery voltage can be determined by sweeping the operating
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frequency in an appropriate range. The resultant average battery current variations with
switching frequency at three representative battery voltages of 240 V (SOC 2.65%), 320
V (SOC 5.5%) and 402 V (SOC 99.8%) are illustrated in Fig. 2-12 (a).

20 1 1 T L

s L | | — Vbat 240V
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8 .// |\ I |/ I \ :
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Fig. 2-12. Operational characteristics of the DC-DC LLC resonant converter. (a)
variations of averaged battery current with switching frequency and battery voltages at
different battery voltage; (b) at 320 V battery voltage.

For an LLC resonant converter, the series inductor and series capacitor constitute a
series resonant branch, which has resistive impedance at the series resonant frequency
given previously in Equation (2-1). With the presence of the second inductor, the system
resonant frequency, at which the whole impedance of the LLC resonant tank is
predominantly resistive, is determined by Equation (2-2). In this design, with the

parameters shown in Table 2-1, the series resonant frequency f;- and the system resonant

frequency fs can be calculated as 128.560 kHz and 82.86 kHz, respectively.

As illustrated in Fig. 2-5 and Fig. 2-12, the battery current reaches a peak value at the
peak resonant frequency f, which is sensitive to the load variations. Operating below the
peak resonant frequency f, will produce ZCS of the MOSFET in a capacitive mode, i.e.,
the current leads the voltage; while switching above will attain ZVS in an inductive
operation, which is preferable for MOSFET devices to avoid excessive voltage stress.
Since the peak resonant frequency f, is dependent on battery voltage, the preferable ZVS
operating switching frequency range also varies with the battery voltage. As an instance,
Fig. 2-12 (b) shows zoomed view of the battery current variation with switching
frequency over the operating switching frequency range at 320 V battery voltage. It is
evident that the battery charging current can be regulated by varying the operating
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frequency. The rate of change in the current with regard to switching frequency, i.e., the

DC gain, is almost constant for a given battery voltage.

2.4.2 FF-PIR control structure

The battery charging current is controlled through the feedforward-proportional-
integral-resonant (FF-PIR) control system shown in Fig. 2-13. The controller consists of
a feedforward compensator to cope with battery voltage variations, and a feedback
controller including a conventional PI controller in parallel with a resonant controller
which is employed to eliminate the 100/120 Hz current ripple. The plant model is the

small-signal model derived in Section 2.3.

Vi(s) Feed-

- > forward
Disturbanﬁi
T -7 +
L) | PI |+ 93 plant e
| Controller | |
— + Gp(s)
Resonant |

Controller | |

Fig. 2-13. Block diagram of the feedback control system
The transfer function of the feedback controller is given in Equation (2-12), where K,
Ki, K, are the proportional gain, integral gain and resonant gain, respectively. The quality

factor Q represents the damping effect of the resonant control.

( K;
G(s) =K, + . + Gr(s)

K,wys

Gals) = (2-12)

| 52+%+wn2

2.4.3 Feed-forward control design

Since the preferable operating range is dependent on battery voltages, the switching
frequency varies to attain constant battery current during the charging process. Based on
the model obtained, the desired switching frequencies at different battery voltages (i.e.
different SOC) can be shown in Fig. 2-14. This relationship of frequency range variation
with battery voltage is stored in a look-up table and compensated through feed-forward.
With the feed-forward control, the charging current can be regulated to steady-state fast
and the controller achieves better dynamic performance. It should be noted that even

without the feed-forward control, the controller is still able to achieve steady-state
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gradually however with a worse dynamic response. Since the desired switching
frequencies shown in Fig. 2-14 are within the region 1 and region 2, the ZVS features can
be obtained at all the load conditions, thus the feed-forward control will not compromise

the soft-switching operations.
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Fig. 2-14. Desired switching frequency at different battery voltages to attain constant charging current

2.4.4 PIR control design

The feed-forward control parameters are obtained from the large-signal model in
Section 2.3.2 and Section 2.4.1. While for the PIR control parameters K, and K; are
determined according to the small-signal transfer function model to obtain a desirable
closed loop response and steady-state performance. With w, being set to 100-2z or 120-2x,
the resonant control gain K, and quality factor O are determined against the requirement

for the current ripple attenuation.

Fig. 2-15 shows the effects of QO and K, on the frequency responses of the PIR
controller. A high K, leads to better ripple current rejection but a smaller phase margin
[101, 102], therefore the maximum value of K, can be defined according to the desired
phase margin. A higher quality factor Q increases the peak amplitude at the target
frequency, corresponding to higher gain and greater ripple attenuation. A small quality
factor Q gives rise to a wider bandwidth at the target frequency. The controller is less
sensitive to mains frequency variation, but yields low ripple attenuation [112]. In [111],
the damping element design makes the infinite gain only occurs at 100 Hz. However, in
reality, the ac grid frequency of power system is not constant at S0Hz but fluctuates in a
range between 49.5 Hz to 50.5 Hz, which corresponds to 99Hz to 101Hz in the DC link
and the same in the DC-DC converter side [118, 119]. This requires certain degree of
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freedom for the ripple depression capability to increase the robustness by reducing the

controller sensitivity to the grid frequency variations.
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Fig. 2-15. Effects of resonant controller parameters on frequency responses of PIR controller. (a)
effect of Q; (b) effect of Kr

2.4.5 Controller performance analysis

Based on the system requirement for the current control bandwidth of 1.5 kHz and 30
dB attenuation of 99Hz to 101Hz second harmonic ripple, the controller parameters are
chosen as: K,=100, K;=25000, K,=1000, 0=200. The Bode diagrams of the open- and

closed- loop systems are shown in Fig. 2-16 for the operating condition of 320 V and 9
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A. It should be noted that the small signal transfer function, G,(s), of the LLC converter

based battery charging system is a non-minimum phase system as it has a zero on the

right hand side of the s-plane. Nevertheless, the Bode plot of the open-loop system, given

by G(s)*Gy(s), shows that phase margin of the system is 69.3°, and the gain margin is

32.5 dB. Hence, the closed-loop system exhibits good stability as is evident from Fig.

2-16 (b).
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Fig. 2-16. Bode plots of the control systems with designed PIR controller at nominal 320V battery
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The Bode plot of the disturbance rejection property of the closed-loop system, denoted
by ((1+G¢(s)*G,(s)), is shown in Fig. 2-17. It is clear that the attenuation at 100 Hz (628
rad/s) is more than 60 dB. Also, as illustrated in Fig. 2-17 (b), it has enough coverage of
the ac grid frequency variations from 99 Hz (622 rad/s) to 101 Hz (634 rad/s). Similar
frequency domain analyses are performed against other operating conditions, as shown
in Fig. 2-18 and it can be shown that the proposed controller is robust to variations of

operating conditions.
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Fig. 2-17. Disturbance bode plot with the frequency variation from 99Hz to 101Hz, corresponding to
622 rad/s to 634 rad/s. (a) frequency response; (b) zoom-in in the frequency variation range
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Fig. 2-18. Control performance at high and low battery voltages (a) open loop bode plot at 240V (b)
open loop bode plot at 402V; (¢) disturbance bode plot at 240V; (d) disturbance bode plot at 402V

2.5 Simulation Study

Extensive simulations have been implemented to assess the performance of the

developed controller with varying battery voltages and loads. In order to save simulation

time, the primary DC link voltage is injected with an ideal 100Hz sin wave with 12 V

peak-to-peak ripple (3%). Fig. 2-19 (a) compares the steady state battery current at 320

V battery voltage which results with conventional PI and the proposed PIR controllers.

With 3% 100 Hz DC link voltage ripple, the peak-to-peak current ripple with the PI

controller reaches 5.26 A or 58% while that with the PIR controller is 6 mA, which clearly

demonstrates the effectiveness of the proposed controller in elimination of the current

ripple.
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Fig. 2-19. Simulation results with PI controller and PIR controller. (a) the battery charging current at
320 V battery voltage; (b) FFT current ripple at different battery voltages

The results with different battery voltages covering the whole operating range is
shown in Fig. 2-19 (b). When the fixed gain PI controller is used, the resultant peak-to-
peak current ripple becomes 12.44 A at 240 V battery voltage and 2.64 A at 402 V battery
voltage. With the fixed gain PIR controller in contrast, the current ripple can be attenuated

to a very low level over the entire operating range.
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2.6 Experimental Verification

To verify the modeling and control strategy described in previous sections, a
prototype of battery charging system including a front end AC-DC converter and LLC
DC-DC resonant converter has been constructed with the specifications shown in Table

2-2.

Table 2-2 OBBC battery charger prototype specification

Parameters Symbol Value Unit
AC input mains voltage Veria 240 Vrms
DC link voltage Ve 380 A%
Battery internal resister Ria 0.6 Q
Battery fully charged voltage Vinax 403.2 v
Battery initial voltage Vmin 240 v

2.6.1 Experimental system

The prototype bidirectional charger and the battery load are shown in Fig. 2-20. A
variac is used to deliver an adjustable AC voltage to the charger. A front end AC-DC
converter converts AC into DC and vice versa. The DC voltage across the DC link
capacitor is regulated to 380 V. In the DC-DC stage, the DC power is controlled by the
LLC resonant converter during the battery charging/discharging operations. SCH2080KE
N-channel Silicon Carbide (SiC) power MOSFETs are used for the full bridge devices.
Both the front-end and LLC resonant converters are controlled by the NI Compact RIO
9082 digital controller from National Instruments. The testing load is a Honda Civic

NiMH battery which is in “second life” service [120].

NI cRIO Power Board Safety Board Gate Drive Board
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(b)

Fig. 2-20. The prototype battery charger and the battery load. (a) prototype of the
bidirectional charger; (b) battery load

2.6.2 ZVS/Z.CS operation

Fig. 2-21 and Fig. 2-22 show the testing operation waveforms of the converter in light
and heavy resistive load, respectively. As can be seen in both cases, /7 lags the chopped
voltage in the transformer primary side. It is negative before positive voltage provided
across the devices, which ensures that the Drain-Source voltage Vps decrease to zero first
and then the switch turns on. By this way, the ZVS operation can be achieved.
Furthermore, in the secondary side rectifier bridge, diode current decreases to zero when

turning off, thus the ZCS operation is achieved in the turns-off, with a low di/dt.
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Fig. 2-21. Experimental results at 240 V battery voltage (a) voltage and current of resonant tank in the
primary side; (b) diode current
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Fig. 2-22. Experimental results at 410 V battery voltage (a) voltage and current in the primary side; (b)
diode current
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When the battery side voltage is 240 V, the converter is operating close to the series
resonant frequency (128 kHz). However, in order to reach 9 A nominal charging current
at 410 V, the converter is operating at 99 kHz, far below the series resonant frequency.
This corresponds to discontinuous current mode (DCM) of operation. Consequently, the
current waveforms on both the primary and secondary are distorted. A small reverse

recovery current in the secondary diodes is also visible.

2.6.3 Current ripple reduction

Fig. 2-23 and Fig. 2-24 illustrate steady-state simulation and experimental results of
the battery charging system under the nominal operating condition at 320 V battery

voltage employing PI controller and PIR controller, respectively.
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Fig. 2-23. Results with PI controller at 320 V. (a) simulation; (b) experimental test results.
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Fig. 2-24 Results with PIR controller at 320 V. (a) simulation; (b) experimental test results.

Four traces, namely, AC mains voltage, DC link voltage, battery voltage and battery
current, are shown in each of the figures. Since the battery used in the tests differs from
those in the previous simulation study, the Simulink model is modified with measured
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battery off-line impedance and includes parasitic resistance and inductance of the cables.
The front-end AC-DC converter is combined with the LLC resonant converter and battery
models for simulation study of the whole system. It is observed that the simulation
waveforms agree well with the experimental results. It should be noted that, in the
experimental tests results, the AC-DC converter in the front-end was included thus this
converter switching operation leads to high-frequency noise in the DC link voltage
waveforms. However, the DC link voltage waveforms in the time-domain simulations are
relatively clean. This is because in order to save simulation time, the primary DC link

voltage is injected with an ideal 100Hz sin wave with 12 V peak-to-peak ripple (3%).

Fig. 2-25 shows the harmonic distributions of the measured battery current waveforms
which result with the PI and PIR controllers. The simulated and measured DC link voltage
and charger current ripples are compared in Table 2-3. With the conventional PI controller,
the simulated and measured peak-to-peak DC link voltage ripple is 6.983 V (1.83%) and
10.18 V (2.67%), respectively. The resultant 100 Hz harmonic in the battery current, is
1.758 A (21.4%) peak-to-peak and 1.571 A (19.2%). By applying the resonant controller,
the 100 Hz current ripple is suppressed considerably both in the simulation and
experimental results, and the resultant 100Hz current ripples are 0.002A (0.02%) in the
simulation and 0.226 A (2.7%) in the test, respectively. It can be observed that the 100
Hz harmonic is attenuated by 99% in the simulation and 86% in the experiment. The
ripple suppression effect in the test is less than that predicted in simulation due to the
impedance change in the real battery system. It should also be noted that the harmonic
currents at integer multiple of 100Hz are slightly increased when the PIR control is

applied since the attenuation at these frequencies is much lower.

It is worth noting that, since the DC-DC converter together with the battery can be
considered as a load branch in parallel with the DC link branch, larger impedance in the
load side leads to a comparatively smaller impedance in the DC link side thus more energy
is circulating across the DC link. Therefore, after applying the resonant controller,
although the battery current ripple decreases, higher ripple level is seen in the DC link
voltage, as evidenced in Table 2-3. Also, a high frequency harmonic in the battery current
can be seen in Fig. 2-24 (b). This may because the saturation of the controller at high

power and the nonlinear characteristics of the battery.
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Fig. 2-25. FFT analysis of battery current ripple with PI and PIR
controller at 320 V battery voltage in the experimental test

Table 2-3 Comparison of Simulation and Test Result at 320V

Parameters SIMULATION TEST Unit
PI PIR PI PIR

Ve tipple p-p 6.983 7.779 10.18 10.58 \Y

Tpa tipple p-p 1.758 0.002 1.571 0.226 A

Ia tipple percentage 21.4 0.02 19.2 2.7 %

Further testing was performed at charging current 6.5 A at 270 V battery voltage. Fig.
2-26 demonstrates simulation and experimental results employing PI controller under this
condition. It is clear that the simulated and measured peak-to-peak currents are 1.442 A
(22.1%) and 1.834 A (28.2%), respectively. However, when the PIR controlled is
employed, the ripples have been reduced to 0.008 A (0.12%) in the simulation and 0.027
A (0.43%) in the measurement, as presented in Fig. 2-27. FFT analysis result of the
measured current is displayed in Fig. 2-28. The simulated and measured voltage and
current ripples are compared in Table 2-4. It can be seen that the 100 Hz harmonic current
is attenuated by 99% in the simulation and 98.6% in the measurement, demonstrating that

the proposed controller is able to eliminate the current ripple effectively.
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Table 2-4 Comparison of Simulation and Test Result at 270V

Parameters SIMULATION TEST Unit
PI PIR PI PIR

Ve ripple p-p 4.604 5.174 7.271 7.341 A%

It Tipple p-p 1.442 0.008 1.834 0.027 A

Ipa tipple percentage 22.1 0.12 28.2 0.43 %

2.7 Summary

A feedforward-proportional-integral-resonant control strategy has been described to
suppress the low-frequency current ripple in an LLC resonant converter for EV battery
chargers. The DC gain of the LLC resonant converter is analyzed and quantified. A small-
signal transfer function is derived in time-domain simulations by injecting a small
perturbation signal into the converter switching frequency. With the derived model, the
FF-PIR controller is designed. Stability and robustness of the controller is analyzed by
employing frequency domain techniques. The effectiveness of the proposed resonant
controller on suppressing the harmonic current is verified by simulations and
experimental tests. Therefore, this control strategy can be used in grid-connected EV
onboard charger to improve charger performance and hence enhancing battery

performance, efficiency and lifetime.
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CHAPTER 3
Design and Power Loss Analysis of CLLC
Resonant Converter for EV Bidirectional Charger

This chapter describes a CLLC resonant converter for a bi-directional battery charger. By adding an extra
capacitor in the transformer secondary side, the conventional three-element LLC resonant converter has been
reshaped into a four-element resonant converter. In both forward and reverse modes, the resonant tank
possesses almost the same operational characteristics of the conventional LLC resonant tank. Thus the
ZVS+ZCS soft switching can be achieved both in forward and reverse modes and the switching losses can be
minimized, hereby improving the charger efficiency. The circuit topology, operation principle and DC gain
characteristics are analysed. A systematic design procedure is described and a comprehensive approach for
designing the secondary side capacitor is presented. Performance of the designed CLLC resonant converter in
both forward and reverse modes are assessed by extensive experimental tests. Power loss analysis shows that
the efficiency of CLLC improves between 1% to 10.02 % in the whole operating range compared with
conventional LLC converter.

Part of the contents in this chapter has been published in [121] by the author.

3.1 Introduction

As described in the previous chapters, among the various DC-DC converter
topologies proposed in literature, a LLC resonant converter, which employs a series
inductor and capacitor along with the parallel magnetizing inductance of high frequency
transformer to form the three-element resonant tank, exhibits high efficiency due to zero-
voltage switching (ZVS) in the primary side and zero-current switching (ZCS) in the
secondary side, and hence is a promising candidate topology for charging applications

[70, 81, 83, 122-124].

However, LLC resonant converters lose the soft switching features in the reverse
(V2G) mode, thereby compromising the efficiency and limiting the capabilities of
bidirectional power transfer. This limitation may be overcome by a bidirectional CLLC
resonant converter which has an extra series capacitor to form a four-element resonant
tank. In [64], a bidirectional DC-DC converter based on the combination of two LLC
resonant topologies is proposed. The resonant converter achieves higher efficiency than
the conventional LLC resonant converter. However, the transformer features a large turn
ratio in order to cope with large difference between the input and output voltage, which
makes it not suitable for EV battery charging system [88]. Reference [89] proposes a
symmetric full-bridge CLLC topology, featuring ZVS and ZCS in both the forward and
the reverse modes. Due to the symmetric topology, the operation characteristics and the

converter efficiency is equivalent in both the forward and the reverse modes. However,
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since in the symmetric topology the turns ratio is limited to 1:1, the converter voltage gain
is low therefore reducing zero switching range and makes it difficult to cope with wide

battery voltage variation.

This chapter presents an asymmetric CLLC structure suitable for bi-directional
battery charger and its content is organized as follows. Section 3.2 presents the topology
and the operation principle of the CLLC resonant converter at different operation ranges
in both forward and reverse modes. The operational characteristics of the CLLC resonant
network is analysed in Section 3.3 using fundamental harmonic approximation (FHA)
method in both G2V and V2G modes. A design procedure for the CLLC resonant
converter is discussed and evaluated in Section 3.4. Time-domain simulation and the
power loss evaluation is presented in Section 3.5 and Section 3.6. Experimental tests,
power loss measurement and comparisons are presented in Sections 3.7 and Section 3.8

to validate the performance of the proposed converter.

The LLC resonant converter has advantages of ZVS in the primary side and ZCS in
the secondary side. However, when the LLC resonant converter operates in the reverse
mode, the magnetic inductance of the transformer which is in parallel with the load is
clamped by the battery. Thus only the series resonant inductor and series resonant
capacitor participate in the resonance as a L-C series resonant converter (SRC) which has

the following issues:

1) In SRC, the resonant tank component, connected in series with the equivalent
load, acts as a voltage divider of the input voltage. Thus the DC gain of SRC
cannot be higher than unity, which makes the topology not suitable for the EV
battery charging applications due to the wide input and output voltage ranges.

2) The DC gain curve of SRC against switching frequency at different load
conditions (in the figure represented as R, which is the equivalent ac load in
the FHA model) is displayed in Fig. 3-1. As can be observed, the maximum
DC gain of SRC is achieved at the series resonant frequency. In the regions
below this frequency, the converter operates under ZCS operation in which
the MOSFETs suffer from significant power losses in the body diodes. Thus

the ZVS operation (further illustrated in Section 3.2.2 with voltage and current
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waveforms) is preferred for reducing the turn on losses. However the ZVS
operation can only be realized in the region above the series resonant
frequency [89]. Consequently, the soft switching features cannot be attained
under all load conditions and wide input/output voltage ranges. Furthermore,
in the ZVS region, in order to keep regulating the output voltage at light load
conditions, the negative slope of the DC gain curve leads to the operation far
above the series resonant frequency. In this condition, large current circulating

in the resonant tank increases the converter loss.
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Fig. 3-1 DC gain curve of the SRC resonant converter

By adding a capacitor (C;2) in the secondary side, the LLC resonant tank has been
reshaped into a four-element CLLC resonant tank, as shown in Fig. 3-2. In both forward
and reverse modes, the resonant tank possesses almost the same operation characteristics
of the conventional LLC resonant tank [11]. Thus the ZVS+ZCS soft switching can be
achieved both in forward and reverse modes and the switching losses can be minimized,

thereby improving the charger efficiency.
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3.2.2 Operation principle

In this section, the operating principle of the CLLC resonant converter in each
operating mode is analysed. For the sake of convenience, the AC-DC front end is omitted

here. and only the DC-DC resonant converter is analysed.
(1) Forward CLLC

In the forward mode, the power flow is from the DC link to the battery. In the primary
side, the active switches driven by 50% duty cycle square wave. In the secondary side,
the switches are turned off but the bode diodes operate as a rectifier bridge. During one
switching cycle, the converter operation has eight stages as shown in Fig. 3-3. Stage (a)

— stage (d) in the first half cycle repeats in the second half cycle (stage (e) to stage (h)).

Stage (a) and stage (e) are resonance stages with power transferring from primary to
the secondary; stage (b) and stage (f) are discontinuous stages during with no power
transferred; stage (c) — (d) and stage (g)- (h) correspond to the dead time period. Stage (c)
and stage (g) are associated with the capacitor charging and discharging stages while stage

(d) and stage (h) are the diode commuting stages which facilities the ZVS operation.
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Fig. 3-3 Operational stages of the CLLC DC-DC resonant converter in forward mode

The ideal waveforms can be shown in Fig. 3-4. And the detailed explanations of the

operation are described as follows:

Stage (a) [to — t1]: the resonance stage. On the primary side, with the switches S1 and
S4 turned on, the chopped voltage Vin forces resonant current i;s to increase in a
sinusoidal wave through S1 and S4. The power transfers from the primary side of the
transformer to the load. The L, is in parallel with the transformer and clamped by the
output voltage thus only acts as a passive load instead of participating in the resonance.
The current through the magnetizing inductance iz also increases during this stage in a
triangle shape and is lower than iz,. Meanwhile, the voltage across the transformer

secondary side forces the diodes of switches S5 and S8 forward biased and the current
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through the rectifier bridge to the output battery. This stage ends when the magnetizing

inductance current iz, meets the resonant current izs.

Stage (b) [t1 — t2]: the discontinuous non-resonance stage. When the inductance
current iz, dropped to the same value of iz, there is no net current flowing into the
transformer thus the rectifier current in the transformer secondary side becomes zero
accordingly. The magnetizing inductor is anticipating the resonance together with the
series capacitor and series inductor. The resonant capacitor Ci. in the secondary side
reaches to the peak point and remains unchanged as there is no rectifier current through
it. The rectifier diodes of switches S5 and S8 turn off at the Zero Current Switching
condition. As the current in the rectifier is not continuous any more, the stage is called
discontinuous current mode. During this mode, there is no power transfer between the

primary and the secondary side.
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Fig. 3-4 Typical theoretical operation principles of CLLC resonant converter in forward mode
Stage (c) [t — t3]: dead time and capacitor charging/discharging stage. When the
switches S1 and S4 are conducting, the parasitic capacitors are fully discharged. At time
t2, the switches S1 and S4 turn off, and i.s does not change flowing direction thus charging

the parasitic capacitors of S1 and S4, while discharging parasitic capacitors of S2 and S3

simultaneously. This charging/discharging time is much shorter compared with the whole
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switching cycle, because the parasitic capacitor is rather smaller than the series capacitor

Cs.

Stage (d) [t3 — t4]: dead time and diode freewheeling stage. When the parasitic
capacitors of switches S1 and S4 are fully charged and those of S2 and S3 are fully
discharged, the resonant current passes through the antiparallel diodes of S2 and S3
immediately, guaranteeing the zero voltage switching for the turn-on event in the next

stage. This period is also short compared to the whole switching cycle.

Stage (e) [t4 —ts]: At the end of stage (d), switches S2 and S3 turn on with zero voltage
switching operation. The drain-source voltages of S1 and S4 reach the input voltage Vi,
and the drain-source voltages of S2 and S3 become zero. The voltage after the H-bridge
applied to the resonant circuit changes to its opposite direction. The input voltage Vin
forces the resonant current izs to decrease initially and then increase in a sinusoidal wave,
in the opposite direction, through S2 and S3. The power transfers through the transformer.
The magnetic energy in the magnetizing inductance changes linearly so the L,, does not
participate in the resonance. Current through magnetizing inductance iz, also increases
in the opposite direction with respect to stage (a). On the secondary side, the voltage
across the transformer secondary side forces the diodes of switches S6 and S7 forward
biased and the current through the rectifier bridge to the output battery. This stage ends

when the magnetizing inductance current iz, equals the resonant current izs.

Stage (f) [ts — te]: the discontinuous non-resonance stage. This stage is similar to stage
(). There is no current going through the transformer and the rectifier current in
transformer secondary side becomes zero. L, 1s anticipating the resonance together with
the series capacitor and series inductor. However, the difference is that the rectifier diodes
of switches S6 and S7, rather than S5 and S8 turn off under the Zero Current Switching

condition.

Stage (g) [t — t7]: dead time and capacitor charging/discharging stage. This is similar
to stage (d), the parasitic capacitors of S1 and S4 are being charged while those of S2 and

S3 discharged simultaneously.

Stage (h) [t7 — tg]: dead time and diode freewheeling stage. This stage is similar to
stage (d), however, the resonant current passes through the antiparallel diodes of S1 and

S4, which leads the zero voltage switching for S1 and S4 to be turned on in the next stage.
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The operation modes of the switches and the anti-parallel diodes are presented in

Table 3-1:

Table 3-1 Typical operation of the switches and anti-parallel diodes in one switching cycle

Stages S1,S4 D1,D4 S2,S3 D2,D3 S5-S§ D5D8 D6,D7
(a) Resonance stage ON OFF OFF OFF OFF ON OFF
(b) Discontinuous stage ON OFF OFF OFF OFF OFF OFF
(c) Dead time- capacitor stage ~ OFF OFF OFF OFF OFF OFF OFF
(d) Dead time- diode stage OFF OFF OFF ON ON OFF OFF
(e) Resonance stage OFF OFF ON OFF OFF OFF ON

(f) Discontinuous stage OFF OFF ON OFF OFF OFF OFF
(g) Dead time- capacitor stage = OFF OFF OFF OFF OFF OFF OFF
(h) Dead time- diode stage OFF ON OFF OFF OFF OFF OFF

(2) Reverse mode CLLC

In the reverse mode, the power flow is from the battery load to the DC link. Active
switches in the transformer secondary side are driven by 50% duty cycle signals; while
in the primary side the switches are turned off but the antiparallel body diodes operating
as a rectifier bridge. Similar to the operation in the forward mode, one switching cycle of
the converter includes eight stages as shown in Fig. 3-5. Stage (a) - stage (d) in the first
half cycle repeats in the second half cycle denoted as stage (e) to stage (h).
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Fig. 3-5 Operational stages of the CLLC DC-DC resonant converter in reverse mode

Stage (a) and stage (e) are resonance stages with power transferring from the battery
to the DC link; stage (b) and stage (f) are discontinuous stages during which no power is
transferred; stage (c¢) — (d) and stage (g)- (h) correspond to the dead time period. Stage (¢)
and stage (g) are associated with the capacitor charging and discharging while stage (d)
and stage (h) coincide with diode commutation which allows for ZVS operation. The

switches status in one switching cycle are summarised in Table 3-2.

Table 3-2 Typical operation of the switches and anti-parallel diodes in one switching cycle

Stages S6,S7 D6,D7 S5,S8 D5,D8  S1-S4 D2,D3 D1,D4
(a) Resonance stage ON OFF OFF  OFF OFF ON OFF
(b) Discontinuous stage ON OFF OFF  OFF OFF OFF OFF
(c) Dead time- capacitor stage OFF  OFF OFF  OFF OFF OFF OFF
(d) Dead time- diode stage OFF OFF OFF ON ON OFF OFF
(e) Resonance stage OFF OFF ON OFF OFF OFF ON
(f) Discontinuous stage OFF OFF ON OFF OFF OFF OFF
(g) Dead time- capacitor stage OFF  OFF OFF  OFF OFF OFF OFF
(h) Dead time- diode stage OFF ON OFF  OFF OFF OFF OFF

The ideal waveforms are shown in Fig. 3-6. As observed from in Fig. 3-5 and Fig.

3-6, the reverse mode operates in a similar manner to the forward mode.
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Fig. 3-6 Typical theoretical operation principles of CLLC resonant converter in the reverse mode

3.3 DC Gain Characteristics

The DC/DC voltage gain of the converter as a function of switching frequency in both

forward and reverse modes can be derived using FHA method [88].

3.3.1 Forward mode

The equivalent circuit of the CLLC resonant converter in the forward mode using

FHA method is shown in Fig. 3-7.

Vin

Fig. 3-7 Equivalent circuit of CLLC resonant converter in forward mode
Vin and Vs are the RMS values of the fundamental component of the input and output
voltages of the resonant tank in the forward mode, respectively. C's> given by Equation
(3-1) is the equivalent value of Ci: referred to the transformer primary side from the
transformer secondary side. Ro. given in Equation (3-2) is the equivalent resistive load
representing the rectified diode, filter capacitor and battery load referred to the

transformer primary side from the transformer secondary side.
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Cs2

CISZ = F (3'1)
8 V2
_ N2, ‘out _
Roe = N? - — P (3-2)

The forward transfer function of the resonant tank can be derived and shown in

Equation (3-3).

_ Vour(s)
G(s), forward = V. (5)
(3-3)
ZO (S) Roe

T (5C) T+ 5Ly + Zo(s) (5C'52) ' + Roe

where s is Laplace’s operator. The equivalent input impedance of the resonant

network and load, Zo is given in Equation (3-4).

SLp, - ((SCISZ)_1 + Roe)
SLy+(sC's;)™ 1+ Rye

Zy(s) = (3-4)

The series resonant frequency f;,, the nominal frequency f,, the switching frequency
fs, the quality factor O, the inductance ratio &, and the capacitor ratio g are defined in

Equation (3-5)

— ___1 I
Wor = 2fer = Tz I = 7
(-5)
Ls

Z,
Q=—",27Z,= |=, k=—,g=-">=
Roe i r CS’ Lm’

The DC/DC conversion gain of the resonant tank as a function of switching frequency

in the forward mode can be obtained and expressed in Equation (3-6).

1
|G (s)], forward = \/ﬁ (3-6)
where,
k—k-f2+f2
S Sl
k+1 k
B=%u—ﬁ+7;_gﬁp (3-8)
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Based on Equations (3-6), (3-7) and (3-8), the voltage gain curves of the CLLC
resonant converter as a function of switching frequency under varying load conditions

indicated by Q factor in the forward mode is shown in Fig. 3-8.
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Fig. 3-8 Voltage gain characteristics of CLLC resonant converter in the forward mode

As shown in the figure, for a given load condition, the maximum voltage gain is
reached at the system resonant frequency. As the load (represented with Q in the figure)
increases, the system resonant frequency increases while the peak gain decreases. The

DC gain characteristics is discussed as follows:

(1) The system resonant frequency varies at different load conditions and the resonant
tanks. At lighter load, the peak gain is higher and the resonant tank behaves like a
parallel resonant converter; while when the load becomes heavier, the peak gain
decreases and the resonant tank exhibits series resonant converter characteristics.

(2) While the converter is operating at switching frequency greater than the system
resonant frequency under a given load condition, the resonant tank acts like a
series resonant converter in both high loads and light loads and exhibits inductive
feature with negative gain slope. Consequently ZVS is achieved in the converter
[81]. In contrast, in the regions with the switching frequency lower than the system

resonant frequency, capacitive feature of the resonant tank results in ZCS
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condition which should be avoided because it incurs high switching losses, as
explained in Section 2.2. This feature has no difference with the LLC resonant
converter. Since the system resonant point varies with load conditions, the ZVS
region also changes with loads.

(3) The LLC resonant converter has unity gain at the series resonant frequency and
the voltage across Ls cancels the voltage across Ly thus all the input voltage will
drop to the load [125]. However, in the CLLC, although the series resonant
frequency f- is fixed when the resonant tank is designed, the unity gain point
varies with load conditions because the secondary side capacitor C2 participates
in the resonance.

(4) When the converter is operating at or close to the load independent point, the
switching frequency does not need to be regulated in such a wide range when the
load changes. Thus it is preferred for the application with varying battery voltages.
The CLLC resonant converter has two load independent points. Based on the
converter gain equation, the load independent frequency can be derived by setting
the coefficient of O in Equation (3-8) equal to zero, as shown in Equation (3-9).
Thus the two load independent frequency fi, ; and fi, ; are obtained and shown in
Equations (3-10) and (3-11), which are also displayed in Fig. 3-8. It is obvious
that the load independent point where the frequency is lower than the system
resonant frequencies with lower gain is of little practical use, due to large

volumes/size of the magnetic components at lower frequency.

fm_1=%- <1+§+§>—J<1+§+§>2—4§ (3-10)
ﬁn_ﬁ%- (1+§+%>+j(1+§+$>2—4§ (3-11)

The equivalent circuit of the CLLC resonant converter in reverse mode using FHA

method is shown in Fig. 3-9. V", and V.. are the RMS values of the fundamental
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component of the input and output voltages of the resonant tank, respectively. L's, C's, L'»
and R',. represent the equivalent Ls, Cy, L, and R respectively referred to the transformer

secondary side from the transformer primary side.

I I
C's L 'm CvZ V'in

Fig. 3-9 Equivalent circuit of CLLC resonant converter in the reverse mode

! LS
L= Nz (3-12)
C's =N?-C, (3-13)
’ Lm
L', :F (3-14)
’ 1 8 VL%L
Roe =57 2P, (3-15)

The voltage conversion gain in the reverse mode is similarly derived and given in
Equations (3-16) - (3-19). The gain variations with load and frequency are plotted in Fig.
3-10.

1
|G(s)|, reverse = Nk (3-16)
Z—k
c =f”fn2 (3-17)
-k
ng(l—fnz+k+g—gf ) (3-18)

1 Js
Oor = 2er = Jaey I = 7,
(3-19)

61



CHAPTER 3 CLLC Resonant Converter

12
Load independen | Systemreson nt frequency |
1 —{eak gain) Q=14.2171
10 \/éf ——Q=5.6868
10 EJ\ AR Q=28434 [
2 8 ——Q=1.8956
| N ———Q=1.4217
8 3:25-3:3-3:35-3:4-3:45 Q=0.9478 |-
Frequency(Hz) 104
Load independent
c
(T; 6 12 ¥
(D C 1 1 ~ =
‘T 0.8
© 06
4 0.4 H
0.2
\ 12 14 16 8
Hrequencgy(Hz) 105
2 /
\\&; /f‘ - \_\
— | — —
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency(Hz) «10°

Fig. 3-10 Voltage gain characteristics of the CLLC resonant converter in the reverse mode

As shown in the figure, in the reverse mode, similar characteristics to the forward
mode are exhibited in the CLLC resonant converter. Overall, for a given load condition,
the peak gain occurs at the system resonant frequency. As the load (represented by Q in
the figure) increases, the system resonant frequency increases and the peak gain also

increases. The detailed characteristics can be summarized as follows:

(1) Similar to the characteristics in the forward mode, the peak gains correspond to
the system resonance and they vary with load conditions. At heavy load, the peak
gain is lower and it behaves like a series resonant converter; while when the load
becomes lighter, the peak gain increases and the resonant tank exhibits parallel
resonant converter characteristics. This feature is similar to series-parallel
resonant converter (SPRC or LCC) analysed in [126] and the gain curve mirrors
that of the LLC resonant converter in the forward mode.

(2) When the converter operating frequency goes greater than system resonant
frequency under a given load condition, the resonant tank acts like a series
resonant converter in both high loads and light loads and exhibits inductive feature
with negative gain slope. Consequently ZVS is achieved in the converter [81]. In
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contrast, in the regions with the switching frequency lower than the system
resonant frequency, capacitive feature of the resonant tank results in ZCS
condition which should be avoided because it incurs high switching losses. Since
the system resonant point varies with load conditions, the ZVS region also
changes with load conditions.

(3) Similar to the forward mode, two load independent points are observed in the
reverse mode in Fig. 3-10. The load independent frequency can be derived by
Equation (3-19) and Equation (3-20), thus the two load independent frequency
fin 3 and fi, 4 are obtained and shown in Equation (3-20) and Equation (3-21),
where the function components 4 and B are shown in Equation (3-23) and
Equation (3-24), respectively. It is obvious that the load independent point where
the frequency is lower than the system resonant frequencies is of little practical

use due to the ZCS operation, despite of the large gains.

D= 2(1 fn+k+g—gf;lk)=0 (3-20)
fns=VA+B+VA—B (3-21)
fin_4=<—%—£1> \/7+<—%+§1> VA+B (3-22)
a=-Z (3-23)

B = jg:"z (Lt k+ gy (3-24)

The analysis of the DC gain characteristics in both the forward mode and reverse
modes is essential for designing the CLLC resonant converter. From the above discussion,
the conclusion is that although different features exist, the similarity of the gain
characteristics in the two modes are obvious. This implies that the converter can be
operated in similar conditions in both V2G and G2V modes, with a carefully designed

resonant tank.
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3.4 Design Procedure of CLLC

The four-elements resonant tank in the CLLC resonant converter can be designed with
different methods described in [89, 127]. Due to the wide output battery voltage ranges
in the bidirectional charger applications, the design processes proposed in the references

are complex to be applied.

Due to the complexity in optimization with the four resonant elements together, in the
design described below, the CLLC resonant tank is treated as an extra capacitor being
added on the conventional three-element LLC resonant tank. Thus the CLLC resonant
tank can be designed in two stages. As the design methods of LLC resonant converter
have been widely analysed and extensively presented [70, 128-135], it is convenient to
first design the LLC resonant tank according to the output voltage range, soft switching
requirement and power rating and then sizing the secondary side capacitor based on gain
analysis and system constraints. This method has the advantage of alleviating the

difficulties of designing the four-element resonant tank.

The design of CLLC resonant tank in this chapter is based on the LLC resonant tank
discussed in Chapter 2. Thus the only design problem is the sizing of a series capacitor
C;2 in the secondary side. A proper value of Cs2 should be chosen such that the voltage
gain curves in the forward and reverse modes are alike both in the shape and amplitude,
while meeting the resonant gain requirement, ZVS operation requirement, load

independent requirement and power factor requirement.

In this study, a CLLC resonant converter is designed on the base of the LLC resonant
circuit described in Chapter 2. The DC-DC converter specifications and the designed LLC
resonant tank parameters are shown in Table 3-3. The design procedure involves the

following steps as shown in Fig. 3-11.
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. 3-11 Design procedure of CLLC resonant tank
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Parameters Symbol Value Unit
Input DC link voltage Vie 380 A%
Input power rating P, 4.0 kW
Battery charging current Tpas 9.0 A
Minimum efficiency requirement n 90 %
Switching frequency range Sow 100-200 kHz
Battery fully charged voltage Vinax 403.2 v
Battery initial voltage Vmin 240 \Y
Series inductor L 97.0 pH
Parallel/magnetic inductor Ln 136.5 pH
Primary side series capacitor Cs 15.8 nF

(1) Design of the resonant tank starts with the system power rating and input/output
requirement. The transformer turns ratio is determined with the input voltage Vi,

with a reasonable line voltage variation e and the minimum output voltage Vour min.

ViTl ' (1 + e)
N=———— (3-25)
out_min

(2) The gain requirement is determined by satisfying the min and max values given

in Equations (3-26) and (3-27).

Vout min* N
Mypiy, =~ — (3-26)
12
Vout max * N
Minax = e (3-27)

Vi

The battery voltages vary from 240 V to 403.2 V, and the voltage across the DC
link (input of the DC-DC converter) is constant 380V, thus the DC gain range can
be calculated as [1.04, 1.67] in the forward mode and [0.71, 0.95] in the reverse
mode.

(3) The typical operating switching frequency region can be determined by the
switching devices characteristics and the passive components requirement. A
higher switching frequency benefits the resonant converter with smaller size of
the passive components and lower resonant capacitors voltage stress [127].
However, higher switching frequency causes higher losses in the switching
devices. For a DC-DC converter that employs high-frequency MOSFET devices,
the operating frequency is usually chosen between 100 to 150 kHz, because the
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EMI testing starts at 150 kHz [136-139]. The switching frequency used for design
should be the series resonant frequency because the most of the fundamental
energy is transferred in this frequency and thus makes it the most efficient point
[140]. In this design, 130 kHz is used as the initial value of the series resonant
frequency. This value will need adjustment during the design since it is related to
the magnetic inductance design.

(4) If the CLLC design is based on an existed LLC resonant converter, the LLC
resonant tank parameters can be obtained easily. Otherwise this step involves the
building of a high-performance LLC resonant tank firstly. The procedure of
designing a LLC resonant tank, as shown in Fig. 3-12, has been extensively
described and presented in literature [70, 128-135] thus will not be detailed here,

but will be summarized in four steps:
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Fig. 3-12 Typical design procedure of LLC resonant converter
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a) determine the magnetic inductance L, based on the ZVS operation
requirement, dead time Z4caq, device dynamic characteristics and the MOSFET
output capacitance Cogs.

< tgead (3-28)
"< ——
16 - fsr Coss

b) determine the series inductance L; based on Equation (3-29). A smaller value

L

of L, (small L,) results in a larger voltage gain across a narrow frequency
range. However, this leads to a smaller input impedance and thus increased
circulating current resulting larger power losses. A large value of L, will
reduce the power losses, but the operating frequency needs to be adjusted in
a wider region to meet the gain requirement. Thus there is a trade-off to tune
L.

Ly, (3-29)

c¢) calculate the series capacitance according to the series resonant frequency. In
this design, the series resonant frequency of the designed LLC resonant tank
is 128 kHz.

1 (3-30)

~ 2nJL, - C,

d) check whether the DC gain region meets the required maximum and

fsr

minimum gain, if not, return to step a) and adjust the magnetic inductance L.

(5) With the designed LLC resonant tank, an extra series capacitor will be added in

the secondary side. The selection is constrained with four factors: the series

resonant frequency, the load independent point, capacitor size and the gain
requirement.

a) In the 4-element CLLC resonant tank, load independent point does not equal
to the series resonant frequency point. In order to ensure that the system can
be operated in a wide input/output voltage varying range while regulating the
switching frequency in a narrower range, C;> can be selected carefully to make
the load-independent point close to the series resonant frequency, which is
usually the most efficient point [140]. A new factor Ly is defined as the ratio
of the frequency at load independent point to the series resonant frequency as
shown in Equation (3-31).

_ fload—independent (3'3 1)
L; = 7
sr
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The variation of the load-independent point at nominal load condition versus Ci>
is shown in Fig. 3-13. It can be observed that with increasing Ci., the frequency
of the load-independent point decreases, approaching the series resonant
frequency. In addition, from the FHA analysis, larger Cs» leads to smaller
magnetizing current which corresponds to smaller circulating current and reduced
conduction losses. This implies that a larger Ci: is preferred.

To be specific in this design, when the value of C;2 increases from 50 nF to 500
nF, Ls decreases from 1.48 to 1.05 in the forward mode and from 1.56 to 1.07 in
the reverse mode. Since the design switching range is 100 kHz to 150 kHz, to
meet this maximum switching frequency, as shown in the curve, Cs> must be larger
than 160 nF which sets the lower limit of La. Further increase of Cs2 beyond 500
nf will not make a big change but only increase the size and cost, since the slope
becomes flat after this region as shown in Fig. 3-13. Thus 1.05 and 1.07 can be
set to be the high limit of Ly in the G2V forward mode and the V2G reverse mode,

respectively.
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Fig. 3-13 Load independent points with sweeping of Cs2
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b) Within this region, Cs2 must be selected to satisfy both the required maximum
and minimum gains in order to cope with the wide voltage variation of the
battery pack, thus the value of the capacitance is restrained by the system gain
requirement. Fig. 3-14 illustrates the gain at the heaviest load condition. In the
forward mode, gain increases with the increase of Ci2, thus the peak gain must
be above the minimum gain requirement, as shown with dash line in the figure.

To be specific in this design, 250 nF is the minimum value for selecting of C;2.
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Fig. 3-14 Gain with sweeping Cs2 in (a) the forward mode and (b) the reverse mode

In reverse mode, the gain decrease when C;; increases, therefore the gain must
meet the maximum requirement. In this design, since the gain requirement in
reverse mode is [0.71, 0.95], which can be met by most of the C;. as shown in
Fig. 3-14 (b). However, for the applications where require a wide variety of
gain, Cy>need to be tuned carefully.

c) Finally, within this constraint range, C;> should be further adjusted. A proper
selection of Cs2 depends on how similar the gain characteristics in the forward
mode and the reverse mode, in terms of both the magnitude and shape.

(6) With the resultant 4-element CLLC resonant tank, the voltage gain should be
checked whether it can meet the system requirement in both forward and reverse
modes and cover both the required maximum and minimum gains in different load
conditions to manage the wide variation of the battery voltage. If not, go back to

Cs2 design and tune it again.

In this design, after tuning the capacitance and comparing the gain curve features in
the forward and reverse modes, Cs2is designed to be 427 nF. The gain curve with this

parameter are shown in Fig. 3-15. As can be observed, the gain requirement is satisfied
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in both the forward and reverse modes. The load independent point is around 130 kHz,

with L, around 1.05, which verified the design.
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Fig. 3-15 Gain curve with the designed parameters in (a) forward mode and (b) reverse mode

It should be noted that although this method has the advantage of alleviating the
difficulties of optimizing the four elements resonant tank, this is not the fully optimized
design. Firstly, the gain bound is limited because the gain range is already determined by
the LLC resonant tank. Secondly, the magnetizing inductor, usually integrated in the
transformer, cannot be changed to further reduce the magnetizing current for efficiency
improvement. This design method is more suitable with an existed LLC resonant

converter while requiring the conversion efficiency improvement.

3.5 Time-domain Simulation

The performance of the designed converter is assessed by extensive simulations over
the wide operating range of the battery voltages and loads with a battery charging system
based on the designed CLLC resonant converter with the specification shown in Table

3-4.

Table 3-4 The designed CLLC resonant converter specification

Parameters Symbol Value Unit
Series inductor L 97.0 pH
Parallel inductor Ln 136.5 pH
Primary series capacitor Cs 15.8 nF
Secondary series capacitor Cy> 427 nF
Output filter capacitor Cr 330 puF
DC link voltage Ve 380 A%
Battery charging current Tvar 9.0 A
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Parameters Symbol Value Unit
Battery internal resister Riar 0.1148 Q
Battery rated capacity A-h 66.2 Ah
Battery fully charged voltage Vinax 403.2 v
Battery initial voltage Vmin 240 v

Simulation waveforms with fixed 380V DC link voltage, 9A battery charging current,

240V battery voltage at 100 kHz switching frequency in the forward mode are displayed

in Fig. 3-16. It is clear that, the simulated series inductor current, magnetic inductor

current and the diode current waveforms match the theoretical waveforms illustrated in

Section 3.2.2, which verifies the accuracy of the simulated model.

More time-domain simulations have been performed and the simulation results will

be used for power loss analysis in Section 3.6, while the simulation waveforms presented

in Section 3.7 for comparison of simulation and test results.
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Fig. 3-16 Waveforms of the CLLC resonant converter at constant 380V DC link voltage in the time-

domain model simulation in the forward mode
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3.6 Power Loss Prediction

For evaluating the efficiency of the designed CLLC resonant converter, it is essential
to characterize and quantify the power losses in the converter. A practical method for
calculating the power loss in the converter is described in this section. It should be noticed
that, although the RMS current and voltage are evaluated from the time-domain
simulation, for the sake of accurate calculation, the specific parameters of the switching

devices are updated with the experimental test prototype described in Section 3.7.

3.6.1 Power loss distribution in a DC-DC converter

In a DC-DC converter, the losses usually can be divided into semiconductor loss and
magnetic loss [141-143]. Semiconductor loss includes the switching loss and the
conduction loss in power devices [ 144]. Magnetic loss contains the core losses (iron loss)
in the ferrite cores and the copper loss (winding loss) in the coil of the inductor and

transformer [67].
(1) Device conduction losses

The conduction losses are caused by the current flowing through the on-state
resistance of the switching device. The conduction loss in a MOSFET device and a
rectifier diode can be estimated by:

Tsw
Peon_mos = T_f Rps " ip(t)dt = Rps * I rms (3-32)
0

sSw

Tsw
Peonp = T_f (upo - ip(t) + Rp - iZ(¢))dt
0

sSw

(3-33)

— . L J2
= Upg IF_av + RD IF_rms

where T, 1s the switching period in one cycle, Rps and Rp is the MOSFET drain-source
on-state resister and diode on-state resistance, respectively, upo is the diode on-state zero-
current voltage, Ip rus, IF av, and Ir s represent the RMS value of the MOSFET on-state
current, averaged diode current and the RMS of the diode current, respectively. In the
designed resonant converter, the switching device used in the bridges are ROHM
SCH2080KE N-channel SiC power MOSFET. The rectifier diodes are the internal diode
of the MOSFET. The parameter characteristics are shown in Table 3-4 below:
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Parameter Symbol Value Unit
Drain-source on-state resister Rps 80 mQ
Diode on-state resistance Rp 65 mQ
Diode on-state zero-current voltage Upo 1.3 A%

(2) Device switching losses

The switching loss is caused by the energy loss during the transient behavior of the
switches. The losses during switching-on and switching-off in the MOSFET and diode

are estimated by:

Psw_MOS = (Esw_on_MOS + Esw_off_MOS) * fsw (3-34)
Psw_D = (Esw_on_D + Esw_off_D) " fow (3-35)
where f;, is the switching frequency. Esy on mos, Esw off M0S, Esw on D, and Es, o p 1s the

energy loss of MOSFET and diode when turning on and off, respectively, and can be

calculated by:
tri+tfu
Esw on_mos = j ups(t) - ip(t)dt
0 (3-36)
tri+tfu
= Upp - Don'T‘l'er'UDD
tru+tfi
Esw off Mos = f ups(t) - ip(t)dt
0 (3-37)
tru + tfi
= Upp 'IDoff T
tri+tfu 1
Esw_on_D = J uD (t) ' iF(t)dt = Err_D = ZQTT ’ UDrr (3'38)
0

Esw orrp =0 (3-39)
where Upp is the chopped voltage in the input side, /po, and Ipoy is the MOSFET turning
on current and turning off current respectively. E,,p is the energy loss of the diode during
reverse recovery operation, Up,» 1s the diode reverse recovery voltage, O,,is the charge
during the reverse recovery of the diode. Since in the resonant converter the MOSFET is
always operating at ZVS operation, the turning on loss Egw on mos =0. tri and #fi is the
current rising time and current falling time during the switching period, respectively, and
can be read from MOSFET datasheet. MOSFET voltage falling time and voltage rising
time, denoted by #fu, tru, cannot be read from the datasheet directly, but can be obtained
by:
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CGD
tfu = (Upp — Rpson * Ipon) " R ° U —U (3-40)
Dr plateau
_ Cep
tru = (Rpson * Iposr — Upp) " R¢ U (3-41)
plateau

where Rg is the gate resistor, Up, is the voltage from driving circuit, Vpizeau 1S the gate
plateau voltage. Csp is the MOSFET gate-drain capacitance obtained from the datasheet
as displayed in Fig. 3-17 (a). For the purpose of reasonable accuracy in the calculation of
the #fu and tru, the non-linearity of Ccsp should be taken into consideration. The

polynomial function of Csp against the drain—source voltage can be shown in Fig. 3-18

(b) and the function is shown as:

Cop = 4319 - e(~139VDs) 4 182 - ¢(~0-02Vps) (3-42)
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Fig. 3-17 Gate-Drain Capacitance of the MOSFET (a) in datasheet, (b) fitting curve

Other parameters are determined by the system requirement and the ROHM

SCH2080KE N-channel SiC power MOSFET datasheet, as shown in Table 3-5:
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Table 3-5 The SiC MOSFET data at series resonant frequency

Parameter Symbol Value Unit
Switching frequency Siw 134 kHz
Input voltage Upp 380 A%
Diode reverse-recovery charge Oy 60 nC
Current rising time tri 33 ns
Current falling time tfi 28 ns
Gate resistor Rg 6.3 Q
Driving voltage Upr 12 v
Gate plateau voltage Vplateau 9.7 \

(3) Ferrite core loss

The core loss in the magnetic components includes the hysteresis losses, which is
associated with the magnetic domain align friction during the changing of the external
magnetic field, and the eddy loss caused by eddy current induced perpendicular to the
flux direction which has the potential to avoid the flux to penetrating into the core. Total
core loss in the ferrite is related to the core material characteristics, and can be estimated

with Steinmetz Equation, depending on frequency, flux density and temperature.

The core material used in this design is from FERROXCUBE, and the core loss with
sweeping the flux density at different frequencies can be read in the datasheet as shown
in Fig. 3-18. This implies that the core losses can be predicted by the peak flux density
which is obtained by Equation (3-43).
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Fig. 3-18 specific power loss estimation as a function of peak flux density at varying
frequencies of (a) 3C92 material, (b) 3C95 material
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L'ka

p =1tk
Acore " N

(3-43)

where L and I« represent the inductance value and the peak current of the inductor,
respectively. Acore 1S the effective crossing section area, and N is the turns number
of the winding coil. The details of the inductor with the ferrite material are shown

in Table 3-6 and the transformer is listed in Table 3-7 below:

Parameters Symbol Value Unit
Series inductor Ly 97.0 pH

Core area Acore. E65 540 mm?
Volume Ve 79000 mm?
Number of turn Nis 24 N/A
Number of coil layer N 4 N/A
Parameters Symbol Value Unit
Magnetizing inductor Ly 136.5 pH

Core area Acore. ETD59 363 mm?
Volume Ve 44000 mm?
Number of turn in primary side Nim 15 N/A
Number of turn in secondary side NLm’ 9 N/A

(4) Magnetic loss - copper loss

Copper loss is related to the current flowing in the copper wire of the magnetic

components. Copper losses in the inductor and transformers can be calculated by:
Pcopper_L = (Rac_L + Rdc_L) ’ ILzs_rms (3-44)

P copper_Tx —

(3-45)
(Racpn- + Rdcpn-) ) I;%ri_rms + (Racsec + Rdcsec) ' Iszec_rms

where the RMS current through the series inductor (Irs yms), primary side (Ipri ms) and
secondary side of transformer (/sc ms) can be measured in simulation/test or calculated
in the theoretical circuit. In this design, the ac resistance at certain switching frequency
can be measured with a LCR meter, as shown in Table 3-8 below. It should be noticed
that the measurement of the ac resistance is implemented with the core, thus the ac
resistance actually includes the core loss, and the resultant ac resistance is higher than the

actual value.
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Table 3-8 Specific of inductor and transformer at 130 kHz

Parameters Symbol Value  Unit
Inductor dc resistance Racr 1145 mQ
Inductor ac resistance Ricr 138.79 mQ
Primary side dc resistance Rac, pri 4.80 mQ
Primary side ac resistance Racpri 346.12 mQ
Secondary side dc resistance Racpri 3.80 mQ
Secondary side ac resistance Racpri 99.9 mQ

3.6.2 Power loss prediction with simulated voltage and current
waveforms

The previous section indicates that, the parameters of switching devices and magnetic
components are fixed with a certain converter prototype, and the power loss is related to
the current and voltage in converter operation. To be specific, the device conduction
losses are dependent on the MOSFET on-state RMS current (Ip rus), diode average
current (/r «v) and the diode RMS current (/r ms). The switching losses are functions of
the switching-on current (/p.») and switching-off current (/p,z) in the MOSFET. The core
loss is affected by the peak current through the inductor and transformer. RMS current
through the series inductor (Irs rms), primary side (I, ms) and secondary side of

transformer (Lsec ms) determine the copper losses in the inductor and transformer.

This implies the power loss can be predicted and analysed with the converter currents
and voltages at different operating conditions. Although first harmonic analysis can be
utilized for loss prediction, it is expected to have significant errors specially in calculation
of the switching-on current and the switching-off currents. Moreover, the switching-on
and the switching-off currents also depend on the interaction of Cds with the resonant
tank which is not easily modelled in FHA. Therefore, for purpose of loss estimation time

domain simulation is utilized.

3.6.2.1 Power Loss Prediction in the forward mode

In the forward mode, simulation was performed at five different load conditions with

constant 380V DC link voltage. The resultant current and voltages are shown in

Table 3-9 and Table 3-10 for CLLC and LLC converters, respectively, for the purpose

of comparison.
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Parameters Symbol Value Value Value Value Value Unit
Switching Fw 122.15 11198 106 100.7 98.9 kHz
frequency
DC link voltage Vpc 379.2342  379.0624 378.9140 378.7394 378.6963 A%
DC link current Ipc 6.0276 7.3741 8.5492 9.9240 10.2617 A
Battery voltage Voar 241.7154 289.2567 332.3322 381.0006 412.6826 \%
Battery current Bt 9.0632 9.2800 9.3438 9.2147 8.9789 A
Primary current I1s, rms 7.3665 8.6849 9.8373 11.1266  11.4728 A
Secondary current I, rms 10.6923  11.5897  12.1611 12.7185 12.3837 A
MOSFET wrnoff 5.00 4.985 4.90 3.831 3.669 A
current ”
MOSFET peak Liw 1066 1283 1471 1686 1728 A
current
Diode peak current Ly, p 16.22 18.57 20.3 22 21.77 A
As detailed in

Table 3-9, the DC link voltage is kept at 380V. The battery voltage increases from
240V to 400V for delivering power from 2 kW to 4kW, in order to attain rated charging
current (9 A), the switching frequency decreases from 122.15 kHz to 98.9 kHz for higher
resonant gain, as explained previously. As a consequence, with the delivered power
increasing, the DC link current Ipc, primary side resonant current /s and secondary side
resonant current /. increase correspondingly. However, the MOSFET turns off (1)
current decrease especially in higher power ratings. This is because under higher power
conditions, the operating frequency is below the resonant frequency, resulting in DCM
operation, during which the current through the transformer drops to zero. This trend will

be illustrated in the waveforms in next section.

Table 3-10 shows the simulation results from the LLC resonant converter at a constant
DC link voltage (380V) are s. As can be seen, the simulation condition is the same as the
those in the CLLC converter. When the power increases from 2 kW to 4kW, to attain
rated 9 A charging current, the switching frequency decreases from 123.2 kHz to 98.9
kHz, in order to achieve higher resonant gain, as illustrated in the gain curve previously.
Thus the DC link current, primary side current and secondary side increases accordingly.

On the contrary, the MOSFET turns off (1,5) decrease, due to the DCM operation.
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Table 3-10 The simulation results of LLC at different conditions in forward mode

Parameters Symbol Value Value Value Value Value Unit
Switching Sfow 123.2 113 107.4 102.2 98.9 kHz
frequency

DC link voltage Vbc 379.2600 379.0882 378.9511 378.7753 378.6051 V
DC link current Ipc 5.8256 7.1731 8.2569 9.6374 10.9810 A
Battery voltage Voar 237.6981 285.4695 327.3212 381.2854 4251389 V
Battery current Irat 8.9126 9.1585 9.2022 9.2168 9.2511 A
Primary current  Iig yms 7.2919 8.6419 9.8067 11.1104 12.3841 A
Secondary Lsee, rms 10.1869 11.0965 11.6038 12.1051 12.6868 A
current

MOSFET turn off Iy 5.09 5.534 6.08 5.70 4.80 A
current

MOSFET peak Lok v 10.42 12.58 14.42 16.50 18.53 A
current

Diode peak Lok p 14.96 17.25 18.74 20.38 21.89 A
current

With the simulation data listed above, the power loss distributed in the converter can
be quantified based on the calculation methods in Section 3.6.1. Fig. 3-19 shows the
conduction loss P_con (in blue), the switching loss P_sw (in red), the core loss P_core
(in gray) and the copper loss P_copper (in yellow) in both the CLLC resonant converter

and LLC resonant converter.
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Fig. 3-19 Power loss distribution in the CLLC and LLC resonant converter in the forward mode. (a)

CLLC, (b) LLC, the conduction loss P_con is in blue bar, switching loss P_sw is in red bar, core loss
P_core is in gray bar and copper loss P_copper in bar.

As evident from the figure, the CLLC and the LLC resonant converter exhibit similar
power loss distribution characteristics. Under different operating conditions in both the
two types of converters, the conduction loss dominates the power loss and increases when
the power increases because the increased RMS device currents. This is expected since
the primary side MOSFETS operate in ZVS while and secondary side diodes at ZCS
operation which contributes to reduced switching loss. On the contrary, the core loss
increases only slightly because with a certain core material and layout, the flux density
varies in a small range even under different conditions. In addition, the copper loss does
not increase dramatically even with large increase in the current through the coils, since
the ac resistance decreases with reduced switching frequency at higher power rating, as
explained previously. With the above breakdown, the total power loss of the CLLC and
the LLC resonant converter are compared in Fig. 3-20 (a). As indicated, the power losses
in the CLLC resonant converter are approximately similar to those in the LLC counterpart,
the latter being slightly higher under higher power rating. This feature can be further
illustrated in Fig. 3-20 (b), where the efficiency of the LLC varies from 95.07% to 96.20%
while it goes from 95.10% to 96.29% in the CLLC counterpart.
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Fig. 3-20 Efficiency comparison of the CLLC resonant converter and LLC resonant converter in
forward mode (a) total power loss comparison and (b) efficiency comparison

To conclude, in the forward charging mode, similar operation characteristics is seen
in the CLLC and the LLC topologies, thus the power loss in the CLLC and the LLC

converter are comparable with the CLLC converter having a slight efficiency advantage

over LLC. This is consistent with the theoretical analysis in Section 3.2.

3.6.2.2 Efficiency comparison in the reverse mode

When the converter is operating in the reverse mode, battery delivers the power, with
a constant discharging current of 9A. All the currents and voltages in both CLLC and

LLC resonant converter under five different power rating (and different switching
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frequency accordingly) can be derived for the power loss calculation from time domain

simulations.

The performance data of the CLLC resonant converter in the reverse mode pertinent
to power loss prediction is shown in Table 3-11. As analysed in the previous section, the
CLLC in reverse mode operates as a conventional LLC resonant converter in the forward
mode, thus its performance has similar trend to that in the forward mode. To be specific,
when the battery voltage is increased from 240V to 400V, to attain constant DC link
voltage and constant discharge current, switching frequency decreases from 125.94 kHz
to 90 kHz for a higher resonant gain, as explained previously. All the currents in the
circuit increase with the rise of power rating except the secondary side RMS current

which is kept approximately constant since the discharge current is constant.

Parameters Symbol Value Value Value Value Value Unit
Switching frequency Jow 125.94 105.82 100 95.8773 90.9090 kHz
Battery voltage Viar 2349959  267.1525 302.1267 348.4944 397.0508 V
Battery current Tpas 9.6137 9.7472 9.6567 9.5094 8.5059 A
DC link voltage Vpc 396.3258  400.2520 394.1311 398.7220 3853090 V
DC link current Ipc 5.4779 6.1698 7.0418 7.8835 8.4201 A
Primary current I1s vms 6.2816 7.3840 8.3132 9.2388 9.6475 A
Secondary current Lyee, rms 11.3479 11.5644  11.5748  11.6371 10.8137 A
MOSFET turn-off Ly 7.38 8.17 7.64 8.45 1149 A
current

MOSFET peak current Iy u 16.13 17.96 18.9 19.65 18.49 A
Diode peak current Lk b 9.19 11.65 13.29 14.83 15.59 A

For the purpose of comparison, Table 3-12 shows the data of the LLC resonant
converter pertinent to power loss prediction in the reverse mode. The operation is similar
to SRC due to the magnetic inductor clamped by the voltage across the rectifier in the
primary side. Thus the switching frequency increases from 132.80 kHz to higher
frequencies far away from resonant frequency to maintain the ZVS operation, when the
battery voltage increases. Thus, all the current through the circuit increases

correspondingly.
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Parameters Symbol Value Value Value Value Value Unit
Switching frequency Sow 132.80 149.93 160 166.11 168.07 kHz
Battery voltage Var 2413715 268.2811 306.9763 355.2441 387.9207 V
Battery current Ipar 9.1917 9.8135 9.9782 10.2113 10.5710 A
DC link voltage Vpc 392.9957 402.4656 399.9209 410.4023 414.0037 V
DC link current Ipc 5.4319 6.2055 7.1459 8.1143 9.0239 A
Primary current I1s, rms 6.0499 6.7770 7.9138 9.1233 10.1939 A
Secondary current Lsec, rms 10.9580 14.0085 17.0140 19.9300 223805 A
MOSFET turn off Ly 77 1785 2239 2876 3441 A
current ’

MOSFET peak current Ly, m 14.06 19.62 22.71 28.94 34.30 A
Diode peak current L p 8.439 8.994 10.52 12.28 13.88 A

As evident from the table, the RMS value of the secondary side current increases
significantly with the increase of the power rating, which is different from that observed
in the CLLC. This is because when the operating frequency is above the series resonant
frequency, a large distortion in current waveform occurs in the LLC resonant tank, and a
small increase of the discharging current will lead to a large RMS current in the resonant
tank, causing more losses in the resonant circuit. The current waveforms will be further

displayed in the next section for the comparison of the simulation and the tests.

With the simulation data listed above, the power loss distribution in the reverse mode
can be quantified based on the calculation methods in Section 3.6.1, as illustrated in Fig.
3-21. The core loss P_core, the conduction loss P_con, the switching loss P_sw, and the
copper loss P_copper are displayed both for the CLLC resonant converter and LLC

resonant converter.
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Fig. 3-21 Power loss distribution in the CLLC and LLC resonant converter in the reverse mode. (a)
CLLC, (b) LLC. conduction loss P_con is in blue bar, switching loss P_sw is in red bar, core loss
P _core is in gray bar and copper loss P_copper in bar.

As observed in Fig. 3-21 (a), the loss distribution of the CLLC in the reverse mode
has similar trend as in the forward mode. The conduction loss dominates the total power
loss with the trend to increase with the increase of the power rating. In contrast, the copper
loss decrease in higher power rating because the switching frequency is lower in order to

attain higher resonant gain, as explained in the forward mode.

However, the LLC resonant converter operates as a SRC in the reverse mode. When
the battery voltage decreases with constant discharge current, for the purpose of achieving
constant DC link voltage while attaining ZVS operation, the resonant gain need to be

reduced with increased switching frequency. In this simulation, the battery voltage
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increases from 240 to 400V, and the switching frequency increases from 130 kHz to 170
kHz, causing much larger ac resistance in the magnetic components and therefore higher
copper losses. In addition, switching losses in the devices is higher resulted from higher
switching frequency. And large current waveform distortion increases the RMS current
in the resonant tank and leads to high losses. As a consequence, much higher total power
losses incur in the LLC resonant converter compared with the CLLC counterpart, as
evident in Fig.-3-22 (a). This trend can be illustrated in Fig.-3-22 (b), where the efficiency
of the CLLC varies from 95.42% to 96.60% and it drops from 95.41% to 84.29% in the
LLC counterpart.
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Fig.-3-22 Simulation efficiency comparison of the CLLC and LLC resonant converters
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To conclude, to deliver similar power in the reverse mode, the CLLC and LLC have
different operation conditions and the efficiency improvement offered by the CLLC
topology is apparent especially in higher power ratings, where the CLLC works in a lower
frequency while the LLC has to work in higher frequency to attain ZVS therefore causing
higher power losses. This is in line with the theoretical analysis in Section 3.2, and will
be further assessed with the experimental data from a prototype converter in the next

section.

3.7 Experimental Test and Validation

To validate the designed CLLC resonant converter, experimental tests have been
performed based on the test rig described in previous chapters. SCH2080KE N-channel
Silicon Carbide (SiC) power MOSFETs are used for the full bridge devices in both sides.

In the forward mode, a variac is used to deliver an adjustable single-phase AC voltage
to the charger for adjusting the input voltage. The test load is a “second life” Honda Civic
NiMH battery pack [120]. In the reverse mode, a power supply unit is used to simulate

the battery for fast discharging experiments.

The only difference between the CLLC and LLC resonant converter is the additional
resonant capacitor Cs2 in the transformer secondary side. The prototype bidirectional

charger and the battery load are shown in Fig. 3-23.
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Fig. 3-23 The prototype testing system

All the parameters of the testing bench are listed in Table 3-13:

Table 3-13 The designed CLLC resonant converter specification

Parameters Symbol Value Unit
Series inductor L 97.0 pH
Parallel inductor Ly 136.5 pH
Primary series capacitor Cs 15.8 nF
Secondary series capacitor Cs2 427 nF
Output filter capacitor Cr 330 puF
DC link voltage Ve 380 v
Battery charging current Tpat 9.0 A
Battery internal resister Riar 0.1148 Q
Battery rated capacity A-h 66.2 Ah
Battery fully charged voltage Vinax 403.2 A%
Battery initial voltage Vmin 240 \Y

3.7.1 Forward mode experimental tests

The performance of the proposed converter is assessed by extensive experimental

tests over the wide operating range of the battery voltages and loads with the battery

charging system. The switching frequency range is 90 — 130 kHz to cater for wide range

of battery voltage.

3.7.1.1 Performance at 2 KW power rating

Fig. 3-24 and Fig. 3-25 illustrate the experimental waveforms from the prototype

with the CLLC and LLC resonant tanks at constant 380 V DC link voltage in the forward

mode at 2 kW power rating and 121 kHz operating switching frequency.
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Fig. 3-24 Waveforms from the CLLC resonant converter in the forward mode at 2 kW power rating
(Vociimk =380V, Ipc =5.79A, V pattery= 240V, I payery= 9A) at 121 kHz with (a) experimental test and (b)
time-domain simulation model.
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In this condition, Vpciink = 380V, Ipc =5.79A, V pattery = 240V, I patiery = 9A. From top
to bottom, DC link voltage Vpciink, resonant tank current /;,, transformer primary side full
bridge chopped voltage V,,;, battery side output voltage Vpasery, DC link side input current
Ipc secondary side voltage Vi, and secondary side diode bridge current /.. are illustrated.
Gate drive voltage Vg is also shown in the test waveforms. To verify the simulation model,
simulation results from the time-domain models are also included. It can be observed that
the simulation results are close to experimental results in terms of wave shape and peak

currents

As indicated in Fig. 3-24 (a), the gate drive signal commands the switching devices
operating with square waveform at the required frequency. The resonant tank current Iz
is almost pure sinusoidal because it operates close to the series resonant frequency. Iz,
lags the chopped voltage in the transformer primary side. It is negative before positive
voltage provided across the devices, which ensures that the Drain-Source voltage Vps
decrease to zero first and then the switch turns on. By this way, the ZV'S operation can be
achieved. Furthermore, ZCS is achieved in the turns-off of the diodes in the secondary

side rectifier bridge, with a low di/dt.

The experimental waveforms match closely the time-domain simulation waveforms,
as shown in Fig. 3-24 (b). Thus, the experimental waveforms validate the operation

principles of the CLLC resonant converter described in the previous section.

The measured and simulated waveforms of the DC-DC converter with LLC resonant
tank under the same condition are compared in Fig. 3-25. As evident in Fig. 3-25 (a), the
gate drive signal commands the switching devices with square waveform at desired
switching frequency. The resonant tank current /;¢ is almost pure sinusoidal because it
operates close to the series resonant frequency. /1y lags the chopped voltage in the
transformer primary side. It is negative before positive voltage provided across the
devices, which ensures that the Drain-Source voltage Vs decrease to zero first and then
the switch turns on. By this way, the ZVS operation can be achieved. Furthermore, ZCS
is achieved in the turns-off of the diodes in the secondary side rectifier bridge, with a low
di/dt. The experimental waveforms match the simulation waveform from the time-domain

simulation which is displayed in Fig. 3-25 (b).
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Fig. 3-25 Waveforms of the LLC resonant converter in the forward mode at 2 kW power rating
(VDClink =380V, IDC =5.19A, Vbattery = 240V, I battery = 9A) at 123 kHz with(a) experimental test

and (b) time-domain simulation model.
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As can be seen, the LLC converter operation is very similar to that of the CLLC
converter in the forward model. The experimental waveforms in the forward mode at

2kW verify the operation principles described previously.

3.7.1.2 Performance at 4 KW power rating

Fig. 3-26 and Fig. 3-27 show the waveforms from the prototype with the CLLC
resonant tank and the LLC resonant tank, respectively, at 4 kW power rating (Vpciink =
380V, Ipc=9.5 ~ 10A, V pastery= 400 ~ 410V, I pasrery = 9A) at 99 kHz switching frequency.
From top to bottom, DC link voltage Vpciinr, resonant tank current /1, transformer primary
side full bridge chopped voltage V., battery side output voltage Vyaser, DC link side
input current /pc secondary side voltage Viec, and secondary side diode bridge current Zsec
are illustrated. Gate drive voltage Vy; is also shown in the test waveforms. To verify the
simulation model and predict the converter waveforms, time-domain simulation results

are also illustrated.

As indicated in Fig. 3-26 (a), the resonant circuit current /;s lags the chopped voltage.
Consequently, the Drain-Sourcevoltage Vps decrease to zero before the switch turns on,

leading to ZVS operation.

However, the current waveforms are quite different with the 2 kW condition. /.5 is not
pure sinusoidal because it operates much below the series resonant frequency. After /s
reaches to the peak, it decreases until reaches the same value of the magnetizing current
Irm. This happens before the positive voltage duration finishes, so the power transfer is
ceased to the load although 7, is still continuous. During this period, the reflected output
voltage to the transformer is higher than the transformer primary side, thus the secondary
diode is not able to conduct. So the diode current is zero, and not continuous any more.
This discontinuous current mode (DCM) period can be clearly observed from the
simulation waveform in Fig. 3-26 (b). When sufficient voltage across the transformer
primary side (and consequently the secondary side) diodes to forward-biased, the DCM

mode ends and the output diodes begin to conduct.

94



CHAPTER 3 CLLC Resonant Converter

Display Group hcqMode - Normal

e — 1006575~ 2us/div
nn 1 Main:2.0k
- -
mu
GHTT YT HULRLiLS 4

V' baiink

gate

nnnnn

-25.078 &

-500.00%
CH2 ¥sec 500.0%
CHY lsec 24.973
CH1Z ¥ba 500.00%

o CHEFp 50v Hin  :CH5 Yat 5.1 : 4666 dve  CHIT Ydc 379,
Mionus :CH12_Yha0,396 . 236V RHS  :CH3 ILs  10.592 & RMS  :CH lsec 11.451 Freq :CH5 ¥gt  98.71668K70us
Stopped 10145 Edge CHO:CHD Vat A:File
2016/07/07 02:40:19.99233506 huto 0.00v 2016/07/07 02:40:26
(@)
500
= 2 V pei 2
S ink
3 o
SN NN LL_ Vg
-500
0.98 9.982 9984 9986 9.988 9.99 9.992 9.994 9.996 9.998 10
%1073
500
e \ v battery \ 20 .
S 110 <
g / b W £
‘8 0 ~ sec 0 o
° 5
> 1100
\ V'ec \
A 4 -20
-500
998 9982 9.984 9986 9.988 9.99 9992 9.994 9.996 9.998 10
Time (s) 1073
(b)

Fig. 3-26 Waveforms of the CLLC resonant converter in the forward mode at 4 kW power rating
(Vpciine= 380V, Ipc =9.5A, V bartery= 400V, I parery = 9A) at 98.9 kHz with (a) experimental test and (b)
time-domain simulation model.
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In the simulation, the diode characteristic is closed to ideal, and no reverse recovery
is observed in the current and voltage waveforms. However, in experimental waveforms
as illustrated in Fig. 3-26 (a), the body diode presents reverse recovery current in the turn-
off period under the heavy load. This reverse recovery gives rise to a delay of the DCM,
corresponding to the voltage dip on the secondary side voltage, compared to the
simulation waveforms. Further improvement could be made by applying better SiC
MOSFETs with fast reverse recovery characteristics. It will however increase the total
cost, so a trade-off must be considered. For this prototype, the SiC MOSFET
SCH2080KE shows acceptable capabilities. Although the reverse recovery current is
clearly visible, it can hardly degrade the power conversion efficiency due to the small

current magnitude.

The performance of the DC-DC converter with the LLC resonant tank, as seen in Fig.
3-27 is similar to the performance of the CLLC resonant tank in Fig. 3-26, including the
ZVS in the primary side bridge, ZCS in the secondary side bridge and the DCM operation.

In summary, in the forward mode, both the LLC and CLLC converters exhibit similar
performance. In particular, at 2 kW power rating, since the switching frequency is close
to the series resonant frequency, the resonant current waveform is nearly sinusoidal both
in the LLC and CLLC converters. However, at 4 kW power rating, both the LLC and
CLLC converter have more pronounced DCM with current distortion, in order to deliver
more power. Despite this, as observed in the waveforms in both the LLC and CLLC
converters, the resonant current is lagging the chopped bridge voltage, which implies the
inductive characteristics and ZVS operation in the primary side. In addition, the ZCS
operation in the secondary side can be achieved with low di/dt. It can be concluded that

the experimental waveforms confirmed the operation principle described previously.
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Fig. 3-27 Waveforms of the LLC resonant converter in the forward mode at 4 kW power rating (¥pciink
=3

80V, Ipc =10A, V pasiery = 400V, I panery = 9A) at 99 kHz with (a) experimental test and (b) time-
domain simulation model.
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3.7.2 Reverse mode experimental tests

In the reverse mode, a power supply unit is used to simulate the battery for fast
discharging experiments. The waveforms obtained from the experimental tests and time-

domain simulations in the reverse mode are shown in this section.

3.7.2.1 Performance at 2 KW power rating

Fig. 3-28 and Fig. 3-29 illustrate the operation at 2 kW power rating (¥pciink = 380V,
Ipc =5.3A, V panery = 240V, I panery =9A) at 125 kHz switching frequency. From top to
bottom, DC link voltage Vpciink, battery current I, series inductor current Iz, primary
side voltage V., battery side input voltage Vpauery, secondary side current Iy and
secondary side chopped voltage V.. are displayed. It should be noted that in the reverse
mode, since the MOSFETs in the secondary side H-bridge act as the active devices, the
secondary side current /.. flows through the MOSFET. And the inductor current /75 flows
through the diode bridge current because the primary side MOSFETs are turned off with
only the body diode acting as the rectifying bridge.

As observed in Fig. 3-28 (a), the gate drive signal commands the switching devices
in the transformer secondary side with square wave at required switching frequency. The
MOSFET current /.. is almost pure sinusoidal since it operated near the series resonant
frequency. . lags the chopped voltage in the transformer primary side. It is negative
before the positive voltage is applied to resonant tank by the gate drive signal. This
ensures the Drain-Source voltage Veps decreases to zero before the switches turns on and
hence, facilitating ZVS operation. Furthermore, the diode turns off under ZCS with a low
di/dt.

The experimental waveforms match the time domain simulation waveforms, as shown
in Fig. 3-28 (b). As a conclusion, the experimental waveforms verify the operation

principles of the CLLC resonant tank in the reverse mode described previously.

Fig. 3-29 (a) shows the measured waveforms from the LLC resonant converter under
the same condition as that of the CLLC converter. As is seen, The MOSFET current ..
and diode current are similar to those observed in the CLLC converter, and hence the
performance of the LLC converter at 2kW is very closed to that of CLLC converter. The
experimental waveforms match the simulation waveform from the time-domain

simulation, as displayed in Fig. 3-29 (b).

98



CHAPTER 3 CLLC Resonant Converter

Display Group ?ggng:’e H gorﬂgl
— s Zusfdiv
nn 1 Main:2.0k
CNA

THTT ¥OC

0000V

V' bciink

/ battery

50127 &
-500,00%
CH2 Vsec 500.0%

CHd Isec 49.953
CH12 ¥ba 500.00%
V hnH‘pry s
/
* sec Vgate
Wax  :CHE Vastdir 11.60V Min  :CHG Ygt3 -4.47Y Avg  :CH5 Ibat 9.0044 dvg  CHI1 Vdc 383.744v
MtZonus :CHIZ Yhatins?38 . 330V RS :CH3Z ILs  6.0227 A RMS  :CH4 lsec 10.669 Freqa :CHE Yst3 125.9446Kd0us
Stopped 28824 Edge CHB:CHG Vat3 £ EFile
2016/07/04 04:15:30 60062691 huto 0.00v 2016/07/04 04:15:36
(@)
400 50
2 DClink
< 200 125 2
\g Ihnﬂ'plry :g
0 0
9] [0}
2 | £
> -200 V. 1 .05 O
L pri
-400 50
5 5.005 5.01 5.015 5.02
%1073
400
Vbattery
S\ 200
N /_\ g
S 4 | coc Y
©
S — —
> -200
sec
-400
5 5.005 5.01 5.015 5.02
Time (s) «1073

(b)
Fig. 3-28 Waveforms of the DC-DC converter with CLLC resonant tank in the reverse mode at 2 kW
power rating (Vpciink = 380V, Ipc =5.3A, V patery= 240V, I panery = 9A) at 125kHz with (a) experimental
test and (b) time-domain simulation.
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Fig. 3-29 Waveforms of the LLC resonant converter in the reverse mode at 2 kW power rating (Vpciink
=380V, Ipc =5.2TA, V pasiery= 240V, I paery = 9A) at 132 kHz with (a) experimental test and (b) time-
domain simulation model.
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To conclude, the experimental waveforms in the reverse mode have validated the

predictions of both the CLLC and the LLC converters described previously.

3.7.2.2 Performance at 4 KW power rating

Fig. 3-30 and Fig. 3-31 demonstrate the waveforms at 4 kW power rating (Vpciink =
380V, Ipc =8.2A, V partery = 390V, I pawery = 9A) at 90 kHz switching frequency for the
CLLC resonant converter and at 168 kHz for the LLC resonant converter. From top to
bottom, DC link voltage Vpciink, battery current I, series inductor current I, primary
side voltage V., battery side input voltage Vpauery, secondary side current Iy and
secondary side chopped voltage V.. are displayed. Similar to the waveforms at 2 kW,
since the MOSFETs in the secondary side H-bridge act as the active devices, the
secondary side current /.. flows through the MOSFET. And the inductor current /75 flows
through the diode bridge current because the primary side MOSFETs are turned off with
only the body diode acting as the rectifying bridge.
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Fig. 3-30 Waveforms of the CLLC resonant converter in the reverse mode at 4 kW power rating
(Vpciine =380V, Ipc =8.3A, V baery = 400V, I pauery = 9A) at 90 kHz with (a) experimental test and (b)
time-domain simulation model.

As shown in Fig. 3-30 (a), the MOSFET current /.. lags the chopped voltage in the

transformer secondary side, which implies the ZVS operation. However, compared to the

2 kW condition, . 1s not pure sinusoidal since the operating frequency of 90 kHz is

much lower than the series resonant frequency. As a result, severe DCM operation similar

to the forward mode can be observed in the waveforms.

The measured and simulated waveforms from the LLC DC-DC converter at 4 kW are

compared in Fig. 3-31. It is evident that they are totally different from those in the CLLC

resonant topology. Although the ZVS operation in the transformer secondary side bridge

and the ZCS operation in the primary side bridge are achieved in both the test and

simulation conditions, the MOSFET current in the secondary side exhibits large distortion,

while high di/dt is seen in the primary side diode current, because its operation region is

much higher than the series resonant frequency.
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Fig. 3-31 Waveforms of the LLC resonant converter in the reverse mode at 4 kW power rating (Vpciink
=380V, Ipc =8.27A, V patiery= 400V, I paery = 9A) at 168 kHz with (a) experimental test and (b) time-
domain simulation model
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In summary, in the reverse mode, at 2 kW power rating, the switching frequency is
close to the series resonant point in both the LLC and CLLC circuit, similar current
waveforms are seen in LLC and CLLC. However, at the high power, significant
difference can be observed. The LLC converter operates in the region much above the
series resonant frequency for the purpose of delivering high power, causing serious
current distortion. On the contrary, lower switching frequency can be seen in the

waveforms of the CLLC converter, corresponding to the DCM operation.

3.8 Efficiency Measurements and Comparison

In order to evaluate the converter efficiency, the actual power delivery efficiency in
the experimental prototype under different conditions are measured and compared in this

section.

3.8.1 Measured efficiency comparison

In the experimental tests, the DC link voltage and battery voltage are measured with
a YOKOGAWA oscilloscope using 1200V probes. The DC link current and battery
current are measured by the Tektronix current probes and displayed in the YOKOGAWA
oscilloscope. Once all the data are obtained from YOKOGAWA oscilloscope, the
averaged values of the DC link voltage/current and the battery voltage/current are
calculated easily. After that, input power and output power can be calculated with which
the power conversion efficiency can be analysed. Measured efficiency comparison of the

LLC and CLLC converters in the forward and reverse mode is illustrated in Fig. 3-32.

As can be observed, in both forward and reverse modes, the efficiency of CLLC is
higher than LLC at all power ratings. The efficiency of CLLC and LLC converter is
comparable in the forward mode. For example, the efficiency of the LLC and CLLC
converters in the forward mode are equivalent around 95% at 2 kW, and 96% at 4kW.

The difference in efficiency between the two converters is insignificant.

However, in the reverse mode, the benefit of CLLC topology is clearly demonstrated.
It is evident that in the CLLC topology the efficiency varies between 95% and 96% over
2kW to 4kW range, while the efficiency of LLC topology decreases from 95% at 2kW to
as low as 86% at 4kW. The CLLC has a 10.22% improvement on the efficiency over the

LLC counterpart at 4kW. The measured efficiencies in the prototype converters are
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consistent with the analysis in Section 3.2.2, and the power loss prediction in Section

3.6.2.
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Fig. 3-32 Comparison of measured efficiency variations of CLLC and LLC converters with output
power in (a) the forward mode and (b) the reverse mode

The low efficiency of LLC converter is expected since the circuit actually operates as
a series resonant converter (SRC) in the reverse mode, which has to operate in a wider
frequency range to accommodate wide voltage variation in the battery and therefore
causes more losses. Also, the operation region of the SRC converter can be above the
series resonant frequency to insure the inductive operation which further cause higher
switching frequency and thus higher switching losses. This is the reason why the LLC

converter is not usually preferred for the revere mode operation.
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On the other hand, the CLLC topology in reverse mode operates as a normal LLC,
which has wider ZVS range, and the boundary of the ZVS is the system resonant peak
point rather than the series resonant frequency. So the system can operate below the series
resonant frequency (while must be above the system resonant frequency to obtain the
inductive operation range).This is further illustrated in Fig. 3-33 which compares the
switching frequency as a function of load for both LLC and CLLC topologies. As can be
observed, in the forward mode, the switching frequencies of the CLLC and LLC
topologies are close to each other with the same trend of reduction as the power rating
increases. However, in the reverse mode, in order to deliver more power, the CLLC
operates at lower frequency as the power increases, while the LLC needs to increase the

switching frequency from 130 kHz to 170 kHz.
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Fig. 3-33 Switching frequency required at different power in (a) the forward mode and (b) the reverse
mode
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3.8.2 Measured and predicted efficiency comparison

The comparison of the measured efficiency from the prototype bench and the

predicted efficiency from the simulation is shown in Fig. 3-34.
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Fig. 3-34 Comparison of the measured and predicted efficiencies. (a) efficiency comparison in the

forward mode, (b) error in the forward mode, (c) efficiency comparison in the reverse mode and (d)
error in the reverse mode.

As can be seen, in general, it is apparent that under all the conditions, the measured
efficiencies of both the CLLC and LLC converters agree with the predictions in both the
forward and the reverse modes. As detailed in Fig. 3-34 (a) and (b), in the forward mode,
the measured efficiency follows similar trend to the prediction. The errors are in a fairly
reasonable range and may be attributed to a number of factors, such as the deviation of
the devices characteristics from their datasheet values, and measurement errors due to

limited accuracy of the current and voltage probes.
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Reasonable results are also observed in the reverse mode as illustrated in Fig. 3-34 (c)
and (d). It is clear that measured efficiency matches the predicted trend in all the power

ratings.

The large difference in measured and predicated efficiencies of the LLC converter at
4kW may be due to errors in switching loss prediction. As has been indicated in the
previous analysis, the main difference between the CLLC and LLC in the reverse mode
is the switching frequency, which will affect the device switching losses and the copper
losses (due to the variation of ac resistance at different switching frequency). Since the
conduction loss dominant at heavy load, it is possible that the overestimation of the
predicted power loss of the LLC converter at 4kW could be explained by the inaccuracy
of the component datasheet, such as the overestimated MOSFET on-resistance and the
turn-off energy (again the drain-source voltage and drain current), due to the lack of
values in different temperatures. Thus, further power loss analysis and comparison should

be implemented, especially with the LLC resonant converter in the reverse mode.

It is difficult to measure the power loss in all the devices and components directly,
since most of the devices are not accessible in the testing rig. Nevertheless, it can be
estimated with all the measured currents and voltages, based on the power loss calculation

method in Section 3.6.1.

In the experimental tests, DC link voltage and battery voltage are measured with a
YOKOGAWA oscilloscope using 1200V probes. DC link current and battery current are
measured by the Tektronix current probes and displayed in the YOKOGAWA
oscilloscope. Once all the data are obtained from YOKOGAWA oscilloscope, the
averaged values of the DC link voltage/current and the battery voltage/current are
calculated accordingly. The MOSFET turn-off current, MOSFET peak current, diode
peak current is observed and obtained from the waveforms captured with YOKOGAWA

oscilloscope.
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3.8.3.1 Power Loss distribution in the forward mode

The experimental measured currents and voltages in the prototype are detailed in

Table 3-14 and Table 3-15 below. As the data have similar trend to the simulation data in

Section 3.6.2, they will not be presented in detail here.

Table 3-14 The test results of CLLC at different conditions in forward mode

Parameters Symbol Value Value Value Value Value Unit
Switching frequency Jfow 122.15 11198 106 100.7 96 kHz
DC link voltage Vbe 380.565 380.386 380.27 379.929 379.732  V
DC link current Ipc 5.7938  6.824 7.8511 9.1213 10.227 A
Battery voltage Viat 237.425 278.197 317.691 370.019  410.188 V
Battery current Tpar 8.9934  9.0031 8.9998 9.0029 8.975667 A
Primary current I1s vms 6.7894  7.6963  8.8009 10.24 11.57 A
Secondary current Lec, rms 10.052 10.302 10.85 11.544 12.113 A
MOSFET turn off current Ly 3.8 4.2 4.1 3.6 1.2 A
MOSFET peak current Lk m 9.8 11.6 13.3 15.1 17.2 A
Diode peak current L p 15 16.8 18.2 19.8 21.2 A
Table 3-15 The test results of LLC at different conditions in forward mode
Parameters Symbol Value Value Value Value Value Unit
Switching frequency Jow 123.2 113 107.4 102.2 98.9 kHz
DC link voltage Voe 380.59  380.429  380.249 379.981 379.72 \Y%
DC link current Ipc 5.7975  6.8321 7.838 9.1548 10.179 A
Battery voltage Viar 237.459 278.177  317.407 370.485 411351 V
Battery current Ihat 8.9947  9.0025 8.9917 9.0142 9.0011 A
Primary current 115, rms 6.9258  7.9071 9.0075 10.455 11.483 A
Secondary current Lsec, rms 9.8943 10.074 10.572 11.342 11.736 A
MOSFET turn off current Iy 4 5 5.2 52 4 A
MOSFET peak current L u 10 11.8 13.5 15.5 17.8 A
Diode peak current Ly p 14.3 16.2 17.8 19 19.8 A

With the measured data listed above, the power loss distributed in the converters can

be quantified based on the calculation methods in Section 3.6.1, as illustrated in Fig. 3-35.

The the core loss P_core, the copper loss P_copper, conduction loss P_con and the

switching loss P_sw are displayed both in the CLLC resonant converter and LLC resonant

converter.
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Fig. 3-35 Power loss distribution of the experimental tests in the forward mode. (a) CLLC, (b) LLC
and (c) total loss comparison.
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Similar to the predicted power loss distributions in Section 3.6.2, it can be illustrated
that the CLLC and the LLC resonant topology exhibit similar power loss breakdown
features. To be specific, due to the ZVS operation in the MOSFETs and ZCS operation
in the secondary side rectifier, the switching losses are minimized. At different power
ratings in both the CLLC and LLC resonant converter, the conduction loss dominates the
power loss and increases when the power rating increases because the increasing RMS
device currents. On the contrary, the core loss only increases slightly because the small
variation of the flux density. The switching loss even decrease at 4 kW because of the
decease of switching frequency. Moreover, the copper loss does not increase significantly
even with large increase in the current, because the ac resistance decreases with switching
frequency. With the above power loss distribution, the entire power losses in the CLLC
and LLC resonant converters are compared as detailed in Fig. 3-35 (c). As indicated, the
power losses in the CLLC resonant converter are approximately the same as the power
loss in the LLC resonant converter, while higher loss occurs in the LLC resonant

converter at higher power rating.

In summary, when the two resonant converters operate in the forward charging mode,
as illustrated in the theoretical analysis in Section 3.2 and predicted in Section 3.6.2, the
CLLC and the LLC topologies have similar characteristics. Thus the power loss in the
CLLC and the LLC converters are comparable with the CLLC converter having a slight
efficiency advantage over the LLC. This is in line with the predicted and the measured

efficiency.

3.8.3.2 Power Loss distribution in the reverse mode

Similarly, the measured currents and voltages of the prototypes in the reverse mode

are listed in Table 3-16 and Table 3-17 below:

Table 3-16 The test results of CLLC at different conditions in the reverse mode

Parameters Symbol Value Value Value Value Value Unit
Switching frequency Sow 125.94 105.82 100 95.8773 90.9090 kHz
Battery voltage Viar 238.33 270.539  305.475 351.791 402.183 V
Battery current Ipar 9.0044 8.9378 9.0055 8.9845 8.338 A
DC link voltage Vbc 383.74 384.219 380.487  387.635 380.223 Vv
DC link current Ipc 5.3077 5.9293 6.8066 7.6759 8.2788 A
Primary current Iis, rms 6.0227 6.7372 7.7878 8.7966 9.4555 A
Secondary current Lsee, rms 10.669 10.41 10.844 11.182 10.818 A
MOSFET turn off current Iy 6.8 7 7.75 8 10 A
MOSFET peak current Lok, v 14.2 16 16.8 18 16 A
Diode peak current L p 8.5 12 11.8 13.8 14.5 A
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Parameters Symbol Value Value Value Value Value Unit
Switching frequency fow 132.80 149.93 160 166.11 168.07 kHz
Battery voltage Viar 244.56 271.69 310.44 358.79 391.59 \Y%
Battery current Lpar 8.7375 9.0587 9.0885 9.2755 9.656 A
DC link voltage Vbe 381.57 383.39 375.83 380.49 379.17 A%
DC link current Inc 5.2776 5.9166 6.7232 7.5346 8.3018 A
Primary current I1s, rms 5.9305 6.4116 7.2853 8.2632 9.1094 A
Secondary current Lsee, rms 10.935 13.28 16.081 18.544 20.232 A
MOSFET turn off current Ly 8.1 15.5 19.8 23.8 28 A
MOSFET peak current Lo m 12.5 16 19.8 23.8 28 A
Diode peak current Ly p 8 8.3 9.8 10.5 12 A

With the data listed above, the power loss distributions in the converter can be
quantified based on the calculation methods in Section 3.6.1, as shown in Fig. 3-36. As
illustrated in Fig. 3-36 (a), the CLLC has similar loss distributions in the reverse mode as
the forward mode. The conduction loss dominates the power loss with the trend to rise
with the increase of the power rating. In contrary, the copper loss decrease in higher power
rating because the switching frequency is lower in order to attain higher resonant gain.
However, as indicated in Fig. 3-36 (b), the LLC resonant converter operates as a SRC in
the reverse mode. When the battery voltage increases from 240 to 400V, and the
switching frequency needs to increase from 130 kHz to 170 kHz in order to reduce the
resonant gain while attaining ZVS operation, ac loss in the magnetic components is
significantly increased. In addition, higher operating frequency leads to higher switching
losses in the devices. As a consequence, much higher total power losses are seen in the
LLC resonant topology compared with the CLLC resonant topology, as shown in Fig.
3-36 (¢).
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Fig. 3-36 Power loss distribution of the experimental tests in the reverse mode. (a) CLLC, (b) LLC and
(c) total loss comparison.
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To conclude, in order to deliver similar power in the reverse mode, the CLLC and
LLC have different operation characteristics and the benefit of CLLC topology is evident
especially in higher power rating, where the CLLC works at a lower frequency while the
LLC has to work in higher frequency to attain ZVS therefore causing higher power losses.

This is in line with the theoretical analysis and the predicted power loss in Section 3.6.2.

Based on the understanding of the operation principle, a bidirectional CLLC resonant
converter is designed and optimized using fundamental harmonic approximation (FHA)
analysis on the CLLC network in both G2V and V2G modes. The design process is
summarized for general use. With the CLLC resonant tank, the converter achieves
ZVS+ZCS features in both forward and reverse modes. Power loss prediction of the
converter is implemented with the simulation results, and verified with the experimental
tests. Power loss analysis shows that the efficiency of CLLC improves from 1% to 10.02 %
in the whole operating range compared to the LLC alternative. The time-domain
simulation and the experimental tests validates that the CLLC converter has high power
conversion efficiency and high power density (with reduced heat-sink), and it is a suitable

candidate for a bi-directional on-board battery charger.

From the above analysis, CLLC topology can increase the efficiency especially in the
reverse mode. However, the current still exhibits a large distortion at heavy loads, which
will cause more power loss. To solve this problem, variable DC link control will be
developed for the CLLC converter, which will be described in the next chapter. In
addition, the copper loss of the converter may not be predicted with a good accuracy, and

this issue will be investigated in chapter 5.
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CHAPTER 4

Optimum Resonant Frequency Tracking with
Variable DC link Voltage Control for the CLLC
Resonant Converter

This chapter presents an optimum-resonant-frequency-tracking scheme to further enhance the efficiency of the
CLLC DC-DC converter proposed in Chapter 3. The operation of the CLLC resonant tank is analysed to
identify the optimal operating frequency for this converter. In order to maintain the operating frequency close
to the optimum resonant frequency corresponding to the maximum efficiency point in a wide battery voltage
range, the DC link voltage is adjusted accordingly when the battery voltage varies. Thus, the resonant
converter is always operating with less circulating current in the resonant tank and transformer, less turn-off
current in the primary side MOSFETs and less di/dt in the secondary side diodes. Simulation and comparison
with the conventional fixed DC link voltage are presented to verify the effectiveness of the proposed control
scheme.

Part of the contents in this chapter has been published in [121] by the author.

4.1 Introduction

It is well known that the terminal voltage of automotive batteries varies as a function
of'its state-of-charge (SoC) [23, 145, 146]. Therefore, if a traditional frequency controller
1s employed for the LLC or CLLC resonant converter with a constant DC link voltage,
the switching frequency deviates from the series resonant frequency when battery voltage
or state-of-charge (SoC) changes in order to maintain constant charging or discharging
current. In the reverse V2G mode this can lead to operation at much higher frequencies
and increased converter losses due to waveform distortions and larger circulating current
in the resonant tank [147]. However, constant DC link voltage is not absolutely necessary
to maintain operation of the converter. Power flow can still be guaranteed with variable
DC link. One of the solutions to alleviate the problem and therefore increase efficiency
for unidirectional forward mode LLC battery charger is the maximum efficiency tracking
method [140, 148-150] where the input voltage across the DC link is varied proportional
to the battery voltage. By doing so, the converter always operates close to its series
resonant frequency over a wide battery voltage range. However, this technique has not
been analysed, evaluated and applied to bi-directional power flow converters with the
CLLC topology. One of the key challenges is to identify the optimal operating frequency
and resonant gain at which to operate the CLLC resonant converter, since compared with

the LLC resonant converter featuring three-element resonant tank, the CLLC has different
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resonant gain characteristics and different resonant frequency features with four-element

resonant tank.

To further improve the power conversion efficiency, in this chapter, the maximum
efficiency tracking method employing variable DC link control strategy is designed and
implemented for the bidirectional charger. Section 4.2 analyses the operation of resonant
converter over different switching frequency ranges in both forward and reverse modes
in order to identify the optimized operating frequency. Section 4.3 describes control
design for maintaining the optimal operating frequency by varying DC link voltage and
evaluates the performance. Simulation studies based on the time-domain model are
performed in Section 4.4. Section 4.5 describe the experimental tests and efficiency

comparisons of the proposed control with conventional techniques.

4.2 Optimum Frequency Selection

The power loss analysis in Chapter 3 has shown that, the power loss is related to the
current and voltage in the circuit. To be specific, the device conduction losses are
dependent on the MOSFET on-state RMS current (Ip rus), diode average current (Ir av)
and the diode RMS current (/r »ms). The switching losses are functions of the turn-on and
turn-off current denoted by Ipo, and Ipoy respectively. The core loses is affected by the
peak current through the inductor and transformer. RMS currents through the series
inductor (/s rms), primary side (I rms) and secondary side of transformer (Lsec rms)

determine the copper losses in the inductor and transformer.

This implies that with less current distortion, lower di/dt, lower turn-on turn-off
current, the power loss is minimized and power conversion efficiency can be improved.
Thus, the operating waveforms in both forward (G2V) and reverse (V2G) modes at
different conditions are analysed in this section to identify the optimized operation

frequency for minimized power loss.

4.2.1 CLLC forward mode

The gain curve of the typical CLLC resonant converter, is shown in Fig. 4-1.
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Fig. 4-1 Voltage gain characteristics of a typical CLLC resonant converter in the forward mode

As analysed in the previous chapter, the resonant tank has inductive characteristic and
ZVS operation in the region above the peak series frequency which corresponds to the
peak gain for a given load. While in the region below the system resonant frequency, the
converter operates at ZCS condition with capacitive feature which should be avoided.
Therefore, although the two load-independent points can be observed in the gain curve,
the one in higher frequency (which is close to the series resonant frequency) is preferred
for the purpose of coping with the battery voltage variation. Since series resonant
frequency is the favorable operation frequency in the LLC converter[140, 151],
operations of the CLLC resonant converter when the switching frequency is below, above

and at the series resonant frequency in the forward mode is analysed in this section.

Fig. 4-2 shows the typical voltage and current waveforms of the CLLC resonant
converter in ZVS operation zone when the switching frequency is below, above and at
the series resonant frequency. As the detailed operation of CLLC has been analysed and
presented in Chapter 3, only the series inductor current, parallel inductor (magnetizing
inductor) current and secondary side rectifying diode current are illustrated, from the top

to the bottom in each set of waveforms.
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As can be seen in Fig. 4-2 (a), the converter operates in the region where the operating
frequency is below the series resonant frequency. As already shown in Chapter 3, during
this discontinuous current mode (DCM). When the secondary diode current is zero or
discontinuous, there is no current going through the transformer and the transformer
secondary is separated with the primary. The parallel magnetizing inductor participates
in the resonance and the resonant current is circulating only in the primary side without
delivering any power to the load side. This operating mode causes more circulating
current and more loss for a given amount of power transfer. Hence, compared with
continuous current mode, to deliver the same power to the output, more RMS current is
needed in the resonant tank, which will cause more conduction loss in the devices, and

more losses in the resonant tank.

When the switching frequency is over the series resonant frequency, as shown in Fig.
4-2(b), the primary side devices have high turn-off current while the secondary side
diodes turns off rapidly at high di/dt, both of which lead to high switching losses. In
addition, higher operating frequency away from the series resonant frequency is not
preferred in the CLLC resonant converter because this will result in smaller gain which
makes it not easy to meet the output requirement especially with wider output voltage
variation conditions. When the switching frequency is close to the series resonant
frequency, as can be seen in Fig. 4-2 (¢), the resonant current is almost pure sinusoidal
without large distortion. The circulating current is much less which corresponds to
minimum circulating energy and low conduction losses. As illustrated in the previous
chapter, the conduction loss dominates the total power loss in the forward mode. The
circulating energy of the resonant tank is minimized, which will lead to lower conduction
loss and the increased conversion efficiency. Moreover, the primary side switches turn
on at ZVS with less turn-off current and the secondary side diodes turn off at ZCS with
low di/dt which implies low switching losses. The reverse recovery losses in the rectifying

diode are eliminated. This is consistent with the power loss analysis in Chapter 3.
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Thus, operating at the series resonant frequency is beneficial for minimized losses and
maximum conversion efficiency. This frequency operating point is the optimized point to

be maintained in the whole operating range.

4.2.2 CLLC reverse mode

Similarly, Fig. 4-3 shows the voltage gain characteristic of the CLLC resonant
converter in the reverse mode. The typical waveforms of the CLLC resonant converter
in reverse mode when the switching frequency is above, equal to and below the series

resonant frequency are illustrated in Fig. 4-4.
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Fig. 4-3 Voltage gain characteristics of the CLLC resonant converter in the reverse mode

Differing from the conventional LLC resonant circuit, the CLLC topology has
advantages of similar operational characteristics in both the forward mode and reverse

mode.
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Fig. 4-4 Typical CLLC resonant converter operation in reverse mode when the switching frequency is
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When the switching frequency is below the series resonant frequency, as can be seen
in Fig. 4-4 (a), the converter operates at the discontinuous current mode. The current in
the transformer primary becomes zero and the resonant current is circulating only in the
secondary side without delivering any power to the DC link side. Consequently, more
circulating current and more losses in the devices and resonant tank occur. More RMS

current is required to deliver the same power with more losses.

As observed in Fig. 4-4 (b), high turn-off current and high diode di/dt can be seen in

the region over the series resonant frequency, which results in high switching losses.

Similar to the operation in the forward mode, when the switching frequency is close
to the series resonant frequency, as can be seen in Fig. 4-4 (¢), the resonant current in the
reverse mode is almost pure sinusoidal with lower current distortion, smaller circulating
current and less peak current, corresponding to lower conduction loss, lower switching
loss and lower loss in the resonant tank. The ZVS operation with less turn-off current in
the secondary side switches and ZCS operation with low di/dt in the primary side diodes

can be maintained, leading to lower switching losses.

It follows that for the reverse mode, operation at (or close to) the series resonant
frequency is beneficial for minimizing the losses and maximising the conversion
efficiency. This frequency operating point is the optimized resonant frequency to be

maintained in the whole operating range.

4.3 Optimal Resonant Point Tracking

4.3.1 Variable DC link control scheme

As explained in the previous section, when the CLLC resonant converter operates at
the optimized resonant frequency in both forward mode and reverse modes, the power
loss will be minimised. However, the conventional control method for the CLLC resonant
converters is to adjust the switching frequency in order to regulate the output current. To
cater for a wide variation of battery voltage resulted from the change in battery SoC, the
switching frequency needs to be regulated widely and deviate significantly from the series

resonant frequency especially in higher power rating or under light load conditions.

To keep the switching frequency close to the optimized resonant frequency that
corresponds to the maximum efficiency point, the DC link voltage of the front end

converter may be varied. By adjusting the DC link voltage through the front end controller
123



CHAPTER 4 Optimum Resonant Frequency Tracking

based on the battery voltage variation, the switching frequency can be regulated at the
optimized resonant frequency and the resonant current is always close to a pure sinusoidal
shape, with minimum circulating current and low di/dt. By doing so, the power loss can
be minimized across a wide operating range and thus the power conversion efficiency can
be optimized without adding any additional circuit or employing complicated control

strategy.

It is of note that the PFC power loss linearly increases with higher DC link voltage.
However, since in high power raging, the switching loss dominates the power losses and
the DC-DC converter loss dominates the total power loss, the increase of DC link voltage

will not decrease the total power efficiency greatly.

Fig. 4-5 shows the overall control structure for the battery charger which includes a
front end AC-DC converter for active power factor correction (PFC) and a DC-DC
converter to regulate the battery current. The controller consists of an inner current control
loop to regulate the battery current by adjusting the switching frequency and an outer
voltage control loop to adjust the DC link voltage. The voltage controller is integrated

into the front end converter.
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Fig. 4-5 Variable DC link voltage control diagram

The real-time voltage and current of the battery are detected with the voltage
transducer and current transducer. The charging mode and discharging mode can be set

in the code and be verified by detecting the current direction. At each control loop
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calculation step, the DC link voltage reference for the front end voltage controller is
computed based on Equation (4-1), where G is the gain of the resonant tank at the
optimized resonant frequency , N is the transformer turns ratio and Vp is the voltage drop
across each rectifying MOSFET body-diode. Thus, the DC link voltage increases in
proportion to the battery voltage in the forward mode (charging increases battery voltage)

and vice-versa in the reverse mode.

1 N -
Vic = {( /G) N - (Vgar + 2Vp), Forward mode @-1)

G- N-(Vgar +2Vy), Reverse mode

For example, in the constant current charging mode, the battery is charged with
constant current, and the voltage increases gradually during this period. In the
conventional frequency control approach, the switching frequency is adjusted to regulate
the resonant gain for maintaining the constant charging current. While in this proposed
control strategy, the battery current and voltage are sensed and fed to the compensation
based on Equation (4-1) to generate reference DC link voltage command (VDC*), for
generating the demand reference of the grid current (/g¢*) through the front-end
controller. /gq* is then tracked by the synchronous rotating frame PI (SRFPI) controller
which generates the PWM signals to drive the H-bridge in the front-end and eventually
track the DC link voltage. With the variable DC link voltage, the current controller is able
to track any current demand by varying the switching frequency in a much reduced range
close to the optimized resonant frequency. In the reverse discharging mode, the DC link
voltage is varied according to the battery voltage and the controller is operated in the

similar manner.

With this control approach, the switching frequency is tuned to be close to the optimal
resonant frequency automatically, while the DC link voltage varied according to the
battery voltage, through the multi-control loops. Thus the maximum efficiency point can
be tracked continuously across the wide battery voltage variation and the conversion

efficiency of the converter is optimized over the wide operation range.

Since the DC link voltage reference for the front end voltage controller is calculated
in relation to the variation of the battery voltage it is necessary to constrain its range in
order to ensure power delivery and safe circuit operation. Fig. 4-6 shows the flowchart to

determine the battery voltage range between Viarery iow and Veanery nign. First the lower and
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upper limit of the voltage across the resonant tank, denoted by Viauk tow and Viank nigh,
respectively, can be calculated by Viarery tow * N and Viartery nign * N. As the bidirectional
charger is connected to the grid converter, the minimum value of the DC link voltage
should meet the minimum requirement of the front end converter, which is the peak
voltage of the AC grid (with +/-10% variation). The maximum value of the DC link
voltage is constrained by the drain-source voltage of the switching devices (MOSFETs in

most applications) and maximum voltage of the DC link capacitors.
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Fig. 4-6 Determine the DC link voltage variation range

Table 4-1 shows the constraint specification of the charging system designed in
Chapter 3. The grid AC voltage is 230V rms (peak value 325V) with +/-10% variation,
implying a minimum DC voltage range of [357V 292V] below which power flow will
not occur. The battery voltage varies between 240V to 400V. The transformer turn ratio

is set to 1.66 in this design. The SiC MOSFET has 1200V maximum drain-source voltage.

Table 4-1 The Constraint specification of the DC link voltage range

Parameters Symbol Value Unit
Minimum Battery voltage Vibattery tow 240 A%
Maximum Battery voltage Vba[[ery_high 400 A\
Transformer turns ratio N 1.66 -
MOSFET maximum drain-source voltage  Vpsmax 1200 A%
DC link capacitor break down voltage Ver 550 v
Grid rms voltage Vrid_rms 230 \%
Grid peak voltage Verid_peak 339 v
Grid peak voltage with variation Vrid_peak 357 A%
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With the designed resonant tank, the subsequent DC link voltage varies between 370V
and 609V, which can be accommodated by commonly available switching devices.
However, in the experimental prototype presented in the previous chapter, the DC link
capacitor has a maximum voltage rating of 550V, because this capacitor was selected
based on the constant 380V DC link. Thus the DC link variation range is adjusted between
[370V, 480V]. It should be noted that this compromised narrow voltage range is just for
the experimental work to validate the control performance using the existing hardware
setup. It is possible to improve the performance. A possible solution is to replace the DC
link capacitor to achieve a higher breakdown voltage. However, it will increase the cost

and size. Thus a trade-off must be taken into account.

4.4 Simulation Study

The performance of the proposed converter is assessed by simulations over the wide
operating range of the battery voltages and loads with a battery charging system based on
a front end AC-DC converter and the CLLC resonant converter with the specification

shown in Table 4-2.

Table 4-2 The designed CLLC resonant converter specification

Parameters Symbol Value Unit
Series inductor L 97.0 puH
Parallel inductor Ly 136.5 pH
Primary series capacitor Cs 15.8 nF
Secondary series capacitor Cs2 427 nF
Output filter capacitor G 330 uF
AC Grid Voltage Veria 230 Vrms
AC Grid Voltage frequency f 50 Hz
DC link voltage Vie 380 v
Battery charging current Ihat 9.0 A
Battery internal resister Rpar 0.1148 Q
Battery rated capacity A-h 66.2 Ah
Battery fully charged voltage Vinax 403.2 v
Battery initial voltage Vinin 240 A%

Fig. 4-7 shows the waveform in charging and discharging process. As illustrated, the
battery voltage increases from 300V to 400V for delivering power from 2.5 kW to 4 kW
during the charging operation and decreases from 400V to 300V in the reverse
(discharging) operation. The DC link voltage is varied in proportion to the battery voltage
variation (between 500V to 610V) and the charging/discharging current is kept constant

at designed 9A. In both the forward and reverse modes the switching frequency is
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regulated around the optimized resonant frequency of 134 kHz (determined in Chapter 3).

Thus the maximum efficiency operation is tracked across the wide battery voltage range.
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Fig. 4-7 Battery current and voltage in (a) forward charging mode and (b) reverse discharging mode

Fig. 4-8 shows the waveforms in both the forward and reverse modes at 4 kW when
the DC link voltage is 600V. As can be seen, the current in the resonant tank is close to
sinusoidal with low harmonic distortion and low circulating current in the resonant tank.
The resonant current can be seen to lag the converter voltage, implying that the primary
switching devices are operating in ZVS mode. The diode current in the rectifier side
shows ZCS operation. Thus wide-range soft-switching operation is achieved from light-

load to full-load conditions without using any additional switching circuits.
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Fig. 4-8 Resonant tank and diode currents with CLLC resonant converter in (a) forward and (b)
reverse mode when the DC link voltage is 600V at 4 KW.

Compared with the simulation waveforms of the conventional CLLC converter with

fixed DC link voltage (380V) at 4 kW presented in previous chapter, it can be seen that

in both the forward mode and the reverse mode, the proposed variable dc link voltage

control results in much lower circulating current and turn-off current, which means that

the switching losses are significantly reduced. In contrast, the constant DC link voltage

CLLC converter is operating at DCM for the charging power, while with the proposed

control the diode current is continuous, therefore the circulating current is minimized.
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4.5 Experimental Tests and Validation

The CLLC resonant converter based bidirectional charger prototype has been
designed and described in Chapter 3. To further improve the efficiency performance,
variable DC link control is implemented on the existing prototype and compared with the
converter operating at the constant DC link voltage. The target is to maintain the
switching frequency close to series resonant point and attain the sinewave resonant
current, while keeping the same power delivered. The prototype of the bidirectional

charger and the battery load have been presented and discussed in Chapter 3.

4.5.1 Digital controller implementation

The structure of the prototype and control platform is shown in Fig. 4-9, in which the
hardware is represented in blue blocks while the software coding is shown in yellow
blocks. National Instrument Compact RIO 9082 Controller with 1.33 GHz Dual-Core
CPU and LX150 FPGA is used as the processor. National Instrument 9215 four channel
16Bit Simultaneous Analog Input Module is used for sampling the voltage and current
signals from LEM voltage sensor LV 25-p and LEM current sensor LA 25-p. National
Instrument 9401 eight channel 100 ns high-speed bidirectional Digital I/O Module is used
to output switching signals for the gate driving board of the H-bridges.

LabVIEW FPGA Project
Front end DC-DC
Controller Controller

10 kHz PWM 109 kHz
Driving signal Squafe wave
vifg signal

Battery

DC link Voltage

Voltage

Fig. 4-9 Diagram of the Controller Implementation

The Compact RIO 9082 shown in Fig. 4-10 processes the front end controller and

the DC-DC converter controller simultaneously. The I/O blocks, also shown in Fig.
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4-10 have multiple differential channels which are shared between the Front end and
the DC-DC resonant converter. The FPGA coding is implemented using the NI
LabVIEW FPGA, which enables programming graphically digital circuits within an
FPGA chip, as shown in Fig. 4-11.
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Fig. 4-11 The control coding using the NI LabVIEW FPGA programing tool

A LabVIEW FPGA project is built and the front panel contains three main parts: the
Status and Safety Panel, the Front end Controller, and the DC-DC Resonant Converter
Controller. The Status displays the system operation procedure, current condition, health
monitoring and error indicator. The Front End Controller communicates with the DC-DC
Resonant Converter Controller and they share real-time information with each other. The

detailed programing code is presented in the Appendix.
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As described in Section 4.3.2, the reference demand of the DC link voltage, VDC?¥, is
calculated and updated based on the real-time battery voltage. It should be noted that
VDC* should be constrained within the maximum and maximum range defined by Table
4-1. The error between the reference and the real-time value is compensated through a PI
controller which outputs the demand reference (/gia™) of the grid current controller
(SRFPI) to generate the PWM signal for the front-end converter switches. In this way,
the DC link voltage is tracked by voltage control loop to achieve optimal operation close
to the optimal resonant frequency. The programing flowchart of one single control loop

is further illustrated in Fig. 4-12.

Battery Voltage and Current
signal input
Determine Vi gery™ (CV Determine the Vpcmin
Mode) or I gery™ (CC mode) and Vpemax

l

Calculate Vpc*

Vbc* < Vbema?

Vbc* = Vbemax Vpc* = Vpc* Vbc* = Vicnin

I}

Output Iyic*

L

Generate Driving
signal

Fig. 4-12 Programming flowchart of the control algorithm

4.5.2 DC link voltage tracking operation

With the Compact-RIO processor and the programing in NI LabVIEW FPGA
described above, experimental tests were performed based on the existing test rig, which

has been described in Chapter 2 and Chapter 3. The measured DC-link and battery voltage
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waveforms during the forward mode charging and the reverse mode discharging

procedure are illustrated in Fig. 4-13.
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Fig. 4-13 Variable DC link voltage tracking in (a) the forward mode and (b) the reverse mode
As can be observed from Fig. 4-13 (a), when battery voltage rises from 150V to 200V
at 9A constant current during charging, the DC link voltage is varied in proportion to the
battery voltage variation and increases from 260V to 350V accordingly. During the tests
of the reverse mode of operation, the battery is replaced by a DC power supply so that the
input voltage can be varied quickly. Fig. 4-13 (b) shows the resultant DC link voltage
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variation from 340V to 260V when the DC power supply (representing as the battery)
decreases from 210V to 150V (in 5V step) at 9A discharging current. It can be concluded
that the controller is able to track the DC link voltage effectively.

To further examine the control performance, the measured voltage and current
waveforms with variable DC link controller in both forward and reverse modes at 2 kW
(battery voltage 240V, battery current 10A) are shown in Fig. 4-14. From top to bottom,
DC link voltage Vpciink, resonant tank current Iz, transformer primary side full bridge
chopped voltage V), battery side output voltage Viarery, DC link side input current Ipc
secondary side voltage V.., and secondary side diode bridge current /i are illustrated.
As can be seen, the resonant tank current is close to sinusoidal with low harmonic
distortion and low circulating current while the switching frequency is regulated around
the resonant frequency (134 kHz), the optimized point. The resonant current can be seen
to lag the converter voltage, implying that the primary switching devices are operating in

ZVS mode. The diode current in the rectifier side shows ZCS operation.
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Fig. 4-14 Operation at 2kW with variable dc link in (a) forward mode; (b) reverse mode
4.5.3 Operation at different power rating

To evaluate the performance at the whole operation conditions, further tests have been
implemented in both forward and reverse modes at other power ratings, and the

waveforms are illustrated in Fig. 4-15 and Fig. 4-16.

As can be observed, in the forward mode, at 2.5 kW, 3 kW and 4 kW power rating,
the switching frequency is kept close to 134 kHz (slightly higher than the series resonant
frequency). The current waveform in the resonant tank is almost pure sinusoidal. The
MOSFET turn-off current, resonant rms current, diode peak current and diode turn off
di/dt are smaller compared the constant DC link control in Chapter 4, in which the big
current distortion and high di/dt correspond to more circulating energy, higher conduction
loss and higher switching losses. This will be further proved in the efficiency comparison
later in this section. In the reverse mode, at 2.5 kW, 3 kW and 4 kW power rating, the
switching frequency is also kept near 134 kHz, which is designed in Chapter 3. Also, as
can be observed in both modes, the primary side devices operate at ZVS while the

secondary side diodes at ZCS. It should be noticed that, as stated in Section 4.3.2, due to
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the voltage limit on the capacitors used in the testing prototype, the DC link voltage is
not able to be increased higher than 480V. Therefore, in order to implement the high
power rating tests at 3 kW and 4 kW, the battery current is regulated with higher demands
than the nominal 9A (12 A at 3 kW and 13.53A at 4kW). In this way, for delivering the
same amount of power, a higher battery current results in a lower battery voltage.
Therefore, the DC link voltage can be regulated accordingly within a narrower range
below 480V. Although the charging/discharging current changes, the controller is still
running with variable DC link voltage scheme thus this compromise will not influence

the converter performance and the controller operation.

Thus, from the test waveforms, it follows that in both the forward and reverse modes,
the DC link voltage is varied in proportion to the battery voltage variation across all the
operating ranges. The switching frequency is regulated around the optimized resonant

frequency. Thus the optimized resonant point is tracked across the wide battery voltage

range.
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Fig. 4-15 Waveforms in the forward mode at different power rating (a) 2.5 kW, (b) 3kW and (c) 4 kW

137



CHAPTER 4 Optimum Resonant Frequency Tracking

B . Ebimate v Hliselay Grow Hookere * Booral
: b, iv e — 5 cus/div
Position : 0.00 div n ‘ Wain:Z .0k
T
o Ypri . i
BT ¥dc 500100V

CH2 Vsec .

CHe Isec 24.973
CHE. Yut7 50.00%
CH1Z ¥ba 500.00%

PN /TN TN

i
Max  :CHe _migﬂ.ﬂ\l' Min  :CHE ¥gt7 -5.40¥ Aveg  :CHb Ibat 10.169 Ave  ICHI1 ¥dc  426.170V
Bg8ogus :CH12 _"xu258.962\f RHS :CH3 ILs 3.3963 A RHS  :CHA Isec 12.351 Freq :CH6 Ygt7 133.6898kHd700us
Stopped 8h9 Edge CHE:CHE Ystf £ &:File
2016/07/08 06:59:07.90018634 Auto 0.00v 2016/07/08 06:59:13
(a)
it !
: 5 00Mdiv —— 5 Zusfdiv
Position : 0.00 div n ‘ WainzZ.0k
T
LT o
CH5. Lbat 24,453
CHT1 e 5nn1nnv [ ’ \

), 00
CH2 ¥sec 500.0¥
CHY Isec 24.973

CHG. Yot7 50..00%
MT\EI]I] 0o /\\ /\

e

Max  :CHE 75m]ig¥ 11.53% HWin  :CHG ¥zt7 -H.20¥ bvg  :CHS That 12.015 bvg  :CHIT ¥dc  450.809¥
AMgogus :CH12- _"§u275.282v RMS  :CH3 ILs 4.0076 A RMS  :CH4 lsec 14.389 Freq :CH6 Vgt7 133.6898kHdz0us
Stopped 7808 Edge CHE:CHE Ystf £ &:File
2016/07/08 07:46:40.76085483 Auto 0.00¥ 2016707708 07:46:45
(b)

138



CHAPTER 4 Optimum Resonant Frequency Tracking

s
: 5 00wdiv -_— 5 Zusfdiv
Position : 0.00 div n ‘ WainzZ.0k
T
o Vpri 500.0¢ i
ming TPy 50
CH5. Lbat 24,453
CHT1 e 5nn1nnv J

H? Vst 500 0¥

e

Max  CHG 5""?3?11.33 :CHE Vg7 -5.20 Ave W

} 14.130 bvg  :CHIT ¥dc 448,438
AMgogus :CH12- _"KVZTB.Z?W RMS  :CH3 ILs 4.7100 A RMS  :CH4Téec 16.674 Freq :CH6 Vgt7 1340483k
Stopped 944 Edge CHE:CHE Ystf £ &:File
2016/07/08 08:07:17.46353475 Auto 0.00¥ 2016707708 08:07:23
(c)

Fig. 4-16 Waveforms in the reverse mode at different power rating (a) 2.5 kW, (b) 3 kW and (c¢) 4 kW

Fig. 4-17 shows the variations of switching frequency for different load conditions
compared to constant DC link voltage control. It is clear that the frequency range is
reduced by 29% (134 kHz versus 95 kHz) in the forward mode and 32% (134 kHz versus
90 kHz) in the reverse mode, by adopting the variable DC link control optimized resonant

frequency.
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Fig. 4-17 Switching frequency variations with output power (a) in the forward mode and (b) in the
reverse mode

With similar measurement set up, the efficiency at all the conditions is measured and
shown in Fig. 4-18. The efficiencies of the converter under the constant DC link voltage

are also displayed for comparison.
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Fig. 4-18 Efficiency performance with constant DC link (in blue) and variable DC link control (in red)
in (a) the forward mode and (b) the reverse mode

It can be shown that with the proposed controller, the efficiency is higher than the
constant dc link voltage in both forward and reverse modes. The best efficiency
improvement is 2%. However, it should be noticed that, either with constant or variable
DC link voltage, the reverse mode efficiency is comparatively lower than the forward
mode. This is because the transformer is designed to be step-down with N = 1.66 and the
current in secondary side is always higher than the primary side. When the MOSFETsS in
secondary side are used as the active switches, more circulating current exists in the

circuit which accordingly cause more losses.
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4.6 Summary

In this chapter, the optimal resonant point tracking is employed in the CLLC resonant
converter designed in Chapter 3. A variable DC link voltage control method is developed
for the front end converter controller to adjust the DC link voltage when the battery
voltage changes. Thus in both G2V and V2G modes, the resonant converter is always
operating close to its optimal frequency, allowing tracking of the optimal efficiency point
over full battery ranges and load conditions with less circulating current in the resonant
tank and transformer, less turn-off current in the primary side MOSFETs and less di/dt in
the rectifying diodes. Therefore, with these features of high power conversion efficiency
and simply control structure, it can boost the efficiency of the CLLC resonant converter
based bi-directional on-board battery charger. The experimental test shows that the

efficiency is improved by 1~2%.
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CHAPTER §
Magnetic Components Power Loss Evaluation
Using Finite Element Analysis (FEA)

This chapter describes a 2D and 3D finite element (FE) method to calculate the power losses for magnetic
components in the DC-DC converter operating at high frequency. The characteristics of litz wire winding are
taken into consideration. The FE model is built based on the definitions of the geometries, meshes, materials,
mechanical motion, electric circuits, boundary conditions and load conditions. The flux density is calculated
via finite element analysis (FEA) at the given load condition. Then, the power loss of each element is calculated
using the obtained nodal flux densities and power loss density function. Finally, the total loss is the sum of the
power losses of all the elements. Compared to the conventional method described in Chapter 4, the FEA
approach can predict the flux density more accurately, owing to a detailed model with all the geometric
parameters and thus the flux leakage and end-winding effects can be considered. In addition, the nonlinear
effect of the core material can be considered in the B-H curve definition in FEA. Experimental tests have been
implemented to validate the calculation method.

5.1 Introduction

Magnetic components, inductor and transformer employed in LLC and CLLC
resonant converters, operate at high frequency and litz wires are widely used in these
components to mitigate high eddy current loss and proximity loss due to the fringing
fields in the windings (coils) [152, 153]. It is usually constructed from small insulated
strands, woven or twisted to distribute the current density over the entire cross-sectional
area of the wire [154-156]. Thus, improvement of the power converter efficiency can be
achieved as the skin effect can be reduced and homogeneous distribution of the conducted
current is expected [152, 157]. On the other hand, although the proximity effect can be
reduced owing to the twisted structure, the proximity loss is still considerable owing to
the high external magnetic fields generated by adjacent strands [158-160]. Moreover, the
use of litz wire in the magnetic components makes it more difficult to evaluate the power
loss since the litz wire strings are not easy to model [161-166]. The power loss calculation
method described in Chapter 3 is capable of evaluating the core loss and copper loss in
the magnetic components. However, the accuracy of quantifying the achievable losses is
challenged since the ac resistance cannot be obtained directly but can only be estimated

as illustrated previously.

Several methods have been proposed to characterise the losses in litz wires. In [154]
a computational procedure was proposed to predict the losses in the realistic litz wire

constructions by computing the equivalent ac resistance of a straight litz wire. However,
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the wire is only considered in the free air and the influence of the core winding effect in
the actual inductor or transformer has not been considered. In [167], the squared-field-
derivative method is proposed to calculate the proximity loss in round-wire or litz wire.
A frequency-independent matrix is derived to describe the transformer and inductor, by
the use of a numerical magneto-static field calculation. However, it is still challenging to
obtain the flux density since the geometries, structure and materials need to be taken into

account.

As the eddy current loss is reduced in the litz wire with minimised skin effect and the
bundle level eddy current loss is eliminated by transposition (twist) of strands, the
proximity loss is the main concern which causes ac losses in the winding. Since the
proximity loss is caused by the external magnetic fields generated by adjacent strands if
the magnetic field can be modelled with a reasonable accuracy, the proximity loss can be
evaluated. This chapter is organised as follows. Section 5.2 presents the 2D FEA method
employed to characterize the inductor core loss. In Section 5.3 and Section 5.4, the
inductor copper loss and transformer copper loss are evaluated with 3D FEA, respectively.

All the results have been verified with experimental measurements.

5.2 Inductor Core Losses

5.2.1 Inductor core loss calculation with 2D FEA

This section presents the calculation of the inductor core loss with 2D FEA. Compared
to the conventional method described in Chapter 3, the FEA approach can predict the flux
density in the core more accurately. This is because (a) FEA allows a detailed model with
all the geometric parameters and thus the flux leakage effects can be considered; (b) the
nonlinear effect of the core material can be considered in the B-H curve definition in FEA.

Therefore, the core loss can be predicted more accurately using FEA.

The flow chart of the core loss calculation with FEA is shown in Fig. 5-1. First, the
FE model is built with the definitions of its geometries, meshes, materials, mechanical
motion, electric circuits, boundary conditions and load conditions. Subsequently, the flux
density of each node in the core can be calculated via FEA at the given load condition.
Then, the power loss density function with respect to the flux density and frequency needs
to be established according to the material power loss curve given by its supplier.

Thereafter, the core loss of each element can be calculated using the obtained nodal flux
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densities and power loss density function. Finally, the entire core loss can be obtained by

summing all the core losses in all the elements.

Build FE model

v

Calculate flux density of each
node in the core via FEA

v

Build power loss density function
versus flux density and frequency

v

Calculate core loss of each element using nodal
flux density and power loss density function

Add up core losses of all the elements

Fig. 5-1 Flow chart of the core loss calculation with FEA.

5.2.2 FE model
The FE tool FLUX 2D developed by CEDRAT [168] is employed to build the

inductor FE model and thereafter perform the core loss calculation. Fig. 5-2 is the photo

of the inductor.

Fig. 5-2 Photo of the inductor in the experimental test rig
Fig. 5-3 (a) illustrates the inductor model in FLUX 2D, consisting of the core, winding,
airgap, air and infinite box. Given that the magnetic field in the full model satisfies the
even symmetry condition along the y-axis, the full model can be simplified and

represented by half of the model as illustrated in Fig. 5-3 (b). The boundary condition
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along y-axis is with tangent magnetic field and normal electric field. Fig. 5-3 (c) shows

the electric circuit model in which the winding current is determined by the current

defined in the current source.

Infinite box

/
Core

Winding
mAifgaP

Infinite box

Core

Winding

u y
Air — Air/
y y
x L
(a) (b)
Current source Winding
AN o
NS =

Ground

(©)

Fig. 5-3 2D FE model of the inductor. (a) Full model. (b) Simplified model considering symmetries. (c)
Circuit model.

Subsequently, the geometry model built above is meshed with second order meshes
in which each triangle element consists of six nodes, as shown in Fig. 5-4 (a). The mesh
density of the inductor model excluding the air surrounding and infinite box can be found
in Fig. 5-4 (b). It can be observed that high-density mesh is employed to minimise the

computation error.
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Fig. 5-4 2D Mesh of the inductor FE model. (a) Inductor model. (b) Inductor model excluding air
surrounding and infinite box.

The core material used in this application is 3C95 whose datasheet B-H curve is

illustrated in Fig. 5-5(a). Its B-H curve with uniform scale at 100°C is presented in Fig.

5-5 (b).
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Fig. 5-5 B-H curve of the core material 3C95. (a) Datasheet. (b) Rebuild with uniform scale.

5.2.3 Nodal flux density

The FE model built in Section 5.2.2 is run at 8.5 RMS (the nominal current measured

in Chapter 3 and Chapter 4, assumed as sinusoidal waveforms for the sake of analysis)

load condition with the static analysis. Subsequently, the resultant flux density
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distribution of the full model is shown in Fig. 5-6 to demonstrate the magnetic field
symmetry. Fig. 5-7 illustrates the flux density contour of the inductor at the same load
condition. As can be seen, the flux densities over the core are non-uniform, particularly
at its geometrical corners in which the localised effects are considerable. These localised

effects cannot be captured by the conventional magnetic circuit based method.

Then, the flux density at each node is exported before the core loss calculation which

will be discussed in the next section.
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Fig. 5-6 Flux isolines of the inductor FE model at 8.5A(RMS).
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Fig. 5-7 Flux density contour of the inductor FE model at 8.5A(RMS).
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5.2.4 Core loss calculation

The power loss density function of the core used in this application needs to be built
before performing the core loss calculation. This power loss density is a function of core

flux density and frequency, as shown in Fig. 5-8 which is from 3C95 datasheet.
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Fig. 5-8 Power loss density characteristics of the core material 3C95 from its datasheet.
Given that the dominated core loss is resulted from the eddy current, the power loss

density function can be written as Equation (5-1).

Ploss(B'f):a'Bb'fc (5-1)

where Py,4(B, f) is the power loss density in kW/m?, B represents the flux density in the
unit of T, f represents the electric frequency in the unit of kHz, and a, b and c are the
constant coefficients which are affected by the curve fitting based on the power loss
density characteristics of the core material. Table 5-1 lists the values of these constant
coefficients a, b and c. It should be noted that those values in Table 5-1 are only valid for

the core material 3C95.

Table 5-1 Coefficients determined by curve fitting of power loss density

Coefficient Unit Value
a - 7.862
b - 2.384
c - 1.652
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Fig. 5-9 compares the power loss densities using curve fitting with those from
manufacture’s datasheet. A good correlation can be observed. Note that the x- and y-axes

in Fig. 5-8 are in logarithmic scales while those in Fig. 5-9 are normal.

I Curve fitting
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Fig. 5-9 Curve fitting of the power loss density function P, (B, f) .

On the other hand, the average flux density at each element can be calculated by the
flux densities of the nodes which belongs to the given element. The element-nodes
relationships can be obtained by the mesh information. The volume of each element can

also be calculated using the element-nodes relationships and node coordinates.

Further, the power loss density at each element is calculated by substituting the
average flux density and the electric frequency into Equation (5-1). Subsequently, the
core loss at each element is obtained by the product of the power loss density and the
element volume. Finally, the total core loss can be obtained by summing all the element
losses. It should be noted that the symmetry and/or periodicity factors also need to be

considered in the core loss calculation.

The above FEA method is applied in the CLLC resonant converter in the reverse mode
to validate the accuracy. In the test, the battery voltage is 238.33 V, the DC link voltage
is 383.7 V, discharging current is 9.0A, and the switching frequency is approximately
125.94 kHz. In this condition, the average peak flux density B of the inductor core is 0.06
T, and the core loss is 2.40W. The flux density in the core is clearly quite low, and the
reason is (a) the design of the inductor was based on as low as 0.137 T at 20A current, in
order to reach lower power losses. And the loading in this calculation is even lower since

the RMS current through the inductor is approximately 6A. (b) As can be observed in Fig.

150



CHAPTER 5 FEA Power Loss Analysis

5-7, the flux density in the corner of the core is between 0.0162T and 0.0486 T, which

makes the averaged flux density in the whole core small.

In the calculation with the conventional method in Chapter 3, the average flux density
1s 0.0638T, with which the calculated core loss is 2.5916W. As can be seen, the averaged
flux density in conventional analytical method is slightly higher (7% error) than that in
the FEA. This is because in the conventional method, the fringing effect is not considered

while in the FE model, the flux leakage can be predicted.

5.3 Inductor Copper Losses
5.3.1 Inductor copper loss calculation with 3D FEA

This section describes the calculation of the inductor copper loss with 3D FEA.
Compared to the conventional method described in Chapter 3, the 3D FEA approach can
predict more accurate winding flux density and thus more accurate proximity loss. The
reason is the same as that in Section 5.2.1. It should be noted that the 3D FEA rather than
2D FEA is employed in the proximity loss calculation. The reason is that the end-winding

cannot be neglected and this can only be modelled in 3D FEA.

The flow chart of the inductor copper loss calculation with 3D FEA is shown in Fig.

5-10.

Build 3D FE model

v

Calculate flux density of each node
in the winding via 3D FEA

v

Calculate flux density of each
element using nodal flux densities

v

Calculate weighted arithmetic mean of all the element
flux density squares by weighting element volumes

v

Calculate winding proximity loss

v

Calculate total copper loss by adding up AC and DC losses

Fig. 5-10 Flow chart of the inductor copper loss calculation with 3D FEA.
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First, the 3D FE model is built with the definitions of its geometries, meshes, materials,
mechanical motion, electric circuits, boundary conditions and load conditions.
Subsequently, the flux density of each node in the core can be calculated via 3D FEA at
the given load condition. Then, the flux density of each element is obtained using the
nodal flux densities and the element-nodes relationships. Thereafter, calculate the
weighted arithmetic mean of all the element flux density squares by weighting element
volumes. After this, the winding proximity loss is calculated using the weighted
arithmetic mean of all the element flux densities. Finally, the winding copper loss can be
obtained by summing the DC loss and ac loss which is the proximity loss because the

skin effect is negligible in the litz wire used in the inductor and transformer.

The FE tool FLUX 3D developed by CEDRAT [168] is employed to build the 3D FE
model of the inductor and subsequently perform the proximity loss calculation. Fig. 5-2
is the photo of the inductor while Fig. 5-11 shows the inductor geometries built in the 3D

FE model. It can be seen that the end-winding part is also modelled.

Given that the magnetic field in the full model satisfies the symmetry conditions along
the XOY, YOZ and ZOX planes, the full model can be simplified and represented by one
eighth of the model as illustrated in Fig. 5-12 (a). The definitions of XOY, YOZ and ZOX
planes can also be found in Fig. 5-12 (a). The boundary conditions along XOY and YOZ
planes are with tangent magnetic field and normal electric field while that along ZOX
plane is with normal magnetic field and tangent electric field. The electric circuit model
is the same as that in Fig. 5-3 in which the winding current is determined by the current

defined in the current source.

Subsequently, the geometry built in Fig. 5-12 (a) is meshed and Fig. 5-13 illustrates
the mesh densities on the core and winding. It should be noted that the mesh in the 3D FE
model cannot be as dense as that in the 2D model shown in Fig. 5-4 due to a much more

computation needed in 3D FEA.

The core material used in this 3D FE model 3C95 is the same as that in Section 5.2.1.

The datasheet B-H curve is shown in Fig. 5-5.
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Fig. 5-11 Inductor geometries in the 3D FE model. (a) Winding and core. (b) Core. (c) Winding.
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Fig. 5-12 Inductor 3D FE models considering symmetries. (a) Full model. (b) Core, winding and airgap.
(c) Core. (d) Winding.

(a) (b (c)
Fig. 5-13 3D mesh of the inductor FE model. (a) Core and winding. (b) Core. (c) Winding.
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5.3.3 Nodal flux density

The 3D FE model built in Section 5.3.2 is run at 6A(RMS) load condition (the

minimum battery charging current) with the static analysis. Fig. 5-14 illustrates the flux

density contours of the inductor core and winding.
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From Fig. 5-14 (c) and (d), it is clear that the flux densities at the winding corners
close to the airgap, particularly the inner layer, are relatively higher than those in the other

parts. This is because most of the flux leakage occurs in this area due to the presence of
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the airgap. Subsequently, the flux density at each node of the winding is exported before

the winding copper loss calculation which will be discussed in section 5.3.4.

5.3.4 Copper loss calculation

The proximity loss in the litz wire of the inductor can be calculated using Equation

(5-2) derived in [167].

L Nysd,* (dBk)2>

P = 5-2
px_ind 6 4pc ( dt ( )

where Py, inq4 is the inductor proximity loss, L represents the average length of one turn,
N, is the product of the turn number per coil and the strand number per turn, d, is the
strand diameter, p. is the wire resistivity, dBj/dt is the time derivative of average flux
density in & element of the winding, (- ) is the spatial average operator and ~ is the time

average operator.

The current fed into the winding can be expressed as Equation (5-3), neglecting the

current harmonics.

i = L,sin(2nft + @) (5-3)

where i is the winding transient current, I,,, is the current amplitude, f represents the

frequency, and ¢ represents the current initial phase angle.

Given that winding permeability is constant, the flux density Bj in the winding
obtained at a given current with I,, amplitude can be calculated by linearly scaling the
flux density By, at the reference current with I, amplitude, as described by Equation
(5-4). Therefore, only one 3D FEA with the reference current /y,, is needed to generate

the nodal flux densities and thereafter the element flux densities.

By =-—Bo (5-4)

The flux density By, at the reference current with I, amplitude can be expressed as

Equation (5-5).
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Bok = Bokmsin(2mft + ¢) (5-5)
where By, is the average flux density amplitude in ™ element at the reference current
Iom.

Based on Equation (5-3), (5-4) and (5-5), the derivative of B}, against time is derived

to be Equation (5-6).

dBy _ Bogm di
at I, dt

(5-6)

Substituting Equation (5-6) into Equation (5-2), the proximity loss in the inductor can
be expressed as Equation (5-7).

mLN,sd,* di\*
pr_ind = TIZCZ (Bokmz) (E) (5-7)
clom

Therefore, the average flux density square over all the elements (Boy,) at the
reference current I, needs to be obtained. However, since the mesh sizes of the winding
elements may be non-uniform, the average flux density square over all the elements
(Borm>) may not represent the true spatial average flux density square. Therefore, the
weighted arithmetic mean of all the element flux density squares by weighting element
volumes are employed to calculate the spatial average flux density square, as described

in Equation (5-8).

L Nyod,* (dl)z
dt

By 2V, 5-8
64pc10m2Voz< okm” Vi) (5-8)

P, px_ind =
where Vj is the volume of the k™ element in the winding and V,,; is the total winding
volume. The above equation implies that 3D computation of magnetic field and the
resultant mean flux density over the winding volume only needs to be performed once
with excitation of the reference current. Proximity loss at any current waveforms can be

scaled accordingly as long as the conditions stated in [167] are satisfied.

Based on Equation (5-8), Table 5-2 lists the winding proximity losses in the inductor

at 6.22A and 6.50A at 134 kHz.
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The winding DC loss Pp in the inductor can be calculated with the conventional

equation shown in Equation (5-9).

1,
Ppc = Elm Rpc (5-9)
where R is the winding DC resistance which can be calculated with Equation (5-10).

_ 4pcLeNes

pc = ndcz (5-10)

Thus, the inductor copper loss is obtained by summing the proximity loss Py jnq and

the DC loss Pp.

Table 5-2 Summary of proximity losses in the inductor at 134 kHz

Resonant current EIIE\QIIAJLATIOI; S0A Unit
Copper loss 13.77 15.04 w
Proximity loss 13.35 14.58 Y
DC loss 0.42 0.46 W

5.3.5 Experimental verification

To validate the calculation method, experimental tests are performed in the test rig.
And the series inductor current and voltage are obtained with the YOKOGAWA

oscilloscope, with which the power loss can be calculated.

5.3.5.1 Measurement with LCR meter

In order to validate the FEA method, the inductor ac resistance Ry is measured at the
same excitation frequency of 134kHz as in the FE model. The predicted method in [154]

is also implemented for comparison.

The HIOKO LCR meter, as shown in Fig. 5-15, is used to measure the R; and Ry of
the inductor coil. When the inductor has the core on, the measured Rs is 138.79 mQ. In

contrast, when the core is removed, only the coil is wound around the bobbin, and then

the measured R; 1s 69.20 mQ.
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By changing the core area to air, the FE model can be employed to estimate the copper
loss in the coil without the influence of the core and then the corresponding ac resistance.
In this case, the resultant ac resistance at 6.50A is 71.09 mQ and agrees well with the

measured value of 69.20 mQ in the air-cored inductor.

From the resultant ac resistance above, it is clearly that the FE model has good

accuracy with the measured resistance.

To further verify the FE method for ac loss prediction, experimental tests have been
implemented in the CLLC resonant converter in the reverse mode. In the test, the battery
voltage is 238.33 V, the DC link voltage is 383.70 V, the discharging current is 9.00A,
and the operating frequency is approximately 125.94 kHz. With the measurement of the
inductor voltage and current, the actual losses in the inductor can be calculated and

compared with the FEA result in the same condition.

The measured voltage and current of the series inductor are obtained from the

waveform data from the oscilloscope and plotted in Fig. 5-16.
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Fig. 5-16 Measured inductor voltage (in blue) and current (in red) waveforms

As can be see, the inductor current is lagging the inductor voltage with ~90-degree
phase shift. The inductor current waveform is close to sinusoidal, despite of a small
distortion in the period immediate after the zero-crossing in the DCM, because the
operating frequency is near (slightly below) the series resonant frequency. In this period,

the inductor voltage drops to zero since the di/dt is zero.

The sampling rate of the oscilloscope is 100MS/s (corresponding resolution 1E-8).
The switching frequency 1s 125.94 kHz, and thus 800 sampling is recorded in one
switching cycle. The instantaneous power loss at each sampling time is calculated with
the instantaneous voltage and current, and then the averaged power loss in one switching

cycle is calculated. In this condition, the entire power losses of the inductor is 10.02W.

Then, the FEA method is also applied with the same condition, and the copper loss is
calculated to be 11.5394 W. If 2.3946 W core loss (calculated in Section 5.2.4) is added
up, then the total loss of the inductor is 13.934 W. The results of FEA is slightly higher
than the actual test results. This error may be caused by the measurement inaccuracy and
phase delay between the inductor voltage and current. Since the switching frequency is
quite high, only 800 samples are recorded in one switching cycle, thus even a small phase
delay in the inductor voltage and current will cause big error. With regard to possible
phase measurement error margins in voltage and current waveforms, as 800 samples per
cycle will give rise to 0.45 degree’s phase error in one waveform, thus the maximum total

error caused by the voltage and current waveforms could reach 0.9 degree.
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The conventional prediction method described in Chapter 3 is also applied to calculate
the power loss. The measured R, (no core in the inductor but only the coil winding in the
bobbin) is 60 m€2, the copper loss is 2.176W, core loss is 2.592W (calculated in Section
5.2.4) and the total loss is 4.768W. This result is consistent with the prediction in Chapter
3.

The comparison of the three methods is shown in the table below:

Methods Measured FEA Conventional Unit
Total loss 10.02 13.93 4.768 w
Error percentage - 39.0% 52.4% -
Core loss 2.395 2.395 2.592 w
Copper loss 7.625 11.54 2.176 \\

As can be observed from the table, the resultant power loss from FEA model is
13.93W, 39% more than the test results 10.02W. However, the loss predicted by the
conventional method is 4.768W with 52.4% less than the measured results. The large
error could be explained by the inaccuracy of the component datasheet, such as the ac
resistance from the curve fitting, due to the lack of values in different temperatures.
Overall, the FEA is clearly more accurate than the conventional prediction methodology,
despite of the inaccuracy caused by the phase delay between the inductor voltage and

current.

The analysis above can be used in the applications where the current waveform is
close to sinusoidal. However, when the converter operates in high power, the operating
frequency deviates from the series resonant frequency and large distortion occurs in the
current. In this case, the current used in the FEA method is not the RMS of the current
anymore. Thus FFT needs to be applied in the current, and all the current distortions at
each frequency are used to calculate the power loss with the magnetic field and then add

up to get the total power loss.

In the experimental test system, the YOKOGAWA scope probe can be used to
measure maximum 1 kV voltage. However, when the resonant converter is running at 4
kW, the peak voltage across the inductor is 1.5 kV. Thus for the sake of safety, the

measurement in higher power is run at 3.5 kW power rating at 95.69 kHz. In this case,
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the battery voltage is 351.791 V, the DC link voltage is 387.835 V, and the discharging
current is 8.984 A. The current in the inductor, ILs RMS, is 7.443 A. With the measured
voltage and current from the experimental inductor, the actual power loss in the inductor

can be calculated and compared with the FEA result in the same condition.

The measured voltage and current of the series inductor is obtained from the

waveform data from the oscilloscope and plotted in Fig. 5-17.

1500 15

1000 10
E 500 5 g
Q -+
5 o
E 0 03
§ 0.000005 0.000007 0.000009 . 3 0.000017 §
S S
© ©
£ -500 -5 £
-1000 -10
-1500 -15

Time (s)

Fig. 5-17 Measured inductor voltage (in red) and current (in blue) at 3.5 kW

As can be seen, the current of inductor is lagging the voltage. The inductor current
waveform is not close to sinusoidal, but has large distortion with flat area during DCM.
During this flat area of the current, the inductor voltage drops close to zero since the di/dt

is zero.

The sampling rate of the oscilloscope is 100MS/s (corresponding resolution 1E-8).
The switching frequency is 95.69 kHz, and thus 1045 sample points are recorded in one
switching cycle. The instantaneous power loss at each sampling time is calculated with
the instantaneous voltage and current, and then the averaged power loss in one switching

cycle is calculated. In this condition, the total power loss is 26.06 W.
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Then, the FEA method is also applied with the same condition. First the FFT analysis
is carried out to find out the harmonic current values, as shown in Fig. 5-18. With the
magnetic field predicted by 3D FEA, the ac copper loss in each frequency can be
calculated and then the total ac copper loss can be obtained by summing the loss
associated with each frequency. The resultant copper loss, including DC copper loss, is
14.22 W. With core loss 6.225 W, the total loss in the inductor is 6.225 + 14.22 = 20.44
W.
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Fig. 5-18 Harmonics of the current with curent disrotion at 3.5 kW

The conventional prediction method described in Chapter 3 is also applied to calculate
the power loss. The copper loss predicted by the conventional method is 4.994W, and the
total loss in the prediction is 6.225 + 4.994= 11.22 W. This results are in line with the

prediction in Chapter 3 in the case that the operating frequency goes far below the series

resonant frequency.

The comparison of these three methods is listed in Table 5-4:
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Table 5-4 Comparison of three power loss calaulction methods

Methods Measured FEA Conventional Unit
Total loss 26.06 20.44 11.22 W
Error percentage - 21.55% 56.95% -
Core loss 6.225 6.225 6.225 W
Copper loss 19.83 14.21 4.994 \

As can be observed, compared with the measured copper loss 26.06W, the resultant
power loss from FEA model is 20.44W, 21.55% less than the test results. An error is seen
between the FEA results and the actual test results. This error may be caused by the
inaccuracy in the phase measurement of the inductor voltage and current. Since the
switching frequency is quite high, only 1045 samples are recorded in one switching cycle
(although this is more than the 800 samples in precious section), thus even a small phase
delay in the inductor voltage and current will cause big error. However, despite of the
inaccuracy in the phase measurement, the FEA method is clearly more accurate than the

conventional method which is 11.22W with 56.95% less than the test results.

5.4 Transformer Copper Loss Calculation with 3D FEA

The FEA method described previously for the inductor can also be used to calculate
the power loss in a transformer. This section presents the calculation of the transformer
copper loss with 3D FEA. The calculation principle and procedure are similar to those for
the inductor presented in Section 5.3.1. However, the main difference is that the
transformer has windings in both primary and secondary sides. Therefore, it is essential
to calculate the proximity loss in the primary winding due to the current in the secondary

winding and vice versa. This will be described in Section 5.4.3.

5.4.1 FE model

The FE tool FLUX 3D developed by CEDRAT [168] is employed to build the 3D FE
model of the transformer and subsequently perform the proximity loss calculation. Fig.

5-19 shows the transformer geometries built in the 3D FE model.

Primary windin;

K :L' " Secondary winding
(a) (b) (c)

Fig. 5-19 Inductor geometries in the 3D FE model. (a) Winding and core. (b) Core. (¢c) Winding.
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Given that the magnetic field in the full model satisfies the symmetry conditions along
the XOY and YOZ planes, the model can be simplified to the one fourth of the whole
model as illustrated in Fig. 5-20. The definitions of XOY and YOZ planes can also be
found in Fig. 5-20 (a). The boundary conditions along XOY and YOZ planes are with
tangent magnetic field and normal electric field. It should be noted that the model is built
via the extrusion of the 2D geometry shown in the ZOX plane. The 2D geometry contains
all the intersection points and lines in the projection of the 3D model against ZOX plane.
Therefore, the 2D geometry shown in the ZOX plane is divided into many areas, as shown
in Fig. 5-20 (a). The objective to employ this model strategy is to address the issue that
the mesh cannot be easily generated in a complex 3D geometry with both arcs and very
narrow airgaps. Subsequently, the geometry built in Fig. 5-20 (a) is meshed and Fig. 5-21

illustrates the mesh densities on the core and winding.

Primary winding

N

Secondary winding \ \

(d)
Fig. 5-20 Transformer 3D FE models considering symmetries. (a) Full model. (b) Core, winding and
airgap. (c) Core. (d) Winding.
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(a) (b) (c
Fig. 5-21 3D mesh of the transformer FE model. (a) Core and winding. (b) Core. (¢c) Winding.

It can be seen that the mesh on all the surfaces parallel to ZOX plane are identical due
to the 3D model is extruded from the 2D model on ZOX plane and thus the extrusion mesh

generator is used in the mesh generation process.

The material used in this 3D FE model is 3C92 (which is different with the core
material 3C95 used in the inductor) whose datasheet B-H curve is displayed in Fig. 5-22
(a). To be specific, Fig. 5-22 (b) presents its B-H curve with uniform scale at 100°C.
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(a) (b)
Fig. 5-22 B-H curve of the core material 3C92. (a) Datasheet. (b) Rebuild with uniform scale.

5.4.2 Nodal flux density

To consider the proximity effects in the primary winding due to both primary and
secondary currents and those in the secondary winding due to both secondary and primary
currents, the 3D FE model built in Section 5.4.1 is run with the combination of primary
and secondary currents at (6A, 0A), (0A, 6A) and (6A, 6A) to generate the flux densities.
Fig. 5-23 - Fig. 5-25 illustrates the contours. It should be noted that, ideally the Ampere-
turns in the primary and secondary should be kept the same, however the influence of the

current amplitude on the normalised flux density is negligible.
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Similar to the inductor flux density distribution shown in Fig. 5-14, the flux densities
at the winding corners close to the airgap, particularly the inner layer, are relatively higher

than those in the other parts, as illustrated in Fig. 5-23 (c) and (d), Fig. 5-24 (c) and (d)
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and Fig. 5-25 (c) and (d). This is also because most of the flux leakage occurs there due

to the presence of the airgap.

It can also be observed that the peak flux density at (6A, 0A) is higher than that at
(0OA, 6A). This is because the primary winding has 15 turns coils, higher than the 9 turns
in the secondary winding. Moreover, the peak flux density at (6A, 6A) is the lower than
those at (6A, 0A) and (0A, 6A) due to the flux cancellation effects of the primary and

secondary windings.

Subsequently, the flux density at each node at these three load conditions is exported

before the winding copper loss calculation which will be discussed Section 5.4.3.

As stated Section 5.1, the domination of the copper loss is the proximity loss. The

transformer proximity loss can be calculated from Equation (5-11) derived in [167].

Ly Nspdep” (dB TTLsNyssdes® (dB,
P = 5-11

where Py, trs 1s the transformer proximity loss, L, and L are the average length of a
turn in the primary and secondary windings respectively, Ny, and N are the product of
the turns per coil times the strand number in each turn, in the primary and secondary sides
respectively, d., and dg are the strand diameters of the windings in the primary and
secondary side respectively, §k is flux density vector in the k" element of the primary

winding, §n is the flux density vector in the n™ element of the secondary winding, (- ),
and (), are the spatial average operators over the primary and secondary windings
respectively. It should be noted that the flux densities shown in Equation (5-11) is in
vector format since the magnetic fields in the windings due to the primary and secondary

currents will be three-dimensional.

Assuming that the leakage magnetic field in the winding regions is linearly

proportional to current excitation, §k in Equation (5-11) can be attributed to the

superposition of the magnetic fields due to the primary and secondary currents, as

described in Equation (5-12). Similarly, §n can be expressed as Equation (5-13).
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By = Epk + By (5-12)
§n = §pn + §sn (5-13)

where Ep x and Esk are the flux density vectors in the & element of the primary winding

due to the primary and secondary currents, respectively, and §pn and §Sn are the flux

density vectors in the n'™ element of the secondary winding due to the primary and

secondary currents, respectively.

Based on Equation (5-12) and Equation (5-13), the time averages of the squared
derivative of the flux densities in the primary and secondary windings can be derived and

they are given in Equation (5-14) and Equation (5-15).

= 2
B\ .
((W) )p -

dB,\’
((W) )s = <

The currents fed into the primary and secondary windings can be expressed as

2

— 2
dB
pk )y (5-14)

dt

dBpy d§sk+d§5k d§pk+ dBg
dt dt = dt dt dt

- 2
dByn

dt

)s (5'15)

- — —_ - — 2
dByn dBon | dBoy dBpn  |dBon
dt dt dt dt dt

Equation (5-16) and Equation (5-17) respectively, for a given frequency of 1.
iy = Ipmsin(ant + <pp) (5-16)

iy = Ignsin(2uft + @) (5-17)

where i, and i; are the primary and secondary winding instantaneous currents
respectively, I,,, and Iy, are their amplitudes, and ¢,, and ¢y are the initial phase angles

between the primary winding and the secondary winding.

Given that the magnetic field in winding region can be considered as approximately
linear, the flux density obtained at a given current can be calculated by linearly scaling
the flux density obtained at the reference current, as described by Equation (5-18) to

Equation (5-21)
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- I -

By = 7 Bopi. 5-18)
I
Oopm

- Ign -

Bsk = 17— Bosk (5-19)
0sm

- I -

Bpn = ﬂBOpn (5-20)
IOpm

— Ism —

Bsn = 77— Bosn (5-21)
losm

where Iy, and Iy, are the amplitudes of the reference primary and secondary currents,
§0p x and §Osk are the flux density vectors in the & element of the primary winding due
to the reference primary and secondary currents with amplitudes Iy, and logn,
respectively, and §0pn and §Osn are the flux density vectors in the n'" element of the

secondary winding due to the reference primary and secondary currents with amplitudes

lopm and Iy, respectively.

The flux density vectors §0pk, §05k, §0pn and §05n at the reference currents can be

expressed as Equation (5-22) to Equation (5-25).

§0pk = §0pkm sin(ant + <pp) (5-22)
Bosk = Bosim SINQ2ft + ) (5-23)
Bopn = Bopnm sin(2nft + ¢,,) (5-24)
Bosn = Bosnm sin(2mft + @) (5-25)

where §0p xm and §0 skm are the flux density magnitude (magnitude over the time) vectors
in the k™ element of the primary winding due to reference primary and secondary currents
with amplitudes Iy,,, and Iy, respectively. §0pnm and §0 snm are the flux density
magnitude vectors in the n™ element of the secondary winding due to reference primary

and secondary currents with amplitudes Iy, and Iy, respectively.
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Based on Equation (5-15) to Equation (5-25), the derivative of §pk, §sk, §pn and §sn

against time are derived in Equation (5-26) to Equation (5-29).

dBpk BOpkm &

At lopm dt (5-26)
dEsk — §Oskm . % (5_27)
dt losm  dt
dﬁpn _ §Opnm . dﬁ (5 28)
dt Iopm dt i
d§sn _ §Osnm . dis (5_29)

dt  lygy dt

Substituting Equation (5-14), Equation (5-15) and Equation (5-26) to Equation (5-29)
into Equation (5-11), the proximity loss in the transformer can be expressed as Equation

(5-30).

di,\* B ‘B di, di
(J).HM p Cls

- 2
P _T[LtpNtspdcp4 |BOpkm| “'p
dt Iopmlosm '* dt dt

px_trs — 64 Dc 2 /p

IOpm

— - S - 2
Boskm * Bopem, dis diy (lBOSkm_l (dls>2
14

+ J— J—
( TosmIopm Iy dt dt Tosm? dt
| 1B 2 2
L5 Nissdes <|B opnm| (%) (5-30)
64p, Iopm” "\ dt

BOpnm'BOSnm dlp dig BOsnm'BOpnm dig dlp
ZopnmZosnmy T sy S

+ . R ——— JR—
( TIopmIosm dt dt Iosmlopm '° dt dt

- 2 —
+(|B05nm| S(dls>2

IOsmz E
Therefore, the quantities needs to be obtained via FEA include the average flux

density square over all the elements in the primary winding with the reference primary
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— 2
current injected (|Bopkm| )p» the average flux density square over all the elements in the

. .. . . . = 2
primary winding with the reference secondary current injected (lB()skml )p» the average

flux density square over all the elements in the secondary winding with the reference

. .. = 2 .
primary current injected (|Bopnm| )s, the average flux density square over all the
elements in the secondary winding with the reference secondary current injected
— 2
(|B0 Snm| )s, the average flux density product over all the elements in the primary winding

with both the reference primary and secondary currents injected (E()pkm . §Oskm)p and
the average flux density product over all the elements in the secondary winding with both

the reference primary and secondary currents injected (§0pnm . §0 snm)s-

However, given that the mesh sizes of the winding elements could be non-uniform,

. - 2
the  average  flux  density  squares and  products (|Bopkm| b o
(|BOSkm| )pa (lBOpnml )s> (lBOsnml )s> (BOpkm : BOskm)p and (BOpnm * Bosnm)s over the
winding elements may not represent the true spatial average flux density squares and
products. Therefore, the weighted arithmetic mean of all the element flux density squares

and products by weighting element volumes are employed to calculate the spatial average

flux density squares and products, as described in Equation (5-31).
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— 2 EE—
Ly Nespden* | |B diy\*
P tpVtspUep <| Opkml Vk)p <_T’>

px_trs — 64pCV0[p Iopmz dt
(§Opkm ) §Oskm & ) %
Iopmlosm  'P dt dt
B B di, di, B dl
( 0skm Opkm k)p s, *'p + <| Oskm| Vk)p( s)
TosmIopm dt dt Tosm? dt
(5-31)
4 - 2 -
T[LtsNtssdcs |B0pnm| V) (ﬂ)
64pcVols Iopm2 "\de
n (BOZImm 'IBOsnm V) CZ: Cciil;
Oopmt0sm

= = — 2 —
(BOsnm'BOan dis d‘p_l_ |BOSnm| V) (%)2

TosmIopm s e dt dt Tosm? dt

where Vj is the volume of the k™ element in the primary winding, V}, is the volume of the

b element in the secondary winding, and Voip and Vs 1s the volume of the primary

winding and the secondary winding, respectively.

Equation (5-31) can also be written into the products of matrices format, as shown in

Equation (5-32).

de
[di, di]
Ppx trs = d: S] glts (5-32)
dt

where D matrix is expressed as Equation (5-33).
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— 2 — —
B B ‘B
l[ | IOpkn;l Vk OzIka ; 0skm Vk—!
opmlosm
D=y 0pm_> N 2 )
Boskm * BOpkm |BOskm| v
IOsmIOpm I()s‘rn2 ,
) (5-33)
[ |BOpnm| BOpnm *Bosnm ]
Oopmt0sm
+ yS < — Opm_) f 2 )S
|BOSnm ) BOpnm |BOSnm| |

n

IOsmIOpm IOSmZ " J

where coefficients y,, and ys can be calculated by Equation (5-34) and Equation (5-35)

respectively.
4
_ T[LtpNtSpde (5_34)
Yo 64pcVolp
TTLt Nt d 4
stVtsstes
Yo = — it (5-35)
PcVols

Based on Equation (5-32) to Equation (5-35), Table 5-5 lists the winding proximity
losses in the transformer at 6.22A and 6.5A RMS currents.

The winding DC loss Pp in the transformer can be calculated with the conventional

equation shown in Equation (5-36)

1 2 1 2
Ppe = Elpm RpDC + Elsm Rspe (5-36)

where Rppc and Rgp are the primary and secondary winding DC resistances which can

be calculated with Equation (5-37) and Equation (5-38) respectively.

R _ 4PthpNtsp
pDC n_dcpz (5-37)
R _ 4pcLesNess 538
sDC ndcsz ( - )
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Thus, the inductor copper loss can be obtained by summing the proximity 10ss Ppy ¢

and the DC loss Pp.

Table 5-5 Summary of proximity losses in the transformer
Resonant current EI%XLAngi Unit
Total Loss 24.65 26.92 W
Proximity loss total 24.05 26.27 4
Proximity loss primary 13.39 14.62 4
Proximity loss secondary 10.66 11.65 w
DC loss total 0.60 0.65 W
DC loss primary 0.19 0.20 w
DC loss secondary 0.41 0.45 w

5.4.4 Experimental verification

Similarity, the measurement of the transformer voltages and currents performance is
performed in the same CLLC resonant converter operating in the V2G reverse mode,
under the same conditions: the battery voltage is 238.33 V, the DC link voltage is 383.7
V, the discharging current is 9.0A, and the switching frequency is approximately 125.94
kHz.

The measured voltages and currents of the transformer are obtained from the
waveform data of the oscilloscope and plotted in Fig. 5-26. Then the power loss in the
transformer can be calculated using the secondary side power subtracting the primary side

power in the V2G reverse mode and vice versa in the G2V forward mode.
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Fig. 5-26 The transformer voltage (in blue) and current (in red) in the (a) secondary side and (b)
primary side

As observed in the figure, the secondary side current is lagging the chopped voltage
due to the ZVS operation. The inductor current waveform is close to sinusoidal, despite
of a small flat area in the DCM, because of the operating frequency close to (slightly
below) the series resonant frequency. The primary side current (the current through the
rectifier diodes) shows the rectifier diodes turned off at ZCS operation with low di/dt.
The primary side voltage is not pure square wave but has a voltage drop owing to the

leakage inductance, resonant tank and equivalent winding resistance.
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The sampling rate of the oscilloscope is 100MS/s (corresponding resolution 1E-8).
The switching frequency is 125.94 kHz, and thus 800 sample points are recorded in one
switching cycle. The instantaneous secondary and primary side power at each sampling
time is calculated with the instantaneous voltage and current, and then the averaged
transformer power loss in one switching cycle is calculated as the subtraction of the power

in the two sides of the transformer.

In this test, the power through the transformer can be calculated to be Psec — Ppri =

2092.28 - 2066.65 = 25.63 W.

Then, the FEA method is also applied with the same condition. The DC loss is
0.5614W, the proximity loss in the primary is 11.18W, and the proximity loss in the
secondary side is 8.901 W, so the total copper loss in the transformer is 20.64W. The core
loss is 9.169 W (Calculated in Chapter 3 in the same condition), thus the total power loss
in the transformer is 29.81 W. As expected, there is a small error between the FEA result
and the actual test results. As indicated previously, this error may be caused by the
measurement inaccuracy. Since the switching frequency is quite high, only 800 samples
are recorded in one switching cycle, thus even a small phase delay in the inductor voltage

and current will cause big error.

For comparison, the conventional prediction method described in Chapter 3 is also
applied to estimate the transformer power loss. The resultant copper loss is 29.80 W, core
loss 15 9.169W and the total loss is 34.80W. This result is in consistent with the prediction
in Chapter 3. The reason why the power loss is higher than the test result and the FEA
results is that in the predicted method, the ac resistance of the transformer is curve fitted
from several measured data and the relationship is not accurate compared with the FEA

method.

The comparison of the three methods is shown in Table 5-6.

Methods Measured FEA Prediction  Unit
Total loss 25.63 29.80 34.80 \\%
Core loss 9.169 9.169 9.169 w
Copper loss 16.46 20.64 29.80 w
Error percentage - 25.38% 81.08% -
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As can be observed from the table, the resultant power loss from FEA model is 20.64
W, 25.38% more than the test results 16.46 W. However, the conventional method is
29.80 W with 81.08% more than the test results. The FEA method is clearly more accurate

than the prediction method.

5.5 Summary

A calculation method employing FLUX 2D and FLUX 3D is proposed in this chapter
to calculate the power losses for magnetic components in the DC-DC converter. FE
models are built based on the definitions of the geometries, meshes, materials, electric
circuits, boundary conditions and load conditions. The number of strands and strand
diameter of litz wire winding is taken into consideration. The flux density is calculated
via FEA at a reference load condition. Then, the power loss of each element is calculated
using the obtained nodal flux densities and power loss density function. Finally, the total
loss is the sum of the power losses of all the elements. Compared to the conventional
method described in Chapter 4, the FEA approach can predict the flux density more
accurately, owing to a detailed model with all the geometric parameters and thus the flux
leakage effects can be considered. In addition, the nonlinear effect of the core material
can be considered in the B-H curve definition in FEA. The 3D FEA approach can predict
more accurate winding flux density and thus more accurate proximity loss. Measurement

results are compared to assess the accuracy of the proposed calculation method.
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CHAPTER 6
Conclusion and Future Work

This chapter summarises the research work the author has undertaken over the PhD studies. Future work based
on this thesis is also discussed.

6.1 Work Summary

A typical on-board EV battery charging system includes a front end AC-DC converter
for active power factor correction (PFC) and a DC-DC converter to regulate the output
voltage and current [9] [61]. In the DC-DC stage, full-bridge DC-DC converters that
employ isolated transformer and active power switches are often used as the interface
between the front end converter and the EV battery, to provide galvanic isolation,

charging/discharging control and flexibility of installation on the EVs [89].

In the typical EV battery constant-current charging operation, the charging current is
controlled at a desirable value for optimal battery performance. However, when the
single-phase grid side AC voltage (50 or 60 Hz) is rectified, a second order mains
frequency harmonic (100 or 120 Hz) will be present in the DC link voltage. This voltage
harmonic in turn results in a low frequency current ripple during battery charging. The

ripple current can be relatively high, due to low internal impedance of the battery.

This low frequency current ripple is not desired as it causes additional losses, resulting
in an increase in battery temperature, which in turn reduce the battery lifetime and EV
driving range. Chapter 2 describes an effective approach to suppression of the battery
harmonic current in a 4 kW EV battery charger. A feedforward-proportional-integral-
resonant (FF-PIR) controller is employed to suppress the low-frequency current ripple in
the LLC resonant converter. A small-signal model has been established from time-domain
simulations by injecting a small perturbation signal to the converter operating frequency.
An FF-PIR controller is subsequently designed. The proposed resonant controller for
suppressing the harmonic current is verified by simulations and experimental tests.
Therefore, this control strategy can be used in single phase grid-connected EV onboard
charger to improve charger performance and hence enhancing battery performance,
efficiency and lifetime. The advances over the current state-of-the art are: 1) the influence

of battery SoC on dynamic behavior is taken into consideration in both the modelling and
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control design of the battery charger; 2) control robustness to the grid frequency variations

is addressed.

The LLC resonant converter, which exhibits high efficiency due to zero-voltage
switching (ZVS) in the primary side and zero-current switching (ZCS) in the secondary
side, and hence is a promising candidate topology for charging applications. However,
LLC resonant converters lose its soft switching features in reverse (V2G) mode, thereby
compromising the efficiency and limiting the capabilities of bidirectional power transfer.
This limitation may be overcome by a bidirectional CLLC resonant converter which has
an extra series capacitor to form a four-element resonant tank. In Chapter 3, the topology
and the operation of the CLLC resonant converter in both forward mode and reverse mode
at different operation conditions is described. The operational characteristics of the CLLC
resonant network is analyzed using fundamental harmonic approximation (FHA) method
in both G2V and V2G modes, based on which a design procedure for the CLLC resonant
converter is discussed, presented and validated in the time-domain simulation and the
experimental tests. Furthermore, power loss evaluation is presented and validated in the
measurement and comparison. It has been shown that with the CLLC resonant tank, the
converter achieves ZVS+ZCS features in both forward and revered modes, allowing less
circulating current in the resonant tank and transformer, less turn off current in the
primary side MOSFETs and low di/dt in the secondary side diodes. Power loss analysis
shows that the efficiency of CLLC improves between 1% and 10.02 % in the whole
operating range. All the time-domain simulation and the experimental tests show that with
the features of high power conversion efficiency and high power density, it is a suitable

candidate for a bi-directional on-board battery charger.

It 1s well known that terminal voltage of automotive batteries varies as a function of
its SoC. With conventional frequency control, the switching frequency of the converter
deviates from the series resonant frequency when battery voltage or SoC changes in order
to maintain constant charging or discharging current. In the reverse V2G mode this can
lead to operation at much higher frequencies and increased converter losses due to
waveform distortions and larger circulating current in the resonant tank. Therefore,
although power conversion efficiency is improved by employing the CLLC resonant
converter in Chapter 3, to further improve the power conversion efficiency, in Chapter
4, the maximum efficiency tracking method employing variable DC link control strategy

is designed and implemented for the bidirectional charger. This chapter first analyses the
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operation of resonant converter over different switching frequency ranges in both the
G2V forward and the V2G reverse modes in order to identify the optimal operating
frequency. Then the controller is designed for maintaining the optimal operating
frequency by varying DC link voltage and performance evaluated. Simulation studies
based on the time-domain models and the experimental tests are performed. The
efficiency comparisons of the proposed control with conventional techniques based on
the experimental tests show that with the new control scheme the efficiency is further

improved by 2%.

For evaluating the efficiency of the designed CLLC resonant converter, it is essential
to characterize and quantify the power losses in the converter. Litz wire is generally used
in the magnetic components of high frequency converters to reduce AC losses caused by
skin and proximity effect. It is usually constructed from small insulated strands, woven
or twisted to distribute the current density over the entire cross-sectional area. However,
the use of litz wire in the magnetic components make it difficult to evaluate the power
loss since the magnetic field and current distribution in litz wire due to its complex 3-D
geometry is not easy to model. Chapter 5 describes a novel method which employs 2D
and 3D FEA to predict the power losses for magnetic components and AC winding
proximity losses. The characteristics of litz wire winding is taken into consideration. The
FE model is built with the definitions of the geometries, meshes, materials, electric
circuits, boundary conditions and load conditions. The flux density is calculated via FEA
at the given load condition. Then, the power loss of each element is calculated using the
obtained nodal flux densities and power loss density function. Finally, the total loss is the
sum of the power losses of all the elements. Compared to the conventional method for
loss prediction described in Chapter 4, the FEA approach can predict the flux density
more accurately, owning to a detailed model with all the geometric parameters and thus
the flux leakage effects can be considered. In addition, the nonlinear effect of the core
material can be considered in the B-H curve definition in FEA. The 3D FEA approach
can predict more accurate winding flux density and thus more accurate proximity loss.
Measurement results from experimental tests have verified the accuracy of this

calculation method.
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The CLLC design in Chapter 3 is based on an existed LLC resonant tank. And the
design procedure starts from the design of a conventional LLC resonant tank followed by
the seizing of the secondary side capacitor. Although this method has the advantage of
alleviating the difficulties of optimizing the four elements resonant tank, it can be further
optimized. The gain bound is limited because the gain range is already determined by the
resonant tank. In addition, the magnetizing inductor is integrated in the transformer, and
cannot be modified to further reduce the magnetizing current for efficiency improvement.
This design method is more suitable for the applications with an existed system while
requiring the conversion efficiency improvement. Thus, the design procedure can be
further improved by designing the four-element CLLC resonant tank directly through a

more rigorous optimisation process.

The resonant point tracking controller in chapter 4 can be further analyzed. Since less
current distortion, lower di/dt, lower turn-on turn-off current will minimize the power loss
in the converter and thus increase the converter efficiency, the operating waveforms in
both forward G2V forward and the V2G reverse modes at different conditions have been
analyzed in order to identify the optimal operation frequency for minimum power loss.
However, the analytical model maybe established to further prove the optimal frequency

for maximum efficiency operation.

The FLUX 2D and FLUX 3D models can be used for the low power rating where the
current waveform is close to sinusoidal. However, when the converter operates in high
power, the operating frequency deviates from the series resonant frequency and large
distortion occurs in the current. In this case, the current is not sinusoidal anymore. Thus
FFT needs to be applied in the current, and all the current harmonics at each frequency
should be used to calculate the power loss associated with the magnetic field distribution
in the core and within the Litz wire windings. The losses associated with each harmonic
should be summed up to obtain the total power loss. This has been implemented for the

inductor and should be implemented for the transformer as well.
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APPENDIX A

Simulink Models of the Converters

This research has implemented extensive simulation studies employing the software

tool of MATLAB/SIMULINK. The Simulink models are listed as follows:
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APPENDIX B
Battery Testing System Hardware Configuration

The experimental tests have been implemented with the prototype illustrated in
Chapter 2, Chapter 3 and Chapter 4. The battery and the safety protection system in the

test are described as follows:

/

AV

Fig. B-2. The schematic of one battery string in the battery pack
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APPENDIX C LabVIEW FPGA Coding

National instrument Compact RIO 9082 is used as the processor due to the powerful

real-time processing performance. The structure of the hardware has been illustrated in

Chapter 4. This section describes the codes implemented in the graphical programming
tool- LabVIEW FPGA.
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Fig. C-1. LabVIEW FPGA coding front panel
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Fig. C-3. LabVIEW FPGA coding block diagram — Voltage/current ADC code
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Fig. C-13. LabVIEW FPGA coding block diagram — DC-DC converter controller code
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APPENDIX D
MATLAB Code for Power Loss Calculation

In order to evaluate the power loss in the converter, the practical method for
quantifying the power loss distribution has been described in Chapter 3. This section lists

the detailed MATLAB code of the calculation.

clear all;

%% Calculate the power loss in the OBBC converter

% in the Forward mode

% 1. DC-DC Converter power loss calculation in the Forward
mode

% Based on Infineon's Application note

% "MOSFET Power Losses Calculation Using the Data- Sheet
Parameters"

% 2016-06 created

% 2016-08 revised

% 2016-11 revised to apply the simulation results

% 2016-11.15 revised for application in the Forward mode

% Define resoannt tank parameters
Ls = 97.3e-6; % Series inductor Ls =97.3uH

Im = 136.4e-6; % Magnetic Inductor of Transformer is
136.4uH
N = 1.66; % Transformer turns ratio is 15: 9 = 1.66,

in the simulation is 380/240 = 1.58

o°

LLC=0; % if LLC -0, then load CLLC data for the calculation
LLC =1; % if LLC = 1, then load LLC data for the calculation
ZVS= 1;

oe

% 3. Load data from the M-file and assignment

o°

Four Simulation Conditions:

Simulation CLLC forward at five power ratings:
Simulation LLC forward at five power ratings:

Simulation CLLC reverse at five power ratings:
Simulation LLC reverse at five power ratings.

o

o° oP

o\°

\O

3 Four Test Conditions:
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o\°

Test CLLC forward at two power ratings: 2KW and 4KW:
Test LLC forward at two power ratings: 2KW and 4KW:
Test CLLC reverse at two power ratings: 2KW and 4KW:
Test LLC reverse at two power ratings: 2KW and 4KW:

o° oo

oe

oo

load the simulation data

if LLC ==0,

load Power Loss_ Simulation CLLC Forward; % load the M-file from
the CLLC simulation results, Note this is not the test results

oe

oe

% Power Loss Simulation Forward =

Power Loss Simulation CLLC Forward

% else

% load Power Loss_Simulation LLC Forward; % load the M-file from
the LLC simulation results, Note this is not the test results

% Power Loss Simulation Forward =

Power Loss Simulation LLC Forward

% end

% load the test data
if LLC ==0,

load Power Loss Test CLLC Forward; % load the M-file from the
CLLC simulation results, Note this i1s not the test results

Power Loss Simulation Forward = Power Loss Test CLLC Forward

else

load Power Loss Test LLC Forward; % load the M-file from the LLC
simulation results, Note this is not the test results

Power Loss Simulation Forward = Power Loss Test LLC Forward

end

fsw = Power Loss Simulation Forward(l,:); %
Switching frequency;

fsw = fsw *1000;

V DClink = Power Loss Simulation Forward(2,:); % DC
Link Voltage in Simlation

I DClink = Power Loss Simulation Forward(3,:); % DC

Link Current in Simlation

V_Battery = Power Loss Simulation Forward(4,:);
Battery Voltage in Simlation

I Battery = Power Loss Simulation Forward(5,:);
Battery Current in Simlation

o\

oe

ILs rms = Power Loss Simulation Forward(6,:); %
Primary side ILs RMS Current in Simlation
Isec_rms = Power Loss Simulation Forward(7,:); %

Secondary side Diode bridge RMS Current in Simlation

Isw _off = Power Loss Simulation Forward (8, :); %
Primary side MOSFET turn off current Current in Simlation
ILs peak = Power Loss Simulation Forward(9,:); %

Primary side ILs measured (from waveforms) Peak Current in Simlation
Isec_peak = Power Loss Simulation Forward(10,:); 2
Secondary side Diode bridge Measured (from waveforms) Peak Current in

Simlation

o\

ILm peak = Isw off ; % Lm
Peak current = Primary side MOSFET turn off current Current in
Simlation
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% Device data for RoHM SiC MOSFET
% SCH2080KE N-channel SiC power MOSFET co-packaged with SiC-SBD

Q

% Device specification
RDS on = 125e-3;

and 1250hm (typ) at Tj

MOSFET i rt = 33e-9;
rise time is 33 ns,
MOSFET i ft = 28e-9;
fall time 1is 28 ns;

$ 2?2?22 need to add the

% Device specification
ub0 = 1.3;

1.3V read from table in Page 4

datasheet Fig. 22

RD = (1.3-0.7)/(10-0.01);

DIODE trr = 37*le-9;
DIODE Qrr = 60*le-9;
DIODE rrm = 2.4;

of MOSFET

o)

o

Static drain-source on-state resistance

% 80 mOhm(typ), 117mOhm(max) at Tj = 25 C,

= 125

Q

4

when VGS = 18V, ID = 10A;

% Read from datasheet Fig. 12, 13 and 14.

o
]

%

MOSFET Turn-on delay tine is 37ns, and

MOSFET Turn-off delay time is 70ns, and

rise time or not?

of Diode

o

°

%

oC o o o

o°

Sic MOSFET diode Reverse volt drop is

0.6V at VGS=0V and Is=10A read from

Diode Resistance

from datasheet curve Fig. 22

diode reverse recovery time is 37ns
diode reverse recovery charge is 60nC
peak reverse recovery current is 2.4A,

at IF=10A, VR=400V, di/dt=150A/us

U plateau = 9.7;
UDr = 12;
RG = 6.3;

o\

IDrms = ILs rms;

% Gate Drive specification

o o

oe

current in the forward mode

IFav = Isec_rms*sqrt(2)

assumpt it is pure sinc wave

IFrms = Isec rms;

($$ half cycle or one cycle?)

P Con MOS = RDS on .* IDrms.”"2

Gate plateau voltage is 9.7V
Gate Drive voltage +12 to -6
Gate input resistance is 6.3 Ohm

% 5. Device Conduction Loss Calculation

% the primary side MOSFET rms

* 2/pi; % average DIODE current;

($$ half cycle or one cycle?)

o)

% rms DIODE current;

L2 % MOSFET Active Bridge

conduction loss during one cycle (2 bridges, 4 MOSFETs) ;

P Con Diode = (ub0 * IFav + RD * IFrms.”"2) * 2 % Secondary side
Diode Rectifier Bridge conduction loss during one cycle (2 bridges, 4

diodes) ;
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% Equations

% Eon.M = UDD * IDon * (tri 4+ tfu)/2 + Qrr * UDD $$
% Eoff.M = UDD * IDoff * (tru+tfi)/2 $$

% Eon.D = (1/4) * Qrr * UDrr = (1/4) *Qrr *UDDS$SS$S

% Eoff.D = 0S8$

% Psw.M = (Eon.M + Eoff.M) * fsw$$

% Psw.D = (Eon.D + Eoff.D) * fsw $$

UDD = V_DClink
tri = MOSFET i rt; % MOSFET current rise
time, read from datasheet

% 6.2 MOSFET Turn on switch loss
% In ZVS, the MOSFET switching on loss is zero

% During MOSFET switching-on process, the worst case turn-on losses in
power MOSFET (Eon M) can be calculated as

% the sum of

% the switch-on energy without taking the reverse recovery process
into account (Eon M i)

% and the switch-on energy caused by the reverse-recovery of the free-
wheeling diode (Eon M rr);

o\

Calculate tfu
Two methods to calculate CGD for tfu
Method 1:

o\

o°

CGD1 = 30e-12;
CGD2 = 700e-12;

IDon = Isw off ; % from simulation when
switch on, DC current

IGon = (UDr - U plateau) / RG ; % gate current in turn
on process

tful = (UDD - RDS on*IDon) * CGD1 / IGon; % voltage fall time
defined through the gate current and the capacitances CGD1;

tfu2 = (UDD - RDS on*IDon) * CGD2 / IGon; % voltage fall time
defiend through the gate current and CGD2;

tfu = (tful + tfu2) /2; % MOSFET voltage fall

time of the drain-source voltage from uDS=UDD to its on-state wvalue
uDS=RDS on*Ion, when turning on,

% Method 2:

Vds = UDD;

CGD = 4319%*exp(-1.39*Vds)+182*%*exp(-0.02*Vds) ; % The polynomial
function of CGD against the drain—source voltage Vds

tfu = (UDD - RDS on*IDon) .* CGD / IGon;

Eon M i = UDD .* IDon .* (tri+tfu)/2; % switch-on energy
without taking the reverse recovery process into account (Eon M i)
Eon M rr = DIODE Qrr .* UDD; % switch-on energy

caused by the reverse-recovery of the free-wheeling diode (Eon M rr)

% consider Zero Voltage Switching during MOSFET turning-on
if zZvs == 1
Eon M = 0;
else
Eon M = Eon M i + Eon M rr;
end
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% 6.3 MOSFET Turn off switch loss (2 Methods)

oo

METHOD 1: Calculation with the capacitance

% During MOSFET switching-off process, there is no reverse recovery

IGoff = U plateau / RG ; % gate current in
turn off process

trul = (UDD - RDS on*IDon) * CGDl / IGoff; % voltage rise time
defined through the gate current and the capacitances CGD1;

tru2 = (UDD - RDS on*IDon) * CGD2 / IGoff; % voltage rise time

defined through the gate current and the capacitances CGD2;
tru = (trul + tru2) /2;

tfi = MOSFET i ft; % MOSFET current
fallingtime, read from datasheet.

IDoff = Isw off

Eoff M = UDD .* IDoff .* (tru+ttfi)/2; % tru is voltage

rising time; tfi is current falling time;

o°

METHOD 2: Curve fitting from the datasheet

o°

Data points read from the Datasheet:

Eoff M = 26e-6; % 26 uJd, read from
datasheet Fig. 19, 20, 21 when the battery voltage is 240V, IDoff =
10A;

% Eoff M = 36e-6; % 36 uJd, read from
datasheet Fig. 19, 20, 21 when the battery voltage is 400V, IDoff =
10A;

o°

ID = Isw off;

Eoff M = 1e-6.*(0.0000922724653 .* (Vds.”2) + 0.0475102635693.* (vds) +
3.4000415729136) .*(0.2699799327533.* (ID.”2) -0.8702943202743.*(ID) +
48.8193577810183) /66

% Primary side:

% During MOSFET switching-on process, the free wheeling diode turns
off, so the loss is mainly the reverse-recovery evergy,

% however, if the MOSFET is operating at ZVS, then the loss is zero.

Eon D = (1/4)*DIODE Qrr * UDD; % Reverse-recovery evergy

% Seondary side

% There 1is zero switching current turning off. so ideally, the diode
has no loss.

Diode switch loss when MOSFET Turn off

During MOSFET switching-off process, losses in the diode are
normally neglected

Eoff D = 0O;

o°

o°

%% 7. Core losses

% core loss can be obtained from the core loss vs peak B curve in
datasheet
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% Parameters

N L = 24; % Inductor 24 turns, double winding 48 turns
Acore E65 = 540e-6; % 540 mm2

Ve L = 79000*1e-9; % 79000 mm"3

% Calculation

B peak L = Ls * ILs peak / (Acore E65 * N L) % Peak Flux density

Pv L = 7.862 * (B peak L."2.384) .* ((fsw*le-3).71.652) % Curve
fitting from the datasheet for 3C95, note fsw is kHz

P core L = Pv. L * Ve L * le3 % unit W

% 7.2 Core loss of Transformer (Material = 3C92) %

N Tx pri = 15; % Transformer primary side 15 turns,
double winding 30 turns

N Tx sec = 9; % Transformer secondary side 9 turns,
doubke winding 18 turns

Acore E59 = 353e-6; % 353 mm2

Ve Tx = 44000*1le-9; % 79000 mm"3

B peak Tx = Lm * ILm peak / (Acore E59 * N Tx pri) % peak flux
density

Pv_Tx 100kHz = 0.0253492764515 * (B _peak Tx."2 ) - 4.2232064705831 *
(B_peak Tx) + 209.188306429935; % 100 kHz swithing frequency
curve fitting

Pv_Tx 200kHz = 0.0451985100246 * (B _peak Tx.”2 ) - 4.1066513802761 *
(B_peak Tx) + 133.9657955708089; % 100 kHz swithing frequency

curve fitting

Pv Tx = Pv_Tx 100kHz ; % when the switching
fregyuency is close to 100 kHz;
% Pv_Tx = Pv_Tx 200kHz ; % when the switching

fregyuency is close to 150-180 kHz;
P core Tx = Pv_Tx * Ve Tx * le3 % unit: KW * 1le3 =W

%% 8. Copper losses

e &

% 8.1 Defien the ac resiatance of Inductor %

R L ac = 0.01775 * exp(1.244e-05*fsw) % Curve fitting from the
measured data from LCR meter, Data file is 151023155643.

P copper L = ILs rms.”2 .* R L ac % Copper loss of inductor

e &

% 8.2 Defien the ac resiatance of Transformer %

R Tx pri ac = 0.005876 * exp(3.209e-05 * (fsw)) % Curve fitting from

the four scaled measured data from LCR meter at 90, 125 130 and 170
kHz. note the frequency is kHz

R Tx sec_ac = 0.001696 * exp(3.21e-05 * (fsw)) % Curve fitting from
the four scaled measured data from LCR meter at 90, 125 130 and 170
kHz. note the frequency is kHz

P copper Tx = ILs rms.”2 .* R Tx pri ac + Isec rms.”2 .* R Tx sec ac
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%% 9. Total loss

% Calculate the total losses

P Con = P Con Diode + P_Con MOS % Conduction loss
consists loss on the mosfet in the primary side and diode in the

secondary side.

P sw MOS 4 * (Eon M + Eoff M) .* fsw
P sw Diode = 4 * (Eon D + Eoff D) .* fsw
P sw =

P sw MOS + P_sw_Diode)
=

P loss _device P sw + P_Con)

P core = P core L. + P core Tx

P _copper = P copper L + P copper Tx

P loss L = P core L + P copper L

P loss Tx = P _core Tx + P _copper Tx

P loss mag = P core L. + P core Tx + P copper L + P copper Tx
P loss total = P loss device + P _loss mag

Power DClink = V DClink .* I DClink; % DClink side Power in
Simulation

Power Battery = I Battery .* V Battery; % Battery Power in
Simulation

Power = Power DClink % 1in forward mode,
power is DC link power

efficiency = (1-(P_loss_total./Power))*100

Power loss Dist Simulation Forward(l,:)= P _Con Diode

Power loss Dist Simulation Forward(2,:)= P_Con MOS

Power loss Dist Simulation Forward(3,:)= P_Con

Power loss Dist Simulation Forward(4,:)= P_sw MOS

Power loss Dist Simulation Forward(5,:)= P_sw Diode

Power loss Dist Simulation Forward(6,:)= P_sw

Power loss Dist Simulation Forward(7,:)= P_loss device
Power loss Dist Simulation Forward(8,:)= P _core L

Power loss Dist Simulation Forward(9,:)= P core Tx

Power loss Dist Simulation Forward(l0,:)= P core

Power loss Dist Simulation Forward(ll,:)= P copper L

Power loss Dist Simulation Forward(l2,:)= P copper Tx
Power loss Dist Simulation Forward(1l3,:)= P copper

Power loss Dist Simulation Forward(l4,:)= P loss L

Power loss Dist Simulation Forward(1l5,:)= P loss Tx

Power loss Dist Simulation Forward(l6,:)= P loss mag

Power loss Dist Simulation Forward(l7,:)= P loss total
Power loss Dist Simulation Forward(1l8,:)= (Power*le-3)
Power loss Dist Simulation Forward(1l9,:)= (fsw*le-3)

Power loss Dist Simulation Forward(20,:)= efficiency

if LLC==

Power loss Dist CLLC Simulation Forward =
Power loss Dist Simulation Forward
else

Power loss Dist LLC Simulation Forward =
Power loss Dist Simulation Forward
end

%% 10. Total loss Plot and Display

[

% plot figures
figure
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x = ['P_Con MOS P_Con Diode P Con P sw MOS P _sw Diode P_sw
P loss device P _core P copper P loss mag P loss total']
P loss = [ P Con P sw MOS P_sw Diode P sw P loss device P core

P copper P loss mag P _loss total]

bar([1:1:11], P loss)

title ('Power distribution (W) ')

ax = gca;

x = ['P Con P _sw P _core P copper P loss total']

power loss(l,:) = [fsw; P_Con MOS; P Con Diode; P Con; P_sw _MOS;

P sw Diode; P sw; P loss device; B peak L; P core L; B peak Tx;
P core Tx; P core; P copper L; P copper Tx; P copper; P loss mag;
P loss total]

figure

P loss = [P _Con P sw P core P copper P loss totall]
bar([1:1:4], P _loss)

ax = gca;

grid on;
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