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Abstract

Electric vehicles (EVs) adoption is growing due to environmental concerns, government
subsidies, and cheaper battery packs. The main power electronics design challenges for next-
generation EV power converters are power converter weight, volume, cost, and loss reduction. In
conventional EVs, the traction boostand the onboard charger (OBC) have separate power modules,
passives, and heat sinks. An integrated converter, combining and re-using some charging and
powertrain components together, can reduce converter cost, volume, and weight. However,

efficiency is often reduced to obtain the advantage of cost, volume, and weight reduction.

An integrated convertertopology is proposed to combine the functionality of the traction boost
converter and isolated DC-DC converter of the OBC using a hybrid transformer where the same
core is used for both converters. The reconfiguration between charging and traction operation is
performedby the existing Battery Management System (BMS) contactors. The proposed converter
is operated in both boost and dual active bridge (DAB) mode during traction operation. The loss
mechanisms of the proposed integrated converter are modeled for different operating modes for
design optimization. An aggregated drive cycle is considered for optimizing the integrated
converter design parametersto reduce energy loss during traction operation, weight, and cost. By
operatingthe integrated converter in DAB mode at light-load and boost mode athigh-speed heavy-
load, the traction efficiency is improved. An online mode transition algorithm is also developed to
ensure stable output voltage and eliminate current oscillation during the mode transition. A high-
power prototype is developed to verify the integrated converter functionality, validate the loss
model, and demonstrate the online transition algorithm. An automated closed-loop controller is
developed to implement the transition algorithm which can automatically make the transition

between modes based on embedded efficiency mapping. The closed-loop control system also
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regulates the integrated converter output voltage to improve the overall traction efficiency of the
integrated converter. Using the targeted design approach, the proposed integrated converter
performs better in all three aspects including efficiency, weight, and cost than comparable discrete

solutions for each converter.
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1 Introduction

Electric vehicles (EVs) adoption is increasing due to environmental awareness, government
subsidies, lower battery prices, and the price volatility of the fossil fuel supply [1, 2]. In 2016, 28%
of the total US emissions were generated from the transportation sectors, primarily from light-duty
vehicles [3]. These emissions are causing smog and health issues in urban areas. Although EVs
are also responsible for carbon emission in the process of electricity generation [4], the source of

electricity is getting cleaner due to the integration of renewable energy sources into the grid.

Tax credits and incentives are offered to reduce the up-front cost of EVs to consumers [5].
Differentmanufacturersare offeringfree chargingat public parking lotsand office areasto support
the growth of PEVs and encourage more customers to adopt EVs [6]. Another incentive for
individuals to purchase EVs includes access to HOV lanes for low emission vehicles by the

Department of Transportation in different states [7].

EVs have a long history of variable consumer demand along with gasoline prices, regulations,
and technological development. By 1900, athird of the total vehicles on the road were electric cars
in the US [8]. However, with the mass production of gasoline cars, the price of a gasoline car
dropped to almost 63% cheaper than an electric car in 1912. The decrease in gasoline prices, the
availability of gasoline in rural areas, and the improvement in gasoline vehicle technologies led to
the complete decline of EVs by 1935 in the US [8]. EVs sales increased again beginning 1999, as
shown in Figure 1.1 [9], with the commercial production of the Toyota Prius. Furthermore, the
increase in gasoline prices motivated people to purchase hybrid electric vehicles (HEVS) which
have less emission and higher city fuel economy. According to the prediction shown in Figure 1.2
[10], EVs will comprise 35% of all new vehicle sales by 2040. To sustain the growth of EVSs, it is

important to reduce the traction drive system cost and improve the efficiency [11, 12].
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1.1 Role of Power Electronicsin EVs

Power converters are used in EVs during traction as well as vehicle charging operation. The
traction converters are also known as the power control unit (PCU) [13]. Typical converters used
in EVs are shown in Figure 1.3. During traction operation, the electric motor is driven through the
bidirectional boost converter and inverter [14]. The bidirectional boost converter is optional in
EVs. Accessory loads are powered by the high voltage EV battery using several low power step
down DC-DC converters [15]. The EV battery is charged from the grid using the onboard battery

charger.

1.11 PCU

The PCU delivers power to the traction motor from the high voltage (HV) battery. The major
high-power components of PCU are — inverter, traction bidirectional DC-DC converter,and DC-
DC converter for auxiliary loads [16]. The power level of the PCU ranges from 20 kW to over 250
kKW depending on the type of EVs [17, 18]. The PCU of a 2010 Toyota Prius HEV is shown in

Figure 1.4.

I—P Inverter —v‘

Battery HV Bi-directional Electric
Charger ~ Battery Converter Motor

DC-DC Accessory Torque
Converter Loads L. to

Drive
Wheels

Figure 1.3. Converters used in EVs [18].



The inverter is responsible for controlling the power flow from the battery to the traction
motor [19]. Based on the torque-speed requirement at the different operating conditions, the
inverter power processing varies during the EV drive cycle. The inverter also captures the
regenerative braking energy from the traction motor and feeds back to the battery. In the Toyota

Prius hybrid system, two separate inverters are used for the motor and generator [13].

The bidirectional boost converter steps up the battery voltage to the inverter to ensure the
inverter operation at optimum points based on different loads [20, 21]. The bidirectional boost
converter decouples the inverter operation and regulates the voltage regardless of the varying state
of the charge (SOC) of the battery. The bidirectional boost converter is implemented in Toyota
Prius, Toyota Camry, BMW i3, and Honda Accord PCUs to improve the motor-inverter efficiency
for the different torque-speed conditions [20]. In contrast, Nissan Leaf does not have a
bidirectional boost converter [22]. As a result, the inverter used in Nissan Leaf is always operated
at higher battery pack voltage sacrificing overall traction efficiency at high speed low torque
condition [22]. The converter also transfers the regenerative energy to the battery. The boost

inductor and bulk capacitor make up 40% of the volume of the Toyota Prius PCU [23].

The auxiliary loads are also powered by the HV battery through a DC-DC converter. These
auxiliary loads include heaters, fans, lighting, power steering, infotainment systems, controllers,

low power electronics system, and user on-demand low power equipment charging outlets [24].
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Figure 1.4. PCU 0f2010 Toyota Prius [13].

1.1.2 Onboard Charger

The battery charger controls the power flow from the grid to the HV battery by monitoring
the state of the charge of the battery pack. The charging time depends on the power level of the
EV battery charger and the EV battery pack size. Based on the charger power level, the charger
can be categorized as Level 1, Level 2, and Level 3 charger [25]. A Level 1 charger is supplied
from standard wall 120 V outlet and the charging power is limited to 1.8 kW. A Level 2 charger
uses a 240 V outlet and the charging power is typically 3.3 kW to 12 kW. Level 3 chargers are fast
DC chargers that are available at commercial EV charging locations and the charging power is
higherthan 20 kW. With the consumer demand for longer drivingrange and shorter chargingtime,
level 2 chargersare used in onboard chargers. The 2013 Nissan Leafhasa Level 2 onboard charger

which is shown in Figure 1.5 [26].



Mass, as received: 16.3 kg (~36 Ibs)
Approximate volume: 11L

External Line Filter
(3.2 kg)

Figure 1.5.2013 Nissan Leaf onboard charger [26].

The onboard charger has two major components — power factor correction unit (PFC) and
isolated DC-DC converter [25, 27]. The PFC unit maintains unity power factor, reduces switching
noise during the charging operation [28], and boosts the voltage for the isolated DC-DC converter
stage. The isolated DC-DC converter provides galvanic isolation using a high-frequency isolation

transformer [29].

1.2 Scopes for Improvement

The power electronics converter design challenges are power converter weight, size, loss, and
price reduction [30]. An efficient power converter can maximize the driving range from the EV

battery pack and requires smaller heat sink volume and weight.



1.21 Weightand Volume

The weight and volume of the 2010 Toyota Prius PCU are 13 kgand 16.2 L respectively [13].
The PCU is heavy and bulky due to the high-power boost inductor, bulk capacitor, and cooling
systems. The boost converter in the 2010 Toyota Prius PCU contributes to about 40% of the total
PCU weight and 30% of the total PCU volume [13]. The total cooling infrastructure contributes to
about 34% of the total PCU volume. The main capacitor module also contributes to about 17% of
the total PCU volume and 17% of the total PCU weight. The converter weightand volume increase

with the power rating of the PCU [13].

The weight and volume of the 2013 Nissan Leaf PCU are 16.3 kgand 11 L, respectively, as
shown in Figure 1.5. To maintain the charging standard and grid power quality requirement, the
onboard charger is heavy and bulky due to the isolation transformer, filter inductors, capacitors,
and heat sink [31]. The size of the isolation transformer and filter inductors can be reduced by

increasing the switching frequency.

1.2.2 Efficiency

In 2012, the average silicon-based electric drive system efficiency wasaround 90% [30]. The
peak efficiency of the 36.5 kW Lexus LS 600H traction DC-DC converter is around 97.5% for
650V step-up operation at 5 kHz switching frequency [32]. The power conversion loss generates
heat in the power converter and needs to be removed by the thermal management system. High-
efficiency convertersallow for smaller thermal management components. As aresult, the heatsink
size and weight can be reduced. High efficiency also enables reduced converter size by higher

switching frequency. With improved efficiency, the energy saved in the traction drive system can



be used to increase the range of the EVs. Fora 120 V charging system, total efficiency is reported

around 87% for 3.3kW operation and the DC-DC converter efficiency is about 94% [22].

The power loss reduction target for 2022 electric drive system is set at 40% by the U.S.
Department of Energy (DOE) [30]. The peak efficiency of the traction motor occurs in the high-
power region as shown in Figure 1.6 [30]. However, the power requirement for EVs varies for
different driving conditions. The fraction of time spent at different torques and speeds at urban
dynamometer driving schedule (UDDS) and highway driving schedule are shown in Figure 1.7.
The mostcommon operating conditions occur at much lower torque than the peak efficiency region
shown in Figure 1.6. To improve efficiency, the traction efficiency map needs to be altered to
shift the peak operating region to lower powers based on the drive cycle. In this way, the driving

range can be extended and EVs can be operated more efficiently.
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Figure 1.6. Typical traction motor efficiency map [30].



200
004 g
280 o
S =
cC C
< 200 .03 ﬂd}. 3
= D 5
= O O
© 150 c 0
= 12 £ 8
o - @
P 100 ° o
=
0.01 g O
a0 =1
Q =
©
1] 0 L
0 2000 4000 ROO0 000 10000

Speed (rpm)

Figure 1.7. Histogram of the torque-speed characteristics for urban dynamometer driving

schedule and highway driving schedule.

1.2.3 Price

Accordingto the US DOE, the EV price is the most significant challenge to increased EV
adoption by consumers[18]. The hybrid tractiondrive price breakdown, whichincludes the battery
price is shown in Figure 1.8 [33]. The second-largest contributing factor to high EV price is power
electronics, which is 24% of the total hybrid traction drive system cost [33]. The price of the Tesla
Model S electric drive system (excluding battery price) is around $5,400 which is about 7% of the
total price of the vehicle [18, 34]. The price of a Chevy Volt traction drive system (excluding
battery price) is also around 7.2% of the vehicle price [18, 35]. The price of a 3.3 kW onboard
charger was about $900-$1,000 in 2010 [18] which is almost 4% of the Nissan Leaf price. The

price reduction is the most significant challenge for the electric drive system [30, 36].
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Figure 1.8. Hybrid traction drive system price breakdown [33].

Based onthe high voltage power electronics price fromthe US DOE [11], power modules and
associated gate drivers are the most expensive inverter components as shown in Figure 1.9 [11].
The thermal management system, housing, inductors, transformers, and capacitors also increase
the EV price [37]. Reducing the component count can potentially reduce the price of the power

converter.

1.3 Research Approaches for Achieving Targets

With the latest technological improvement, different approachesare proposed to reduce the
volume, weight, conversion loss, and price of EVs [30, 38]. The approaches include the adoption
of wide bandgap (WBG) devices, different control methodologies, and modulation techniques,
design optimization for magnetics size reduction and application-oriented loss reduction, and

different topologies to share components among the power converters.
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Figure 1.9. High voltage power electronics price status in 2015 [11].

1.3.1 Wide Band Gap Devices

Commercially available wide bandgap (WBG) semiconductor devices include Silicon Carbide
(SiC) and Gallium Nitride (GaN) [39]. SiC devices are commercially available up to 10 kV voltage
rating. For EV applications, 650 V, 900V, and 1200 V SiC devicesare good candidates. However,
GaN devices are only available as a lateral device as they are fabricated by growing GaN material
on Si or sapphire substrate due to the lack of high-quality defect-free GaN wafer [39]. As a resullt,

commercially available GaN devices are currently limited to 650 V voltage rating.

Conventional EVs use Si insulated-gate bipolar transistor (IGBT) based bidirectional boost
converter and inverters [20]. IGBTs are a mature technology and have field-proven reliability.
Since the IGBT is a minority carrier device, it exhibits tail currentduring the turn-off transition
due to the minority carrier recombination. The tail current limits the switching frequency of the

IGBT based converters. As a result, bulky inductors and capacitors are required to filter the
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switching ripple. IGBT operation is impacted by temperature variation and requires a large heat
sink and thermal management [40]. On the other hand, MOSFETSs can be operated at higher
switching frequency asthey are majority carrier devices. However, high voltage (900 V — 1200 V)
Si MOSFETSs are not practical to use in high-efficiency high-power operation due to large on-state
resistance increase at elevated junction temperature. As a result, they are used for low voltage
onboard charger applications. Inductors and capacitors make up 40% of the volume of the Toyota

Prius PCU [23]. By increasing the switching frequency, the size of the inductors can be reduced.

Compared to Si devices, WBG devices have a higher breakdown field, higher thermal
conductivity, and higher electron saturation velocity [41]. The switching frequency of SiC
MOSFETSs can be increased without sacrificing overall system efficiency since they are majority
carrier devices. By increasingthe converter switching frequency, the size and weight of the passive
components, which include inductors and transformers, can be reduced. Since SiC devices have
better thermal conductivity than Si devices, the heat sink and thermal management system
requirement can be reduced. The SiC-based converter can be operated at a higher junction
temperature than silicon IGBTs as well without significant performance degradation. Toyota set
an 80% volume reduction goal by converting IGBT based PCU to SiC-based PCU [23]. WBG
devices are expensive compared with the Si devices. However, the advantages of WBG devices

can be realized at the system level reducing the overall system loss, weight, and price [42].

1.3.2 Control

Controllers, including digital signal processor (DSP) and field-programmable gate array
(FPGA), are getting faster to compute more complex algorithms and store larger lookup tables.
For traction operation, control algorithms can improve the traction efficiency based on the modeled

database by selecting the optimum bus voltage of the traction DC-DC converter [21]. A complex
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predictive algorithm is implemented in the controller to predict the inverter current requirement
based on the torque command. The DC-DC stage of the traction converter is used to compensate
for the inverter current by using an intelligent control algorithm. In this way, the size of the bulk
capacitor can be reducedaswell [21]. The controller can improve converter efficiency by changing
the modulation at different power levels [43]. Based on the analytical model, the light load
efficiency is improved by switchingamong different modulation techniques. Variable frequency

can improve the converter efficiency at different power levels as well [44].

1.3.3 Design Optimization

Optimization is the process to selecta design among different possible design combinations
based on an objective function. Different optimization methods have been investigated for power
converters to reduce the magnetics size and improve converter efficiency [45, 46]. Optimization
is also used for complex magnetics design to reduce the power converter weight and loss [47].
Optimization can also improve power converter efficiency at differentdrive cycles [48]. Using
design optimization, power converter performance can be improved by reducing the magnetics

weight, heat sink weight, and power converter loss.

1.34 Topology

Different converter topologies are used to reduce the power converter loss, price, weight, and
volume. Separate converters with different topology are paralleled to operate at different output
power in [48]. Power converters with integrated magnetics are also explored to reduce the power
converter weight and size in [49, 50]. Integrated converter topologies are another approach to
reduce the power converter price, weight, and volume. In an integrated converter, the functionality

of multiple converters is combined into a single converter [51]. The integrated converter has the
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potential to reduce the total number of high-power switches and passive elements including
capacitors, inductors, and transformers [52]. The main challenges of integrated converters are
control complexity and the need for extra hardware for functionality reconfiguration. The extra
hardware includes mechanical contactors and solid-state switches [25]. The mechanical contactors
are bulky and require a longer time to complete the connect and disconnect process. On the other

hand, the solid-state switches are expensive and lossy.

1.4 Dissertation Overview

An integrated DC-DC converter topology is proposedin the dissertation to improvethe overall
traction efficiency, and reduce the weight and cost of the traction boost converter and isolated DC-
DC stage of OBC. The proposed integrated DC-DC converter is developed by integrating the
magnetics of boost stage and isolated DC-DC stage of OBC, sharing the high-power switches, and
utilizing the existing BMS contactors for mode reconfiguration. The loss model of the integrated
converter consideringthe effectof magnetics integration is developedfor design optimization. The
integrated converter is optimized over a drive cycle to reduce the traction energy loss, weight, and
loss. Anautomated controllerisdevelopedforthe integrated converter to select the operating mode
automatically based on the overall efficiency database to improve the traction efficiency. The

dissertation is organized as follows:

In Chapter 2, different topologies are reviewed including separate traction converter and
onboard charger. Different powertrain-charger integration approaches are also reviewed. The

advantages and limitations of different topologies are explored.

In Chapter 3, the DC-DC integrated converter topology proposed for the research is presented.

The advantages of the integrated converter topology are presented. Different operating modes of
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the integrated converter are also described. The magnetics integration process for the integrated
converter is defined as well. The capability of the integrated DC-DC converter operation in

different modes is also demonstrated.

In Chapter 4, the impact of the magnetics integration in the integrated converter is modeled
and analyzed for different modes of operation. The modeled current peaks are used to develop a
loss model for the integrated converter for different modes of operation. The loss model is
validated usingascaled-down integrated converter prototype. The advantage of differentoperating

modes at different power level is highlighted as well to improve the traction efficiency.

In Chapter 5, an online transition algorithm is developed for traction operation to achieve the
benefits of the integrated converter operating at different modes. The online transition algorithm
ensures stable bus voltage for the inverter and eliminates power flow interruptions during the
online transition. A modulation method is proposed to reduce the stress of the reconfiguration
switch. As a result, the online transition method can be implemented for any type of

reconfiguration switch available in the traction system.

In Chapter 6, an optimization method is presented to improve the integrated DC-DC converter
design compared with a separate traction DC-DC converter and charger solution for a practical
driving condition. An aggregated drive cycle is considered for the integrated converter
optimization. The objective of the optimization is to reduce the traction power loss over the drive
cycle, converter weight, and price. Different converter parameters including devices, cores,
switching frequency, switching ripple, and magnetics integration approaches are considered.
Using the Pareto front optimization, a design point is selected for high power integrated converter

development.
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In Chapter 7, a high-power prototype is developed based on the optimization method. The
converter is tested for different operating modes for different output voltage and power levels. The
converter loss model is validated for different power and voltage levels. A closed-loop automated
controller is developed to ensure the automated transition between modes. The controller is also
tested for different power level change where it automatically set the mode of operation and set

the output voltage to achieve maximum traction efficiency.

In Chapter 8, the major takeaways of the integrated converter development process are
presented. Possible future works are also described to improve the integrated converter design

further.
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2 Literature Review

Different topologies are presented in the literature for bidirectional boost converters for the
powertrain, isolated DC-DC converters for the onboard charger, and for integrated converters
where components are shared among powertrain and onboard charger. In this chapter, different

topologies will be reviewed considering their advantage and disadvantages.

2.1 Bidirectional Boost Converter

The bidirectional boost converter is used for stepping up the battery voltage for the traction
inverter based on the torque-speed requirement. Different types of bidirectional converters are
studied for the EV powertrain application, which includes the single-phase, interleaved phase, and

integrated magnetics-based solutions.

2.1.1 One-Phase Boost Converter

A one-phase boost converter consists of one inductor, two power semiconductor switches,and
an input and output capacitor [53]. The schematic of the one-phase boost converter is shown in
Figure 2.1. The main advantage of the one-phase boost converter is the operational simplicity and
minimal component count. As a result, a one-phase bidirectional boost converter is used in the
PCU of ToyotaPrius, Honda Accord, BMW 3, and Toyota Camry [13, 20, 22]. The average power
rating of the one-phase boost converter used in commercial HEVs is 30 kW [13]. However, for a
higher power one-phase boost converter, the inductor gets large and inefficient since the full load
currentis passed through the boostinductor. A large core is required to preventcore saturation and
to accommodate the thicker wire. High current rated devices are required to handle high current.

Large DC bus filter capacitors are also required to filter the current ripple [54].
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Figure 2.1. Bidirectional one-phase boost converter topology for Toyota Prius PCU [20].

2.1.2 Interleaved Boost converter

In an interleaved boost converter, several converter units operate in parallel in a phase-shifted
manner [55, 56]. In this way, the total battery current can be distributed among the number of
interleaved phases. The schematic of a two-phase interleaved boost converter is shown in

Figure 2.2.

The advantage of the interleaved converter is that it reduces the inputand outputripple current
by interleaving the phase currents [57]. Since the current ripple is reduced, the required filter
capacitance is reduced [21]. As the total current splits into multiple phases, the current rating of
each switch is reduced. The total core size is reduced as well since the core saturation level is
reduced and the total energy required to store in inductor is reduced as well. With the increased

power demand of the traction drive system and the advent of high-speed controllers, interleaved
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boost converters are investigated by OEMs as well to reduce the converter weight and volume
[21]. However, the interleaved boost converter phase currentripple is greater than the inputcurrent
ripple which results in higher AC power in the inductor loss compared to a one-phase boost

converter [58].

2.1.3 Interphase Transformer (IPT) based Boost Converter

The main idea of the IPT based boost inductor is to use separate magnetics for DC and AC
magnetization [59]. The schematic of the IPT interleaved boost converter is shown in Figure 2.3.
The inductor is designed using a high flux core for DC magnetization. The interphase transformer
is typically designed for AC magnetization using low core loss ferrite material [60, 61]. The main
advantage of this topology is being able to optimize the AC and DC magnetics design separately
for high efficiency and compactsize [61]. The phase currentripple is either the same or smaller
than the input current ripple depending on the duty cycle [58]. The input and phase current ripple

frequency is twice that of the switching frequency.

Figure 2.2. Interleaved boost converter [21].
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In comparison to the same power rating and input current ripple of the interleaved boost
converter, the IPT boost converter can improve efficiency and reduce weight [58]. However, to
achieve the required magnetizing inductance, the converter performance is degraded due to the
significant inter-winding capacitance [62]. The high DC bias input inductor also contributes to the
high loss, weight, and price of the converter [58]. The inductor loss reduces the light load

efficiency of the boost converter.

2.1.4 Integrated Magnetics (IM) Boost Converter

In the integrated magnetics boost converter, the inductors of the interleaved boost converter
stages are integrated into a single low-loss core using a magnetic coupling technique [62]. An IM

boost converter with a coupled inductor topology is shown in Figure 2.4.

+ -
Vbat T Cin d d }

Figure 2.3. Interleaved boost converter with interphase transformer [59, 63].
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Figure 2.4. IM boost converter with coupled inductor [62, 64].

The main advantage of this topology is utilizing a single core for boost operation to reduce
the price, weight, and volume of the boost converter. Since no DC inductor is used, the weight and
volume can be reduced further [64]. The main challenge of the IM boost converter is the need for
proper transformer winding and core geometry design to minimize the loss due to leakage [62].
The IM boost converter input current ripple is higher than the interleaved boost converter current

ripple [65].

2.1.5 Composite Boost Converter

In the composite boost converter, shown in Figure 2.5, the boost converter efficiency is
improved by limiting the boost converter duty cycle using parallel power converter stages [66].
The main drawback of the topology is the need for additional devices and magnetics for buck and
DC transformer stages. The composite converter size is further reduced by using design

optimization of the boost, buck, and DC transformer stage for standard drive cycle in [67].
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Figure 2.5. Composite boost converter topology [48].

2.2 Onboard Charger Isolated DC-DC Converter

The onboard charger has two major elements — a power factor correction unit and an isolated
DC-DC converter [25]. The isolated DC-DC converter is responsible for controlling the power
flow to the battery and providing galvanic isolation [29]. Traditional OBCs are unidirectional and
only responsible to charge the battery from the grid [68]. However, with the increased demand for
grid support during the peak hour, bidirectional converters are getting research attention [69, 70].

In this section, different topologies for isolated DC-DC converter are explored.

2.2.1 Phase Shift Full Bridge Converter

The phase shift full-bridge converter is commonly used as a unidirectional onboard charger
topology [25, 26, 38]. The power flow is controlled based on the phase difference between the

primary side phase legs [71]. The schematic of the converter is shown in Figure 2.10.
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Figure 2.6. Phase shift full-bridge converter [72].

The phase shift full bridge converter has good characteristics including wide output voltage
regulation and constant switching frequency PWM operation [73]. However, the circulating
currentthat occurs during the freewheeling period is one of the drawbacks [74]. The converter can
provide unidirectional power flow only. The secondary side diodes impact the efficiency of the
converter. The phase shift full bridge efficiency can be improved by adopting hybrid switching

techniques assisted by additional switchesand passive elements [74].

2.2.2 Dual Active Bridge Converter

The dual active bridge (DAB) topology can be realized by combining two voltage fed full-
bridge converters with a high-frequency isolation transformer [75]. An onboard bidirectional
isolated DAB DC-DC converter is shown in Figure 2.7. Different modulation techniques are
proposed for the dual active bridge converter topology including phase shift modulation, triangular

modulation, trapezoidal modulation, and optimum modulation [15, 43].
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Figure 2.7. Dual active bridge charger topology for isolated DC-DC converter [76, 77].

The advantage of the DAB converter includes low device andcomponentstress, inherent ZVS
operation at the secondary side bridge, ZVS at the primary bridge at heavy load, high efficiency,
bidirectional power flow capability, buck/boost capability, and good output voltage regulation
[78]. However, the DAB converter is expensive since it requires eight active switches. Primary
side ZVS is lost during the light load operation. Different modulation techniquesand switching

frequency variations are proposed for light-load efficiency improvement [43, 79].

2.2.3 CLLCand LLC Converters

The CLLC converter topology is used for bidirectional onboard chargers [80, 81] where LLC
converter topology is used for the unidirectional grid to vehicle onboard charger [82]. The

schematic of the CLLC converter topology is shown in Figure 2.8.

The advantage of the CLLC and LLC converters are high efficiency due to the extended soft
switching operation [83, 84]. The main drawback is the output voltage regulation and switching
frequency variation at different operating conditions [72]. Using an additional DC-DC converter
can help the LLC converter to operate at the resonant point and regulate the battery voltage using
the DC-DC converter [85].
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Figure 2.8. CLLC converter for EV charger [80, 81].

2.3 Integrated Converters

In an integrated EV converter, the charging system components and traction system
components are shared to minimize the weight, volume, and price of some passive components of
the charging system [38]. However, the drawbacks of integrated converters are the control
complexity and extra mechanical contactor requirement. Different levels of integration are

presented in the literature, including motor-based integration and DC-DC converter integration.

2.3.1 Motor Based Integration

The motor winding is used as an inductor in charging operation in different integrated
converter topologies. The OBC weight and cost is reduced using the motor-based integration

approach.

2.3.1.1 Motor Winding as Grid Filter Inductor

The motorwindings can be used forthe AC/DC portion of the EV charger. Both main traction
motor and auxiliary motor including their associated power electronics of PEV or PHEV can be

used for charging [86]. The auxiliary motor can be a three-phase generator, air compressor drive
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motor or water pump motor. In Figure 2.9, motor and generator winding are used as grid filter

inductors.

The price, weight, and volume are reduced as the traction semiconductor switches are used
for charging and motor windings are used for filter inductor [86]. However, galvanic isolation is
not provided in this topology. The motor winding also has high zero sequence resistance which
can reduce the efficiency at high power. For the grid connection, the motor neutral point needs an
additional mechanical disconnect [16]. The maximum power flow is also limited by the auxiliary
motor power rating. Two three-phase Y-connected motors are required for the integrated charger.
So, this method is not applicable for a delta connected motor. The inductance is not the same in
all three branches due to the position of the rotor. The external inductors are added in series with

the motor winding to get enough inductance for filter purposes as presented in [16].

The topology presented in Figure 2.9 is limited by the auxiliary motor power rating. To
overcome the maximum power rating issue, an alternative implementation is shown in Figure 2.10
where only the main motor and inverter switches are used [86]. However, the main limitation of

the solution is the requirement of an external diode leg.
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Figure 2.9. Integrated charger with two motors and two inverters [86].
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Figure 2.10. Integrated charger with one motor and one inverter [86].

2.3.1.2 Motor Winding and Powertrain Boost Converter as Grid Filter Inductor

The integrated converter proposed in [52] utilizes the main motor inductor and boost inductor
for the grid filter inductance as shown in Figure 2.11. The need for the extra diode leg, shown in
Figure 2.10, is avoided by the powertrain bidirectional boost converter phase leg and traction
inverter. Asingle coreis utilized for both the high-frequency isolation transformerand an auxiliary

DC-DC converter for charging the low voltage battery.

Galvanic isolation is provided by the high-frequency isolation transformer. The converter
price, weight, and volume are also reduced by utilizing the traction inverter and bidirectional
converter. The main drawback of the circuit is the need for four mechanical contactors in the
topology. The mechanical relays are bulky and expensive. The neutral point of the motor is

typically grounded which needs to be reconfigured as shown in Figure 2.11.
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Figure 2.11. Integrated converter topology for vehicle traction and charging operation presented

in [52].

2.3.1.3 Motor Winding as Grid Filter Inductor and Buck/Boost Inductor

An integrated switched reluctance motor (SRM) driver is presented in [87] where the motor
winding is used for both grid filter inductor and Buck/Boost converter. The bidirectional charger
topology is shown in Figure 2.12. In the charging mode, the purpose of Phase A and Phase B is to
maintain the unity power factor for the grid requirement. The purpose of phase C is to regulate the

battery voltage.

The advantage of this integration is that all motor windings and inverter are used for charging
operation. The topology can reduce the price, weight, and volume of the converter. However, the
main limitation of this topology is the need for 2 extra power switches for Phase C and the extra
relay switch to disconnect the battery. Galvanic isolation during the charging operation is not

available during the charging operation.
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2.3.1.4 Motor Winding as Buck/Boost Inductor

An integrated charger for the permanent magnet synchronous motor (PMSM) presented in
[88]is shownin Figure 2.13. Duringmotoringoperation,only Relay 1 isconnected, andthe battery
is directly connectedto the inverter. For chargingoperation Relay 1 isdisconnected and both Relay
2 and Relay 3 are connected to create a boost converter or interleaved buck converter depending

on the grid voltage.

The advantage of this integrated functionality isto obtain the interleaved boost converter from
the inverter. The limitation of the topology is the extra relays and reconnection requirement. The

inductance is also not fixed and depends on the rotor position of the PMSM motor.
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Figure 2.13. Integrated converter for PMSM [88].

2.3.2 DC-DC Converter Integration

The DC-DC stage of the traction drive system and the OBC is integrated by shared inductor,
capacitor, and high-power switches. The OBC weight and cost is reduced by sharing passives and

high-power switches.

2.3.2.1 Integrated Non-Isolated Powertrain Boost and PFC Boost Stage

An integrated converter utilizing the traction boost inductor and PFC boost inductor is
presented in [89]. The powertrain boost inductor is designed to operate for the maximum traction
inverter power requirement. As a result, the boost inductor is larger than the PFC boost converter.
The convertertopology is shown in Figure 2.14 where several diodesare used to control the power

flow direction during the traction and charging operation.

The advantage of the topology is reduced weight and volume due to the elimination of the

PFC boost inductor. However, the main drawback of the integrated converter topology is the
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requirement of the extra devices. The traction power path contains two diodes and two MOSFETs
which decreases the converter operating efficiency to 89% [89]. Since extra MOSFETS and diodes
are used for converter reconfiguration, the required number of switches is high for this topology.
As a result, the overall price is also high for this topology. The topology does not provide galvanic

isolation as well.

2.3.2.2 Integrated Isolated Powertrain Boost and PFC Boost Stage

The topology proposed in [90] utilizes a low-frequency transformer for galvanic isolation as
shown in Figure 2.15. The advantage of this topology is the reduction of the PFC boost inductor
and elimination of diodes to direct the power flow during the powertrain and traction operating. In
this topology, the powertrain boost converter is also used during the charging application. As a
result, converter price, weight, and volume can be reduced. The main drawback of the integrated
converter is the heavy and bulky line frequency transformer. Two MOSFETS are also used at the

high-power flow path duringthe traction operationwhich will increase the converter lossandprice.
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Figure 2.14. Integrated non-isolated powertrain boost and PFC boost converter [89].
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Figure 2.15. Integrated isolated powertrain boost and PFC boost converter in [90].

2.3.2.3 Integrated Powertrain Boost and Phase Shift Full Bridge Inductor

The integrated converter topology presented in [91] combines powertrain boost converter and
phase shift full bridge inductor as shown in Figure 2.16. The topology can be reconfigured for the
wireless power transfer (WPT) system. The diodes of the powertrain boost converter switches are
also used for the secondary side of the phase shift full-bridge converter. The topology provides
galvanic isolation using a high-frequency transformer. Five single-pole double-throw (SPDT)

mechanical contactors are used for reconfiguration among traction, wired, and WPT modes.
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Figure 2.16. Integrated powertrain boost and phase shift full bridge inductor [91].
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2.3.24 Integrated Magnetics for Boost and Isolated DC-DC Converter

The concept of integrated coupled magnetics can also reduce the number of semiconductor
switches and magnetics requirements as proposed in [92, 93]. The integrated converter topology
is shown in Figure 2.17. The strongly coupled inductor is used during boost operation while the
transformer is deactivated. On the other hand, the coupled inductor exhibits very low leakage
inductance during the isolated DC-DC converter operation and the transformer excitation is

utilized for power flow from the rectified grid voltage towards the onboard battery.

The integrated converter can reduce the number of magnetic components and semiconductor
switches by half compared to a conventional system [93]. The converter can provide galvanic
isolation as well during the charging operation. The converter also has a lower number of
semiconductor switches and magnetic components. The number of magnetic cores can be further

reduced by incorporating the series DAB inductors into the transformer leakage inductance.

“ ﬂ L

_E}_é

ORI

SW,

Figure 2.17. Integrated Magnetics for Powertrain Boost and Isolated DC-DC Charger [92, 93].
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2.4 ResearchGap

To compare the current state of the art of the integrated DC-DC converter topologies, the
efficiency and the output power per core weightis plotted in Figure 2.18. The traditional integrated
converter efficiency is low. The separate traction DC-DC converter topologies with various DC-
DC OBC chargers are also plotted in Figure 2.18. The proposed integrated converter is designed
to improve the existing integrated DC-DC converter efficiency and achieve similar efficiency
compared with the separate traction DC-DC converter. By combining the power switches and

magnetics, the cost and weight of the integrated DC-DC converter can be reduced as well.

Inductor and transformer are important for the integrated DC-DC converter design. The

magnetics mustbe carefully designed and optimized by identifying differentcore loss mechanism.
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Figure 2.18. Comparison between integrated DC-DC converter, and separated traction DC-DC

with the DC-DC stage of OBC.
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2.5 Core Material

A low core loss material is essential to increase the power conversion efficiency of the EV
powertrain. Different core materials including iron powder core, ferrite core, amorphous core, and
nanocrystalline cores are reviewed for EV applications [94-97]. The core loss density at different
amplitudes for 100 kHz switching frequency is reported in [96] and shown in Figure 2.19. The
nanocrystalline material (Vitroperm500F) can provide lower core loss compared with iron-powder
and amorphous material. The ferrite material (3C93) also exhibits low loss at lower magnetic flux
density. However, the saturation flux density of ferrite material is around 0.4 T which is less than
half of the nanocrystalline material fluxdensity. Asaresult, nanocrystalline is getting attention for
both inductor and transformer applications below 100 kHz. The gapped core has the flexibility to
increase the saturation limit by increasing the air gap of the core. However, the nanocrystalline
core is conductive. Conductive cores are laminated to prevent internal circulating currentup to a

certain frequency [98]. As a result, the flux lines near the air gap cause additional lamination loss.
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Figure 2.19. Core loss comparison among different core materials [96].
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2.6 Lamination Loss in Laminated Core

The lamination is designed to prevent internal circulating current for a frequency of interest.
The fringe flux in the airgap cause eddy currentin the outer lamination of the laminated core as
shown in Figure 2.20 [99]. Gap loss is predicted empirically for steel laminated core which
overestimates the loss for the amorphous core [100]. The gap loss model is also developed using
3D finite element analysis (FEA) homogenization approximation for nanocrystalline inductors
[99]. The homogenization approximation approximates the core as a bulk material with flux flow
in a certain direction. The challenge is the computational complexity to simulate the losses
individual laminations of a laminated core [101]. The lamination loss in Nanocrystalline
transformers with a very small air gap (20 pm -160 pum) can be neglected [102]. However, the
transformer winding orientation and leakage fluxes contributes to the lamination loss presented in
[103] which is ignored in empirical models. The lamination loss for the transformer with the large

air-gap nanocrystalline core need FEA modeling considering the winding orientation.

Figure 2.20. Fringe flux induced eddy current near the air gap in the laminated core.
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2.7 Power Converter Optimization

Optimization for a power converter is investigated to improve the power converter design by
reducing the converter size and increasing efficiency [45, 46]. The mathematical multi-objective
optimization process can be gradient-based or metaheuristic based [104, 105]. The main
drawbacks of the gradient-based multi-objective optimization for power converter design are the
possibility of iteration becoming stuck at local minimumsand difficulty to optimize for nonlinear
variables [46]. The nonlinear variables are generated from power converter components including
different device on-state resistance, switching loss information, and device price. As a result, the
Pareto frontoptimization and genetic algorithm are used for power converter loss, weight, and size
optimization to find a global solution [45, 46, 106]. The magnetic design including inductorsand
transformer isimprovedby the Pareto frontoptimization method [107-109]. Optimization methods

are also proposed for traction loss reduction at different drive cycles [48, 110].

In EV integrated converter topologies, the efficiency is often sacrificed to reduce the converter
weight and price [89]. The optimization of the integrated converter combining the traction and
charging functionality is not widely reviewed in the literature. The components of the existing
integrated converters in literature are designed for maximum load conditions. Integrated converter
optimization can provide designers with the trade-off between efficiency, weight, volume, and
price. Integrated converters can be optimized for the targeted drive cycle as well which can

improve overall traction performance of EVs.
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2.8 Research Approach

The main objective of this research work is to design an integrated DC-DC converter which
can reduce the power conversion loss, weight, and price compared with separate DC-DC traction

converter and charger. To achieve the objective, the design steps are as follows.

First, the interleaved boost inductor and the high-frequency isolation transformers of the DC-
DC converter presented in [92, 93] are combined on the same nanocrystalline core to create a
hybrid transformer. The interleaved boost stage power devices are reused for the DAB stage as
well. To reconfigure the integrated converter functionality, existingBMS contactors are used. With
this configuration, the integrated converter needs to be verified for both boost and D AB mode of
operation. In this way, the converter cost can be reduced by sharing the expensive magnetics and
power semiconductor switches. The converter weight can be reduced as well by sharing the same

magnetic core and heat sink for power modules.

Second, the integrated converter primary and secondary current waveform are modeled
considering the effect of the hybrid transformer. The current peaks are essential for loss modeling
for the integrated converter. The hybrid transformer loss in the presence of the fringe effect needs
to be considered as well. The loss model is verified using a small power prototype. The hybrid
transformer for the DAB stage can be designed to provide better efficiency at light load compared
to the traction boost converter. In this way, operating in DAB mode in traction operation provides

potential efficiency improvement.

Third, the traction loss reduction by usingboth boost and DAB mode requires onlinetransition
duringthe traction operation. The online transition is challenging since the existing BMS contactor
is planned to be used for the integrated converter. The BMS contactor takes significant time to
connect and disconnect. A modulation technique is developed to ensure a seamless transition,
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eliminate power flow interruption, and reduce the current and voltage oscillation during the
transition. In this way, the traction power loss can be reduced during traction operation along with

the potential weight and price reduction.

Forth, design optimization can further improve the integrated converter design. For a given
drive cycle, different integrated converter designs are evaluated to reduce traction energy loss,
weight, and price. The optimization method isdeveloped to generate Pareto frontresults where the

design is selected for high power prototype development.

Finally, a closed-loop automated controller is developed to operate the high-power integrated
converter. The controller automatically decides to perform the automated transition for power and

voltage levels. The loss model is validated for the high-power integrated converter prototype.

2.9 Summary

In this Chapter, different DC-DC converter topologies are presented for separate powertrain
and onboard charger. The advantages and limitations of different topologies are also explained.
Different integrated converter solutions including the motor-based integration and DC-DC
converter-based integration are explored. Although the integrated converter can reduce the
converter price, volume, and weight by sharing different charging and powertrain components,
extra mechanical contactors or high-power semiconductor switches increase the price and volume
of the converter. To design the integrated DC-DC powertrain-charger, the challenges of the

existing integrated DC-DC converters are also investigated.
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3 Integrated Powertrain-Charger DC-DC Converter

In conventional EV power conversion architecture with an onboard charger, the charging and
powertrain circuits are separate as shown in Figure 3.1. During charging operation, the battery
contactors (S;1 — Si2) are connected and the EV is charged from the AC grid through the power
factor correction circuit (PFC) and an isolation transformer. The isolation transformer is used to
isolate the AC power ground from the EV ground. Separately, a DC-DC converter is commonly
used to boostfrom the high voltage battery to a DC busused as the inputto the motor drive inverter.
The inverter bus voltage also varies at different torque and speed demand by the traction motor to
improve the traction efficiency [111-113]. Thisdiscrete implementation of each converter requires
separate magnetic devices for the isolation transformer of the OBC and inductors of the boost
converter. These magnetics increase weightand volume of the EV which impactthe overall vehicle

performance and consumes usable space. Additionally, each converter requires separate cooling

systems.
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Figure 3.1. Conventional EV charger and powertrain converter architecture.
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3.1 Integrated Converter Topology

The integrated converter topology proposed for investigation is shown in Figure 3.2. The DC-
DC stage of the traction system and the onboard charger are integrated. The integrated converter
topology incorporates both traction and charging functionality. The existing BMS contactors (Su
and S;,) are used for the functionality reconfiguration. The DC-link capacitor in the separate
onboard charger and powertrain converter is bulky [114]. In this integrated converter topology,

the PFC converter and inverter are connected at the same node. As a result, the same DC link

capacitor can be shared.

The circuit diagram of the proposed integrated converter is shown in Figure 3.3. The boost
inductors and the high-frequency isolation transformers of the DC-DC converter in [92, 93] are
combined to create a hybrid transformer. The leakage inductance is used for DC-DC converter

power flow where the magnetizing inductance is used as boost energy storage inductor.
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Figure 3.2. Integrated powertrain-charger DC-DC converter architecture.
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Figure 3.3. Integrated powertrain-charger DC-DC converter schematic.

The integrated converter has eight high power semiconductor switches (S;-Sg). The four
switches, Ss-Sg, are the basic powertrain boost converter switches that can handle the full inverter
power. ADAB converteris used forthe isolated DC-DC converter due to bidirectional power flow
capability, zero voltage switching operation, and low stress on the power semiconductor switches.
The DAB secondary side transistors are shared with the boost converter, reducing the total number

and semiconductor area of power devices.

3.2 Charging Operation

During the battery charging operation using the proposed integrated converter, all eight
switches (S; — Sg) are modulated, and the converter functions as a DAB. Galvanic isolation is
maintained by disconnecting S1; and Si,. The charging operation is shown in Figure 3.4. The
convertertransfers power fromthe HV busto the battery usingthe phase shiftbetween the primary
side and secondary side of the converter as shown in Figure 3.5. For a lossless DAB, the power

flow equation is
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where n, Vg, Vyy, @, fspag, and Ly are the transformer turns ratio, battery voltage, inverter bus

voltage, phase shift, DAB switching frequency, and equivalent leakage inductance of DAB,

respectively.

The phase shift is always limited below g to prevent excessive circulating currents. The

required phase shiftis calculated from the solution of the quadratic equation of the DAB power

d) N 2 1 1 nVB VHV (3-2)

The maximum power flow during the DAB operation at different operating conditions is

flow

nVgVyy
P =— 3-3
PAPmax — 8f 1 apLik (3-3)
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Figure 3.4. Integrated converter working as a DAB converter in charging mode.
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Figure 3.5. Integrated converter waveform in DAB mode.

3.3 Traction Operation

During traction operation, the integrated converter can be reconfigured as a boost or DAB
converter. The boost converter is designed to support efficient high-power traction operation. The
DAB converter is rated for charging power which is typically a fraction of the traction boost
converter. As a result, the DAB converter can be designed specifically to improve the light load

efficiency of the traction operation.

In a conventional topology with separate chargingand powertrain converter, only the boost
converter is available for traction operation. As a result, the traction boost converter design is
largely determined by heavy load operation. The proposed integrated converter provides the

opportunity to design the DAB converter for light and boost converter for heavy load.
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3.3.1 Traction Boost Mode

The integrated converter can be configured as a boost converter by connecting the BMS
contactors Sy; and Sy, as shown in Figure 3.6. In this mode, four switches (Ss — Sg) are modulated
and the other four switches (S; — Sy) are turned off. The battery voltage is connected at the center
point of the integrated transformer by the BMS contactor. The self-inductance of the secondary

winding of the transformer is used as the boost inductance.

The switching waveform and inductor current waveform during the interleaved boost
converter operation are shown in Figure 3.7. The power flow of the boost converter is controlled
by the traction inverter. The required secondary side self-inductance for the boost converter is

VHV — VB

> — -
Loz 231 ” (3-4)

where Vyy, Vg, fs and Aly, are the HV bus voltage, battery voltage, switching frequency, and

allowable boost current ripple, respectively.
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Figure 3.6. Integrated EV DC-DC converter configured as boost configuration.
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Figure 3.7. Interleaved boost converter in traction mode.

The output voltage of the boost converter is set by the duty ratio

1
1-D

VHV == VB (3 _5)

where D is the converter duty ratio as illustrated in Figure 3.7.

3.3.2 Traction DAB Mode

During powertrain operation, the efficiency of the interleaved boost converter decreases at
low power and high conversion ratio due to the large switching loss and high currents present in a
high step-up boost. Due to the bidirectional power flow capability of the DAB converter, the DAB
can be used for traction operation as well. To improve the light load efficiency further, the DAB
operating mode can be used when the output power is within the achievable range of the DAB
converter. The configuration in the traction mode of the DAB converter is shown in Figure 3.8.

The DAB converter is operated in phase shift modulation as shownin Figure 3.8.
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Figure 3.8. Integrated EV DC-DC converter working as a DAB converter in traction mode.

3.4 Hybrid Transformer

A hybrid transformer design is critical for the integrated converter design. The same core is
used for booth boost inductor and high-frequency transformer. The boost inductor is realized by
the self-inductance of the secondary side of the DAB transformer. The DAB power flow is

controlled by using the leakage inductance of the integrated magnetic component.

The B-H curve of the hybrid transformer of the integrated powertrain-charger converter is
shown in Figure 3.9. In the boost mode, the flux through the core is small AC ripple shifted by a
DC value. The air gap is set to prevent the core saturation at the maximum peak current during the

boost converter operation. During the DAB converter operation, the flux through the coreis AC.

This design interdependency leads to inherent tradeoffs in performance between the two
operating modes. As shown in Figure 3.10, the portion of the magnetic winding area dedicated to
the boost, K, noost, Will have a direct relationship with the boost efficiency but inverse relationship

with the DAB efficiency. The fill factor for the boost windings can vary,
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0< Ku boost < 1 (3'6)

Since the boost converter is designed for high power operation, a larger portion of the window
area is generally dedicated to it to accommodate higher AWG wires. As such, the definition of
optimum design is dependent not only on traditional tradeoffs between efficiency and power
density but also on tradeoffs between performances of each operating mode. Based on the
transformer primary and secondary winding configuration, the leakage inductance of the DAB

transformer can be modified which also impacts the efficiency of the DAB converter operation.

Figure 3.9. B-H curve of the magnetic core for (a) DAB transformer operation and (b) Boost

converter operation.
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Figure 3.10. Hybrid transformer fill factor for the Boost converter and DAB primary winding.

The self-inductance of the hybrid transformer is used as the boost inductance. The self-
inductance is the combination of the secondary side magnetizing inductance and leakage

inductance of the integrated transformer. The boost inductance is expressed as a function of the

boost converter switching frequency using fixed inductor current ripple approximation.

The maximum magnetic flux density is set for the boost converter based on the saturation flux
density and B-H curve characteristics [97]. The number of turns,windingarea, and required airgap
to design Lg, , depend on the core geometry, core material, switching frequency, ripple, and
winding design.

Dueto the presence of the air-gap, the fringe flux changes the effective air gap length and core
cross-sectional area. As a result, the fringe factor is considered while designing the inductance

value. The fringe factor given in [115] is
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where l4, A;, and C are the total air gap, core cross-sectional area, and the window height of the

core as shown in Figure 3.11. The boost inductance considering the fringe factor is

I’I'OACNS2>

> (3-8)

Lboostl,z = F(

where N, is the number of turns of the secondary winding of the integrated transformer. To prevent

the core from saturation, the maximum magnetic flux density is

:uONsImax> (3-9)

Bmax:F< ]
g

where I,,4, IS the maximum boost phase current considering the ripple and DC average current.

The DAB converter is used to improve the light load high conversion ratio efficiency of the

boost converter. For unity conversion DAB turns ratio, the number of primary turns is

N, = Ny 2~ (3-10)

The cross-sectional area of the DAB winding depends on the remaining portion of the area for

the DAB converter. The remaining portion of the window area is

Kupap =1 — Ky poost (3-11)
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Figure 3.11. Core geometry of the Hitachi F3CC nanocrystalline core.

The DAB converter leakage inductance depends on the winding arrangement. The leakage
inductance can be calculated using Finite Element Analysis (FEA). The impact of the hybrid

transformer on the DAB converter performance will be analyzed details in the next chapter.

3.5 Experimental Results

To verify the integrated converter functionality experimentally, a low power prototype is
developed where the parameters are given in Table 3.1. To implement the high-frequency power
switches (S;-Sg), CREE C2M0080120D SiC MOSFETSs are used. For the BMS contactor, the TE
EV200AAANA SPST contactor is used. The integrated transformers are constructed using
Nanocrystalline C core and Litz wire. The primary design is targeted to achieve maximum leakage
inductance to eliminate the need for extra inductors required for DAB power flow. The proposed

control algorithm is implemented in Spartan 6 XC6SLX9 FPGA.
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Table 3.1. Specification for the integrated converter prototype

Converter Boost Converter DAB Converter
Battery Voltage (Vg) (V) 200 200
HV Bus Voltage (Vgy) (V) 400 -500 400-500
Power (W) 5000 660

The integrated converter power flow control and mode transition are performed by the FPGA
by controlling the SiC switches and the BMS contactor. A 60 uF film capacitor is used for the HV
bus capacitor. A DC power supply is used as the battery and an electronic load is used to emulate
the traction inverter. The scaled-down integrated DC-DC converter prototype is shown in
Figure 3.12. The integrated DC-DC converteristested in interleaved boostmode for 5 kW traction

operation.

The integrated converter is operated in interleaved boost mode up to 5 kW at 450 V output
voltage. The gate signal, switch node voltage, and the secondary winding current waveforms for
the interleaved boost mode are shown in Figure 3.13. The integrated converter is operated in DAB
mode up to 600 W at 450 V output voltage. The gate signal, primary switch node voltage, the
primary winding current, and the secondary winding current waveforms for the DAB mode are
shownin Figure 3.14. Unlike aconventional DAB, the primary and secondary currentwaveshapes
are different during the power transfer interval. Part of the primary current is circulating back

through the magnetizing inductance.
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Figure 3.12. The experimental prototype for the 5 kW integrated converter.
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Figure 3.13. Waveforms of the integrated converter at interleaved boost mode at 5 kW.
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Figure 3.14. Waveforms in DAB powertrain mode at 600 W.

3.6  Summary

In the integrated converter topology, the existing BMS contactors are used for the integrated
converter reconfiguration. High power boost switches are used for DAB secondary H-bridge. The
same magnetic core is also used for the construction of the boost converter and the high-frequency
isolation transformer. The integrated converter can utilize the same heatsink for the traction and
charging stage power switches and magnetics as well. In this way, the integrated converter can
perform both traction and charger operation with shared components while reducing the converter
weight and price. The integrated converter operation in interleaved boost mode and DAB mode is
verified in this chapter. Unlike the conventional DAB, the primary and secondary current
waveformisdifferentin the hybrid transformer duringthe power flow interval. In the nextchapter,

the integrated converter model will be updated considering the effect of magnetizing inductance.
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4 Integrated Converter Modeling

The integrated converter can be reconfigured and operated in both boost mode and DAB
mode. The integrated converter loss mechanisms are investigated in this chapter for different
operating modes. Since the hybrid transformer is designed to handle peak boost current, the
magnetizing inductance is low compared with the conventional DAB converter. A model is
developed for the DAB mode primary winding current waveform considering the effect of
magnetizing inductance. The main motivation for loss modeling is to improve the integrated

converter design.

4.1 Boost Loss Modeling

During the traction operation, the boost converter steps up the battery voltage for efficient
motor-inverter operation. The traction boost converter power rating is the same as the traction

inverter power rating. The boost converter switching operation is shownin Figure 4.1.

Vv

Ss

S6 _DTS

l1poost

Figure 4.1. Traction boost converter waveform for different switching intervals.
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The main loss mechanisms of the traction boost converter are conduction loss, switching loss,

winding loss, core loss, and gap loss.

4.1.1 Conduction Loss

The conduction lossis contributed by the device on-state resistance during the device tum-on

and the diode during the switching transition. The current through the main switch (Ss) is

2
1 AIL 0 OS
lymsmain = ILboost\/D <1 + §( I, > t> > (4-1)
boost

The current through the synchronous (Sg) switch is

2
1 AIL 0 OS.
Irms,sync = ILboostj(l — D) (1 + § (#) > (4-2)
boost

The device on-state resistance, Ry, IS Obtained from the manufacturer datasheet. The

device conduction loss per phase is

P cond, sx = R ds,onlfms,main +R ds,onlzms,sync (4‘3)

The diode conducts during the dead band interval once the equivalent device capacitance is
discharged. The diode conduction loss can be reduced by optimizing the dead-band time. The

diode conduction loss is

Peond, a = (LuVren,, Ta)fs (4-4)

where, Vray,,,» Ta, and f; represent the diode forward voltage drop at the inductor current, diode

conduction interval, and boost converter switching frequency.
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4.1.2 Switching Loss

During the switching transition between the primary and synchronous switches, the overlap
between the device drain current and drain to source voltage results in overlap switching loss. The
capacitive energy loss occurs when the energy stored in the device capacitance is dissipated in the
device channel during the primary switch turn-on process. The overlap loss and capacitive loss are
the major contributors to the boost converter loss mechanism. The switching loss can be reduced

by adopting soft switching techniques.

To measure switching energy associated with the power switches, a double pulse test (DPT)
setup is developed as shown in Figure 4.2. The schematic of the DPT platform is shown in
Figure 4.3. The turn-on and turn-off switching energy are evaluated for different load current and

voltage conditions. The double pulse test results for different bus voltage are shown in Figure 4.4.

Figure 4.2. Switching energy evaluation setup (a) double pulse test board and (b) gate driver

board.
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Figure 4.3. Schematic for the double pulse test for switching loss evaluation.
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Figure 4.4. Turn-on and turn-off loss at different bus voltage.
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The double pulse test results are used for the switching loss estimation. Based on the power
level and the inductor current, the boost converter can operate in hard switching conditions, partial

ZVS, and full ZVS condition.

When the minimum inductor current is positive, the converter operates in hard switching
conditions. The main switch operates at hard switching turn-on and turn-off switching loss. The
auxiliary switch always operates under soft switching conditions for positive power flow. The

switching loss during the hard-switching condition is

PSW = fS(Eon@VHV@ILboostmin + Eoff@VHV@ILboostmax) (4_5)

where E and E o f@viyy @1p00stmax FEPTESENE the turn-on switching energy during

on@Vyy @Ippoostmin
the minimum inductor currentand turn-off switchingenergy duringthe maximum inductor current

through the main switch at the operating inverter bus voltage.

The synchronous boost converter full ZVS condition dependson minimum inductor current
and minimum dead band to discharger the devices’ capacitive energy completely. The switching

loss during soft switching condition is

PSW = f;‘ (Eoff@VHV @ILboostmax + Eoff@VHV@llLboostminl) (4-6)

When the dead band and/or the peak inductor current is not enough to discharge the blocking
device capacitive energy completely, partial ZVS condition is observed. In this condition, the
device is turned on at a lower voltage than the inverter bus voltage and the capacitive energy is

partially recovered.
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4.13 CorelLoss

The inductor ripple current causes flux ripple in the inductor with a DC offset. The inductor
core loss is calculated using the improved Generalized Steinmetz Equation (iGSE) [116]. Since
the boost waveforms are non-sinusoidal, the iIGSE method has better accuracy than the Steinmetz

Equation. The core loss is

Peore(t) = ‘ (AB) -« dB)*
corelt) = _ 1.7061 dt
B+l ra-1

28+1q (0.2761 + 13

(4-7)

where AB represents peak flux density obtained from the inductor ripple current. The Steinmetz
parametersk, a,and g forthe cut-type Nanocrystalline Ccoreare 8,1.621, and 1.982 respectively

[102].
4.14 Winding Loss

The boost current consists of DC and AC components. The DC winding loss depends on the
length and copper cross-sectional area of the conductor. The boost converter DC winding
resistance is

Ly Ng X I

Rge = pCuA_ = pCuA— (4-8)
w

w

where p, N, L, A,, are the copper resistivity, the number of secondaryturns, mean length per tum,
and the cross-sectional area of the boost winding. For Litz wire, the cross-sectional copper area of

the Litz wire is
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1

Ay = ngr (angt,) (4-9)

where, ng-and dg, represent the number of strands in a Litz wire and diameter of the individual

strands of Litz wire.

AC resistance can be estimated using the modified Dowell’s equation for Litz wire [117, 118].

The effective number of layers of a multiple strands Litz wire is

Nll = Ns\/E (4'10)

where k is the number of strands in the Litz wire. From [117], the AC to DC winding resistance

ratio for a Litz wire is

. Rwac sinh (244y) + sin (244:,)
" Rwac 7 |cosh(24g) — cos (2Agy)
(4-11)
N 2(Nj — 1) sinh(2Ag,) — sin (24g;)
3 cosh(2A,) + cos (2A4:,)
where the Ay, is defined as
. 0.75
i d
A= () S (4+-12)
4 6str

where dg.,, 65, and 1 are the strand diameter, skin depth of the strand, and the porosity factor

respectively.

The winding loss in the boost converter is then
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2
Alp,, o 2(=D" .
Pyina = Racl,,,., + Z Racn l Z ‘ <—n2D(1 = sin(nm(1— D)))l (4-13)

where n and R , are the harmonic number and corresponding AC resistance of the harmonic.

4.15 GaplLoss

To prevent saturation an air-gap is used in the nanocrystalline core. Since Nanocrystalline
material is a conductive material, fringing flux near the airgap cause eddy current flow on the
surface of the nanocrystalline lamination [101]. This results in an additional loss in the core. The

gap loss is modeled by [99] as

Pg — kglgD1'65ﬁg1'7zB%1 (4_14)

where kg4, 14, and D are the core mass coefficient, air-gap of the core, and the depth of the core
respectively. The empirical modeldoes notconsider the windingorientation. Foraccurate gap loss

evaluation during high frequency transformer operation, FEA based model considering the edge

laminations and actual winding orientation is considered.

4.2 DAB Model

A typical DAB transformer has very high magnetizing inductance compared to the leakage
inductance [119-121]. As a result, the magnetizing current can be neglected. However, for
integrated and hybrid converters, where the same core is used for both DC excitation and AC
excitation, an air gap is used to prevent core saturation with peak current. In such applications, the

effect of magnetizing inductance needs to be considered for DAB converter modeling.
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To investigate the effect of the magnetizing inductance of the high-frequency DAB
transformer, the T model is considered as shown in Figure 4.5. The leakage inductance is difficult
to estimate accurately since it depends on the winding arrangement. Based on the winding
configuration, the coupling coefficient between the primary and secondary changes as well. As
shown in Figure 4.6, for overlappingor interleaved winding, the coupling coefficientis higher,
and the leakage inductance is lower. The leakage inductance of the DAB transformer can be
adjusted using different winding configurations. In general, lower leakage inductance reduces the

converter loss by limiting the peak currents of the primary and secondary winding.

The actual transformer parameters are obtained using an impedance analyzer. The primary

self-inductance of the integrated transformer

Ly
Lp, Soc = Lup +—3 (4-15)

is measured from the primary side by opening the secondary side of the transformer. The secondary

self-inductance

Ls,py. =Ligs+ Ly (4-16)

is measured from the secondary side by opening the primary side of the transformer.

Figure 4.5. Integrated transformer equivalent T model.
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A

(a) (b)

Figure 4.6. Different winding arrangement for the integrated transformer (a) 89% coupling and

(b) 96% coupling.
g

To evaluate the primary and secondary leakage inductances, the secondary side of the
transformer is shorted and total leakage inductance is measured from the primary. Then, the
primary is shorted, and the total leakage inductance is measured from the secondary side. The

resulting measured inductances are

Ligs Ly Lyep
L = + -
P,Ssc n LM + Tllep (4 17)

LigsLy

Fopse = M L e

(4-18)
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The four unknown parameters Ly, Lyis, Ly, and n can be evaluated. For accurate modeling,

it is important to evaluate the parameters at the operating frequency since the current peaks and

total power flow are dependent on the leakage parameters and effective turns ratio.

The switching waveforms of S;-Sg, the primary and secondary voltage, the voltage across the
transformer, and the leakage and magnetizing currents of the DAB converter are shown in

Figure 4.7. The primary and secondary voltage across the transformer is

T,
Vg, 0<t< % — Ty
V,(8) = T (4-19)
Vg, X<t <To —Ta

2
_VHV' o<t TSh - Tdt

TSW
I/S(t) — VHV' TSh <t < T + TSh - Tdt (4_20)

T,
| Vv, %+ Tgp <t < Ty

where Vg, Vyv, Tsw, Tspand T, are the battery voltage, HV bus voltage, switching period, phase

shift, and dead time respectively. The T node voltage is

N2 Ligp Vs (t) + Lygesnvy, (£)

L
n2Lye, (1 +=28) 4+ 1
lkp ( Lm ) lks

Va(t) = (4-21)

where n, Likp, Liks, and Ly are the effective turns ratio, primary leakage current, secondary

leakage current, and magnetizing current respectively.

During the phase shift interval, the magnetizing current, i,,, remains almost constant. Both
the primary leakage current, i;,,,, and the secondary leakage current, i;,5, have a positive slope

duringthe phase shiftinterval. Duringthe power delivery interval, a portion of the primary leakage

65



currentis circulated back as magnetizing current. The slope of the primary leakage current during
the power delivery interval depends on the output voltage. The secondary leakage current has a
negative slope and the magnetizing current has a positive slope as shown in Figure 4.7. The peak

magnetizing current is

T.
, (—SZW - sh) (nVan2 Ly + ViayLiks) + Ton(nVp Lus = Viyn® Lukp) (4-22)
Mpeak ~ -
peak ZLm (nlekp (1 + ilks) + leS)
m

where n is the turns ratio of the transformer. At lower phase shift, higher peak magnetizing current
occurs. Due to the presence of the positive magnetizing current, the DAB converter will achieve
ZVS at lower power. The dead time is ignored in the derivation for simplicity. The leakage current
through the primary winding is

n?L
Vi (5 - 2Tsh) n2VyacTs (1 + L—”‘S)

/ - — (4-23)
2 (n2Lyep (1 + Llr’:) + Lis)  4(nLy, (14 Ll:f) + Liks )

Likpo =

The leakage current through the secondary winding is

T,
(352 = T, ) (2Lusep WV = Vi) + Ligs T (Vo + Vi)

2 (n2Lyg (1+ LL%) + Liks )

Ligs1 =

(4-24)
L T,
TV byn? (55~ 27,)

+

2 (nZlep (1 + LL%) + les)

The current peaks derived for the primary winding, secondary winding, and magnetizing

inductance is used for the integrated converter loss evaluation in the DAB mode.
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Figure 4.7. DAB converter waveforms for different switching intervals.
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4.3 DAB Loss Modeling

The basic loss mechanisms of the DAB converterare conduction loss, switchingloss, winding

loss, core loss, and gap loss.

4.3.1 Conduction Loss

The conduction lossincludes the primary and secondary SiC devices' conduction loss and the

diode conduction loss during the dead-time interval. The primary side RMS current is

1 T.
2 2 sh
3 (Ilpr + Iypoliipr + Ilkpl) TS (4-25)
1 2 2 Ts B Tsh
+§ (Ilkpl + Lp1 likpz + Ilkpz) T

N

licp e =

Since two SiC devices are turned-on during any conduction interval in the primary and secondary

bridge, the primary and secondary device conduction loss is

Peonam = Tap.,. (2Rpasyn) + 1oes,. (2Rp as,n) (4-26)

where Ry, 45, and Ry, 45 are the primary and secondary device on-state resistance respectively.
The diode conduction loss is

Peonaa =4 (1 kp2Vr@iyp, Tap + lies1 Vr@igs Tds) fs (4-27)

where, Vi@, Vi@iys:» Tap, Tas, @nd f; are the diode forward voltage drop at the primary and

secondary switch current during diode conduction, the diode conduction time, and switching

frequency respectively.

68



4.3.2 Switching Loss

In a traditional DAB, the ZVS capability is lost during the light load operation. However, in
the integrated converter, the presence of the magnetizing current at a very low phase shift extends

the ZVS range. Consideringthe zero phase shift condition, the peak magnetizing current is

T.
(752) (Va2 Ligep + Viay Liks)

2L (n?Lyey (1 + LLIT’;S) + Liks )

(4-28)

Mpeak —

In a traditional DAB, the magnetizing inductance L,, is big enough to reduce the peak
magnetizing current to near zero. For the proposed integrated converter, the magnetizing
inductance is smaller than the self-inductance of the secondary coil. As a result, the node voltages
will cause sufficient current flow to discharge the device capacitance during the light load

switching transition for the primary side devices.

Since the DAB converter is operated in the soft switching operating region, only turn -off

switching energy is considered. The total switching energy is evaluated as

PSW = (4 (Eoff@VB @kpr ~— ECOSS@VB) + 4(E0ff@VHv@Ilk52 - ECOSS@VHV))fs (4—29)
where Eqf r @ @lupr+ Eof f@y @lysy» Ecoss@vy and Ecoss@vy, are the turn-off switching energy
at a given primary and secondary peak currents and the device capacitive energy respectively.

4.3.3 Winding Loss

The DAB primary and secondary winding conduct alternating current. Usually, the primary

side and secondary side of the DAB have different magnetic wire or Litz wire construction due to
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the currentconduction requirement. The primary side and secondary side windingloss of the DAB

converter is

2n-1 2n—-1

. 2 .
Likp, Liks,
Pyina = Z Racp,m( 2pm> + z Racs,m( 25m> (4-30)

m=1 m=1

where Rgcpn, Racsn, and n are the primary winding AC resistance, secondary winding AC

resistance, and harmonic number considered for the winding loss, respectively.

4.34 Core Lossand Gap Loss

The core loss and gap loss are evaluated using the same method as the boost converter. Since
the DAB magnetizing inductor current, i,,, is non-sinusoidal, the core loss is also calculated using
the IGSE method [116]. A gap loss model is developed in FEMM 2D to evaluate the gap loss for
DAB. A Nanocrystalline U core is modeled in FEMM 2D with actual primary and secondary
winding arrangement. Since on-edge lamination is not supported in FEMM AC analysis, in-plane
lamination is considered to model the 18 um uniform lamination in the core. This prevents
excessive eddy current flow in the modeled core of the high-frequency transformer. To evaluate
the surface eddy current related loss, three 18um edge lamination model is constructed at the inner
and outer edge of the core as shown in Figure 4.8. The fringe flux is very high near the air gap and
diminishes further from the air gap. The lamination model provides loss due to the fringe flux near

the air gap at different powerand switching frequency.

The number of inner and outer layers considered for the gap loss model is varied from two to
five as shown in Figure 4.9. Three lamination layers provide good enough estimation for the gap
loss. Additional layers do not increase the gap loss significantly since the layers closer to bulk

material are shielded by the outer layers. Larger number of layersadds computational time as well.
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Figure 4.8. Hybrid transformer lamination model.
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Figure 4.9. The number of layers considered for gap loss modeling.
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The model excitation is provided from the fundamental component of primary and secondary
winding current at a different power level and switching frequency. The current waveforms can be
obtained from simulation or experimental results. After obtaining the FEA results, the loss in the
laminar strips are integrated and total loss is evaluated. The modeled fringe flux and the current
flow in the adjacent winding induced gap loss at a different frequency and different power for
different power level is shown in Figure 4.10. Compared to the gap loss model presented in [99],
the FEMM 2D model predicts lower gap loss at lower power. The FEMM 2D gap loss model is

used to validate the experimental results in the DAB mode of operation.

3.6

FEA evaluation
Gap loss model

34r

3271

28r

Gap Loss (W)

2671

24t

2.2 '
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Output Power

Figure 4.10. Comparison between the gap loss model in [99] and the FEA model for DAB.
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4.4 Experimental Results

The low power scaled down proof-of-concept integrated converter prototype is used for the
performance evaluation of the integrated converter. Two identical series-connected high-
frequency Hitachi FINEMET F3CC0020 Nanocrystalline cores are used for the hybrid
transformer. The integrated converter is operated at 50 kHz in both boostand DAB mode. The
integrated converter operation in boost mode at 200 V battery voltage and 450 V inverter bus
voltage is shown in Figure 4.11. Due to the hard-switching condition, the switching loss is the
dominant loss mechanism at high power. At light load, the converter switching loss is reduced due
to the partial-ZVS condition. The loss breakdown in DAB mode at 200 V battery voltage and
450 V inverter bus voltage is shown in Figure 4.12. The integrated converter operating in DAB
mode can provide higher efficiency at light load as shown in Figure 4.13. During the integrated

converter operationat 400 W, the DAB can improve the boost efficiency.

Loss (W)

[ Gap

I core

[ Iwinding

-Switching

-Conduction
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Figure 4.11. Integrated converter loss breakdown in boost mode.
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Figure 4.12. Integrated converter loss breakdown in DAB mode.
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Figure 4.13. Integrated converter efficiency in different operating modes.
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4.5 Summary

Different loss mechanisms in the integrated converter are explored in this chapter. A method
to estimate the gap loss mechanism in FEMM 2D is also presented which can predict the gap or
fringe induced loss more accurately. The integrated converter loss model in both boost mode and
DAB mode is validated. At the light load traction operation, the DAB mode provides higher
efficiency than interleaved boost mode. As a result, DAB mode can improve the light load traction
efficiency. However,the online transitionfromboost mode to DAB mode d uring light load traction
operation is challenging. The power flows through the BMS contactors during boost mode while
the power flows through the isolation transformer during the DAB mode. Moreover, BMS

contactors require several milliseconds to connect and disconnect.
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5 Online Operating Mode Transition

To maximize integrated converter efficiency during traction operation, the online transition
between the boostmode and DAB mode isrequired. Inthischapter, acontrol strategy is developed
for the integrated converter for a seamless transition between the operating modes. The impact of
slow BMS contactor behavior is demonstrated. A modulation method is proposed to eliminate

power flow interruption and reduce the voltage and current ripple during the online transition.

5.1 Motivation

During traction operation, EV power requirement varies at different points of the city and
highway driving condition. To improve traction efficiency during the light load traction operation,
the integrated converter can be reconfigured from boost mode to DAB mode. During high power
operation, the integrated convertedcan be reconfigured form DAB mode to boostmode. Operating
mode transitions will occur at a frequency determined by vehicle driving dynamics, which are

significantly slower than switching dynamics.

To minimize loss, arcing possibility, and maximize the lifetime of the mechanical contactors,
the transitions must achieve zero current when the contactor is opened and zero voltage when the
contactor is closed. Additionally, to prevent interruption of power flow to the electric drive,
transitions must be designed to allow the converter to immediately enter steady-state operation in

the new mode without requiring settling time or a lengthy switching transient.

Contactors S;; and Sy, are integrated into many EV battery packs. Table 5.1 details
switching dynamics of an example BMS contactor. Though mechanical contactors allow for much
greater voltage blocking and lower conduction loss than semiconductor switches, they exhibit

lengthy switching transients. Before adopting the transition control strategy developed in this
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work, one approach to switching between operating modes is to shut down the converter, switch
the contactor, then restartin the new operatingmode. To allow enough time to ensure the contactor

has closed, this shutdown period should last as long as 22 ms, during which no power is delivered

from battery to the motor drive.

The transition from boost mode to DAB mode is shown in Figure 5.1. To comply with the
contactor specification givenin Table 5.1, 12 ms delay is inserted to allow the contactor switching
actionto complete. Asa result, the power flow is interrupted duringthe delay interval. The inverter

bus voltage also drops about 50 V as shown in Figure 5.1.

Table 5.1. BMS contactor parameters (TE EV200AAANA [122])

Parameters Time (Ms)
Contactor closing time 15
Bouncing time after closing (max) 7
Contactor releasing time 12
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Figure 5.1. Long hold up time for the BMS contactor turn-off.

The transition from DAB mode to Boost mode is shown in Figure 5.2. A 21 ms delay time is
added which accounts for both for contactor closing time and contactor bouncing time. The power
flow is significantly interrupted during the delay interval and the interval bus voltage drops more
than 90 V. During the boost mode start-up, the phase current overshoot is over 4 times the phase

current. The soft startup is required as well to suppress the Boost startup generated in Figure 5.2.

Hybrid mechanical and solid-state switches can be used to reduce switching time at the
expense of system price and efficiency. Alternately, additional HV bus capacitance can be used to
minimize motor drive input voltage ripple during this transient. This approach is nonideal, as
capacitor size and price are unnecessarily increased beyond the necessary values determined by
the inverter modulation and power requirement only [123, 124]. Instead, a control scheme is

developed which allows continuous power delivery during the contactor switching time.
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Figure 5.2. Long hold up time for the BMS contactor turn-on.

5.2 Proposed Control
The requirements for the transition control scheme are

1. The converter power flow shifts from boost to DAB or DAB to boost with minimal

transient dynamics

2. The converter maintains continuous power delivery during the contactor switching time

independent of the instantaneous state of the contactor
3. The contactor current is reduced to zero before opening
4. The contactor voltage is reduced to zero before closing

In the previous chapters of this topology, only the phase-shifted DAB and boost modulation

were considered. Boost modulation cannot operate with the contactor open, and phase-shifted
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(PS) DAB modulation will result in transformer saturation for most operating points when the
contactor is closed; thus neither operating mode is capable of delivering continuous power during

the contactor switching and bouncing transition.

Instead, an intermediate operating mode is developed using trapezoidal (Trap.) modulation of
the DAB [125-127]. In this mode, by adjusting the duty cycle of the secondary phase legs of the
converter (Ss-Sg), power flow through the isolation transformer can be regulated while
simultaneously achieving zero voltage and zero current in the contactor. This trapezoidal
operating mode is thus unaffected by the switching state of the contactor and can be used to ride
through the switching transition without interruption of power delivery. A diagram of mode
transitions is given in Figure 5.3, where the trapezoidal modulation is used only during the

transition between PS DAB mode and boost mode.

Mode 1:

Mode 2:

Mode 3:

Traction 7CS Traction ZCS Traction
Boost _>l Trap DAB 4_. PS DAB
811 - ON Z\VS 811 -~ ON ZVS 811 - OFF

S12—ON S12—ON S12—ON

Mode 4:
Charging — DAB
Suu — OFF
S — OFF

Figure 5.3. Different operation modes of the integrated converter based on BMS contactors.
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Figure 5.4. DAB Trapezoidal modulation operation for both traction operation (Mode 2).

The Trap DAB configuration is shown in Figure 5.4. In trapezoidal DAB modulation, the
average voltage on the center-tap (CT) point of the transformer is regulated to the battery voltage
by setting the duty cycle of the secondary side switches (S; - Sg) to

Vs

Dpap = —-
DAB VHV

(-1

The phase shiftbetween primaryand secondary bridges is used to regulate power flow through
the transformer. An extra capacitor is placed between the CT node and ground to reduce the CT
voltage ripple to its average value, maintaining an instantaneous zero voltage on the contactor Sy;.

This small-valued capacitor does not interfere with steady-state operation.

Because zero voltage and current are applied to Si; while in trapezoidal modulation, the
contactor can be freely switched with minimal switching stress and without interrupting po wer
delivery, eliminating the impact of the long contactor switching transient. To further develop the

transitions, the switching-frequency dynamics of converter mode transition are also minimized
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using a switching sequence that allows the converter to immediately transition into steady-state

within one switching cycle.

Different startup control schemes fora DAB mode are proposed in [125]. However, due to
the special construction of the transformer in this mode, the magnetizing inductance is not
significantly larger than the leakage inductance, as would be traditional in a DAB transformer.
Because of this, fast, seamless transitions between operating modes require active control of both
leakage and magnetizing current states through a set of switching actions of the high-frequency

power switches (S;-Sg).

5.21 ZCS Transition

The proposed ZCS transition waveformis shown in Figure 5.5. When the converter transits
from the high power region to the low power region, the controller shifts the interleaved boost
mode to in-phase boost mode with one switching action. The interleaved phaseswill get the same

currentvalue at

V(12D — 11T, + (t; — to))

I(tl) = Imin +

Lboost
(5-2)
VHV — VB
= Ipax — L— (t1 — to)
boost
The time required to reach that current level is
(tl _ tO) — (Imax - Imin)Lboost - TSVB(ll - 2D|) (5_3)

For 50% duty ratio of the boost mode, the required time is
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(t1 _ to) _ (Imax _]ﬁmin)Lboost (5_4)
HV

The two in-phase currents are then ramped down to zero during the off-time interval, whose
duration depends on the minimum value of the ripple current and the boost inductance value. The
contactor current is equal to the sum of these two currents; once the currents reduce to zero, zero
current is ensured through the BMS contactor. The time required to ramp the current down to zero
IS

1(ty)
(t3 —t1) = LboostV— (5-9)
HV
The controller then sends a signal to disconnect the contactor. To maintain power flow during

the lengthy BMS contactor transition time, trapezoidal modulation of the DAB is initiated.

The switching actions at t3-ts are used to achieve steady-state current through the leakage and
magnetizing inductance. First, the magnetizing current is raised to its steady-state value by
operating primary and secondary bridges in phase. The time required to reach the steady-state

magnetizing current developed in Chapter 4 for DAB mode is

IMpeak
Va

(ts —t3) = Ly (5-6)

Once the peak steady-state magnetizing currentatthatpower level isachieved,a smaller phase
shiftis introduced between the primary and secondary bridge. The phase shift is set to increase the
primary and secondary currentto the steady-state peakaat t4-ts. At thattime the magnetizing current

remains in the steady-state. After tsregular trapezoidal modulation is continued.
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After a delay to allow the contactor switching to complete, the transition from trapezoidal
modulation to phase shift modulation is performed by increasing the duty cycle of the secondary

phase legs to increase the continuous DAB mode efficiency [43].

5.2.2 ZVS Transition

The proposed ZVS transition waveformis shown in Figure 5.6. Before t,, the converter
operates in PS DAB mode. Using phase shift modulation, the CT point voltage is approximately
half of the HV bus voltage. Due to this, there is a mismatch between the CT voltage and battery
voltage; this difference is applied across the open BMS contactor. The converter is transitioned to
trapezoidal modulation, controlling the duty cycle so that the CT point voltage is equal to the
battery voltage. In this way, ZVS is achieved and the BMS contactor is commanded to once the

CT voltage is equal to the battery voltage.
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Figure 5.5. Zero current BMS contactor transition method.
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Figure 5.6. Zero voltage BMS contactor transition method.

Once the BMS contactor connects and bouncing subsides, boost operation is initiated. For
boost startup, different methods are proposed including soft startup and time optimum control

[128, 129]. These methods can be applied for the smooth startup of the boost mode.

5.3 Experimental Results

The transition waveforms are obtained for the 660 W traction operation for ZVS and ZCS

transition. The experimental setup is presented in Chapter 3.

5.31 ZCS Transition

The integrated converter waveformsduringthe ZCStransition from boost mode to DAB mode
are shown in Figure 5.7. During boost mode, all the currents are flowing through the BMS
contactor and no current flows through the transformer primary bridge. From the boost to Trap.
DAB transition, the transformer primary current increases from zero without any oscillation.

During the trapezoidal modulation, the BMS contactor hasasmall ripple currentdue to the smaller

85



capacitor connected at the CT node. However, the average value of the BMS contactor current is
zero. After the BMS contactor is disconnected, the contactor stops conducting current without any
interruption in HV voltage or transformer currents. Finally, the PSDAB mode is initiated to reduce
the integrated converter loss. The HV bus voltage is not affected by the transitions. The ZCS

transition time is selected based on the specifications provided in the datasheet of the TE

EV200AAANA Contactor.
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Figure 5.7. ZCS Transition: Mode 1 (Boost), Mode 2 (Trap DAB) and Mode 3 (PS. DAB).
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The BMS contactor is disconnected in less than 4 ms in the experimental demonstration since
the very small current flowing through the BMS contactor. As a result, less force is required for

the BMS contactor disconnect.

5.3.2 ZVS Transition

The integrated converter during the ZVS transition from boost mode to DAB mode is shown
in Figure 5.8. During the DAB PS modulation, both the primary and secondary winding of the
transformer are conducting. From the PS DAB to Trap. DAB transition, the transformer primary
and secondarycurrentdo notshow any oscillation. Duringthe Trap. DAB mode, the voltage across
the BMS contactor is controlled to be as small as possible to ensure ZVS turn-on of the BMS
contactor. The BMS contactor is turned on after 10 ms to allow the currents to be stable during
Trap. DAB mode. After the BMS contactor is connected, the current starts flowing through the
BMS contactor without any interruption in HV voltage or transformer currents. However, some
oscillation of the current through the BMS conductor is observed which does not affect the
converter operation. The oscillation of the BMS contactor current occurs as the voltage across the
capacitor connected at the center node of the hybrid transformer has some ripple. The HV bus
voltage remains regulated during the mode transitions. The transition time is selected based on the
worst-case consideration given in Table 5.1 and some time is given to stabilize the trap. DAB

mode.

The ZVS and ZCS transitions of the integrated converter maintains HV bus voltage regulation.
The power flow is not interrupted as shown by the experimental waveforms. As a result, the

capacitance requirement for the HV bus voltage holdup is reduced significantly.
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Figure 5.8. ZVS Transition: Mode 3 (PS. DAB), Mode 2 (Trap DAB) and Mode 1 (Boost).

5.4 Summary

A seamless transition strategy for the integrated converter topology for EV powertrains is
proposed that will help the converter to achieve higher efficiency in traction operation. Zero

current turn-on and zero current turn-off of the BMS contactor is ensured to eliminate stress,

O e 30 | el =
’
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arching, loss, and associated transients. A trapezoidal modulationstrategy in DAB mode isadopted
to ensure power flow through the transformer during the BMS contactor transition and provide
zero voltage across the BMS contactor simultaneously. In this way, the long BMS contactor
transition time does not impact the power flow of the system and the requirement of the extra
capacitance is eliminated. This allows the integrated converter to reduce the price and weight of
EV power electronics without detrimental impacts on passives or robustness of mechanical
switches. The online transition also provides the possibility to improve integrated traction

efficiency by operating between the boost and DAB mode.
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6 Design Optimization

The online transition enables the integrated converter to improve traction efficiency. Using
the advantage, a multi-objective optimization is proposed in this chapter to improve the integrated
converter design in all aspects — reduced traction energy loss, reduced weight, and reduced price.
Different design parameters including devices, cores, hybrid magnetics fill factor, switching
frequency, and current ripple are considered to optimize the integrated converter design. The loss

models developed in Chapter 4 are used for the integrated converter design optimization.

6.1 Driving Schedule Analysis

Thedriving schedule or cycle represents the speed of avehicle versus time on differentdriving
conditions producedby differentcountries and agencies [130]. The drivingschedules are important

to evaluate vehicle performance under representative operating conditions.

To demonstrate both city and highway driving conditions, the urban dynamometer drive cycle
(UDDS) and highway drive cycle are combined. In Figure 6.1, the aggregated the drive cycle
combining one highway drive cycle and two UDDS drive cycle is shown. The required power for

an EV to follow this speed profile is

1
P = (Mva + EpaierAvvz + CTMvg>v (6-1)

where, M,,, a, pqir, Ca» Ay, Cr, g, and v are the mass, acceleration, air density, drag coefficient,
frontalarea, friction coefficient, gravitational acceleration,and velocity of the vehicle respectively.

The vehicle parameters used for the optimization are given in Table 6.1.
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Table 6.1. Vehicle parameters used for the optimization

Parameters Value
Curb weight of vehicle, M,, (kg) 1000
Vehicle frontal area, A4, (M?) 2.22
The coefficient of drag, C,4 0.25
Air density, pgir (kg/m3) 1.204
Gravitational acceleration, g (m/s?) 9.8
Wheel diameter (inch) 16
The coefficient of friction, C, 0.01

The instantaneous power required by the integrated converter isshown in Figure 6.2. The peak
power required by the integrated DC-DC converter for the drive cycle is 19.8 kW. Based on the

vehicle speed and power requirement, the motor speed and torque are solved.

The frequency of occurrence of various operating points for the aggregated drive cycle is
shown in Figure 6.3. The EV spends most of the city driving conditions around 4000 RPM speed
and 10 N-m torque. The DAB converter can improve the traction efficiency in this region. The

highway driving condition is represented at 8500 RPM speed and 20 N-m torque conditions where

the boost converter is more efficient.
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Figure 6.1. Aggregated drive cycle considered for optimization.
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Figure 6.2. Power requirement for the aggregated drive cycle.
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Figure 6.3. Histogram of the required speed-torque characteristics of the EVs.

6.2 Motor-Inverter Efficiency

For the traction drive, the motor-inverter efficiency is also considered along with the
integrated converter. The motor-inverter efficiency varies at the different driving condition. The
motor-inverter efficiency contours for the 2010 Toyota Prius at different bus voltage are shown in

Figure 6.4, Figure 6.5, and Figure 6.6 respectively [13]. The overall traction efficiency is

Ntraction = Nintegrated Dc-Dc X Ninverter X Nmotor (6-2)

Where Nintegrated bc-pes Ninverters Ad Mmoror are integrated DC-DC stage efficiency, inverter
efficiency, and motor efficiency respectively. The motor-inverter efficiency contour of the 2010

Toyota Prius is considered for the integrated converter design consideration. The integrated DC-
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DC converter is designed based on the combined motor-inverter efficiency to reduce converter
loss, weight, and price. The efficiency curvesare imported as three-dimensional torque, speed, and
voltage profile as shown in Figure 6.7. The efficiency points for different inverter bus voltage are
interpolated. At light load, low torque condition, high traction drive efficiency can be achieved if

the motor-inverter is operated at 650 V bus voltage.
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Figure 6.4. Combined motor inverter efficiency contours of 2010 Toyota Prius at 650 V [13].
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Figure 6.7. Combined motor inverter efficiency for optimization.

6.3 Price and Weight Model

The weight of aDC-DC converterismainly contributed by the heavy magnetic core, winding,
and heat sink [13, 131]. The price of the nanocrystalline core is included for the price analysis

since the nanocrystalline core price is comparable with the power devices.

The database for the primary side devices is given in Table 6.2. The devices can be used in
parallel as well. The turn-off switching energy for different load current and device output
capacitance energy at different voltage is modeled using polynomial curve-fit from the device

datasheet. For the high-power boost converter, a custom SiC power module is used. The
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performance of a custom power module is compared with the CREE commercial module

(CAS325M12HM2) in the optimization as well.

The cost model considers the primary and secondary side device price and the core price.
From the device database and core database, the price isevaluated. The F3CC nanocrystalline core
price is obtained from the core manufacturers shown in Figure 6.8. The price includes a fixed
processing costand proportional to the weight cost. The core price can be modeled according to

the weight of the core

Cs=0.25 W,ppe +112.5 (6-3)

where W, is the nanocrystalline core weight. The converter price will reduce significantly when
a bulk price model is used rather than the unit price model. For simplicity, the converter cost is

normalized by $5,000 which is the approximate maximum total cost of the integrated converter.

The weight of a DC-DC converter ismainly contributed by the heavy magnetic core, winding,
and heat sink. The heat sink is required to remove the heat from the power devices and magnetics.

The heat sink weight is modeled as

Whs = KnsProsspyax (6-4)

where k ysand P, . Fepresentsthe heatsink coefficientand the maximum loss of the integrated
converter in the whole operating region respectively. The heat sink coefficient is estimated
considering the 2010 Toyota Prius bidirectional DC-DC converter cooling infrastructure. Since
the heat sink design is also related to converter loss, it does not change the optimization minimum

values.

97



450 T T T T T

100 1 1 1 1 1
0 200 400 600 800 1000 1200

Weight(g)

Figure 6.8. F3CC nanocrystalline core price vs. weight model.

Table 6.2. Primary side devices for integrated converter

Devices Manufacturers Rpson @ 25°c (M) Price (%)
SCT3022AL ROHM 22 42
SCT3017AL ROHM 17 97

C3MO0030090K CREE 30 30
C3M0065090J CREE 65 11
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6.4 Design Optimization Process

The objective of the integrated converter design optimization is to reduce the integrated
converter weight, cost, and traction energy loss. However, the multi-objective optimization is
challenging to solve since there is no unique solution. In the multi-objective optimization process,
a set of solutions can be obtained which cannot be improved without adversely affecting at least
one other objective [132]. These solutions are the Pareto front. The Pareto front is useful to

visualize the tradeoffs of the different solutions.

The main optimization objective is to minimize the integrated converter energy loss, weight,

and price. The cost function is

C =S klElOSS+ k2W+ k3C$ (6'5)

where E 55, W, and Cg are the converter energy loss over the aggregated drive cycle, the weight
of the converter, and the price of the converter respectively. The design specifications for

optimization are given in Table 6.3.

The design variables are boost converter switching frequency, boost converter current ripple,
the DAB converter switching frequency, hybrid transformer fill factor, different nanocrystalline
cores, number of core stacks, and different primary side devices. The design flow diagram is
shown in Figure 6.9. The boost inductance is calculated for an initial boost fill factor and the given
operating conditions for every selection of switching frequency and current ripple using
Section 3.4. From the core database, the air-gap, number of turns, and the secondary wire gauge
are selected for each core. The core loss, winding loss, and the gap loss are calculated for every
core using Section 4.1. The conduction and switching loss are calculated for each device from the

device database. The device database includes device on-state resistance, switching energy
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information, and the price of the device. For every core, the primary winding area allocation for
DAB stage is determined accordingto Section 3.4. The primary number of turns isevaluated based
on the selected secondary number of turns. For each DAB switching frequency, the peak current
through the magnetizing inductance is evaluated accordingto Section 4.2. Based on the current
through the magnetizing inductance, the core loss, and gap loss are evaluated. The copper loss is
evaluated fromthe windingthickness andthe primary currentthrough the winding. Usingthe DAB
switching frequencies and the primary side device database, the primary side loss is evaluated for

every device and every set of switching frequencies according to Section 4.3.

From the combined boost-DAB converter efficiency and the inverter efficiency, the energy
loss in the drive cycle is evaluated using Equation 6-2. The heat sink weight is defined from
maximum integrated converter loss using Equation 6-4. The core also adds to the converter weight.
From the device database and core database, the price is evaluated. Using the energy loss, price,

and weight the Pareto front solutions are derived.

Table 6.3. Specification for the integrated converter prototype

Converter Boost Converter DAB Converter
Battery Voltage (V) (V) 220 220
HV Bus Voltage (V 4y) (V) 400 — 600 550 — 600
Power (kW) 20 6.6

100



I Start I —

1 Calculate Ny, Ayq, Ly
v fs Range
fs pap Range +
Foreach f;,AB AB Range /
K.\ hoostRANGE > \ Foreach fSDAB
-
Calculate Lyygq < Operating Condition
Vi, Vv \
A 4 \ 4 Calculate I,
R —
Foreach Foreach
device core Core Database [
S 3
—
—~—
1 Device database > Foreach device
-
Calculate v
N, lg, Ay
Calculate Calculate
h 4 ‘ PL‘DTE'PCM'PGap Pconvasw
Calculate Calculate
Peona P,
cond>sw PcorerPCuv Pgap
v v * v vV
Design Selection
> Boost-DAB Loss —
* o)
Torque-speed N Traction converter >
demand loss -
Ly
L % =
Drive cycle Motor-
Inverter Loss
\ 4 ) a0
z Heat sink Cast ¢ o Waeight
H weight from
Max Loss ‘
Select design
from Pareto
front
Vehicle
Parameter End

Figure 6.9. Design flow chart for the integrated converter.
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The Pareto front optimization results for different boost winding fill factor (k, po0st) are
shown in Figure 6.10. The Pareto front that is closer to the origin results better results with lower
traction energy loss, weight, and cost. The traction energy loss versus weight for different fill
factors is shown in Figure 6.11. Comparing the Pareto front of 50%, 85%, and 94% boost winding
fill factor, 85% boostwindingfill factor provides lower traction energy lossand lower core weight.
The energy loss versus normalized price is shown in Figure 6.12. The integrated converters with
85% boost winding fill factor generate lower loss and core weight compared to 50% and 94%

boost winding fill factor designs. As a result, integrated converters with 85% boost winding fill

factor is selected for the integrated converter design.
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Figure 6.10. Pareto front optimization results for different boost winding fill factor.
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The Pareto front optimization results for different integrated converter solutions with 85%
boost winding fill factor and separated boost-DAB converter are presented in Figure 6.13. The
traction energy loss versus converter weight is shown in Figure 6.14. The integrated converter
reduces the traction energy loss compared to a separate boost-DAB converter solution while
reducing the total converter weight. The traction energy loss versus normalized price is shown in
Figure 6.15. The integrated converter can reduce the traction energy loss by the online transition
between the interleaved boostand DAB mode. Atthe same time, the cost s also reduced by sharing
power devices and integrated magnetics. From the Pareto front, the integrated converter design is

selected with 0.713 KW-hr energy loss, 4.58 kg weight, and 0.604 unit normalized price.
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Figure 6.13. Pareto front optimization results for the integrated converter with 85% fill

factor versus separate boost-DAB converter solutions.
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The traction energy loss comparison among integrated converter, separate converter, and
integrated converter without online transition is presented in Figure 6.16. The integrated converter
with an online transition can reduce traction loss as DAB can improve light-load efficiency. The
separate boost converter efficiency is higher since the DAB mode is not available to improve the
light load efficiency. The integrated converter without online transition results in the highest

traction energy loss since the partial window area is allocated for the DAB winding.

The total energy required during the drive cycle is 2.51 kW-hr for the selected design choice
from the Pareto front. The energy loss distribution is shown in Figure 6.17. The road load loss
causes about 72% of the total energy consumption provided by the battery. The motor-inverter
dissipates 0.64 KW-hr which is about 25% of the energy dissipated by the battery. The integrated
DC-DC converter using online transition dissipates 0.0749 kW-hr which is 3% of the energy
dissipated by the battery. Foraseparate boostconverter solution, the energy lostduringthe traction
drive cycle is 0.0823 kW-hr. As a result, utilizing the online transition between DAB and boost

mode in traction operation can reduce traction energy loss by 8%.

Based on the design parameters, the boost stage will be operated with 50 kHz switching
frequency, 25%currentripple, 85%boostwindingfill factor, DAB operating frequency of 60 kHz,
and 247 puH boost inductance using F3CC0125 nanocrystalline core. For the primary side, two
parallel CREE SiC C3M0030090K devices are selected based on the optimization. The efficiency
contour of the integrated converter in DAB mode is shown in Figure 6.19. The highest efficiency
is achieved ataround 3.5 kW and 600 V region. The efficiency contour of the integrated converter
in boost mode is shown in Figure 6.20. The boost converter efficiency is low at the light-load

region with a higher boosting ratio.
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Figure 6.19. Integrated converter efficiency contour in DAB mode.
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Figure 6.20. Integrated converter efficiency contour in boost mode.

The combined efficiency achieved by the online transition between the boost and DAB mode
is presented in Figure 6.21. The integrated converter operates in DAB mode at the low power high
voltage operating condition. Beyond 6.6 kW, the integrated converter automatically makes the
transition from the DAB mode to the boost mode. In this way, the overall traction loss during the
aggregated drive cycle can be reduced by 9%. Using the integrated converter design parameters
obtained from optimization, a 20 kW prototype is developed to verify the power converter
efficiency in different operating modes. An automatic closed-loop control system is developed as

well to operate the integrated converter at different voltage and power levels.
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Figure 6.21. Integrated converter efficiency contours with the online transition algorithm.

Using the FEA model developed for gap loss evaluation in DAB mode in Section 4.3.4, the
windingorientation is selected to reduce the loss in the hybrid transformer. The hybrid transformer
winding orientation from the hybrid transformer is shown in Figure 6.22. The primary winding is
placed in between the secondary winding to reduce the leakage inductance compared with the
winding orientation next to the core or outside of the core. Interior and exterior lamination strips

are modeled as described in Section 4.3.4 to evaluate the DAB fringe flux related loss near the air

gap.
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Figure 6.22. Primary and secondary winding orientation in the hybrid transformer for the

full-power prototype.

6.5 Summary

Using the Pareto front optimization method, the integrated converter design parameters are
optimized for full-power prototype development. The integrated converter can reduce the DC-DC
stage energy consumption by 8% using the online transition algorithm. Com pared with a separate
powertrain-charger solution, the integrated converter can reduce the price by 9% and the weight
by 12%. The DAB converter extends the traction boost efficiency from 96% to 98% at 600 V
3.5 kW traction operation. The next section describes an automated system that can detect the
integrated converter power level, regulate the integrated converter output voltage, and ensure a

seamless transition between the boost and DAB modes.
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7 High Power Integrated Converter

In this chapter, the high-power integrated converter prototype based on the optimization in the
previous chapter is presented. Since the integrated converter can be operated in both boost mode
and DAB mode, a closed-loop controller is developed for both modes. The automated transition
algorithm proposed in Chapter 5 is implemented in the closed-loop controller. Finally, the
integrated converter is tested at different points of a drive cycle to demonstrate closed-loop

performance and online transition capability.

7.1 High Power Prototype Development

The integrated DC-DC converterincludesaprimary Hbridge, secondary H bridge, and hybrid
transformer designed based on Pareto front optimization. A digital signal processor (DSP) is used
as the controller to operate the integrated converter in different operating modes, regulate the
outputvoltage, monitor the power flow, control the online transition, and change the output voltage
reference voltage at different point of the drive cycle based on a lookup table. The currentand
voltage sensors are also integrated to obtain feedback signals for the controller to regulate and

monitor the output voltage, output power, and phase currents as shown in Figure 7.1.

7.1.1 Integrated Converter Development

The primary H bridge of the integrated converter is constructed using two parallel CREE
C3MO0030090K discrete devices for each switches S;-S,. The equivalent device turn-on resistance
of the primary side switches is 15mQ. The gate driver for the primary switches is designed with
desaturation protection at 120 A peak current. The DC bus bar is constructed usinga PCB board
where the input filter capacitor is mounted and the phase current to hybrid transform is connected.

The primary H bridge assembly with the cold plate is shown in Figure 7.2.
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Figure 7.1. Integrated converter with primary and secondary H bridge, hybrid transformer,

and feedback signals.

The secondary H bridge is constructed using a custom phase leg power module developed at
ORNL described in [133, 134]. Six trench SiC dies are paralleled to implement the secondary side
switches Ss-Sg. The bus bar is constructed using copper barsand the filter capacitor is attached to

the copper bus bar. The secondary H bridge assembly with the cold plate is shown in Figure 7.3.

The hybrid transformer connects the primary and secondary H bridge. The hybrid transformer
Is constructed using two F3CC0125 Nanocrystalline U core pairs as shown in Figure 7.4. Using
the design optimization, the primary winding is constructed using 10 AWG Litz wire and the
secondary winding is constructed using 6 AWG Litz wire. The individual strand of the 10 AWG
and 6 AWG Litz wire is selected as 38 AWG. For 50 kHz to 100 kHz switching frequency

operation, Litz wire with 38 AWG of individual strands is recommended. The primary and
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secondary winding is interleaved to reduce the AC loss and the winding orientation is shown in

Figure 6.22. The hybrid transformer parameters are given in Table 7.1.

A TMS320F28335 DSP is used to control and generate modulating signals for SiC devices of
the integrated converter as shown in Figure 7.5. For interleaved boost phase current measurement,
two 200 kHz current sensors are used. For output current measurement, a 100 kHz bandwidth
current sensor is used. To measure the output voltage and midpoint voltage of the hybrid

transformer, two voltage sensors are used.

Figure 7.2. Experimental setup for the primary bridge of integrated converter.
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Figure 7.4. Hybrid magnetics for the integrated converter.
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Figure 7.5. Integrated converter with controller and sensors.
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Table 7.1. Hybrid transformer parameters

Parameters Value
Nanocrystalline U Core Part F3CC0125
Secondary leakage, Ly, (UH) 220.61

Primary leakage inductance, Ly, (LH) 2.53
Secondary leakage inductance, L (UH) 17.89
Primary Number of Turns, Np 9
Secondary number of turns, Ng 26
Effective turns ratio, n 2.66
Primary number of strandsin Litz wire 660
Secondary number of strandsin Litz wire 1650
Primary equivalent AWG 10
Secondary equivalent AWG 6
Primary and secondary individual strands AWG 38
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7.1.2 Experimental Results

The integrated converter is tested in both boost mode and DAB. The interleaved boost mode
is tested up to 20 kW and the phase shift DAB mode is tested up to 6.6 kW. The primary and
secondary Hbridge of the integrated converter is cooled atroom temperature usinga liquid cooling
system. The hybrid transformers are cooled using forced airflow. A DC emulator from E&M
power is used as a DC source of the integrated converter. For the integrated converter load, the
Chroma 63210 DC electronic load and high voltage battery test system 9300 series from NH

research is used.

The integrated converter is tested in DAB mode up to 6.6 kW where the phase shift is varied
to control the output power of the integrated converter for a given reference voltage. The
experimental waveform for the integrated converter operating in DAB mode at 3 kW at 600 V
output voltage is shown in Figure 7.6. Both primary and secondary bridge is operating at ZVS
operation. The waveshape of the current through the primary and secondary winding is different
due to the presence of magnetizing current. The current peaks of the hybrid magnetics winding
derived in Chapter 4 are also validated for differentpower levels during phase shift DAB operation
shown in Figure 7.7. The efficiency sweepof the integrated converterin DAB mode for 550 V and
600V outputvoltage isshownin Figure 7.8. The DAB mode is more efficientat600 V than 550 V
due to the turns ratio of the hybrid transformer. The DAB mode can provide higher efficiency due
to the soft switching operation. During phase shift DAB operation, around 98% peak efficiency is
recorded. The loss breakdownofthe DAB converterat600V bus voltage is presentedin Figure 7.9.
The primary and secondary side conduction loss, switching loss, and winding loss increase at high
of power. The core loss including gap loss is reduced slightly with increased power flow as more

phase shift is required at a higher output power level.
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Figure 7.6. Integrated converter operating at 3 kW in DAB mode.

2 3 4

5

Output Power (kW)
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Figure 7.9. Loss breakdown in DAB mode at 600V bus voltage.

120



The interleaved boost converter is tested up to 20 kW for 400 V to 600 V output voltage. The
experimental waveform of the interleaved boost converter operating at 19.83 kW at 600 V output
voltage is shown in Figure 7.10. The currents in the interleaved windings are actively controlled
to ensure equal current sharing. The efficiency of the integrated converter operating at interleaved
boost mode for different output voltage is shown in Figure 7.11. With higher output voltage, the
boost efficiency drops due to higher current peaks required for a higher boost ratio. The boost
converter efficiency is low at the high voltage light load condition. The loss breakdown of the
interleaved boost mode of operation at 600 V output voltage is shown in Figure 7.12. The hard
switching loss is the major loss contributor for the interleaved boost converter. The efficiency
comparison of the integrated converter operating at boost mode and DAB mode at 600V output
voltage is shown in Figure 7.13. Using the online transition algorithm, DAB can improve light

load efficiency during the traction operation.

Tek Prevu . _ : : I I ]

Tiks1(Z5AJAN] Tis2 (25 A7AIV)
| Vs (s00V/d)

2.50G5/ 5 (1

4 Mar 2020
1M points 450 ¥ 09,39:24

Figure 7.10. Integrated converter operating in interleaved boost mode at 19.83 kW.
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Figure 7.11. Efficiency sweep of the integrated converter in interleaved boost mode.
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Figure 7.12. Loss breakdown in interleaved boost mode at 600 V output voltage.
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Figure 7.13. Integrated converter efficiency comparison between the interleaved boost mode and

DAB mode at 600 V output voltage.

7.2 Closed-Loop Control Implementation

The main objective of the closed-loop controller in the integrated converter is to regulate the
outputvoltage setby the controllerin both the interleaved boostand DAB mode. The outputtorque
and speed of the traction motor varies at different inverter input voltage level. The inverter
efficiency can be improved by changing the input of inverter bus voltage at different torque and

speed demands during the drive cycle as shown in Chapter 6.

Theblock diagram of the closed-loop controller isshown in Figure 7.14. The controller senses
the currentsthrough the interleaved boostwindings, the output current, the midpointvoltage of the
hybrid transformer, and the output voltage. Based on the output voltage and output current, the

controller estimates the output power. Using the efficiency mapping stored in the controller
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database, the converter decides whether the converter needs to operate in boost or DAB mode. If
a mode transition is required, the controller initiates the online transition between the boost and
DAB mode. The objective of the transition is to ensure stable output bus voltage using the closed
loop controller. Reduced primary and secondary current oscillation is also ensured by the
controller by pre-estimating the current peaks according the integrated converter model developed
in Chapter 4. The converter output reference voltage is set by a high-level supervisory controller

to minimize the overall traction system loss based on the traction system mapping.
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Figure 7.14. Closed-loop control architecture of the integrated converter.
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In interleaved boost mode, the role of the controller is to regulate the integrated converter
output voltage set by the voltage reference. The output voltage is regulated by adjusting the duty
cycle of the interleaved stages. The controller also ensures equal current sharing between the
windings of the interleaved stage. To regulate the boost stage duty cycle, a proportional-integral
(PI) controller is used to generate the control current reference (iqq) for the interleaved boost
stages. Using the hybrid transformer secondary winding currentsensors, the periodic average boost
currentis evaluated. The peak current is then estimated as

Vpdy[n—1
ipeakxln = 1] = iqne + % (7-1)
where x, g,y fs, dx[n — 1], and Ly are the phase number, average inductor current, switching
frequency of boost mode, previous period cycle duty, and boost inductance respectively. The duty

cycle

ic . _
dm <221 (7-2)

me

is calculated for each phase using the estimated peak current controller presented in [135, 136].

where m represents the slope compensation which is selected as

VHV — VB

» (7-3)

me,=

The interleaved boost mode without and with the current controller are shown in Figure 7.15.
The currentis imbalanced between the phases due to imperfect matching between the two boost
inductors. Using the current program control, the current is balanced evenly between the two

interleaved boost windings. To visualize the dynamics of the interleaved boost converter control
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system, the output voltage reference is changed with an 8 V step as shown in Figure 7.16. The
voltage reaches steady-state and the phase currents are distributed evenly during the transition.

The load step change from 2.5 kW to 4.7 kW is shown in Figure 7.17.
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Figure 7.15. Interleaved boost mode of operation (a) without current control (b) with current

control.
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Figure 7.16. The voltage step change of the integrated converter in boost mode.
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Figure 7.17. Load transient of the integrated converter in the boost mode.
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In DAB mode, the controller regulates the output voltage by adjusting the phase shift between
the primary and the secondary bridge. The controller also controls the duty of the DAB converter
to operate it at the trapezoidal modulation during the transition. Including the impact of the
magnetizing inductance during the phase shift control of the DAB mode, the control-to-output

voltage transfer function is

nVB (1 - 2?('0) Rload

(CuvRipaas +1) (nzLLkp + Ligs +

Gyg(s) = (7-4)

nzLLkaLks)
Ly

where n, Vg, @, Rioqa: Crv, Luip, Liks, and Ly are effective turns ratio, battery voltage, steady-state
phase shift, load resistance, output capacitance, primary leakage inductance, secondary leakage
inductance, and magnetizing inductance. The DAB is controlled by a Pl controller to set the phase
shift of the controller based on the reference HV inverter bus voltage obtained from the lookup

table. The open-loop response for the integrated converter in DAB mode is given in Figure 7.18.

The output voltage reference is changed with a 10 V step signal. The step response of the
DAB converter is shown in Figure 7.19. The load step change in DAB mode from 2.5 kW to

4.7 kW is shown in Figure 7.20.
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Figure 7.19. The voltage step change of the integrated converter in DAB mode.
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7.3 Online Mode Transition

Based on the efficiency mapping, the controller will automatically select the operating mode
and output voltage to improve the overall traction efficiency. To improve the light load efficiency
of the integrated converter, an online transition from boost to DAB mode is performed at a
regulated output voltage as described in Chapter 5. The controller objective during the transition
is to ensure stable output voltage without sag or swell, seamless power flow, and reduced current

oscillation during the transition.

The online transition from boost to DAB mode at 3 kW at 600 V bus voltage is shown in
Figure 7.21. The boost to DAB transition time is estimated at around 8.4 ms. At the onset of the
boostto DAB transition, the interleaved boost currents are reduced to zero as shown in Figure 7.22.

After four switching cycles, the DAB mode is initiated using trapezoidal modulation. The duty of
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the trapezoidal modulation is regulated by the controller to ensure zero voltage across the BMS
contactor S;;. The startup process of the DAB mode is performed without any voltage and current
oscillation. The BMS contractor is disconnected during the trapezoidal modulation since the
current is diverted from the BMS contractor to the hybrid transformer. The transition from
trapezoidal modulation to phase modulation is performed after 8.4 ms as shown in Figure 7.23.
The phase shift modulation provides lower loss since the current peaks are reduced. The transition
from trapezoidal modulation to phase shift modulation in DAB mode is performed without any

currentand voltage oscillation.
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Figure 7.21. Boost mode to DAB mode transition at 3 kW.

131



Telk Fre¥u M 1. 00ms

2]
'EC'FF(‘F?EFW: R Zoom Position: —1 sms —
. Boost - Trap. DAB I
ILRP(ZS A/dl\f)

'"‘" A AR
l}i/\,"\ "\, M/\, ,f\w v;u,_,,_,,\f Jlﬂgm\j\mmf&rur hf

ILRS(ZS A/dw)
: 5 - 1 Veont (5V/ div)
& coov o | 240.0ps 10.0M5/ 5 & 16 Mar 2020
& 500k 25.0 A J[u vw 100k points 1.40 ¥ ][ 11:16:58

Figure 7.22. Boost to Trapezoidal DAB transition at 3 kW.
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Once the integrated converter power demand exceeds 6.6 kW, the converter makes the
transition from DAB mode to boost mode. The online transition from DAB to Boost mode at 7
KW is presented in Figure 7.24. The total transition time is estimated at around 20 ms. At the onset
of the transition, the BMS contactor signal is turned on and the DAB modulation is changed from
phase shift modulation to trapezoidal modulation as shown in Figure 7.25. The duty of the
trapezoidal modulation is controlled by the controller to ensure the voltage across the BMS
contactor S;;. After the BMS contactor connection time and bouncing time, the transition from
DAB to boost mode is performed as shown in Figure 7.26. The inductor current is ramped up to
the modeled peak steady-state boost current to charge the output capacitor and reduce the current

oscillation. Inthis way, the softstartof the Boostmode is ensured forany power and voltage level.
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Figure 7.24. DAB mode to interleaved Boost mode transitionat 7 kW.
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Figure 7.25. Phase shift to trapezoidal DAB at 7 kW.
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During the drive cycle, the integrated converter power demand varies for different torque and
speed requirements. The operation of the integrated converter in a drive cycle is presented in
Figure 7.27. The converter is started using a soft start of the output voltage controller and constant
currentload. The output load is then programmed to change after 30 seconds to emulate the drive
cycle scenario. Based on the sensed output power and the look-up table implemented in the DSP,
the converter automatically selects the operating modes and output voltage reference. After the
outputvoltage is set, the controller evaluates which operatingmodes provide better efficiency. The
mode transition controller initiates the transition to improve the overall traction efficiency at

different points of the drive cycle.
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Figure 7.27. Integrated converter operation during the drive cycle.
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The proposed integrated converter performance is shown in Figure 7.28. The performance is
compared in terms of peak traction DC-DC efficiency and the maximum power over the total core
weight. The aim is to design towards the top-right region which exhibits higher efficiency and
lower core weight. Compared with other integrated converter solutions in the literature, the
proposed integrated converter improved the converter efficiency and output power to core weight
ratio simultaneously. The core weight of DC-DC stage of Level 2 OBC is also added to the
separate traction DC-DC stage for comparison. Compared with separated DC-DC traction power
converter solutions, the proposed integrated converter also exhibits good efficiency and output

power to total core weight ratio.
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Figure 7.28. Comparison of proposed integrated converter efficiency and output power/core
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7.4 Summary

In this chapter, a 20 kW integrated converter prototype is developed to demonstrate the
integrated converter operation in different modes. The integrated converter model is validated for
different voltage and power levels. A closed-loop controller is developed to regulate the output
voltage in both boost mode and DAB mode. The controller is responsible for the automatic
transition between modes, ensuringa smooth transition between modes. The closed -loop converter
is also responsible for sharing the boost phase currents equally between the hybrid transformer.

Finally, the converter is tested for a drive cycle to demonstrate the automated voltage transition

and voltage reference selection capabilities.
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8 Conclusionsand Future Work

The major takeaways of the integrated converter research are highlighted in this chapter. The

future works of the research are also presented in this chapter.

8.1 Conclusion

The design methodology of an integrated DC-DC converter is presented in this dissertation.

The major research contributions are concluded as follows.

First, a new integrated DC-DC converter topology is proposed to combine the functionality
of traction boost converter and DAB converter of OBC using a hybrid transformer. The design
process of the hybrid transformer is investigated. the DAB model including the effect of
magnetizing inductance is investigated. In conventional DAB, the transformer airgap is
significantly smaller than the hybrid transformer. As a result, the primary and secondary current
waveform has similar waveshape in conventional DAB. The primary, secondary and magnetizing
currents in the hybrid transformer in DAB mode are modeled for loss evaluation and design
optimization. Although the higher current peaks in the hybrid transformer increase the RMS
currents, the higher magnetizing currentextends the ZVS range of the DAB converter. The current

peaks are also validated using the experimental results.

Second, a method is developedto model the loss associated with air gap and fringe flux in
FEMM 2D finite element analysis tool. The primary and secondary winding arrangement in the
hybrid transformer is considered for loss evaluation. The gap loss model improves the analytical

gap loss prediction for the hybrid converter operating in DAB mode.

Third, an online transition algorithm is developed for the seamless transition between the

boostand DAB modes to improve the traction efficiency. The online transition is essential for the
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integrated DC-DC converter leveraging the existing BMS contactors are reconfiguration switches.
The main objective of the online transition isto ensure constant DC output voltage of the integrated
converter and eliminate power flow interruption during the mode transition. The transition
algorithm ensures zero current through the BMS contactor during disconnecting and zero voltage
across the BMS contractor during connecting. A trapezoidal modulation for DAB mode is
proposed where the duty of the secondary bridge is set online based on the battery voltage and
operating output voltage. During the mode change, a soft start is also essential to prevent current
and voltage oscillation. The soft-startisachieved byusingthe currentpeaks modeledfor the hybrid

transformer.

Fourth, a Pareto front optimization is developed to improve the integrated converter design
for all aspects including weight, price, and traction loss. An aggregated drive cycle is considered
for design optimization which includes both city and highway driving conditions. The converter
price and weight model are also developed. A dataset of primary devices, secondary power
modules, and nanocrystalline cores are chosen for the integrated converter design. Different
converter operating parameters including switching frequency, ripple, and hybrid transformer fill
factor is considered. the optimization improves the integrated converter design to reduce traction
energy loss, converter weight, and price. Compared with separate boost and DAB converter
solution, the integrated converter reduced DC-DC stage energy loss by 8%, weight by 12%, and

price by 9%. A 20 KW prototype is developed based on the optimization results.

Fifth, an automated controller is developed for the integrated converter that can control the
integrated converter transition between the boost and the DAB mode by automatically sensing the
outputpowerand usingthe lookup table implemented in the DSP. During the automated transition,

the converter regulates the output voltage and resets the operating mode switching frequency
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online. The controller operation at different power levels is demonstrated as well where the
controller changed the inverter bus voltage based to achieve the best efficiency during the traction

operation.

8.2 Future Work

The possible future works of the integrated converter are given below:

8.2.1 Unified Hybrid Transformer

In this study, two separate core pairs are used for the hybrid transformer design. The hybrid
transformer design can be further integrated by combining the core pairs. In this way, the core
weight, volume, and price can be reducedfurther. A custom core isrequired to optimize the unified
hybrid transformer design. The main challenge of this approach is to optimize the core width and
length. Using finite element analysis software, the leakage inductance for the DAB operation can

be varied by optimizing the custom core geometry.

8.2.2 Variable Frequency DAB Operation

The switching frequency of the DAB converter is kept constant in this research for the
integrated converter operation. However, operating the DAB at different switching frequencies
duringdifferentpower levels of the traction operationcan improve the lightload efficiency further.
The design optimization for the variable frequency DAB operation is also challenging since an

inner optimization loop is required to identify the DAB frequency profile for a given drive cycle.

8.2.3 Battery Voltage Variation

The battery voltage of the integrated converter is kept constant for the integrated converter

design. In EVs, the inputvoltage will change with the state of the charge of the battery. The battery
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voltage state of the charge reduction with the advancement of the drive cycle can provide more
practical results. The battery voltage variation can be used as an optimization variable as well to
identify the integrated converter loss as well. From the total energy requirementand the battery
state of the charge specification, the battery pack size required for a certain vehicle can be

optimized as well.
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