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Abstract

This thesis deals with the design of Hybrid Energy Storage System (HESS) for Light Electric Vehicles (LEV) and EVs. More
specifically, a tri-mode high-efficiency non- isolated half-bridge converter is developed for the LEV based HESS applications. A
2 kW, 100 V interleaved two-phase converter prototype was implemented. The peak efficiency of 97.5% and a minimum efficiency
of 88% over the full load range are achieved. Furthermore, a power-mix optimizer utilizing the real-time Global Positioning System
(GPS) data for the EV based HESS is proposed. For a specific design, it is shown that at the cost of less than 1.5% of the overall
energy savings, the proposed scheme reduces the peak battery charge and discharge rates by 76% and 47%, respectively. A 30 kW
bi-directional dc-dc converter is also designed and implemented for future deployment of the designed HESS into a prototype EV,
known as A2B.

Keywords: Delay-locked-loop (DLL), Global Positioning System (GPS), Hybrid Energy Storage System (HESS), Light
Electric Vehicles (LEV), Ultra capacitor

I. INTRODUCTION

During the last few decades, the negative environmental impacts of petroleum based vehicles have ignited the interest toward

Electric Vehicles (EV) with low or zero emissions. An Electric Vehicle uses one or more electric motors for propulsion. There are

three types of EVs as follows,

1) Continuously powered from an external electric power station,

2) Powered by the electricity stored originally from an external electric power source,

3) Powered by an on-board electrical generator, such as an internal combustion engine (ICE). This vehicle category is called
Hybrid Electric Vehicle (HEV).

If the electric source of the HEV is also accessible from outside to recharge, the HEV is known as Plug-in HEV (PHEV). HEV
can have a parallel design, series design or a combination of both with series configuration at low speeds and parallel configuration
for highways and accelerations. In a parallel design, the vehicle is powered by two independent mechanical drives, The electric
motor only assists the primary engine in the events of acceleration, hill climbing, braking, etc. In a series design, the vehicle is
powered only by one mechanical drive and the primary engine charges the battery, which drives the electric motor. EVs can also
be categorized based on their power rating, since their power rating can range from hundreds of watts in Light Electric Vehicles
(LEV) to several hundreds of kilowatts in heavy-duty vehicles.

I1. LIGHT ELECTRIC VEHICLES

The power rating of LEVSs, such as e-bikes, scooters, seg ways and lawnmowers are less than several kilowatts. The next power
level includes racing motorcycles and sedan vehicles with a power rating in the range of 10-100 kW. The highest power EV
category, with power rating over 100 kW, includes heavy-duty vehicles, such as buses and trucks.

One major challenge in the mass adoption of EVs and HEVs is their Energy Storage System (ESS). Classical electrochemical
batteries have several limitations. Lower energy-density compared to petrol-based fuel, which affects the weight and the range of
the vehicles. The specific-energy of petrol and Lithium-lon (Li-lon) batteries (the dominant battery chemistry in modern EVs) are
13 kWh/kg and 0.2 kWh/kg, respectively. Considering a typical energy efficiency of 20 % for the ICEs and 90% for the electrical
drives, the effective specific-energy of petrol is 14 times higher than that of Lithium-lon batteries, resulting in a very limited range
for EVs. The all-electric range of typical EVs is in the order of 100 km, based on the United States Environmental Protection
Agency (EPA).
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For example, the all-electric range of the Chevy Volt and the Nissan Leaf is 56 km and 117 km, respectively. The charge time
is another prohibitive factor and charging time varies with the charging levels [13]. For instance, using an on-board 3.3 kW charger,
it takes 7 hours to fully charge the Nissan Leaf’s 24 kWh battery pack.

I11. ANALYSIS

A. Proposed System

The HESS concept has been previously studied through system-level simulations with reported driving-range improvements of up
to 46 %. With two energy sources inside the vehicle, it is possible to control the power-mix between the two sources depending on
the HESS configuration and source interfaces. The power optimizer defines each source’s contribution to the load, as shown in
Fig.1. This is defined based on different parameters of the sources, such as their SOC and their charge/discharge current limits.
The HESS improvements compared to SESS, depend intrinsically on how the sources are combined to exploit the strengths and
avoid the weaknesses of each source.
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Fig. 1: U-cap based HESS architecture for EVs.

It is apparent trade-off between batteries having a high specific-power and specific-energy, depending on the cell chemistry.
Today’s high-power batteries have a discharge specific-power approaching that of the best u-caps. At first glance, it would the
benefit of introducing u-caps into a HESS is mainly to achieve a more symmetric charge/discharge power capability. In fact, the
design considerations are considerably more subtle:

1) The long-term health of the battery is heavily dependent on the cumulative number of charge/discharge cycles, as well as the
power profile. Even if the battery can handle the peak power requirements in the application, off-loading the power transients
to the u-cap extends the battery lifetime.

2) The battery data is provided at nominal conditions. In practice, the energy capacity and ESR are strong functions of
temperature. The benefits of a HESS may therefore become much more attractive when considering the whole automotive
temperature range. To further complicate the design, the maximum power capability of the u-cap depends on the state-of-
charge (SOC).

Today’s ultra-capacitors offer improved cycling lifetime and withstand 500,000 to 1,000,000 cycles with less than 30%
capacitance degradation and z00% ESR change, which is orders of magnitudes higher than the typical Li-lon batteries with
hundreds to thousands of cycles for 20% capacity fade. U-caps do not suffer as severely from high DOD effects as Li-lon batteries.
Shows that by increasing the DOD from 30% to 80%, a Li-lon battery life is reduced from 2600 cycles to 1000 cycles. Finally, u-
caps can operate under a wider temperature range than batteries and when used together, u-caps can compensate for the reduction
in the available power from the batteries in extreme weather conditions.

H. Possible Ultra-Capacitor/Battery Hess Configurations and Control Strategies

A HESS with two energy storage elements and one load has seven possible configurations. The motor-drive load and all dc-dc

converters have bi-directional power capability. Choosing the most appropriate configuration depends on the application and

power level. The power optimizer control strategy is a strong function of the HESS configuration and therefore they are considered

with their corresponding topologies in this thesis.

The simplicity of this system is attractive, however it has several limitations:

1) The power sharing between the battery and u-cap is uncontrolled and dictated only by the parasitic elements, which are not
well known and vary with aging.

2) The energy capacity of the u-cap is under-utilized, since the voltage is restricted to the narrow range of the battery, which
typically ranges from 2.8 V to 4.2 V per cell.

3) There is no flexibility in the choice of nominal battery and u-cap voltage.

4) The bus voltage, V bus, is un-regulated and varies depending on the battery voltage range, which impacts the inverter design
in EV applications.
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€. Open Street Map and GPS Data Processing

The incremental cost of using the GPS data is minimal, since the hardware is standard in all modern EVs. A vector street map of

the city of Salem is stored locally in the vehicle controller using the following method. A specific area can be selected and its data

can be downloaded as a text file using. The map consists of three main elements, nodes, ways and relations.

Each node has a tag that defines it to be a building, stop sign, parks, highways, traffic signals and etc.
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Fig. 2: Architecture of a hybrid energy-storage system.

The map also contains some unnecessary information that are eliminated using Perl, a high level programming language, and
only the tag, latitude and longitude of the nodes with stop sign and traffic signal tags are stored to make a smaller database to check
the real-time position against. Real-time GPS data processing is then performed to detect the presence and relative position of stop
signs and traffic lights that are within 200 m of the car trajectory for the measured drive-cycle. There are numerous challenges in
accurately predicting when the EV will actually come to a complete stop, due to the traffic conditions, the exact location of traffic
stops and the fact that the state of the red/green lights is unknown.

fr. Performance Measures

For different real-time energy management methodologies, problem formulations and implementation difficulties are different. To
perform a comparative analysis, a standard performance measure for various energy management methodologies is crucial. A
typical battery end-of-life (EOL) refers to 20% degradation in the battery nominal energy capacity. In this case, the estimation of
the battery state of health(SOH) is determined by the estimation of the battery capacity degradation. For empirical battery capacity
degradation model development, experimental data are essential for statistical evaluation and validation. Bloom et al. present the
testing results on Lithium-ion batteries and develop a battery capacity fade prediction model using large experimental data set.
This model is later adopted as a starting point by Wang et al. to develop a physically justified empirical model as

The main focus of this section is efficiency optimization in high-frequency non-isolated dc-dc converters. As Li-lon batteries
become more affordable, there is a growing number of LEV applications, including electric bicycles, scooters, motorcycles, small
utility vehicles and personal mobility devices. The HESS contains both a Li-lon battery pack for high-energy density and a u-cap
module for high power-density. The two energy sources are interfaced to the bus voltage, Vbus, using two bi-directional, non-
isolated dc-dc converters. A current-command, Ibt , is periodically generated by the system power optimizer with an update rate
of 1-10 Hz in the targeted LEV application, based on the convergence time of the op-itemization algorithm presented in.
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IV. DC-DC CONVERTER DESIGN FOR LEV BASED HESS

The main focus of this section is efficiency optimization in high-frequency non-isolated dc-dc converters. As Li-lon batteries
become more affordable, there is a growing number of LEV applications, including electric bicycles, scooters, motorcycles, small
utility vehicles and personal mobility devices. The HESS contains both a Li-lon battery pack for high-energy density and a u-cap
module for high power-density. The two energy sources are interfaced to the bus voltage, Vbus, using two bi-directional, non-
isolated dc-dc converters. A current-command, Ibt , is periodically generated by the system power optimizer with an update rate
of 1-10 Hz in the targeted LEV application, based on the convergence time of the op-itemization algorithm presented in.
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The current-command, Ibt, is calculated based on the dynamic load requirements, and the battery/u-cap SOC. The u-cap
converter directly regulates Vbus using a standard voltage control loop. The system-level power optimizer is used to off-load the
large load-transients from the battery to the u-cap, which has a lower ESR and a higher cycle-life. The detailed operation of the
power optimizer is described in Chapter 3 and it is beyond the scope of this chapter, which deals exclusively with the bi-directional
dc-dc converter that interfaces the battery to VVbus, as shown in Fig. 3. The converter operates with digital Average Current-Mode
Control (ACMC). The capacitance Cx represents the lumped parasitic capacitance at vx, due to the power transistors. While several
isolated and non-isolated topologies have been proposed for high-power EV applications [5-7], the half-bridge topology was
chosen due to its low cost and high efficiency, especially when operated with soft-switching.
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Fig. 3: Synchronous boost converter used for interfacing the storage devices to Vus.Cx represents the lumped parasitic capacitance on the
switching node, vx.

V. METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTOR

The most common type of insulated gate FET which is used in many different types of electronic circuits is called the Metal Oxide
Semiconductor Field Effect Transistor or MOSFET for short. The IGFET or MOSFET is a voltage controlled field effect transistor
that differs from a JFET in that it has a “Metal Oxide” Gate electrode which is electrically insulated from the main semiconductor
n-channel or p-channel by a very thin layer of insulating material usually silicon dioxide, commonly known as glass. This ultra-
thin insulated metal gate electrode can be thought of as one plate of a capacitor. The isolation of the controlling Gate makes the
input resistance of the MOSFET extremely high way up in the Mega-ohms (MQ) region thereby making it almost infinite. As the
Gate terminal is isolated from the main current carrying channel “NO current flows into the gate” and just like the JFET, the
MOSFET also acts like a voltage controlled resistor were the current flowing through the main channel between the Drain and
Source is proportional to the input voltage. Also like the JFET, the MOSFETSs very high input resistance can easily accumulate
large amounts of static charge resulting in the MOSFET becoming easily damaged unless carefully handled or protected.

A. HESS Description

The HESS system specifications are listed in Table 3.2. The HESS is loaded by an inverter and a 37 kW three-phase permanent
magnet electric motor. Three u-cap modules (BMODO0165) are connected in series, building a 144 V, 55 F with 18.9 mQ of ESR
pack. The u-caps are then interfaced to the bus using a 30 kW bi-directional dc-dc converter. The design of this converter is
discussed in more details in Section 3.3.3. The embedded system control is split into two control-targets, contained inside a 9025
Compact RIO (CRIO) module with a 9114 Chassis from National Instruments. The real-time controller features an 800 MHz
processor with 4 GB of nonvolatile storage and 512 MB of DDR2 memory. The 8-slot reconfigurable embedded chassis features
a Xilinx Virtex-5 reconfigurable 1/0 (RIO) FPGA. The high-level control, which includes the vehicle CAN bus and GPS
monitoring, street map analysis and power-mix calculation are done in the CPU. The high-speed IGBT gating signals, digital
average current-mode control compensator and protection functions are implemented in the FPGA for minimum latency.

Table—1
HESS System Parameters
U-cap Pack Value Unit
Number of Series modules 3
Pack Mass 40.5 kg
Pack Volume 43.5 L
U-cap Module (BMODO0165) Value Unit
Nominal Voltage, Vuc;nom 48 \%
Module Capacitance 165 F
Module ESR 6.3 me
Specific-Energy 3.9 Wh/kg
Specific-Power 6.77 kWikg
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Cycle Life (20% Capacitance degradation) 1’0000‘00 Cycles
4 Phase DC-DC Converter Value Unit
Input Voltage 0-144 \
Output Voltage 240-350 V
Converter Mass 12 kg
Converter Volume 13.5 L
Maximum Power (continuous) 30 kW
Phase Parameter of the DC-DC Converter Value Unit
Inductors, L 90-170 uH
Inductor Saturation Current, iL:sat 80 A
Inductor Max DC Current, Ii;max 60 A
Inductor ESR, Ry, 5.9 m)
IGBT Saturation Voltage, Vce;sat 0.75 \Y
IGBT on Resistance, Ron;0 45 mQ
IGBT Turn on Losses (Vce =300 V, Ic =200 A) 3.3 mJ
IGBT Turn offLosses (Vce =300 V, Ic =200 A) 8.3 mJ
Diode Reverse Recovery Energy (Vce =300 V, Ic =200 A) 4.7 mJ
V1. DRIVE-CYCLE ANALYSIS
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Fig. 4: Measured (a) vehicle speed, (b) motor speed and (c) motor torque during the urban drive-cycle

The measured vehicle speed, motor speed and motor torque, The motor torque is always positive, since the Regen braking is
disabled in the vehicle, The battery voltage and current measured by the Battery Management System (BMS), and the calculated
load power, The estimated battery SOC, broad-casted on the CAN bus by the BMS shown in the fig.5. The vehicle traveled 61 km
and consumed 11.97 kWh net electrical energy. The results show an average energy consumption of 19.62 kWh per 100 km (706
kJ/km), which compares favorably with the Chevy Volt [6] with an official EPA measurement of 22.4 kWh per 100 km (810
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VIL.SIMULATION RESULTS AND DISCUSSION

System simulations were performed in MATLAB to investigate the benefits of using the proposed GPS based HESS approach,
using the experimental drive-cycle data from the A2B. The comparison of the HESS with/without GPS data processing, and a
battery-only SESS for the measured 3 hour urban drive-cycle, where the simulated energy consumption based on the EV model
was within 0.4% of the measured experimental SESS data from the 3 hour drive-cycle.
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Fig. 5: (a) Measured vehicle speed, (b) real-time GPS stop/traffic signal flag during the 3-hour urban drive-cycle. (c) Simulated In for SESS
with no limit (blue), HESS without GPS (red) and HESS with GPS (green). (d) Simulated U-cap SOC for HESS without GPS (red) and HESS

with GPS (green).
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Fig. 6: The battery current distribution frequency under US06 drive cycle, for battery-only ESS, real-time optimization energy management
strategy and the real-time neural network strategy.
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Due to the low battery ESR in the prototype vehicle, the HESS with GPS data processing consumed 0.2% more energy compared
to the SESS with no limits, but this only correspond to less than 1.5% of the overall energy savings. The HESS with GPS data
processing decreases the peak battery charge and discharge rates by 76% and 47%, respectively. The peak charging current is
reduced by 37%, at the cost of less than 1% reduced overall energy savings, when the HESS power optimizer utilizes the GPS
information. The reduction in required peak battery current can translate into a different choice of battery chemistry with higher
specific-energy and lower peak power requirement, based on the trade-off discussed.
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VIII. CONCLUSIONS

The focus of this work is to address one of the main challenges in the mass adoption of EVs, namely implementing low-cost, high
energy and high power-density storage system that performs reliably for 10-15 years. The ultra-capacitor/battery based HESS
benefits in LEVs and EVs are investigated and further improved in this thesis. In part D, a digitally controlled bi-directional half-
bridge converter is designed specifically to meet the requirements of the battery interfacing dc-dc converter of a LEV based HESS.
This architecture was used for its low cost and high efficiency specifically when operated with soft-switching. The novel
contributions of this chapter include: Demonstrating the concept of variable-frequency quasi-resonant (VFQR) operation to
maintain a constant dead-time and a near constant inductor valley current in the mid-load range, Showing the superior efficiency
of the VFQR scheme compared to the FFQR operation, Improving the dead-time adjustment accuracy with the dead-time extension
technique, using the proposed auxiliary circuit without significantly deteriorating the efficiency, Combining fixed frequency and
PFM operating modes with the VFQR mode to obtain a tri-mode bi-directional converter that operates with high efficiency over a
wide load range. The HESS with GPS data processing reduces the peak battery charge and discharge rates by 76% and 47%
compared to the SESS with no limits, respectively. However, due to the low battery ESR in the A2B, the energy saving with the
SESS with no limits exceeds that of the HESS with GPS data processing by 0.2%. It should be noted that, this difference is less
than 1.5% of the overall energy savings. The HESS with GPS data processing also reduces the peak battery charging current by
37% compared to the HESS design without the GPS data processing.
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