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ABSTRACT

In the past two decades, the performance of battery energy storage systems (BESS) has
been significantly improved with the utilization of advanced architectures and control methods
and new electronic devices. However, the increasing demands imposed by BESS applications
still necessitate the need for additional performance improvement and/or create new issues that
need to be addressed. These can be summarized as follows:

(1) The imbalance in the state-of-charge (SOC) between cells might occur, which might
degrade the performance of the battery system.

(2) In a BESS, with the increasingly advanced functions and control methods, the number
of required components is increased.

(3) In electrical vehicles (EVs) applications, the limited driving range and the needed
charging time of the lithium-ion (Li-lon) battery pack is one of the major reasons slowing down
the adoption of EVs.

(4) The transmission efficiency of wireless power transfer (WPT) systems is decreased as
the distance and misalignment between transmitter (Tx) and receiver (Rx) increase.

(5) In order to realize the wireless power transfer in BESS, additional components such
as DC-AC inverter Tx coil, Rx coil and AC-DC rectifier are required, which increase the cost
and size of the system.

This dissertation work focuses on investigating the challenges mentioned above to further

improve the overall performance of battery system, reduce the number of components and



converters, increase the system efficiency and realize a robust and cost-effective battery energy
storage system.

Chapter 2 and Chapter 3 focus on the challengers related to SOC balancing and large
number of components in battery systems. In Chapter 4, one unique aspect of the WEDES
system is used in order to add flexibility and improve safety. Chapter 5 and Chapter 6 address the
challenge related to decreased transmission efficiency in wireless power transfer when charging
a battery. In Chapter 7, in order to deal with the challenge that additional components are
required to realize wireless power transfer, a single dual-type-output power converter is discussed
and analyzed. Chapter 8 provides a summary and conclusion for the work presented in this

dissertation and discusses some potential future work.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Battery energy storage systems (BESS) have advanced especially in the past two decades
and have been developed for a wide range of applications, such as electric vehicles (EVSs),
hybrid-electric vehicles (HEVS), consumer electronics, and medical devices, among others [1-8].
In BESS, power can be transferred to loads/outputs through wireless link or non-wireless link
(e.g. conductive) [1-15].

Fig. 1.1 shows a general illustration diagram of a wired power transfer and a wireless
power transfer (WPT) conversion and power delivery example in BESS. In wired power transfer,
the power is distributed from battery pack to load through power converter circuit, while
additional devices/components such as transmitter (Tx) and receiver (Rx) are required in wireless
power transfer.
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Fig. 1.1 General illustration diagrams for: (a) non-WPT wired power conversion and delivery
example in BESS and (b) WPT system power conversion and delivery example in BESS

In the past two decades, advanced functions in a smaller size circuit are increasingly being
included in BESS. However, with the increasing demand for cost and size reduction and
improved performance, some new challenges are created, which can be summarized as follows:

(1) As larger amount of battery cells and modules are connected in a battery pack, the
state-of-charge SOC imbalance might occur between different battery cells or modules, which
might further degrade the performance of BESS. Conventional SOC balancing method requires
additional balancing circuits, as a result, the cost and size of BESS are increased. Therefore, the
need for more reliable, efficient and cost-effective architectures and control algorithms for SOC
balancing is required.

(2) In a BESS, with the increasingly advanced functions and control methods, the number
of required components is increased, which results in higher cost and larger volume of BESS
system. Therefore, the need for reducing the number, cost and volume of components and
circuits in BESS is required.

(3) In electrical vehicles (EVs) applications, the limited driving range and the needed
charging time of the lithium-ion (Li-lon) battery pack (referred to by “Range Anxiety”) is one of

the major reasons slowing down the adoption of EVs. The conventional methods to address this



issue such as increasing the capacity of battery or adopting fast charging have drawbacks and
cannot completely solve the “Range Anxiety” issue in EVs. Therefore, the need for advanced
architectures and control methods to eliminate “Range Anxiety” and improve the performance of
battery system in EVs is required.

(4) The transmission efficiency is decreased as the distance and misalignment between
transmitter (Tx) and receiver (Rx) increase, which results in longer charging time in battery
wireless charging. Therefore, the need for new control methods to improve the transmission
efficiency and extend transmission distance is required.

(5) Compared with non-WPT wired power transfer, additional components such as DC-
AC inverter Tx coil, Rx coil and AC-DC rectifier are required in wireless power transfer system,
which increase the cost and size of the system. Therefore, need to reduce the number, cost and
volume of components required for battery wireless charging is required.

This dissertation work focuses on investigating the challenges and satisfying the
requirements/needs mentioned above to further improve the overall performance of battery
system, increase the life-span of the battery cells, reduce the number of components and
converters, increase the system efficiency of the battery wireless charging and realize a robust

and cost-effective battery energy storage system.

1.2 Battery energy storage system with battery management

In the BESS, the performance of battery management system (BMS) is a one of the key
factors that guarantees the safety, reliability, and efficient of the whole system. The block
diagram illustration of a battery system with BMS is shown in Fig. 1.2. BMS typically contains
several functional blocks such as measurement function block, control function block,

communication function block, diagnosis function block and among others. As the capacity



requirement of battery system increases with multiple battery cells and battery modules, more

advanced and sophisticated BMS with combination of multiple function blocks is required.
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Fig. 1.2. Illustration of the block diagrams of a battery management system

1.2.1 Li-ion Battery

Li-ion battery is one of the commonly used rechargeable battery for its high energy

density, low self-discharge and low maintenance. However, li-ion batteries have different

chemistries that are used in various applications according to their performance features and

application requirements. The most commonly used li-ion battery chemistries include lithium-

cobalt-oxide (LCO), lithium-manganese-oxide (LMO), nickel-manganese-cobalt (NMC),

lithium-iron-phosphate (LFP), nickel-cobalt-aluminum (NCA) and lithium-titanate-oxide (LTO).

The characteristics of these li-ion batteries are listed in Table 1.1.

Besides the differences of the chemistries of li-ion battery, battery pack also varies

significantly in size, capacity, connection, and power rating from a single battery cell to



thousands of battery cells that are connected in series and parallel. These differences introduce

higher requirement for the BMS design.

Table 1.1 Characteristics of li-ion batteries with different chemistries [16-18]

Specifications LCO LMO NMC LFP NCA LTO
Power density  High Low High Low High High
Life cycle 500-1000  300-700 1k-2k 1k-2k 500 3k-7k
Cost Medium Low High Medium Medium  Highest
EVs E-bikes, Devices UPS,
o Consumer ) S EVs
Applications ] (Nissan- EVs, with high Solar
electronics (Tesla) _—
leaf) BESS load lighting

1.2.2 State-of-Charge estimation
State-of-charge (SOC) is an important indicator to reflect the operation condition of the
battery cell or battery pack [19-25]. It is defined as the amount of charges remaining in the
battery over the amount of charge when battery is fully charged as given by (1.1). The units of

SOC are percentage points with 0% = empty and 100% = full.

SOC = emaining 1009, (1.1)

total

Typically, the value of SOC cannot be measured directly. Therefore, many researchers
and references focus on how to estimate the accurate SOC value from other parameters that can
be measured directly. Some of the SOC estimation methods can be summarized as follows:

(1) Open circuit voltage (OCV) method



The open circuit voltage (OCV) method is an offline estimation method, which uses the
open circuit voltage of battery cell to estimate the SOC values. Fig. 1.3 shows the sketch curve of
SOC value as a function of OCV value for a Li-ion battery. By measuring the OCV, the
corresponding SOC value can be estimated. However, it can be observed that in Fig. 1.3, at the
SOC range of 30%-70%, the OCV of battery is almost constant at 3.7V, which increases the
estimation error if the resolution of voltage measurement is not high enough. In addition, the

OCV is also sensitive to temperature.
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Fig. 1.3. A sketch curve of OCV vs. SOC for a lithium-ion battery

(2) Coulomb counting method

Coulomb counting method [2] is another method to estimate the SOC value for battery
cell. Based on coulomb counting method, the SOC rate of change (how fast the SOC changes) of
a battery can be expressed as given by (1.2), where C is the nominal capacity of battery and
dSOC;, /dtis the derivative of SOC with respect to time. Therefore, after a given discharging time,
the SOC value of a battery can be calculated as given by (1.3), where t> —t1 is the discharging
time during which Ir is measured with 1 second time step in and SOCin is the initial SOC value

of the battery.
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(3) Kalman filtering method

Kalman filtering is an intelligent method to estimate the battery SOC [19-22]. In this
method, a mathematical model is required to capture the dynamic response of battery cell.
However, the SOC estimation is sensitive to the accuracy of the mathematical model, which
illustrates that more complex implementation and calculation are required.

(4) Artificial intelligence method

Some artificial intelligence methods can also be used to estimate the SOC value based on
large amount prior data, such as artificial neural network (ANN), fuzzy logic method and support
vector machine [23-26]. However, all these methods need a long training process.

1.2.2 State-of-Health estimation
State-of-Health (SOH) is another important indictor to reflect the operation condition of

battery cell [26-29]. There is no consensus definition of SOH. Typically, SOH is calculated as
the current available/remaining capacity over the rated capacity as given by (1.4). When the
remaining capacity of a battery cell drops to 80% of the rated capacity, it is regarded as the end

of the battery life.

SOH — Caviable (14)

Crate

The SOH estimation method can be divided into two categories: experimental assessment
method and data driven method (artificial intelligence method) [26-35]. Experimental methods
use hardware equipment or test tools to detect the parameters to analyze the battery aging

behavior. The experimental method is relative simple and easy implementation. It is the most



commonly used method to evaluate the SOH of li-ion battery. A summary of the experimental

assessment method for SOH estimation is shown in Table 1.2.

Table 1.2 Experimental methods for SOH estimation [26-31]

Method Advantages Disadvantages
e Simplicity and easy
Coulomb implementation e Accuracy decreases with the
Counting e Low computational complexity integral of sensing error
e Low power consumption
Simplicity and eas :
oCcv * prcity y e Cannot operate online

Electrochemical
impedance
spectroscopy
(EIS)

Cycling Counting

Charging Curve

Ultrasonic

implementation

e Can be detected within a short
time

e Simplicity and easy
implementation

e Simplicity and easy
implementation

e Straight and convenient

¢ High price equivalent
¢ Hard to be implemented online

e L ow accuracy

¢ High resolution sensing required

e Dependent on particular charge
mode, not suitable for fast
charging.

e Cannot operate online
¢ Ultrasonic device is expensive

Compared with experimental methods, some researchers consider SOH estimation issue

as a black-box. Even without prior knowledge about battery aging mechanism, artificial

intelligence (Al) and machine learning methods can help to estimate the SOH. The Al methods



can be further divided into two categories, the first one is adaptive model-based methods through
mathematical derivation, such as Kalman filter, particle filter, least square and their
enhanced/extended algorithms [32]. The second category is data-driven methods, such as fuzzy

logic, neural network, support vector machine and their enhanced/extended algorithms [33-35].

1.2.3 Cell SOC balancing

In a multi-cell battery system, a number of batteries are connected in series in order to
provide higher voltage and/or connected in parallel in order to provide higher current to the load.
However, battery cells or modules might have differences in their characteristics due to
manufacturing mismatches, temperature of operation mismatches, and mismatches due to
degradation of State-of-Health (SOH) at different rates, among others. As a result, the State-of-
Charge (SOC) values of different battery cells or modules might diverge during
discharging/charging operation, which degrades the performance of the battery system [36-39].

To address this issue, a variety of methods are proposed in the literatures to realize SOC
balancing for in-series-connected battery cells or modules. One traditional way is to add
balancing circuit for each battery in order to dissipate excess energy or transfer it between the
batteries. However, this method leads to decrease in the efficiency of the system and generates
additional heat because of the dissipation of the extra energy. In order to overcome this problem,
alternative energy-recovery schemes are proposed in the literatures [2, 38-40] that transfer
energy between batteries, which improves efficiency at the expense of increased cost, size and
complexity. In [2], a battery system is presented by connecting a boost/buck power converter
with each battery cell (or with each group of cells). By using an energy sharing controller that
adjusts the duty cycle values of several power converters, the discharging/charging rate of each

battery can automatically be modulated to realize SOC balancing while simultaneously



maintaining the regulation of the bus voltage. However, there are still some challenges that need
to be addressed in existing SOC balancing methods in battery system:
(1) Size and cost of power electronics in the battery system.
(2) Ability to achieve SOC balancing in battery system that has both in-series and in-parallel
connected battery cells.
(3) Range anxiety associated with the need for long period of time to recharge batteries,
especially for EVs applications.
More details regarding these challenges will be discussed in the following chapters of this
dissertation.
1.2.4 System measurement and protection
The voltage, charging and discharging current, temperature of battery cell are the most
common measured parameters in a BMS for the purpose of:
(1) Protect the battery cell or module from overcharging and over discharging which may
permanently damage the battery.
(2) Protect the battery system from overheating which may result from a short circuit or
thermal releasing problem.
(3) Provide voltage, current and temperature parameters for the SOC and SOH estimation.
(4) Provide online operation date to the rest of the system such as load, engine, and
transmission system, among others.
1.2.5 Communication
Communication is important to transfer the data between each function clocks. Typically,
the communication for BMS includes two different aspects: the internal communication and

external communication.
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The internal communication is responsible to transmit measured data and control signals
between battery cell or modules and BMS controller. This type of communication is relative
difficult because of the grounding issue, especially for a complex series-parallel-connected
battery system. Optical-isolator or wireless communication such as Bluetooth (BT) wireless
technology or Wi-Fi [41-42] Direct wireless technology might be more suitable for purpose. The
external communication is responsible is to transmit data between BMS and other systems, such

as engine system or transmission system.

1.3 Range anxiety in electrical vehicles (EVs)

The limited driving range and the needed charging time of the lithium-ion (Li-lon) battery
pack is one of the major/top reasons/barriers slowing down the adoption of Electric Vehicles
(EVs) [43-48]. This is as a result of what is referred to by “Range Anxiety” [43-45]. The
uncertainty and worry about if the battery of an EV has sufficient energy to reach a destination
(especially for long range drive), thinking about when there is a need to charge the battery,
and/or how long is the time needed to charge an EV battery causes an anxiety. This limits the
potential for EV to mostly or completely replace the need to have another gasoline or fossil fuel
based vehicles in households and limits the adoption increase of EVs in commercial applications.

Several methods have been discussed and/or being either developed or considered to
alleviate this issue. Some of the most common ones are:

1.3.1 Increasing the capacity of the Li-lon battery pack

This method has the following drawbacks: (a) increase in the weight and decrease in
available space in the EV which impacts the efficiency of the EV (unless newer high density
batteries are developed), (b) increase in the needed charging time, (c) there is still a need to wait

for the EV to charge which requires longer time than refueling a gasoline or fossil fuel based
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vehicle within a few minutes (unless very fast chargers are continued to be developed and used
as discussed below), (d) conventional battery packs integrated with EVs cannot be swapped and
shared with other EVs when needed, and (e) larger battery means higher amount of energy which

means higher risk of injury when there is catastrophic battery failure and fire.
1.3.2 Develop faster high-power chargers

Faster chargers reduce the time needed to charge the battery of an EV [48-50]. However,
there are several issues and challenges in this option such as: (a) it is well known and
documented that the faster a Li-lon battery is charged, the smaller the number of available stored
charges is and the faster capacity fading will occur (the faster the battery is charged, the faster its
state-of-health will degrade and the shorter its lifetime is expected to be) [51-53], (b) developing
faster chargers requires higher power capability which requires larger investments in
infrastructure that result in increased initial and lifetime costs, and (c) it is not practical to
assume that high-power faster chargers can be available in every location the EV will travel to. It
does not seem that it is practical to assume that an emergency fast charger can be brought to an
EV with depleted battery while in the case of a gasoline or fossil fuel based vehicle it can quickly
be refueled from another vehicle or a container that includes fossil fuel (gasoline). Note that fast
charging is realizable for up to about ~70% SOC (with Constant Current Charging Mode,
CCCM) and therefore about third or more of the battery usable capacity would need to be
charged at slow rate (with Constant VVoltage Charging Mode, CVCM). With extreme charging,

the number is lower than 70% SOC, depending on the charging rate.
1.3.3 Adopt battery swapping concept.

While battery swapping concept is about a century old, there have been increased

consideration of the concept and related developments [54-55]. The drawback of existing battery

12



swapping concepts are such as: (a) the weight of the battery necessitate specialized equipment

and installation methods to realize swapping which needs to be available/accessible in many

locations, (b) the involved electrical and mechanical connections require trained personnel in

addition to specialized equipment to perform the swapping, (c) there might be safety and

reliability risks each time the battery is swapped if not done appropriately/correctly, and (d)

swapping a battery with large size and heavy weight might require longer time than refueling a

vehicle with gasoline. If these drawbacks can be eliminated, battery swapping could be one of

the best solutions for range anxiety problem and limited driving range.

Table 1.3 Methods to address range anxiety issue in EVs [48-58]

Method

Advantages

Disadvantages

Increasing battery

capacity

Faster high-power

charger

Battery swapping

concept

Dynamic wireless

charging

Easy implementation

Reduced recharging time

Swapping battery pack
within short time period

to avoid the long
recharging time
Vehicle is wirelessly

charged while moving to

increase driving range

Increase in the weight of battery
Decrease in available space in EVs

Long recharging time still needed

Battery SOH reduced in faster rate
Higher power infrastructure required
Not many

high-power  chargers

available currently

Specialized equipment, installation
method and Trained personnel required
Safety and reliability risks if battery

swapping is not done appropriately

High infrastructure cost required
Cannot be expectedly to be available in

all streets
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1.3.4 Dynamic Wireless Power Charging

Dynamic Wireless Power Charging (DWPC) [56-58] is another potential concept that has
been reconsidered especially in the recent decade. Using DWPC, the vehicle is wirelessly
charged while moving from Wireless Power Transfer (WPT) system’s coils that are embedded in
the street/ground. While this concept can potentially be part of the solution to range anxiety in
the future, it faces two challenges: (a) Required high infrastructure cost and (b) DWP cannot be
practically expected to be available in all streets/locations.

In order to deal with the disadvantages of conventional methods summarized in Table 1.3,
this dissertation work utilizes wireless power transfer (WPT) technology and battery swapping
concept to combine a new wirelessly distributed energy sharing and regulation based control
scheme. More detailed analysis of the wireless distributed battery system will be discussed in

Chapter 4.

1.4 Efficiency improvement control methods in wireless power transfer (WPT) system

Wireless power transfer (WPT) research and technology have evolved in recent years with
various applications such as medical implants, electric vehicles (EV), and battery charging of
portable electronics such as laptops and cell phones, among others [60-68]. The two-coil WPT
system and four-coil WPT system are widely discussed system configurations.

In a WPT system, how to improve the transmission efficiency and extend the transmission
distance are the major control criteria. In order to achieve higher transmission efficiency and
longer transmission distance, higher coil quality factor and stronger magnetic coupling between
Tx and Rx coils are needed for both the two-coil and the four-coil WPT systems. Higher quality
factor of coils helps to reduce the power loss due to the low parasitic resistances. When a given

amount of power is injected into Tx coil, variation of transmission distance (DIS) and/or
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misalignment conditions (MIS) will result in the reduce of system efficiency due to the change in
coupling factor between Tx and RX.

In order to further improve the transmission efficiency under various DIS and MIS
conditions, researchers have presented in the literatures several methods such as frequency
tuning, capacitor tuning, drive/load loop reconfiguration, and impedance matching, among others
[9-14, 60-68].

1.4.1 Frequency tuning method

System operation frequency is one of the key factors that influences the WPT system
performance. When the distance (DIS) between Tx coil and Rx coil changes, system resonance
frequency varies due to the variations in coupling factor. When Tx and Rx coils get close to each
other, the phenomenon of frequency splitting occurs [60], which can further degrade transmission
efficiency if the frequency is not adjusted appropriately. Therefore, the transmission efficiency
can be improved through frequency tuning of power source or power amplifier to match with the

system resonance frequency.
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Fig. 1.4. lllustration of frequency tuning method (a) frequency tuning for full-bridge inverter
and (b) frequency tuning for power amplifier

Fig.1.4a and Fig.1.4b show a typical frequency control topology where the output voltage
and current of the load are feedback to a frequency tuning controller and the switching frequency
is tuned to track the peak efficiency for a DC/AC inverter (Fig. 1.4a) or a power amplifier (Fig.
1.4b). References [60] show that this method is efficient in optimizing efficiency by maintaining
the operation frequency at system resonance frequency. This method does not need any
mechanical movement or extra components, which means smaller size, less complexity and
higher reliability. However, in a practical WPT system, the frequency tuning range might be
limited by the ISM (i.e., industrial, scientific and medical) band and this method cannot be used
in under coupled region (where frequency splitting does not occur).

1.4.2 Impedance matching method
A. Capacitor tuning method

Impedance matching control method illustrated in Fig. 1.5 is a potential candidate to

increase transmission efficiency [61-62] while avoiding the wide range of frequency variations

that are required in the frequency tuning method. Based on the maximum power transfer theory,
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the impedance seen from the power source or power amplifier Zi» should be matched with the
source impedance Zs (e.g., Zin=Zs). The impedance Zi, is variable under different distances and
misalignments because of the changing coupling factor and mutual inductance. By tuning the
capacitor matrix as discussed in [61-62], it is possible to maintain Zin=Zs to improve the
transmission efficiency while having a fixed operation frequency. The challenges of this method
are the required complex capacitor matrix at the receiver’s or transmitter’s side which adds size,
cost and the controller complexity. In addition, the ESR introduced by capacitors cannot be

overlooked, and ESR will cause voltage drop and influence system efficiency.
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Fig. 1.5 Hlustration of the capacitor tuning to realize impedance matching

B. Phase shift tuning method

The phase shift control is realized by controlling/regulating the phase shift of high-side and
low-side switches in a DC-AC inverter or AC-DC rectifier to match the source impedance with
load impedance [67-68]. For example, reference [67] presents a control method to regulate the
phase shift of active rectifier at the secondary/Rx side as shown in Fig. 1.6. However, in
reference [68], the diodes in conventional rectifier need to be replaced by controlled-switches

such as MOSFETSs and their gate drivers, which increase the size and cost of the system.
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Fig. 1.6 Hllustration of the phase shift control of active rectifier to realize impedance matching

C. Switched mode power converter tuning method
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Fig. 1.7 Hlustration of the switched mode power converter to realize impedance matching
Another method to realize impedance matching is the switched mode power converter
tuning method [69-70]. For example, in reference [69], the optimum equivalent load impedance
is achieved by regulating the duty cycle of power converter at the secondary/load side as shown
in Fig. 1.7. However, in order to regulate the system’s output voltage, another DC-DC converter
is required at the primary side to control the input voltage applied to the inverter, which
increases the system size and cost.
1.4.3 Coupling factor optimization method
Coupling factor optimization method is realized by modulating the coupling factor ko, k1r
and krL when the DIS between Tx coil and Rx coil changes. However, different from the
frequency tuning and impedance matching methods mentioned above that can be used in both

two-coil WPT system and four-coil WPT system, the coupling factor optimization method is
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mainly used in four-coil WPT system. This is because that in two-coil WPT system, the
coupling factor krr is a function of DIS between Tx coil and Rx coil, thus it is not practical to
control the DIS to optimize the coupling factor. While in four-coil WPT system, the coupling
factor kpt and krL can be optimized to compensate the change of ktr when the DIS between Tx
coil and Rx coil changes.
A. Drive loop and load loop mechanical movement tuning method

Mechanical movement is one of the methods to optimize coupling factor. For example,
reference [71] presents a method to change the loop-coil distance or rotate the angles between
drive loop and Tx coil and Rx coil to load loop (as shown in Fig. 1.8) to optimize the coupling
factor kpt and krL. However, this method requires mechanical movement and the system volume

is increased.

Ry Kee I
FAa
+
Vi
Movement or Movement or
Rotation Rotation

Fig. 1.8 Illustration of the mechanical movement tuning method to optimize coupling factor

B. Drive loop and load loop reconfigurable tuning method
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Fig. 1.9 Illustration of the drive loop and load loop reconfigurable tuning
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Drive loop and load loop reconfigurable tuning is another method to realize coupling
factor optimization [9-10]. This mothed is realized by adaptively switching various drive loops
and load loops with different sizes as illustrated in Fig. 1.9. A controller unit is needed to gather
information of power source/input and load/output to calculate the transmission efficiency. By
comparing different transmission efficiencies when different drive/load loops are turned on, the
optimum efficiency point can be tracked under different DIS and MIS conditions. However, in
order to achieve higher efficiency, more reconfigurable drive loops and load loops are required,

which further increase the system weight and cost.

1.4.4 Other control methods

Some other research work such as coil design optimization and power source/power
amplifier optimization [72-73] has also been discussed in the literature to improve transmission
efficiency. Since these methods focus on the system design optimization, they are not discussed
extendedly in this digest which mainly focuses on electrical control method.

A summary of the comparison of different control methods to increase the efficiency in
WPT system is shown in Table 1.4.

In this dissertation, besides the traditional control methods mentioned in Table 1.4, new
control algorithms and power architectures are proposed to improve the transmission efficiency

in a WPT system for battery wireless charging.
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Table 1.4. Comparison summary of different control methods in WPT systems

Switched
Reconfigurable Erequenc Capacitor Phase shift  mode power Mechanical
WPT system tuniqn [Gg] tuning [61-  control [67- converter movement
[9-10] g 62] 68] control [69-  tuning [71]
70]
Able to achieve
transmission efficiency
output voltage @ ® ® ® © ®
regulation
simultaneously?
Distance and Wide ranges Narrow Medium Medium Medium Medium
Misalignment  ranges g ranges ranges ranges ranges ranges
with maintained high g
efficiency ® © © © ©
Medium Low Medium Medium Medium High
) complexity complexity complexity complexity complexity = complexity
Control complexity
&) © @) @) @) ®
Able to improve
Fransmission efficiency Yes No Yes Yes Yes Yes
in the under coupled
region in additiontothe © ® © © © ©
over coupled region?
Several _drive/lgad Yes No No No No No
loops required (which
increase system cost)?  ® © © © © ©
Capacitor matrixes NG No Yes No No No
required (which
increase system cost)? © © ® © © ©
Active rectifier required o No No Yes No No
(which increase system
cost)? © © © ® © ©
Two DC-DC power
convert.ers required at po No No No Yes No
both primary/secondary
sides (which increase © © © © ® ©
system cost)?
Mechanical movements
required (which  No No No No No Yes
increase system cost © © © © © ®

and volume)?
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1.5 Dissertation Outline

The outline of this dissertation is organized as follows:

Next chapter presents a B-SI-MISO battery system and B-SI-MISO-SOC balancing
controller to realize SOC balancing between parallel-connected battery system. The operation
principle of the B-SI-MISO power converter is first introduced followed by the control algorithm
design. The experimental results are presented to evaluate and validate the proposed SOC
balancing method under different steady and dynamic test conditions.

In Chapter 3, the research work continues to present a hierarchy SOC balancing controller
in a hierarchy distributed battery system. In the hierarchy battery system, multiple battery cells
are connected in parallel at the inputs of B-SI-MISO power converter to form a battery module
and multiple battery modules are connected in series at the output to form the whole battery
system. Therefore, the presented SOC balancing control algorithm in this chapter is more
complex and advanced than that presented in chapter 2. The chapter 2 and chapter 3 together
address the issue of SOC balancing in different battery system topologies.

In order to address the issue of “Range Anxiety” in EVs applications, Chapter 4 presents
and evaluates a control scheme and a power electronics architecture for a Wirelessly Enabled and
Distributed Battery Energy Storage (WEDES) system. In the WEDES system, a battery energy
storage system uses/employs wireless power transfer as an embedded part in order to open the
possibility for making battery swapping more practical, safer, and faster.

In Chapter 5 and Chapter 6, two different topologies and control algorithms are proposed to
increase the system efficiency and realize output voltage regulation in WPT system. Chapter 5
presents the modeling and evaluation of an adaptive closed-loop controller which maintains

constant receiver/load’s voltage/power and realizes transmission efficiency maximization for a
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reconfigurable wireless power transfer (R-WPT) system under varying transmission distances
(DIS) and misalignment (MIS) conditions in addition to varying load conditions. The control
algorithm is discussed to adaptively switch between different sizes of drive loops and load loops.
As a result, the loop-coil coupling factors are optimized to realize transmission efficiency
maximization at a given DIS/MIS condition.

Chapter 6 presents an input power splitting (IPS) method is proposed to adaptively
modulate the splitting percentage of the total constant/fixed input power Pyt from the power
source between multiple WPT transmitters in order to maximize efficiency and power received
by the load under different DIS and MIS conditions. Experimental results obtained from a multi-
Tx WPT system prototype are presented and discussed to verify the proposed concept.

In Chapter 7, in order to deal with the challenge that additional components (such as
inverters) are required to realize wireless power transfer, a single dual-type-output (DTO) power
converter is discussed and analyzed. In the DTO converter, the inductor in a conventional
buck/boost converter is utilized as the transmitter and the energy from the inductor switching ripple
is obtained wirelessly at Rx side. As a result, the number of components for battery wireless
charging is reduced.

The last chapter is the summary and conclusion of this dissertation research work in

addition to the future work.
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CHAPTER 2

B-SIMO BATTERY SYSTEM WITH SOC BALANCING CONTROL

2.1. Introduction

Battery systems have advanced especially in the past two decades and have been developed
for a wide range of applications, such as electric vehicles (EVs), consumer electronics, and
medical devices, among others. With the increasing demand for cost and size reduction and
improved performance, additional advanced functions in a smaller size are increasingly being
included in advanced battery systems.

In a multi-cell battery system, a number of batteries are connected in series in order to
provide higher voltage and/or connected in parallel in order to provide higher current to the load.
However, battery cells or modules might have differences in their characteristics due to
manufacturing mismatches, temperature of operation mismatches, and mismatches due to
degradation of State-of-Health (SOH) at different rates, among others. As a result, the State-of-
Charge (SOC) values of different battery cells or modules might diverge during
discharging/charging operation, which degrades the performance of the battery system.

To address this issue, a variety of methods are proposed in the literature to realize SOC
balancing for in-series-connected battery cells or modules. One traditional way is to add
balancing circuit for each battery in order to dissipate excess energy or transfer it between the

batteries However, this method leads to decrease in the efficiency of the system and generates
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additional heat because of the dissipation of the extra energy. In order to overcome this
problem, alternative energy-recovery schemes are proposed in the literatures [2, 38-39] that
transfer energy between batteries, which improves efficiency at the expense of increased cost,
size and complexity.

Compared with the in-series-connected batteries, balancing circuits such as in [36-37] that
are connected across the batteries to achieve SOC balancing cannot directly be applied to in-
parallel-connected batteries. This is because when a balancing circuit is connected across any of
the batteries, it is effectively in parallel with all the batteries that are connected in parallel and the
discharge of each battery cannot be controlled individually. Therefore, SOC balancing cannot be
achieved by using such balancing circuits. In order to apply the balancing circuits for in-parallel-
connected batteries, it is likely that more complex topologies and control algorithms are needed
to be developed in the future.

The configuration with power converters/inverters that are connected in series [2, 38-39] is
an alternative potential configuration which can be used to realize SOC balancing when an
appropriate control method is used. In [2], a battery system is presented by connecting a
boost/buck power converter with each battery cell (or with each group of cells). By using an
energy sharing controller that adjusts the duty cycle values of several power converters, the
discharging/charging rate of each battery can automatically be modulated to realize SOC
balancing while simultaneously maintaining the regulation of the bus voltage. In references [38-
39], each battery at the input is connected with a full-bridge multilevel inverter to realize SOC
balancing. The battery with higher terminal voltage and higher SOC value is discharged with a

higher rate by controlling the inverters.
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The nature of the configurations and controllers that are presented in [2, 38-39] provide
voltage step-up functionality at the output but not current step-up functionality. They are roughly
equivalent to connecting multiple batteries in series at the input of a power converter/inverter
because of how the voltage and current are scaled (the voltage is stepped-up and is a sum of
several voltages that are in series). Therefore, given a battery cell with limited current capability,
several battery cells that are connected in parallel are needed at the input of each
converter/inverter. However, in this case, SOC balancing functionality cannot be achieved for
the cells that are connected in parallel. In addition, more power converters/inverters are needed

for more batteries which results in battery system’s cost and size increase.

This chapter focuses on presenting and evaluating a method that combines a bi-directional
single-inductor multi-input (B-SI1-MISO) power converter and an SOC balancing (B-SI-MISO-
SOC) controller. The main advantages of the presented method include the ability to
simultaneously achieve SOC balancing, current step-up functionality (equivalent to in parallel
connection of batteries), and output voltage regulation. This is achieved without the use of cell
balancing circuits and associated controllers.

The structure of this chapter is as follows: in section 2.2, the basic architecture of the
presented B-SI-MISO battery system and the operation modes are described and analysed. The
operation principle of the B-SI-MISO-SOC controller is discussed in Section 2.3. Sample
experimental results are shown and discussed in Section 2.4 to evaluate and validate the

controller and system performance. Section 2.5 is the summary of this chapter.

2.2. B-SI-MISO battery system architecture
The simplified block diagram of the B-SI-MISO battery system is illustrated in Fig. 2.1a,

which consists of two stages. Stage A (input stage in discharging mode) is the multi-input
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switching stage that accommodates multi-input batteries that are coupled to the same switching
node. Each battery unit is connected to or disconnected from Stage B by turning ON/OFF the
back-to-back N-channel MOSFETS (S11, S12), (S21, S22), ...., and (Sni, Sn2). Stage B (output stage
in discharging mode) is the power conversion stage, which is a typical synchronous boost
converter but without an input capacitor. Note that during discharging mode, the energy flows
from Stage A to Stage B, while during charging mode, the energy flows from Stage B to Stage

A
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Fig. 2.1. lllustration diagram of (a) the presented B-SI-MISQO battery system with B-SI-MISO-
SOC controller, (b) main driving signals for the switches in Stage A and Stage B and (c) inductor
current waveform for two-input B-SI-MISO case

The driving signals for switches (Si1, S12), (S21, S22), ..., and (Sn1, Sn2) in Stage A and
switches Sy and S in Stage B are illustrated in Fig. 2.1b assuming the current of the inductor is in

Continuous Conduction Mode (CCM). The switches in Stage A are turned ON/OFF alternately
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for the same amount of time (T1= T2=... = Tn) based on the driving signals (P, P, ..., Pn) to
connect/disconnect an input battery to/from the power converter in Stage B. Because the
switches Sy and S; are controlled complimentarily under CCM operation, only the driving signals
of low-side switch S; is illustrated in Fig. 2.1b. When the operation is in Discontinuous
Conduction Mode (DCM) [74] when the load current is below a critical value, Sy is turned ON
once S is turned OFF and it is turned OFF once the inductor current decays to zero. The
switching frequency of the input switches in Stage A is lower than the switching frequency of the
output switches in Stage B.

Before the end of each input switch in Stage A turn ON time interval, the inductor current
IS reset to zero and there is a short time delay between turning OFF one switch and turning ON
another switch in Stage A as shown in Fig. 2.1c. This process guarantees the decoupling of the
inputs from each other and prevents voltage spikes at the same switching node during the

transition when an input is disconnected and another is connected.
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Fig. 2.2. Equivalent circuits for the main operation modes for two-input B-SI-MISO case (Modes
5 through 8 are similar to Modes 1 through 4, Modes 5 through 8 are not repeated here).
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In order to simplify the description of the operation modes, the main operation of a two-
input B-SI-MISO system is analyzed and operation modes are divided into eight modes as shown
in Fig. 2.2. For the two-input B-SI-MISO topology, one complete cycle is given by (2.1), where
Ty, T2 and Tqare as defined in Fig. 2.2c. The following is the description for each of the operation

modes (assuming CCM operation except if otherwise indicated).

TO ES T1 + Tz + Td (21)

Mode 1 (tio~t11) and Mode 2 (t11~t12): In these two modes, switches (Si1, S12) are turned
ON while switches (Sz1, S22) are turned OFF. Switch Sj and switch Sy are turned ON and OFF
complementarily. In Mode 1, battery 1 is supplying energy to charge the inductor and the current
of the inductor ramps up while in Mode 2, the current of the inductor ramps down by discharging
through the output capacitor and/or load. Assuming that the voltage of battery 1 is V1, the output
voltage is Vout and the inductor current change is Ai, the relationship between Vi, Vout and Aig in
Mode 1 and Mode 2 is derived as given by Equation (2.2) and (2.3), respectively. Mode 1 and

Mode 2 repeat for several switching cycles from tio to tizas indicated in Fig. 2.2c.
Vi (611 —tyo) = Aiy - L (2.2)

(Vour = V1) = (t12 — t11) = Aip - L (2.3)

Mode 3 (t13~t14): In this mode, switches (S11, S12) continue to be turned ON while switches
(S21, S22) are turned OFF. During the last one or more switching cycles, both switches Sy and Sy
are turned OFF and the inductor current is reset to zero (referred as inductor current reset (ICR)
in Fig. 2.2) before turning OFF switches (S11, S12). This ICR mode is only needed if the operation
is in CCM, because in DCM (occurs at light load current values) the current naturally resets to

zero at the end of each switching cycle of the switches Sy and S,.
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Mode 4 (t1a~t20): In this mode, all switches are turned OFF. There is a dead-time interval
represented by Tq as indicated in Fig. 2.2 to prevent two batteries from connecting to the same
switching node simultaneously and avoid voltage spikes.

Mode 5 (tzo~t21), Mode 6 (t21~t22), Mode 7 (t22~t23) and Mode 8 (ta~t3o) are similar to
Modes 1 through 4 but with battery 2 being connected to Stage B through switches (S21, S22).
Therefore, the descriptions for Mode 5 through 8 are not repeated here. Similarly, the
relationships between input voltage, output voltage and inductor current when the inductor

current ramps up and when it ramps down are given by (2.4) and (2.5), respectively.
Va + (t21 — ta0) = Al - L (2.4)

Vour — Vo) = (32 — t1) = Al - L (2.5)
By assuming the input voltages of n batteries are Vi, Vo, ..., Vi, and by applying the volt-
second balance principle, equation (2.6) can be derived, where Dy is the duty cycle of the boost

converter in Stage B when switches (Sr1, Sr2) in Stage A areturned ONandr=1,2, ..., n.

Vr Vout—=Vr
Per T Dp = Ry (1= D)) (2.6)

r=1 L r=

By solving (2.6), the output voltage is given by (2.7).

Vour = sl @7

SR NCE S
When the load current is small, the current of the inductor operates in DCM. In this case
the current of the inductor decays to zero before the end of each switching cycle of switches Sy
and S, (i.e. at the end of Mode 2 for example). Once the current of the inductor decays to zero, S
and S, are both turned OFF until the start of the next switching cycle.
During the charging operation, when the voltage is applied from the right side of Fig. 2.2a

(which is the output side during discharging operation and the input side during charging
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operation) to charge the batteries, the operation principle is very similar but with different

algorithm for charging, as discussed in the following sections of this chapter.

2.3. Operation principle of the B-SI-MISO-SOC balancing controller

This section presents the operation principle of the B-SI-MISO-SOC balancing controller
during both discharging operation mode and charging operation mode. In discharging mode,
there are two closed-control loops: The output voltage control loop (to be referred to as voltage
control loop) and the SOC balancing control loop (to be referred to as SOC control loop), which

can realize SOC balancing and output voltage regulation at the same time.

2.3.1 Discharging operation mode

The voltage control loop illustrated in Fig. 2.3a is realized by a voltage compensator with
its input being the difference between the measured output voltage Vout and reference output
voltage Vout ref. The output of the voltage compensator is the duty cycle Dy, which is
multiplied/scaled by the SOC multipliers a1 through an in order to generate the duty cycles (D,
D, ..., Dn), as given by (2.8). The SOC multipliers are generated by another control loop, the
SOC control loop. The continuous transfer function G voi(S) or discrete transfer function
Gc_voi(z) can be a PI (Proportional-Integral) or PID (Proportional-Integral-derivative)
compensator. In this chapter, the discrete compensator G¢ voi(z) is utilized and implemented in a

digital microcontroller.

D1 - 0(1 " Dt
DZ =ay- Dt (28)
D, =a, D,

Ir _ lipad . Ay (29)

- l—Dt ajtaz+--+an
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The r'" current of the r'" battery in the B-SI-MISO power converter during discharging
operation is ideally (100% efficiency) given by (2.9), where I is the r'" input battery current and
lioad 1S the output load current. When the SOC multipliers a1 = a2 = ... = an, all the duty cycles
are equal (D1 =Dz = ... = Dn) and each battery has the same discharging current and rate. This
situation is of course under ideal and symmetric conditions when all of the batteries have the
same characteristics and the efficiency is the same during the turn ON time interval of each
input. When a1 through an are not equal, the SOC balancing can be realized by making the

battery discharging rates different by regulating SOC multipliers a1 through an.

Voltage Compensator
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Fig. 2.3. Block diagram of (a) the voltage control loop and (b) the SOC control loop
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Fig. 2.3b illustrates the block diagram of the SOC control loop for the presented B-SI-
MISO-SOC controller. It generates the SOC multipliers a1 through an in order to adjust
discharging rate for each battery. The SOC reference value, which is given by (2.10), is
compared to the measured SOC value and the error is the input to SOC balancing compensator
Ge_soc(s) or Ge_soc(z). The SOC multipliers values can be limited to be between 0 and a positive
value in order to limit the discharging current from a battery to a maximum desired value (in this
chapter the 0 to 2 limits are used). Based on the block diagram in Fig. 2.3b, the SOC multipliers
a1 through an are given by (2.11), where Gsoc is the transfer function of SOC compensator.
Therefore, the sum of a1 through an is always equal to n as given by (2.12), where n is the number

of active inputs/batteries.

SOC1+S0C,+-+50C, 210
- (2.10)

SOCyef =

a; =1—(50C,o; — SOCy) - Gy
a; =1—(S0C,er — SOC;) - Gsoc (2.11)

an =1—(S0C,er —SOC,) * Gsoc
a,+a, ++a,=n (2.12)

Coulomb counting method is utilized to calculate the SOC value for each battery. Based on
coulomb counting method, the SOC rate of change (how fast the SOC changes) of a battery can
be expressed as given by (2.13-1), where C is the nominal capacity of battery and dSOC, /dtis
the derivative of SOC with respect to time. Therefore, after a given discharging time, the SOC
value of a battery can be calculated as given by (2.13-2), where t> — t1 is the discharging time
during which I, is measured with 1 second time step in the experimental section in this chapter

and SOCin  is the initial SOC value of the r'" battery.
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dsoc, _ Iy i
ok (2.13-1)

SOC, = SOCipe , — [ 2 dt (2.13-2)

t]_C

By substituting (2.13-1) into (2.13-2), the relationship between SOC rate of change and
SOC multipliers is derived as given by (2.14).

dSOCr: load | ar (214)

dt C-(1-Dy) aq+az+-+an

To summarize, during discharging operation mode, the B-SI-MISO-SOC balancing
controller can dynamically control SOC multipliers a1 through an to adjust the discharging rate
for each battery and realize SOC balancing, while keeping a1 + a2 + ... + an = n such that the

average value of output voltage Vout is always regulated at Vout_ref.

2.3.2 Charging operation mode

During charging mode, the converter operates in opposite direction to that of the
discharging operation mode with similar modulation scheme for the switches. During the
charging mode of the B-SI-MISO battery system, each battery is charged independently. When a
battery is fully charged, the corresponding switches in Stage A are kept turned OFF and the
charging operation continues for the other batteries. In other words, if a battery has higher initial
SOC, it might be fully charged in a shorter time and the charging mode for this battery is
terminated by turning OFF its corresponding switches, while the other batteries continue the
charging operation until each of them is fully charged.

The battery is charged using constant current charging mode (CCCM) until its voltage Vpatt
reaches Vmax (e.9. Vmax = 4.2 V [75]). Then, the controller switches to a constant voltage
charging mode (CVVCM), which is terminated when the battery charging current Iya decreases to

the end charging current leng (€.9. lena = 130 mA [75]).
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2.4 Proof-of-Concept Experimental Results

In order to validate the concept and evaluate the performance of the presented B-SI-MISO-
SOC controller, a proof-of-concept three-input B-SI-MISO battery system is built and tested in
the laboratory. In the experiment, an electronic load is used as the DC load. Three lithium-ion
battery cells [75] are used at the three inputs. Each battery cell has a nominal capacity of 2.6 Ah,
nominal voltage of 3.7 V and fully charged voltage of 4.2 V. The single inductor of the power
converter has an inductance of 2.0 pH, and the input filter capacitor and output filter capacitor
are 220 | each. The switching frequency of switches in Stage A is 10 kHz and the switching
frequency of switches in Stage B is 300 kHz. Texas Instruments Microcontroller
TMS320F28335, which has 16 ADC channels, 12-bit ADC resolution and a maximum sampling
rate of 12.5 Msample/second, is used to realize the B-SI-MISO-SOC controller. The
compensators used for voltage control loop and SOC control loop are both digital PI type, which

are implemented using the microcontroller.

2.4.1 Experimental results in discharging operation mode

During discharging mode, the output voltage of the power converter is regulated at 8 V
(Vout_ref = 8 V) with 2.0 A output load current. The voltage and current of each battery are
sampled by TMS320F28335 ADC module. The SOC of each battery is estimated by using
coulomb-counting method [2], which is realized by integrating the battery current as a function
of time.

In the experiment, the three input batteries are purposely made with different initial SOC
values of SOC1 = 100%, SOC: = 98% and SOCsz = 95%. This is in order to evaluate the ability of
the controller to achieve and maintain SOC balancing starting from unbalanced condition. It

should be noted that the system is expected to operate under balanced SOC condition for the
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majority of the time once balance is achieved. The initial values of the SOC multipliers are equal
to 1 (a1 = o2 = a3 = 1). At the beginning, the reference SOC value SOCes = (SOC1 + SOC> +
SOCs3) / 3 =97.67%. Therefore, the SOC control loop can detect that the SOC values of battery 1
and battery 2 are larger than SOCref, and that the SOC value of battery 3 is smaller than SOCief.
Once the SOC control algorithm is activated, the controller is expected to increase a1 and o2
quickly while decreasing a3 such that a1 > o2 > as.

Fig. 2.4 shows sample experimental results for the three-input B-SI-MISO battery system
during discharging operation mode. Fig. 2.4a and Fig. 2.4b show that battery 1 has the largest
SOC multiplier and the largest discharging current at the beginning of the operation, while the
SOC multiplier and discharging current of battery 3 are the smallest. Therefore, battery 1 has a
larger discharging rate and its SOC value drops with a faster rate, while battery 2 and battery 3
have a smaller discharging rate and their SOC values drop with a slower rate (battery 2
discharges faster than battery 3). In this way, the values of SOC;, SOC; and SOC3z gradually
become closer to each other until SOC balancing is achieved and a1, 02, and a3 reach their
steady-state values.

In this experiment, because the three battery cells have almost the same characteristics and
State-Of-Health (SOH), the steady-state values for a1, a2, and az are almost equal. However, if
this was not the case, the steady-state values for a1, o, and a3 might not be equal in order to
maintain the SOC balance after it is achieved. It should be noted that the values of the currents of
three batteries gradually increase and ramp up (under fixed load current) in order to satisfy the
desired power by the load because the battery voltage decreases during the discharging

operation.
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Fig. 2.4. Sample experimental results for discharging operation mode: (a) discharging current of
three batteries, (b) SOC multipliers a1, 02 and a3, and (c) SOC values of the three batteries (d)
efficiency curve of the B-SI-MISO system under different load condition

Fig. 2.4c shows the measured SOC values of the three batteries during discharging
operation mode. As shown in Fig. 2.4c, SOC; > SOC; > SOCs3 at the beginning of the operation,
and as time passes the SOC values gradually become equal and a1 through as values gradually
become closer to each other. When t = 12 min, the SOC values of the three batteries reach a
balanced condition and remain balanced until the end of the discharging operation.

The efficiency curve of the B-SI-MISO system during discharging operation mode is also
tested under different load condition as shown in Fig. 2.4d. The efficiency of the B-SI-MISO
converter peaks at ~94% when the load current is 2.2 A.

The driving signals of switches in Stage A and Stage B are shown in Fig. 2.5a. The

waveforms of the output voltage and inductor current at t =3 min and t = 20 min are shown in
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Fig. 2.5b and Fig. 2.5c, respectively. During the complete discharging operation cycle, the output

voltage is regulated at 8 V and the sum of the SOC multipliers is always equal to 3 (i.e., a1+ o2 +

az=n=3).
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Fig. 2.5. Sample experimental waveforms during discharging mode: (a) driving signals of
switches in Stage A and Stage B, (b) driving signals of switch (Si1, S12) and switch Sy,
waveforms of output voltage and inductor current when t = 3 min, and (c) driving signals of
switch (S11, S12) and switch S, waveforms of output voltage and inductor current when t = 20

min.
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Fig. 2.6. Sample experimental results for discharging operation mode with larger mismatch
between the initial SOC values: (a) discharging current of three batteries, (b) SOC multipliers ax,
a2 and az, and (c) SOC values of the three batteries

Fig. 2.6 shows the results of another experimental test with larger mismatch between the

initial SOC values of the three batteries. The initial SOC values for the three batteries in this test

are 100%, 88% and 80%. As shown in Fig. 2.6, the SOC values of the three batteries can still

achieve balancing with the proposed control algorithm and remain balanced until the end of the

discharging operation. However, compared with the situation of smaller mismatch between the

initial SOC values as shown in Fig. 2.4 (the initial SOC values in Fig. 2.4 are SOC1 = 100%,

40




SOC> = 98% and SOCs = 95%), the time required to achieve SOC balancing has increased (as

expected) from ~15 mins to ~33 mins.
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Fig. 2.7 Sample experimental results for discharging operation mode during load current
transient condition: (a) discharging current of three batteries, (b) SOC multipliers a1, a2 and o3,
and (c) SOC values of the three batteries

To further evaluate the performance of the presented B-SI-MISO-SOC balancing
controller, a 2.0 A-0.4 A-1.6 A load current transient is applied at the output. The initial SOC
values of the three batteries in this experiment are 100%, 98% and 95%, respectively. The

transient load current is from 2.0 Ato 0.4 A att =50 min and from 0.4 Ato 1.6 A att =62 min
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as shown in Fig. 2.7. The SOC values of the three batteries can achieve and maintain balance

even under large load step variations and until the end of discharging mode.

2.4.2 Experimental results in charging operation mode

The performance of the presented B-SI-MISO-SOC controller is also evaluated during
battery charging operation mode. Unlike in the discharging operation mode, the SOC values of
different batteries are not necessarily required to be balanced during discharging operation.
Therefore, each battery is charged and terminated independently when its SOC reaches 100%.
Once a battery reaches 100% SOC, the charging of the battery is terminated by turning OFF its
corresponding switches while other batteries continues to be charged.

In the experiment for charging operation mode, each battery is charged at a constant current
of 1.3 A (i.e., 0.5 C, half of the battery rated capacity of 2.6 Ah [75]) during constant current
charging mode (CCCM) and switched to constant voltage charging mode (CVCM) when the
battery voltage reaches 4.2 V. The initial SOC values of the three batteries are purposely made
different with SOC; = 0%, SOC; = 3% and SOCs = 5%.

The experimental results for charging operation mode are shown in Fig. 2.8. During the
charging operation, battery 3 with a higher initial SOC value is fully charged in a shorter time
and terminated earlier with no influence on the charging operation of the other batteries. In the
experiment, battery 1, battery 2 and battery 3 are fully charged at the time 157 minutes, 150 min

and 148 min, respectively.
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Fig. 2.8. Sample experimental results for charging operation mode: (a) battery voltage, (b) SOC
values of three batteries, and (c) battery charging current

2.5 Summary

This chapter presents the B-SI-MISO battery system and B-SI-MISO-SOC balancing
controller to realize battery SOC balancing at the input while at the same time maintaining
output voltage regulation at the output. During the discharging operation mode, the presented B-
SI-MISO-SOC balancing controller can dynamically control SOC multipliers a1 through an to

adjust the discharging rate for each battery and realize SOC balancing, while keeping a1 + a2 +
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... T an = n so that the average value of output voltage Vout is always regulated at Vout_ret. During

charging mode, each battery can be charged independently.

The performance of the presented B-SI-MISO battery system and B-SI-MISO-SOC
balancing controller during both discharging operation mode and charging operation mode are
evaluated and validated by the proof-of-concept experimental prototype built in the laboratory.
The experimental results show that under discharging operation, the batteries with different initial
SOC values that SOC1 = 100%, SOC2 = 98% and SOC3 = 95% can achieve SOC balance within t
= 15 min and remain balancing after that until the end of discharging operation. When transient
load current is applied in the system, the SOC values of three batteries can still achieve and

maintain balancing under large load step variations.
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CHAPTER 3

HIERARCHY CONTROL BATTERY SYSTEM WITH SOC BALANCING

3.1 Introduction

This chapter presents a hierarchy State-of-Charge (SOC) balancing controller in a
hierarchy distributed battery system. Different from the B-SIMO battery system in chapter 2, in
the proposed hierarchy battery system, multiple battery cells are connected in parallel at the
inputs of a single-inductor multi-input single-output (SI-MISO) power converter to form a
battery module and multiple battery modules are connected in series at the output to form the
whole battery system. Therefore, the presented SOC balancing control algorithm in this chapter
is more advanced than the SOC balancing algorithm presented in chapter 2.

In this chapter, Section 3.2 presents the basic architecture of the hierarchical battery
system. The theoretical steady-state analysis of the proposed hierarchical SOC balancing
controller during discharging operation and charging operation is given in Section 3.3 and
Section 3.4, respectively. Sample experimental results are presented and discussed in Section 3.5
to evaluate and validate the performance of presented controller and battery system. The

summary of this chapter is given in Section 3.6.

3.2 Architecture of hierarchy battery system
Fig. 3.1 shows the simplified block diagram of the hierarchical distributed battery system,

which is controlled by the presented hierarchical SOC balancing controller discussed in next
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sections of this chapter. The battery system consists of multiple battery modules that are
connected in series at the output to obtain a high bus voltage. Each battery module consists of
multiple battery cells connected in parallel at the inputs of a single-inductor multi-input single

output (SI-MISO) power converter.

Vcenuﬁ - ‘: leensy > Battery module |
Veenne Leenz2 2 #1 ’_%—I%
i I
[ | * * L SI-MISO Power | | load
i (¢ t
Lo <! Battery |v .., Battery Veainz Battery Vearn on;ir er
1| cell #11 cell #12 cell #1IN : ‘
| - - - | —
Vi e 1} -------- D11 Diy
Ve ¢ Batter;{t;nodule
Veatizné— +
Leanizz € SI-MISO Power | | V The rest of
etz Converter
eotan € o Vinod2 bus the system
a I - (e.g. Load)
V, ¢ Dy Dy _
77777777 o oo : D11 Dnn Vius licad
VceIINl < A A A
Ve -
Hierarchy Controller
leans
| " é Battery I e A Ee B B B
cellNN <)
cell #N1 cell #N2 : : Veenntsnn  leelliisnn - Viogien
Vy ¢

Fig. 3.1. Simplified block diagram of the presented hierarchical distributed battery system

The configuration and driving scheme of SI-MISO power converter can provide current
step-up functionality, which is equivalent to connecting multiple batteries in parallel at the input
of a power converter as discussed in chapter 2. While by connecting multiple SI-MISO power
converter at the output, the presented hierarchical distributed battery system can also provide
voltage step-up functionality, with only m number of BI-MISO power converter required (m is

the number of battery modules).
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3.3 Operation principle of hierarchy controller during discharging operation

This section focuses on the discussion of the operational principle of the presented
hierarchical SOC balancing controller (to be referred to as hierarchical controller) for the
battery system during discharging operation. The hierarchical controller is composed of two
control stages: the first stage is the battery cells control stage which is to realize the SOC
balancing between multiple battery cells inside each battery module, and the second stage is the
battery modules control stage which is to realize the SOC balancing between multiple battery

modules and bus voltage regulation at the same time.

3.3.1 Battery cells control stage (SOC balancing between multiple battery cells)

Fig. 3.2 shows the block diagram of the battery cells control stage for r'" battery module.
There are two closed-control loops: The battery module output voltage control loop (to be
referred to as module voltage control loop) and the battery cells SOC balancing control loop (to
be referred to as cell SOC balancing loop).

In the module voltage control loop, the measured output voltage Vimodr Of r'" battery
module is compared with the reference output voltage Vmodr ref, and the error is sent to the
voltage compensator. The output of the voltage compensator is the duty cycle Dr rer. The
reference output voltage Vmodr ref IS generated by the battery modules control stage (as will be
discussed in next subsection). The duty cycle Dr ref is further multiplied/scaled by the battery
cells SOC multipliers ar1 through am in order to generate the duty cycles (Dr1, Dr2, ..., D) for

the SI-MISO power converter, as given by (3.1).

Dr1 = ar1 Dy totar
Dy2 = arz * Dy totai (3.1)

Dyp = @y - Dr_total
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The SOC multipliers ar1 through or are generated in the cell SOC balancing loop, which
is realized by SOC compensators with their inputs being the difference between the SOC values
of battery cells SOCeceiir1 through SOCcenrn and the reference SOC value SOCmodr ref. SOCrmodr _ref

is the average value of SOC of all battery cells in r'" battery module as given by Equation (3.2),
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voltage control loop VOItage Com pe nsator

Vimodr G Dr_ref
c_vol
Duty cycle
Vmodr ref generation
Battery cell SOC SOC compensator Dr ref
balancing control loop T
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Fig. 3.2. Block diagram of the battery cell control stage to realize SOC balancing between
multiple battery cells

where n is the number of battery cells in this module. Based on the block diagram in Fig. 3.2,
the SOC multipliers ar1 through arm can be calculated as given by Equation (3.3-1), where Ge soc
is the gain of SOC compensator. The sum of SOC multipliers ar1 through ar are always equal to

n as given by Equation (3.3-2).
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_ 50Cy1+50Cyy+++S0Cry

SOCmodr_ref - (32)

n

a,=1- (SOCT_ref - SOCm) " G soc
Uy = 1-— (SOCT_Tef — SOCrz) ' GC_SOC (33'1)

karn =1- (SOCr_ref - SOCrn) “Ge_soc
A1+ Ay + -+ Ay =1 (3.3-2)

For an ideal (100% efficiency) SI-MISO power converter during discharging operation,
the discharging current values of battery cells can be calculated as given by Equation (3.4).
From Equation (3.3) and Equation (3.4), it can be observed that the discharging current lceirn is
directly proportional to its SOC multiplier amand ar is directly proportional to its SOC value
SOC. Therefore, the SOC balancing between multiple battery cells can be realize by
modulating the discharging current Icenrt through lcenrn by regulating the SOC multiplier ar
through am. With the presented control strategy, the battery cell with higher SOC value is
controlled to discharge at a faster rate/speed than the battery cell with lower SOC value, which
implies that the SOC values between multiple battery cells are always moving closer to each
other. When the SOC multipliers ar1 through arm are equal, all battery cells inside one battery

module are discharging in the same rate and the cell balancing is achieved.

_ lipaa ar1
Icellrl - )

1—Dr_ref Ar1t+ Ao+ +arn

i _ _Tiocaa . rz

cellr2 1_Dr_ref Arq1+ oyt + Ay (3.4)
|k1 _ __lioaa . Arn
m =

cellrn 1-Dy yef Gr1+@rp++am

3.3.2 Battery modules control stage (SOC balancing between multiple battery modules)
The block diagram of the battery modules control stage is shown in Fig. 3.3. There is only
one closed-control loop in this stage: the battery module SOC balancing control loop (to be
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referred to as module SOC balancing loop). In this loop, the SOC reference value SOCiotal_ref,
which is given by Equation (3.5), is compared to SOCmodr ref (@S given by Equation (3.2)), and
the error is the input to SOC balancing compensator. The output of the SOC balancing
compensator is the battery modules SOC multipliers S1 through fm, as given by Equation (3.6-1),
which can be further used to calculate the reference output voltages Vimodz_ref through Vmodm_ref for
each battery module as given by Equation (3.7). The sum of all SOC multipliers 1 through fim
are always equal to m as given by Equation (3.6-2), where m is the number of battery modules

connected in series.
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Fig. 3.3. Block diagram of the battery module control stage to realize SOC balancing between
multiple battery modules

SOCljef+SOC27Tef+---+SOijef
m

S0 Ctotal_ref = (3.5)
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( p1=1- (SOCtotal_ref - SOCmodl_ref) ’ Gm_soc
B,=1- (SOCtotal_ref - SOCmodZ_ref) ) Gm_soc (3.6-1)

Bm =1- (SOCtotal_ref - SOCmodm_ref) ' Gm_soc

ﬁ1+ﬁ2+...+ﬁm:m (36'2)
B
Vmodl_ref = Vbus_ref ) ﬁ1+ﬁ2+1'"+/3m
B
Vimoaz_ref = Vous_ref ,81+ﬁ2+2‘-‘+ﬁm (3.7)

...... .
LVmodm_ref = Vbus_ref BitBattPBm

From Equation (3.6) and (3.7), it can be observed that the sum of all reference voltages for
battery modules are equal to the bus voltage as given by Equation (3.8). Therefore, with the

presented control strategy, the bus voltage can always be regulated at the desired value.

Vmodl_ref + Vmodz_ref + -+ Vmodm_ref = Vbus_ref = Vhus (3.8)
(X2 1Veerin * Leein = Tioad = Vous ref * lioad * i
n=1"Ycellln fcellln — Vmodlyer ‘load — Vbusref 'load B1+Bs++Bm
B
l ZZ:l Veenzn * lcetizn = Vmodz_ref “lioaa = Vbus_ref “lioad m (3.9

B
LZQ:l Veetrrn * Icetirn = Vmodm_ref “lioga = Vbus_ref “lioaa m

Assume that the power components in the battery module are ideal, the average input
power and the average output power of a battery module are equal. Therefore, Equation (3.9) can
be obtained (at the bottom of this page). It can be observed that the average input power/current
of m™" battery module is directly proportional to its corresponding SOC multiplier fm, and Sm is
directly proportional to SOCmodm ref based on Equation (3.6). Therefore, the battery module with
higher average SOC value is controlled to provide higher power to the load and discharge in a
higher rate compared with the battery module with lower average SOC value, which implies that
the average SOC values between multiple battery modules are always moving closer to each
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other. Therefore, in this control stage, the SOC balancing between multiple battery modules can
be realized by changing the reference output voltage for each battery module by modulating the
SOC multiplier g1 through Sm.

In the hierarchical SOC balancing controller during discharging operation, coulomb
counting method is used to calculate the SOC values for each battery cell. Equation (3.10) shows
the calculation of SOC value after a given discharging time, where to is the start time and ty is the
end time of discharging operation, C is the capacity of battery cell, lcen is the discharging current

and SOCint is the initial SOC value.

SOC = S0Cyy, — [ ™ dt (3.10)

to

To summarize, during the discharging operation mode, with the presented hierarchical SOC
balancing controller, the SOC balancing between multiple battery cells inside one battery module
can be realized by modulating the SOC multipliers ar1 through om while the SOC balancing
between multiple battery modules can be realized by modulating the SOC multipliers 1 through
fm. At the same time, the sum of SOC multipliers 1 through Sm are always equal to m such that

the bus voltage Vs is always regulated at Vius_ref.

3.4 Operation principle of hierarchy controller during charging operation

During the charging operation for the battery system, the current flows in opposite
direction (with the DC bus voltage as input and battery cells as outputs). Fig. 3.4 illustrates the
simplified control flowchart for battery charging operation. At the beginning, each battery cell is
charged under Constant Current Charging Mode (CCCM) until the battery voltage Vcen reaches
its maximum voltage Veen_max (Veell_max = 4.20V). Then each battery cell is charged under
Constant Voltage Charging Mode (CVCM) until its charging current Icen decreases to the end

charging current leng (€.9. lend = 130 mA).
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Fig. 3.5. Block diagram of the control stages of hierarchical control in CCCM charging mode (a)
battery cells control stage and (b) battery modules control stage

The presented hierarchical controller in CCCM charging operates in a similar principle as in
the discharging operation mode, but in opposite direction. The simplified control block diagram
of the hierarchical controller in CCCM is shown in Fig. 3.5. Similarly, there are two control
stages: battery modules control stage and battery cells control stage.

The key difference between the operation of the hierarchical SOC balancing controller in
CCCM and in discharging operation is that, during CCCM, additional battery module average
current control loop is required as shown in Fig. 3.6b. This current control loop is used to

guarantee that the charging current for battery cell can be regulated at the reference value (e.qg.,
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0.5 C =1.3 A used in the experiment). The battery module average current is calculated as given

by Equation (3.10).

_ Icetir1 Hceltra+ -+l cellrn
Imodr_avg - n (310)

In Fig. 3.5, the SOC multipliers g1 through Sm are used to realize the SOC balancing
between multiple battery modules and the SOC multipliers ar1 through am are used to realize the
SOC balancing between multiple battery cells. When 1 = fo=...= fm=1and or1 = ar2=...= am
=1, all the battery cells are charged with the same charging rate (e.g., 0.5 C) and the battery
system is under balanced charging condition.

It should be noted that one difference about the generation of battery module SOC
multipliers 1 through fmand battery cell SOC multipliers ar1 through am in Fig. 3.3 and in Fig.
3.5 is that, the sign of the output of SOC compensator is opposite in charging and discharging
operation modes. This is because in order to realize SOC balancing, during charging operation,
battery cell or battery module with higher SOC value should have smaller SOC multipliers and
smaller charging current such that the SOC value can increase in a slower rate/speed. While
during discharging operation, battery cell or battery module with higher SOC value should have
larger SOC multipliers and larger charging current such that the SOC value can increase in a
faster rate/speed, which is just opposite with charging operation.

From the control block diagram shown in Fig. 3.5, the values of duty cycle corresponding
to each battery cell can be calculated as by Equation (3.11), where 4Dyo and 4Dyo are the duty

cycles values generated by voltage compensator and current compensator, respectively.

D1 = (Dyor + Deyr) * g
Dyy = (Dyor + Deyrr) * @z (3.11)

Dy = (Dvol + Dcur) *Upp
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Fig. 3.6. Block diagram of the hierarchical controller during CVCM operation
Fig. 3.6 shows the block diagram of the hierarchical controller during CVCM operation.
The terminal voltage of each battery cell is regulated at the maximum cell voltage reference
value (e.g., 4.20 V in the experiment) until its charging current lcen decreases to the end charging

current lend (€.9. lend = 130 mA).

3.5 Proof-Of-Concept Experimental Prototype Results

In this section, a proof-of-concept experimental prototype is built in the laboratory to
evaluate and validate the presented hierarchical SOC balancing controller. In the prototype, each
battery module consists of three lithium-ion battery cells at the inputs of one SI-MISO power
converter, and three battery modules are connected in series at the output. There are total 9
battery cells and three SI-MISO power converters in the hierarchical distributed battery system.
In the SI-MISO power converter, the inductor is 2.0 uH and the input and output filter capacitors
are 220 . The switching frequency of input switches is 10 kHz and the switching frequency of

output switches is 300 kHz.

In the design of the hierarchical controller, each SI-MISO power converter is controlled by
one Texas Instruments Microcontroller TMS320F28335 (MCU), which has 16 ADC channels, 6
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PWM channels, and a maximum sampling rate of 12.5 Msample/second. This MCU used for
battery cells control stage is referred to be as the Client MCU as shown in Fig. 8. Another Server
MCU is used to collect information from each Client MCU and implement the control algorithm
for battery modules control stage. The data transferring between Client MCUs and Server MCU

is realized through Serial Peripheral Interface (SPI) communication.

3.5.1 Experimental results in discharging operation mode
During the discharging operation, the bus voltage is regulated at 24 V with load current of
2.0 A. Coulomb counting method is used to calculate the SOC values of each battery cell. In
order to evaluate the performance of hierarchical SOC balancing controller starting from
unbalancing condition, the initial SOC values for 9 battery cells are made purposely different as
shown by Table 3.1. All the initial battery cells SOC multipliers a11 through ass and battery

modules SOC multipliers f1 through pz are set to be equal to 1.

Table 3.1. Initial SOC values for each battery cell for discharging operation

SOCcelir1  SOCeelirz SOCeelir3 SOCmodr_ref SOCtotaI_ref

Battery Module 1  100% 97% 96% 97.33%
Battery Module 2  95% 94% 91% 93.33% 92.78%

Battery Module 3  90% 87% 85% 87.33%

At the beginning of the discharging operation, for the battery cells control stage (take
battery module 1 as an example), since SOCeceiir1 > SOCmod1_ref and SOCcelliz < SOCeelir2 <
SOCmod1_ref. SOC multiplier a1 is expected to become larger than 1 while a12 and a3 are
expected to become smaller than 1 (a11> 1> a12 > a13). Similarly, for battery module 2 and
battery module 3, following the same principle, a21> 022> 1> az3and as1> 1 >a32 > azz are
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expected to be obtained. For battery modules control stage, since SOCmod1_ref > SOCmod2_ref >

SOCiotal_ref > SOCmod3_ref, the battery module SOC multiplier 1 is expected to become larger than

1 while g1 and B> are expected to become smaller than 1 (81 > 2> 1> f3).
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Fig. 3.7. Sample experimental results for discharging operation (a) 1 through B3, (b) a1z through
as3, (€) zoomed-in view of a11 through ass, (d) zoomed-in view of o1 through azs, and (f) zoomed-
in view of as1 through ass

Fig. 3.7 shows the experimental results of the battery cells SOC multipliers a11 through ass

and battery modules SOC multipliers $1 through f3 during discharging operation. It can be

observed from Fig. 3.8a that the battery module 1 has the largest SOC multiplier p1and the

largest average discharging current at the beginning of the operation while battery module 3 has

the smallest SOC multiplier g3 and smallest average discharging current. This result is expected

as the theoretical analysis discussed above. In Fig. 8b, the battery cell SOC multipliers a11
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through aszz for 9 batteries are dynamically modulated based on the calculated SOC values in
order to realize the SOC balancing between battery cells. For example, in Fig. 3.8c for battery
module 1, the value of a1 is larger than the values of a12 and a13, which implies that the battery
celliy is discharging in a higher rate and its SOC value drops in a faster rate than the battery celli,
and battery cellis. This result is also as expected.

It should be noted from Fig. 3.7c to Fig. 3.7e that the time to realize battery cells SOC
balancing for different modules could be different. For example, with the initial SOC values as
given by Table 3.1, the SOC balancing time for three battery modules is 13 mins, 17 mins and 20
mins, respectively. After the SOC balancing is achieved, the SOC multipliers a11 through as3 and
SOC multipliers g1 through g3 reach their steady-state values and remain stable until the end of
discharging operation.

Fig. 3.8a and Fig. 3.8b show the measured values of discharging current and SOC for each
battery cells during the discharging operation. It can be observed that at the beginning of the
operation, battery celly1 has the highest initial SOC value (100%) and largest discharging current.
Therefore, its SOC value drops in a faster speed/rate than the SOC value of the rest of the battery
cells. As time passes, the SOC values of different battery cells gradually become closer to each
other. When t = 20 mins, the SOC values of all battery cells reach the balanced condition. Fig.
3.8c shows the output voltages of three battery modules and the total bus voltage. It can be
observed that the output voltage of battery module 1 are modulated to be higher than battery
module 2 and battery module 3 at the beginning. Because the output power of each battery
module is as a function of its output voltage under the same load current. Therefore, battery
module 1 is discharged at a higher rate than battery module 2 and battery module 3 at the

beginning of the discharging operation. In this way, the SOC balancing between multiple battery
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modules can be realized. It can also be observed from Fig. 3.8c that, the bus voltage can always
be regulated at 24 V even when the output voltages for different battery modules are dynamically
changing. Therefore, the bus voltage regulation can be achieved without being affected by the

SOC balancing algorithm.
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Fig. 3.8. Sample experimental results for discharging operation (a) discharging currents for

different battery cells, (b) SOC values for different battery cells and (c) bus voltage and three
battery modules output voltages during discharging operation.

3.5.2 Experimental results in charging operation mode
The performance of the presented hierarchical controller and the battery system is also

tested and evaluated during charging operation. The average reference charging current lavg_ref Iin
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Fig. 3.5a is set to be 1.3 A (0.5C). The initial SOC values for each battery cell for the charging
operation are summarized as given by Table 3.2.

Table 3.2. Initial SOC values for each battery cell for charging operation

Soccellrl SOCceIIrZ SOCceIIrS SOCmodr_ref SOCtotaI_ref

Battery Module 1 0% 1% 3% 1.33%
Battery Module 2 5% 6% 9% 6.67% 6.89%

Battery Module 3 10% 13% 15% 12.66%

Fig. 3.9 shows the results of the charging operation. At the beginning, for the battery
module control stage, the hierarchical controller is able to detect that the average SOC value of
battery module 1 is smaller than the average SOC values of battery module 2 and battery module
3. Therefore, the value of g1 is forced to be larger than the values of £ and Sz (51> 2 > f3),
which makes the average charging current of battery module 1 larger than the average charging
currents of battery module 2 and battery module 3 (Imod1_ref > Imodz_ref > Imods_ref). Similarly, for the
battery cells control stage, the battery cell SOC multipliers a11 through o33 are modulated based
the calculated SOC values of each battery cell. The values of a11 through asz are shown in Fig.
3.10b. Fig. 3.9c and Fig. 3.9d show the results of discharging current and SOC values of
different battery cells during the charging operation. It can be observed that the SOC values get
closer to each other and get balanced when t = 33 mins. After this time, all battery module SOC
multipliers remain equal (81 = 2= f3 = 1) and all battery cell SOC multipliers remain equal (a11
= a12=...= az3 = 1). As a result, the charging current of all battery cells is regulated at 1.3 A (0.5
C) after t = 33 mins. When t = 98 mins, the charging operation is switched from CCCM

operation to CVCM operation. When t = 127 mins, the charging current is less than 130 mA and
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the charging operation is terminated. The charging currents for the three battery cells in battery

module 1 (battery celli; through battery cell13) are shown in Fig. 3.10 for illustration.
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Fig. 3.9. Sample experimental results for charging operation mode (a) 1 through B3, (b) a1
through ass, (¢) charging currents for battery cells and (d) SOC values for battery cells
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Fig. 3.10. Charging currents for battery cells in battery module 1 for illustration.

3.6 Summary

This chapter presents a hierarchical SOC balancing controller to realize the SOC balancing
between multiple battery cells and between multiple battery modules at the inputs while at the
same time regulate the bus voltage at the output. During the charging operation, the SOC
balancing between multiple battery modules can be realized by modulating SOC multiplier 51
through Smand the SOC balancing between multiple battery cells can be realized by modulating
SOC multipliers ar1 through ar. During the charging operation, the reference charging current
for each battery cell is obtained from the initial reference charging current lavg_ref by
multiplying/scaling the SOC multipliers f1 through pmand SOC multipliers ar1 through am
respectively. The performance of the presented hierarchical SOC balancing controller and the
hierarchical distributed battery system is evaluated and validated by an experimental prototype.
The experimental results show that the SOC balancing between multiple battery cells and battery
modules can realized within 20 mins during the discharging operation and remain balanced until
the end of operation. For charging operation, the SOC balancing between battery cells can be

realized when t = 33 mins.
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CHAPTER 4

CONTROL SCHEME AND ARCHITECTURE FOR WIRELESS DISTRIBUTED AND

ENABLED BATTERY ENERGY STORAGE SYSTEM

4.1 Introduction

As discussed in Introduction, the “Range Anxiety” is one of the major/top reasons/barriers
slowing down the adoption of Electric Vehicles (EVs). Even though different methods have been
proposed to deal with the problem of range anxiety. Some drawbacks associated with these
methods still exist.

WPT systems are increasingly being adopted or considered for power delivery in several
applications, especially those which require battery charging [76-82]. This is due to several
advantages that WPT power delivery can provide, including convenience and safety. It is shown
in the literature that for EV charging applications, >85% total wireless power charging system
efficiency can be achieved [76].

This chapter presents controller for a battery system that utilizes as parts of it three
different technologies: Wireless power, wireless communication, and a new wirelessly
distributed energy sharing and regulation based control scheme. What is presented in this chapter
is a control method for a Wirelessly Enabled and Distributed battery Energy Storage (WEDES)
system concept. In a WEDES system, there are several independent battery modules (WEDES-

MX modules) that transfer both power and information wirelessly to an On-Board Unit (OBU).
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As apparent from the next sections, the WEDES system when utilized in Electric Vehicle
(EV) application, can allow for fast and safe exchange/swapping of WEDES-MX modules at an
exchange station, home, or work and therefore potentially eliminating the range (mileage)
anxiety issue that is associated with EVs’ range and needed recharging time. Thanks to the
wirelessly distributed control architecture and the WEDES system, the exchange is safe because
each WEDES-MX module is completely enclosed with no wired/conductive electrical
connection to the outside. The exchange is fast because the weight of each individual WEDES-
MX module is a portion of the weight of the total system and can potentially be handled by an
average healthy person and because exchanging a WEDES-MX module can be as simple as
sliding it out of a slot and sliding a new charged one into the slot. The presented control and
power electronic system architecture makes these characteristics and advantages of the WEDES
system possible. Moreover, the presented wirelessly distributed controller allows the WEDES
system to achieve and maintain SOC balancing as the WEDES-MX modules are

exchanged/swapped and if they are not matched.

4.2 Principle of the WEDES system architecture and implementation requirements
Before presenting the wirelessly distributed WEDES controller in the next section, this
section discusses the WEDES system architecture. Fig. 4.1 shows an illustration of a general
diagram for an EV with a conventional battery pack and electric drive system (the location of the
battery is just for illustration purposes while keeping in mind that the actual location of the
battery might be different in practical EVs). The battery pack supplies a nonregulated bus
voltage to the rest of the system. Depending on the type of the electric drive, DC or AC, the bus

voltage from the battery is regulated to a DC voltage or AC voltage. In this case, the battery pack
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is usually large, heavy, and not easily swappable. The battery pack would need to be charged

while in the EV, either through a wired/conductive connection or wirelessly (e.g. inductive).

Electric Drive
System

Fig. 4.1. lllustration of a general diagram for an EV with a conventional battery pack and
electric drive.

Consider the case when a conventional battery pack is divided into N battery modules as
illustrated in Fig. 4.2a (which is usually the case inside a state-of-the-art battery back). However,
consider that in this case, unlike in conventional battery pack, if each of these modules is inside an
enclosure with no wired/conductive connection to the outside as illustrated in Fig. 4.2b. This is the
first step which yields to what is referred to in this chapter by the Wirelessly Enabled and
Distributed battery Energy Storage (WEDES) system with several independent battery modules

(WEDES-MX modules).

WEDES-MX modules in each
On—bogrd module host slot

Electric Drive
System

*~..On-Board Unit (OBU)
with host slots

(@
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(©)
Fig. 4.2. lllustration diagrams for the presented WEDES system for EV application: (a)

EV with example WEDES-MX and OBUs, (b) WEDES-MX module example
mechanical design, and (c) example host slots of the OBU.

On-Board Unit (OBU)

Fig. 4.3. Block diagram to illustrate the general WEDES system concept and architecture.
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Each WEDES-MX module includes battery cells in addition to dedicated electronics and
wirelessly exchanges power, information, and control commands with an On-Board Unit (OBU)
as illustrated in Fig. 4.2 and Fig. 4.3. The OBU combines the power from multiple WEDES-MX
modules and deliver a regulated voltage/current/power to the rest of the system.

Fig. 4.2b shows an illustration of how a WEDES-MX module conceptual design might
look like. It is a box container with a handle (for carrying/handling) that communicates with the
OBU through an inductive wireless power transfer and a low-power short-range communications
(LP-SRC). The OBU includes host slots, as illustrated in Fig. 4.2c, which accept the insertion of
WEDES-MX modules (for example using tracks for sliding mechanism as illustrated in Fig.
4.2b). As a result, the WEDES-MX modules are easily removable and swappable. They can
potentially be replaced with charged modules within approximately the same time it takes to fill
up a tank of a fossil fuel gasoline vehicle and within a shorter time that it takes to charge a
conventional battery pack integrated in an EV (by using most available chargers nowadays). The
uncharged WEDES-MX modules can be charged outside the EV using a charging station with
host slots.

In order for the WEDES system concept to function and be usable and advantageous, the
system and its controller (the WEDES controller) should have the following characteristic:

(1) The WEDES system and controller should be able to control the SOC of each WEDES-
MX module such that the energy drawn from each module is based on its SOC value and such
that SOC balancing is achieved even when asymmetrically charged modules are used/inserted.

(2) The WEDES-MX modules should not need to communicate with each other and only

need to communicate with the OBU, which is the assumption in this chapter. Otherwise the
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WEDES system becomes impractical and WEDES-MX modules cannot be easily exchanged and
swapped between multiple EVs.

(3) Itis desired that the OBU is able to have a controller that allows it to operate with
multiple WEDES-MX modules (N modules) when they are all inserted in the receiving host and
when one or some of the WEDES-MX modules are missing from the host (up to a limited M
number of missing modules based on a given design). For example, for an OBU that can accept
N =9 WEDES-MX modules, the system might be designed to be able to still operate with N - M
=9 -3 =6 WEDES-MX modules. This is desired in order for the system to operate either when
one or more WEDES-MX modules become fully discharged or faulty (turned-off because a fault
is detected or for other safety/protection reason) or when one or more WEDES-MX modules are
being swapped or exchanged.

(4) The weight of each WEDES-MX module can be no higher than what a healthy person
(adult) with average strength can lift off ground for a short time during exchange/swapping.

It should be noted that under the assumption that conventional existing gas (fossil fuel)
stations have WEDES-MX modules in stock and that users/drivers can swap WEDES-MX at all
or most gas stations that exist today, the total battery system’s capacity might not need to be as
large as it is in today’s conventional battery packs for EVS. This is because of swapping
availability and relative easiness.

While the earlier discussion in this chapter and the rest of this chapter assumes that the
complete battery pack is divided into N WEDES-MX modules in the WEDES system, another
option is to have part of the battery pack kept fixed and part is transformed to WEDES-MX

modules. For example, 15 kWh part of a 35 kWh battery pack can be replaced by 5 swappable
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WEDES-MX modules and 20 kWh part is kept fixed/non-swappable (as if it is the sixth
WEDES-MX module in terms of how it is controlled).

The next question this chapter addresses is: What is the control architectures and possible
power electronic implementation that would make the WEDES system has most of the
characteristics described earlier. Next section presents the proposed operation concept and
proposed wirelessly distributed controller, which has the potential to make the WEDES system
realizable and practical.

4.3 The WEDES controller and its operation principle

Fig. 4.4 shows an illustration for a more detailed (than Fig. 4.3) block diagram of the
WEDES system. Each WEDES-MX module consists of the following main parts:

(1) Battery cells that are connected in series and/or in parallel combination. This forms a
battery bank which determines the voltage, current, power, and energy capabilities of each
WEDEX-MX module.

(2) A DC-DC power converter (e.g. boost converter in the design example of this chapter
and its experiment) with closed-loop control. The input to this converter is the battery bank in (1)
and the output is a regulated DC voltage (VMX1 through VMXN) that is adjusted to realize SOC
balancing control and bus voltage regulation as described later in this section. This output is
connected to an inverter power stage.

(3) An open-loop DC-AC inverter stage with fixed duty cycle such as a half-bridge (or full-
bridge) with 50% duty-cycle. The input to this inverter is the DC voltage from the DC-DC power
converter in (2) and the output is an AC voltage/current that is applied to the Inductive Wireless

Power (I-WPT) transmitter (Tx) for inductively transmitting wireless power to the OBU.
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Fig.4.4. lllustration showing block diagram of a possible internal structure/configuration
for WEDES-MX modules and OBU of the WEDES system (power electronics, WPT,
communications... etc.).

The OBU mainly consists of the I-WPT receiver (Rx) coils followed by power stage for
AC-DC rectification/conversion or AC-AC conversion. While there are several ways to generate
a combined output as illustrated in Fig. 4.4, this chapter focuses on the following configuration:
Each Rx coil is connected to a diode full-bridge rectifier and the DC outputs (Vo1 through Von) of
the rectifiers are connected in series (Vbus = Vo1 + Vo2 + ... + Von). Fig. 4.5 shows a simplified

illustration of a schematics of such possible implementation.
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Fig. 4.5. lllustration of simplified schematics of an example implementation for the
WEDES system power electronics (see also Fig. 4.4 and Fig. 4.6).

Fig. 4.6 shows a simplified diagram for the presented wirelessly distributed WEDES
controller. The black/dark parts of Fig. 4.6 indicate that they are realized as a part of the OBU,
while the blue/light parts indicate that they are realized as a part of the WEDES-MX modules.
The WEDES controller consists of two main control loops, the bus voltage control loop and the
SOC (State-Of-Charge) control loop. The bus voltage control loop regulates the total output bus
voltage Vbus of the OBU which supplies power to a load while using the SOC multiplier values
amx1 through amxn generated by the SOC control loop in order to archive SOC balancing

between N WEDES-MX modules. The WEDES controller archives SOC balancing by

72



mismatching the values of the output voltages Vmx: through Vmxn of the DC-DC power
converter stages in each of the N WEDES-MX modules (refer to Fig. 4.4 through Fig. 4.6).
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Fig. 4.6. Diagram of the Wirelessly Distributed WEDES Controller: Black/dark color
indicates being part of the OBU and blue/light color indicates being part of WEDES-
MX modules.
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The first stage of the bus voltage control loop (upper left part in Fig. 4.6) uses a closed-loop
compensator with a transfer function Gy.bys in order to compare the desired value of the bus
voltage Vius-ref to the measured value of Vyus and generate the value Vmx-total. The value of Vux-
total @S given by Equ. (4.1) represents the needed sum/total value of Vmxi through Vmx in order
to achieve the desired Vyus value, even when there is a power loss (and therefore efficiency)
mismatch between the power paths and wireless power links of the different modules (which is
an important part of the presented controller). The Vmx-total Value is then multiplied by the
weighting factors Apc1 through Apcn as given by Equ. (4.2) in order to generate the reference
values Vmxi-pe-ref through Vmxn-pe-ref @s given by Equ. (4.3), wherer=1, 2, ..., N and N is the
number of active WEDES-MX modules. In Equ. (4.2) and Equ. (4.3), amx1 through amxn are the
SOC multipliers that are generated by the SOC loop and dmx1 through dmxn are enable/disable
values each with either “1” value or “0” value. When an r' WEDES-MX module is detected by
the WEDES-MX controller in the OBU, its corresponding dmxr value is set to “1” in order to
account for it in the controller’s operation, otherwise it is set to “0.” This detection is performed
by checking if the voltage across the capacitor (Cosu1, Cosuz, or Cosus in Fig. 4.5) of AC-DC or
bridge rectifier is above certain value Ven or not (e.g. Ven> 1 V).

Vmx-totat = Vmx1 + Vuxz + -+ Vuxn (4.1)

Smxr X Amxr (4.2)

A =
ber (Omx1 X apmx1)t (Gmxz X apmx2)++ (Smxn X amxn)

Wherer =1,2,...,N, Syx =0or 1,and YN, Ape = 1.

VMx—total X SMxr X Amxr
Vvisr—po— = Vyx_ X A = 4.3
MXr-DC-ref MX—total ber (Omx1 X amx1)t (Gmxz X apmx2)++ (SMxN X aMxN) ( )

Note that if SOC multiplier amxa through amxn are equal, the values of Vmxi-pc-rer through
Vmxn-De-ref are also equal. This condition occurs when the SOC of all WEDES-MX modules are

equal and the design of all WEDES-MX modules and their WPT links to the OBU are
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symmetric. The OBU wirelessly transmits Vmxi-pc-ref through Vmxn-pc-ref via the LP-SRC link to
the WEDES-MX modules (one value for each module). The r'" Vuxr-pc-rer Value received by the
r'" WEDES-MX module serves as the voltage reference value for the r'" output voltage Vivx: of
the r'" DC-DC power converter stage in the r'm WEDES-MX module (refer to Fig. 4.4 through
Fig. 4.6). The closed-loop compensator with transfer function Guux regulates Vmx: through
Vmxn by comparing them to Vmxi-pc-ref through Vmxn-pe-ref.

The SOC control loop generates the SOC multiplier values amxi1 through amxn by
comparing the SOC values SOCwmxi through SOCwmxn (which are sent wirelessly by the WEDES-
MX modules to the OBU via the LP-SRC link) to a reference value SOCwmx-v-ref S given by Equ.
(4.4). This is done by using closed-loop compensators with transfer function Gysoc in order to
generate the SOC multiplier values amxi through amxn used by the bus voltage control loop

which is describe earlier and as shown in Equ. (4.2) and Equ. (4.3).

SOC _ (M x1XS0CMx1)+(SMmx2X SOCyx2)+ -+ (EMxNXSOCpxN) (4 4)
MX-v-ref Smxit Smxz++EMxN '

Where Syx1 + Suxz2 + -+ + duxn = N when all modules are inserted and active.

The operation of the WEDES controller described above based on Fig. 4.6 guarantees that
(1) the bus voltage is always regulated at the desired value, (2) the WEDES-MX modules are
forced to reach a balanced SOC condition if they were initially unbalanced, and (3) the SOC
balance between the WEDES-MX modules is maintained after achieving the SOC balance.

The main two sets of control parameters that are transmitted wirelessly between the OBU
and the WEDES-MX modules are the SOC set of values, SOCmx1 through SOCmxn, which are
transmitted from the WEDES-MX modules to the OBU and the set of voltage reference values,
Vmxi-pe-ref through Vmxn-pc-ref, which are transmitted from the OBU to the WEDES-MX

modules.
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It might be important to emphasize the need for this part of the controller that generates
Vmx-total From Vpus-ref and Vius (Upper left part in Fig. 4.6). This part of the controller is one of the
most unique parts to the WEDES controller (in addition to other unique aspects such as the
wirelessly distributed control scheme with SOC balancing) and it is needed especially because of
the nature of the WEDES system architecture and the existence of multiple wireless power links
which can have mismatches. If the outputs of the DC-DC boost converters are directly connected
in series to form the bus voltage Vbus, then simply Vvx-total = Vbus. However, since in the
WEDES system this is not the case, and because there is the DC-AC stage, WPT link stage, and
AC-DC stage that have less than 100% efficiency, this will result in needing Vmx-total > Vbus,
which requires its own closed-loop control to be determined. The value of Vmx-total depends on

the conversion ratios and losses of these stages between input and the output at the OBU side.

4.4 Proof-Of-Concept experimental prototype results

This section presents results obtained from a low-power scaled-down proof-of-concept
(POC) prototype. The purpose of this POC prototype is to validate and evaluate the presented
WEDES controller and system. The operation principle of the presented wirelessly distributed
controller should not be different under different power/energy levels.

The POC consists of three WEDES-MX modules and its implementation follows the
description given throughout this chapter especially in Section 4.3, Fig. 4.5 and Fig. 4.6. Five 2.6
Ah 18650-size cylindrical lithium-ion battery cells each with a nominal voltage of 3.7 V [75] that
are connected in series (total nominal voltage of 18.5 V) are used in each WEDES-MX modules
(at the input of each DC-DC boost power converter). The DC-DC boost converter is with a
switching frequency of 150 kHz and a power inductor of 4.7 pH. The switching frequency of the

DC-AC bridge stage for WPT is 50 kHz. Commercially available WPT coils with magnetic layer
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from Wurth Electronics Inc. (manufacturer part number 760308100110) are used at the TX side
(WEDES-MX module output) and Rx side (OBU inputs). Some of the main nominal
specifications of this WPT coil include 24 pH inductance, 70 m€Q DC resistance, and 10 A
saturation current. A full bridge rectifier diode at the output of each WPT Rx coil in the OBU is
used and the outputs of all bridge rectifiers are connected in series as illustrated in Fig. 4.5.

In this POC prototype, Texas Instruments Wi-Fi wireless microcontroller CC3200, which
combines wireless communication, ADC module and PWM module, is used. TP-link router TL-
WRB841N is used to generate a Local Area Network (LAN) for wireless communication (internet
connection is not necessarily required and not used in this implementation).

In order to evaluate the system under balanced and unbalanced SOC conditions and with
the removal and insertion of a WEDES-MX module, the results were obtained under the
following order of steps and related conditions (In addition, Fig. 4.7 shows an illustration
diagram for the timeline of this experiment):

Step 1: The experiment is started (at t = 0 minutes) with deliberate SOC mismatch between
the three WEDES-MX modules. The SOC for WEDES-MX1, WEDES-MX2, and WEDES-
MX3 modules at the beginning of the experiment are approximately 98.3%, 96.3%, and 94.7%,
respectively. The bus voltage reference is set at 30V and the load current is set to 2 A. The
results in Fig. 4.8 through Fig. 4.10 show that the WEDES controller is able to always maintain a
regulated bus voltage while performing SOC balancing, which is achieved after less than 10
minutes (after about 7 minutes the SOC values are already very close to each other). During this
10 minutes duration (and thereafter), the WEDES controller adaptively adjusts the weighting
factors Apc1 through Apcs in order to adjust the output voltage of each boost converter (Vmx:

through Vmxs by adjusting Vmxi-pc-ref through Vmxs-pe-ref) in order to balance the SOC values
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(SOCwmx1 through SOCwmx3) of the modules. In this experiment, the allowed variation range for
Vmx1 through Viuxs by design is 22V to 45V. It can be observed from the results shown in Fig.
4.9 that the sum of all weighting factors Apc1 through Apcsis always equal to one (both during
SOC balancing and after the SOC values are balanced, Abc1+ Apc2 + Apcz =1). Moreover, as can
be observed from Fig. 4.10, the bus voltage (at the OBU side) is also regulated at the desired
value during when the SOC values are balanced and when they are not.

Step 2: At t =20 minutes, one of the modules, the WEDES-MX1 module (refer to Fig. 4.4
and Fig. 4.5), is removed from the WEDES system in order to evaluate the performance of the
WEDES controller under the removal or disabling of a module. The WEDES controller (the part
of the controller at the OBU side) detects that the voltage received from the WEDES-MX1
module has dropped below 1V and sets the corresponding enable/disable variable dmx1 = 0 (dmx2
= dmxs =1). As shown in Fig. 4.9, the controller starts to respond by adjusting the values of Apc2
and Apcsz in order to maintain SOC balancing and bus voltage regulation at the OBU side (with
two modules instead of three) by automatically adjusting (increasing) the values of weighting
factors Apcz2 and Apcs (while maintaining Apc2 + Apcz =1). Note that since the power/energy being
drawn only from WEDES-MX2 module and WEDES-MX3 module and not from the
removed/disabled WEDES-MX1 module, SOCmx2 and SOCwmxs values decrease while SOCwix1
value stays at a constant value.

It might be important to note that in practice, the disabling/removal and enabling/insertion
of a module might be better to be done when the system is turned off and then the system is
started after the removal process is completed. This is in order to avoid overshoot/undershoot in
the bus voltage because of large change in the input voltage from the batteries as a result of

removal and insertion of a module. However, the experimental results (Fig. 4.8 through Fig.
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4.10) in this chapter are shown when module disabling/removal and enabling/insertion is done
while the system is powered on in order to illustrate the ability of the WEDES controller to
respond very well to large changes by rebalancing SOC values and regulating the bus voltage.
Step 3: After 3 minutes from the removal of WEDES-MX1 module, WEDES-MX1 module
is inserted back into the WEDES system at t = 23 minutes. The system now operates with three
modules again as in Step 1. The WEDES controller detects that the voltage received from the
WEDES-MX1 module is above 1 V and sets the corresponding enable/disable variable dmx1 = 1
(Omx1 = dmx2 = dmxz =1). Since WEDES-MX1 module was removed/disabled for 3 minutes,
SOCwmx1 value is now larger than the values of SOCmx2 and SOCwmxs (by about 4% as can be
observed from Fig. 4.8). The results (Fig. 4.8 through Fig. 4.10) show that the WEDES controller
goes through an operation stage to rebalance the SOC values of the three modules. The bus
voltage is maintained regulated at its 30V desired value at all times during the operation. The
three weighting factor values (Apc1 through Apcs in Fig. 4.9) vary during the rebalancing process
before they settle down to their steady-state values at t = 35 minutes. Note that the variation of
the weighting factors does not affect bus voltage regulation (Fig. 6.10), which is regulated at all

times.

Step 1: Start Step 2: Remove Step 4: Remove Step 6: Remove Step 8: End
of operation WEDES-MX1 module || WEDES-MX2 module || WEDES-MX3 module || of operation

r/ r/ | / | / | r/
-
! ! ! ! ) s
Time
0 20 23 40 4‘3\ 60 gé\ 95 i

Step 3: Insert back Step 5: Insert back Step 7: Insert back
WEDES-MX1 module || WEDES-MX2 module || WEDES-MX3 module

Fig. 4.7. An illustration diagram for the timeline of the experiment

Step 4: This is step is similar to Step 2 but with WEDES-MX2 removed from the WEDES

system (at t = 40 minutes).
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Step 5: This is step is similar to Step 3 but with WEDES-MX2 inserted back into the

WEDES system (at t = 43 minutes).

SOC Values for Full Dischar;

% SOC

0 5 10

15 20 25 30 35 40 45 50 55
Time (Minutes)

ge Cycle

—50C MX1
SOC MX2
S0C MX3

Zoom-in View 1-10 minuites on SOC During Discharge Cycle Zoom-in View 15-35 minuites on SOC During Discharge Cycle
100 90
98 -8-SOCMX1 | 85 ;L -2-50C MX1
% 4 socmMxz | 0l o SOC MX2
o o :
8 a4 SOC MX3 a 75 SOC MX3
® ®
92 70
-
S0 65 1
88 - 60 - |
1 2 3 4 5 6 7 8 9 10 15 17 19 21 23 25 27 29 31 33 35
Time (Minutes) Time (Minutes)

(b)

(©

Fig. 4.8. Experimental results for the SOC values (SOCMX1, SOCMX2, and SOCMX3) of the
three WEDES-MX modules during discharging: (a) Full discharge cycle, (b) zoom-in view
during time 1-10 minutes (during initial SOC balancing), and zoon-in view during time 15-35

minutes (when WEDES-MX1 is removed/disabled then inserted/enabled).
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Fig. 4.9. Experimental results for the weighting factor values (Apc1, Abcz, and Apcs) Of
the three WEDES-MX modules during discharging: (a) Full discharge cycle, (b) zoom-
in view during time 1-10 minutes (during initial SOC balancing), and (c) zoon-in view
during time 15-35 minutes (when WEDES-MX1 is removed/disabled then

inserted/enabled).
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Fig. 4.10. Experimental results for the bus voltage Vuus and the three OBU voltages (Vo1, Vo2,

and Ve3) that form/their sum is Vs

Step 6: This is step is similar to Step 2 but with WEDES-MX3 removed from the WEDES

system (at t = 60 minutes).
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Step 7: This is step is similar to Step 3 but with WEDES-MX3 inserted back into the
WEDES system (at t = 63 minutes).
Step 8: The WEDES system with the three modules is kept operational until all three

WEDES-MX modules are fully discharged at the same times (at t = 95 minutes).

45 Summary

The presented wirelessly distributed WEDES controller and power electronics architecture
makes the Wirelessly Distributed and Enabled Battery System (WEDES system) possible and
practical. The contribution of this chapter can be summarized as follows:

(1) The presentation of a power electronics realization (Fig. 4.5) of a battery energy storage
system that uses/employs wireless power transfer as an embedded part (and not only for
conventional wireless charging of the battery) in order to open the possibility for making
battery swapping more practical, safer, and faster.

(2) The presentation and development of the novel WEDES controller (Fig. 4.6) which
consists of several control loops with wireless communications that allow for
maintaining SOC balancing and voltage regulation even under removal and insertion of a
module and with the existence of several WPT links which might not be fully symmetric
under practical conditions. Equations (4.1) through (4.4) explains part of the operation
principle of the WEDES controller.

(3) The WEDES controller consists of an SOC control loop and two voltage control loops.
The two voltage control loops are interconnected with each other and with the SOC
control loop such that SOC balancing can be realized while at the same time maintaining

bus voltage regulation without the need for an additional power stage. In other words,
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same power electronics is utilized for SOC balancing of modules and for output bus
voltage regulation.

(4) The wireless communication is utilized such that the removal and insertion (swapping)
of WEDES-MX modules and/or a missing WEDES-MX module do not interrupt the
operation of the WEDES system.

(5) The chapter as a whole presents and validates a concept with high potential for reducing
range anxiety associated with electric vehicles after presenting a literature review in
Section 1 for state-of-the-art methods and comparing their advantages and drawbacks.

The WEDES system with the presented controller is a possible candidate for a battery
system that has the potential to reduce range anxiety that is associated with EV's by making
battery exchange/swapping easier, safer, and faster. This is because of multiple reasons such as:

(1) Swapping/exchanging WEDES-MX modules does not require trained personnel and can
potentially be done by a healthy person (adult) with average strength that can handle and
carry a WEDES-MX module (like handling and carrying a gasoline container).

(2) Each WEDES-MX module is sealed in a completely closed container with power and
information being transferred wirelessly. No electrical or mechanical connections needs
to be handled. Therefore, the swapping/exchange is made fast, safe and relatively easy.

(3) The required infrastructure for the exchange locations is minimal. Each WEDES-MX
module can be recharged wirelessly using charging host slots as shown in Fig. 4.2¢ for
example which can exist as a part of vending machine like unit. The recharging does not
need to happen at fast rates and can be scheduled to occur during low energy demand
from the grid and/or when renewable energy is available. The modules can also

potentially be charged while inserted in the vehicle through the OBU of the vehicle (in

83



this case, the diode-based bridge rectifiers of the OBU would have to be replaced with
active/transistor switch-based rectifiers to allow for bi-directional power flow).

(4) The WEDES controller is able to rebalance the SOC of several WEDES-MX in the EV
when inserted even if they have SOC mismatch (asymmetrically charged) and even if
they have different capacities. The WEDES controller automatically adjusts the rate of
discharge from each module regardless of its capacity such that SOC balancing is
achieved and maintained.

(5) The WEDES controller does not require the WEDES-MX modules to communicate with
each other and only need to communicate with the OBU. Therefore, the failure of a
module or a shutdown of a module (e.g. for safety before it fails) will not interrupt the
operation of the system. Therefore, the EV can continue to operate until the failed
module is replaced.

(6) The WEDES system with the WEDES controller allows for sharing and swapping the
WEDES-MX modules between EVs when needed. This potentially can be even easier
than pumping gas from a vehicle to another.

(7) As battery technology advances, for example to achieve higher energy densities, newer
WEDES-MX modules with the same size can have higher capacities and can be used in
the same EVs with other new modules or old modules without the need to replace all the
battery system or all the WEDES-MX modules.

Future work includes but is not limited to developing a prototype with higher
power/voltage/current rating, testing and evaluating the system in an actual EV, developing

charging unit, and investigating different deployment and business models and scenarios.
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CHAPTER 5

MODELING AND CONTROL OF RECONFIGURABLE WIRELESS POWER

TRANSFER SYSTEM

5.1 Introduction

In a WPT system, higher transmission efficiency and regulated load voltage/power are
two design targets or criteria of interest. In order to achieve higher transmission efficiency and
longer transmission distance, higher coil quality factor and stronger magnetic coupling between
the transmitter (Tx) and the receiver (Rx) coils are needed.

In order to achieve higher transmission efficiency and longer transmission distance, higher
coil quality factor and stronger magnetic coupling between Tx and Rx coils are needed for both
the two-coil and the four-coil WPT systems. Higher quality factor of coils helps to reduce the
power loss due to the low parasitic resistances. When a given amount of power is injected into Tx
coil, variation of transmission distance (DIS) and/or misalignment conditions (MIS) will result in
the reduce of system efficiency due to the change in coupling factor between Tx and Rx. Many
literatures discussed various control methods to improve the transmission efficiency in WPT,
such as frequency tuning, capacitor tuning, drive/load loop reconfiguration, and impedance
matching, among others [9-14, 60-68]. However, all these methods have some drawbacks as

discussed in Introduction.
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In order to address the challenge of decreased efficiency in WPT system, this chapter
presents the modeling and evaluation of an adaptive closed-loop controller which maintains
constant receiver/load’s voltage/power and realizes transmission efficiency maximization for a
reconfigurable wireless power transfer (R-WPT) system under varying transmission distances
(DIS) and misalignment (MIS) conditions in addition to varying load conditions. In the R-WPT
system, a relay switch array is connected to several drive loops which are coupled with a
transmitter coil (Tx) and another relay switch array is connected to several load loops which are
coupled with receiver coil (Rx), respectively. The controller is realized to adaptively switch
between different sizes of drive loops and load loops. As a result, the loop-coil coupling factors are

optimized to realize transmission efficiency maximization at a given DIS/MIS condition.

5.2 Brief review of R-WPT System

The physical model and equivalent circuit model of the R-WPT system are illustrated in
Fig. 5.1 and the example design parameters are shown in Table 5.1. At the power transmitting
side, the drive loop is connected to a power amplifier through a drive loop switch on one side and
coupled with a Tx coil on the other side. The power amplifier is supplied by an adaptively
modulated voltage/power from a buck-boost power converter. At the power receiving side, the
load loop is connected to a rectifier and load through a load loop switch on one side and coupled

with an Rx coil on the other side.

The circuit model of the R-WPT system is illustrated as Fig. 5.1b, where drive/load loop is
modeled as an inductor in series with a resistor (Inductive-Resistive) and Tx/Rx coil is modeled
as an inductor in series with a capacitor and a resistor (Inductive-Resistive-Capacitive). Loops
and coils are coupled with coupling factor defined as given by (5.1), which is inversely

proportional to the distance between loops and/or coils [83-86], Myy is the mutual inductance.
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The self-resonance frequency (natural frequency) of Tx/Rx is defined as given by (5.2), where L

and C are coil inductance and capacitance, respectively.

M.
k = X 5 1 = 52
xy [TL, L, ( ) f 0 2mVLIC ( )
Tx Coil Rx Coil
Drive Loop Load Loop

Array Array

Vin Vconv Vamp
Buck-boost Power Rectifier &
conveter 1 1 Amplifier Load

D;1 D, frat D3 Vout [lout

L_ Siger _stls_ oSl
. C 1
: '"{ﬁé%{-ﬂ% 2 k—I Drivers || |
C,
| - 3
|
L__ _Dl_____Dz_{ﬂ—._’_

Switch Switch

selection ) ~_ selection
Wireless Communication
Primary Side Secondary Side
Controller Controller Tout

Fig. 5.1. lllustrations of the R-WPT system(?;) physical model (b) equivalent circuit model
When a™ drive loop switch and bt load loop switch are selected, which is referred to by
config_ab, the corresponding drive loop DLoop_a and the corresponding load loop LLoop_b are
connected to power source and load, respectively. Since all switches are in the same vertical
plane, no mechanical movement of coils and loops are required.
Based on the KVL equations of drive loop, Tx coil, Rx coil and load loop, the voltage ratio

of load to source Vout/Vamp (Vamp IS the output voltage of power amplifier) is derived as given by
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(5.3), where Zp a, ZT, Zr, and Z._ p are the impedance of drive loop, Tx coil, Rx coil and load
loop respectively as given by (5.4). In (5.3) and (5.4), variables “a” and “b” are drive/load loop

configuration numbers wherea=1,2...,mandb=1, 2..., n.

Table 5.1. Example design parameters of R-WPT system

Parameter Value Parameter Value Parameter Value Parameter Value
Coil Spiral  reoil 2mm Coilturns 5 Wire material Copper
structure
22 1.0
Lt Lr LH RpT, RpRr 03Q LpalLb LH Rpb_a, RpL b 0.1Q
36 220 1.15
L1 LH C1,C2, Co LF Cr, Cr nF fo 1 MHz
Dloop_1,
Krs 0.33 Kp 5 Ki 8000 Lloop_1 58 cm
diameter
Dloop_2, Dloop_3, Dloop_4, Dloop_5,
Lloop_2 54 cm Lloop 3 50 em Lloop_4 45¢m Lloop 5 4lem
Dloop_6, Coil outer Coil inner DC-DC 100
- 7 ] . 1
Lloop_6 37.cm diameter 60 cm diameter > om Converter fsw ~ kHz
ADC 100 (WMireless ) o
Communication - - - -

frequency  kHz delay

Vout —

Vamp

jw3kpr_ akTrKRL pLTLR\LD aLL bZL
(kpr_a®kRL’LD_aLTLRLL p0*+Zp aZTZRZL p)+ 0% (kDT a°LD_alTZRZL b+KTR*LTLRZD aZ1, p+kRLLRLL pZD_aZT)

(5.3)

ZD_a = ZS + RpD_a +j(‘)LD_a'ZL_b = ZL + RpL_b +ijL_b
. 1 . 1
Zr = Rpr +](ULT+E;ZR = Ryp +](ULR+E (5.4)

Reoir = RpT = RpR,Lcoil =Ly = LR,' Ceoit = Cr = CR,
The voltage ratio in (5.3) can be utilized in Sz1 parameter [83] to calculate transmission

efficiency # as given by (5.5) when the impedance of source and load are equal. It is noticed that
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once the system design is completed (resistance, inductance and capacitance values are set), Tx-
Rx coil coupling factor ktr, drive loop to Tx coil coupling factor kot, Rx coil to load loop
coupling factor krL and w are the main factors that influence the transmission efficiency.

2

N = 1S,,]? X 100% = |2M x 100% (5.5)

Vamp

In order to clarify the relationship between the transmission efficiency and loop-coil
coupling factor, a 3-D plot of transmission efficiency as a function of loop-coil coupling factor
kot and krL and Tx-Rx coil coupling factor ktr is illustrated in Fig. 5.2. To simplify the analysis,
the drive loop to Tx coil coupling factor kprand the load loop to Rx coil coupling factor kr_are
assumed to be equal (i.e. kuc = kot = krL). It can be observed from Fig. 5.2 that the system can
achieve a high transmission efficiency with a larger k.c value at shorter DIS (larger ktr), or with
a smaller kic value at a longer DIS (smaller kr). For example, at the point of P1 (longer DIS, krr
=0.11), a smaller k.c value (k.c = 0.05) is required to achieve a high transmission efficiency,
while at the point of P2 (shorter DIS, ktr = 0.17) in Fig. 5.2, a larger kic value (k.c = 0.15) is

required.

Transmission Efficiency (%) ...

o=
.=

0.05 “‘c\,eases

e T e —
Loop size

Fig. 5.2. Transmission efficiency as a function of k.c and kr
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Using the same conclusion as in reference [9-10], once the sizes of Tx and Rx coil are
fixed, the loop-coil coupling factor kot and kre are directly proportional to the loop size.
Therefore, a larger loop has a larger kot and krr, which can achieve a high transmission
efficiency at short DIS, while a smaller loop has a smaller kot and kr, which can achieve a high
transmission efficiency at longer DIS.

Therefore, the adaptive closed-loop controller is designed to improve transmission
efficiency by selecting between different sizes of drive loops and load loops under different
DIS/MIS conditions, while tuning the operation frequency of the power source to match with the

resonance frequency.

5.3 Small-signal modeling of R-WPT system

This section presents the small-signal modelling of the buck-boost converter, Class E

power amplifier, WPT coils and the complete closed-loop R-WPT system.

5.3.1 Transfer function of buck-boost Converter

Sl I—l S4
Vin Cll o0 hs, s, DZT_ T My
I briver -l | «—{ Driver . conv
- T

Fig. 5.3. The non-inverting buck-boost converter

The non-inverting buck-boost converter illustrated in Fig. 5.3 is used to boost/step-up or
buck/step-down the DC voltage applied to the input of the Class E power amplifier. In order to
analyze the control and stability performance of the system, the control-to-output transfer
function of the converter is needed. The transfer function of the DC-DC power stage when it is

operating in buck mode is given by (5.6) [86].
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Deonv(S) _ Veonw 1+srCy

> = T
di(s) Din(s)=0 D, 1+(ﬁ+7‘C2)S+L1C252

Gbuck (S ) =

(5.6)

Where Dj is the duty cycle, Vconv is the converter output voltage, L1 is the inductance, C; is the

output filter capacitance, r is the ESR of capacitor, Z; is the input impedance seen at the input of

power amplifier and |Z| is the magnitude of Z1. Similarly, the control-to-output transfer function

of the DC-DC power stage when it is operating in boost mode is given by (5.7) [86], where D> is

the duty cycle of boost stage.

Ly
(Veonv+STC2Veony) (1 _Sm)

Ghoost(s) = L1Cp 5 ( Ly .(1-D2)3>s+1_p
a-0p° \Gbpiz11" L 2

5.3.2 Transfer function of Class E power amplifier

|1 I—chock
_:_rwv\ N N
VChOCk SS —_ Cp ZZ Vamp Cp jr— ZZ Vamp

| Z, = -
(@) (b)
I
C = N
p== Z []Vamp 1.2, :Vamp
-

(©) (d)

Fig. 5.4. Class E power amplifier: (a) equivalent circuit of class E power amplifier, (b)
equivalent circuit when Ss is turned on, (c) equivalent circuit when Ss is turned off, and (d)

simplified equivalent circuit of (c).

(5.7)

The schematic of the class E power amplifier module is shown in Fig. 5.4a, input current

and voltage of the amplifier are the output current and voltage of buck-boost converter. Lchock iS
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a choke inductor with large inductance such that the current through Lchock has negligible AC
component [87]. Cp is the parasitic capacitor of MOSFET Ss and a PWM signal with 50% duty
cycle is used to drive Ss. Z> is the input impedance as seen at the input of Tx coil and |Z| is the
magnitude of Z,.

When Ss is turned on, as shown in Fig. 5.4b, Vamp_on 1S 0. When switch Ss is turned off,
current flows through the large inductor Lcnock to Cp and Z». The voltage source Veonv and Lehock
together are equivalent to a current source under the assumption that Lchock IS Very large, and
therefore, the equivalent circuit of the class E power amplifier can be simplified to Fig. 4c
during the off state of Ss. Based on the Thevenin’s and Norton’s Equivalent Circuits Theorems,

the average voltage V,,,,, in one time period T is calculated as given by (5.8).

1 T 1 D3T T
Vamp = T ) j(; Vamp (t)dt = T <j; Vampoffdt + «L TVampondt>

3

1CplZ, )2 [ 23T

The output-to-input transfer function of class E power amplifier can be calculated as:

—sD3T

_ Vamp®) _ 123l ) %l zie,
Gamp(8) =5 "0 =1z P ¥z €7 — 1) (5.9)
. A
Where Zy = ]‘ULchock + D3 1Z|+jwCp’

5.3.3 Transfer function of the R-WPT coil (Rx side to Tx side)

Based on (5.3), the output-to-input transfer function of the R-WPT coils is derived as given
by (5.10). Under the resonance condition, the transfer function in (5.10) can be simplified as
given by (5.11).

~53kpr kTRKRL, LTLR /LDaLLbZL

2 2 2 2 2
kDTa krL LDaLTLRLLb)S4—(kDTa LDaLTZRZLb+kTR LTLRZDaZLb+kRL LRLLbZDaZT)SZ+ZDaZTZRZLb

Geou(s) = (
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(5.10)

G ] | _ jkDT_akTRkRL_choilzQloop (5 11)
coillw=wo kTRZQcoilz+(1+kDT_akRL_bQcoilQloop)z .

Where Qi is the quality factor of Tx and Rx coils as given by (5.12-1) and Qioop is the quality

factor of drive loop and load loop as given by (5.12-2).

Qeoitlwmey, = —— [Feoit = 1 — Lolooi (5.12-1)
co =w, — = = .
Hlw=wo Reoit | Ceoil WoRcoilCeoil Reoil
Q | _ wolpg __ wolpp (5 12_2)
oovly=w, ~ Zs+Rppa  ZL+RpLb '

Assuming the cross coupling is ignored, the input impedance Z seen at the input of drive

loop is derived as given by (5.13).

2 2 2 2
W5kpT a“Lp_alT(ZRZL, +W5kRL p°LL_HLR)
Zz = ZD_a + b (513)

2 2
ZTZRZL p+w3KkRL b LL pLRZT+W5KTR*LTLRZL, b

5.3.4. Model of the complete closed-loop R-WPT system

Fig. 5.5 illustrates the simplified control block diagram for the output/load voltage
regulation of the R-WPT system. By modulating the duty cycle of the buck-boost converter, the
converter output voltage Vcony is stepped up/down and the output voltage of the load Vout can be
regulated at the desired value (Vrer) under different DIS/MIS conditions. Proportional-integral
(P1) controller is utilized as the closed-loop compensator as given by (5.14), where Ts is one
switching period and Ts = 10 |6 in the experiment. The Krs is the feedback/sensor gain (gain of
a resistive voltage divider in this chapter’s experiment). Gewwm iS the reciprocal of peak-peak
voltage of PWM ramp signal as expressed in (5.15) and is set to 1 in this chapter. e~** is the
total time delay, which includes ADC sampling delay (10 ps) and wireless communication

delay.
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Gy (s) = Kp + 1 = 2TIEE (5.14)

N

! (5.15)

Vramp_max—Vramp_min

Gpwm =

I
Vi Power Stage .
Compensator | in v 9€ and Rx coils |
\V/ D | . conv | vV
1,1| Buck-boost Power ) p out
Vrer E“) Gri(s) =] Cewm D,1|_converter [T |amplifier|”| Tx > RX .
| ' | Load
Vout Miaximum Voltage
Limited at Vconv < Vi,

-ST

€ B Krs B

Fig. 5.5 Hlustration of the control diagram of output/load voltage regulation in the R-WPT
system with time delay

As the distance increases, the efficiency becomes lower due to the decrease of Tx-Rx coil
coupling factor ktr. When the distance exceeds a certain value, it eventually becomes not
possible for Vout to track Vier because the buck-boost output voltage Vconv reaches its allowed
maximum value (refer to Fig. 5.5). If this condition occurs, the controller will fix the Vcony at its
maximum threshold value (i.e. Vin = 20 V in the experiment).

In summary, the output-to-control (output/load voltage to duty cycle) transfer function is
given by (5.16), where Gpi, Geonv, Gamp and Geoir are the transfer functions of digital P1

compensator, buck-boost converter, power amplifier, and R-WPT coils, respectively.
Gor = Gpr " Gpwm * Geony Gamp “Geoir " Krp - e ™ (5-16)
5.4 Stability analysis of R-WPT system

Under different DIS or MIS conditions, different optimum configurations are required to

improve the transmission efficiency. The values of loop-coil coupling factors kot and krr vary
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for different configurations (different sizes of drive and load loops), which influences the
transfer function of the overall R-WPT system. Therefore, it is important to evaluate the stability
of the R-WPT system and the performance of the adaptive closed-loop controller under different

loop-coil coupling factors and different DIS/MIS conditions.

Loop-coil coupling factor ki
0.38

0.35

0.32 /

0.26 == ~  Analytical Model
/ L-aid Method
0.23 |_— K-compensation Method
0.2
37 41 45 50 54 58

Diameter of drive/load loops (cm)

Fig. 5.6. kic as a function of the diameter of drive/load loops

Table 5.2. Bandwidth and phase margin under different ktr, kot and krr values/conditions (the *
indicates a condition when the operation is with the optimum kpr and kri under the given kTr)

Conditions krtr kot =kr. Bandwidth (kHz) Phase margin (9

*1 0.2 0.25 9.1 54.4
2 0.2 03 11.8 60.7
3 0.2 0.35 13.1 66.1
4 03 0.25 7.01 48

*5 03 03 8.85 53.7
6 03 0.35 11 59

7 04 0.25 5.93 44.2
8 04 03 7.35 49.2
*9 04 0.35 8.98 541
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The loop-coil coupling factors as a function of the diameter of drive/load loops are
calculated by using the analytical model in [9] and are measured by using inductance aiding
method and k-compensation method in [88]. The results are shown in Fig. 5.6. It can be
observed that the model results and measurement results are in good agreement. kic has a range
from 0.23 (when smallest size of drive/load loop is selected) to 0.35 (when largest size of

drive/load loop is selected).

s Krr= 0.3, kpt= kg = 0.3
kr = 0.2, kpt= kr = 0.25
—t Krr=0.4, kpr= kg = 0.35
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Fig. 5.7. Bode diagrams of the voltage regulation loop in R-WPT system (a) under the conditions
1, 5 and 9 (b) under the conditions 2, 5 and 8 (kot and krL are kept constant with no

reconfiguration)
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Based on the transfer function in (5.16), the bandwidth and phase margin of the voltage
regulation loop under different ktr, kot and krL values/conditions are summarized in Table 5.2.
It can be observed that when the loop-coil coupling factor kot and kry are fixed, both the
bandwidth and phase margin are inversely proportional to ktr. For example, when kpt = krL =
0.25, the bandwidth and phase margin decrease as krr increases from 0.2 to 0.4. On the other
hand, when krr is fixed, the bandwidth and phase margin are directly proportional to kpt and
krL. For example, when krr = 0.2, the bandwidth and phase margin increase as kot and krL
increase from 0.25 to 0.35. Therefore, a balance for the bandwidth and phase margin can be
achieved if kpt and krL and krr all increase or decrease.

In Table 5.2, when a large loop (a large kot and krL) at short distance (a large ktr) is
selected, or when a small loop (a small kot and krL) at long distance (a small ktr) is selected in
order to achieve maximum transmission efficiency, the bandwidth and phase margin of the
voltage regulation loop can remain almost unchanged. For example, under the conditions 1, 5
and 9 in Table Il (condition 1 indicates long DIS and small loop size, condition 5 indicates mid-
range DIS and middle loop size and condition 9 indicates short DIS and large loop size), the
bandwidth of the system are 9.1 kHz, 8.85 kHz and 8.98 kHz respectively (which are all around
9 kHz) and the phase margin are 54.4< 53.7<and 54.1< respectively (which are all around 54 .
Fig. 5.7a illustrates the bode diagram of the overall R-WPT system under the condition 1, 5 and
9in Table 5.2. It can be observed that the bode diagrams of these three conditions are same. This
would not be the case if the size of the drive loops and load loops are kept constant (no
reconfiguration) as DIS and MIS values change (as illustrated in Fig. 5.7b).

In conclusion, when different optimum configurations are selected under different

DIS/MIS conditions, the adaptive closed-loop controller is able to maintain the bandwidth and
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phase margin constant and stable, which guarantees the stability and consistent steady-state

accuracy and dynamic performance of the R-WPT system.

5.5 Maximum transmission efficiency tracking

Based on the analysis in Section 5.2, a high transmission efficiency can be achieved by
increasing the size of drive/load loop as distance between Tx and Rx becomes shorter, and by
decreasing the size of drive/load loop as distance between Tx and Rx becomes longer. There is
an optimum drive/load configuration selection to realize transmission efficiency maximization
under different DIS and/or MIS conditions. In order to clarify the process of maximum
transmission efficiency tracking (MTET), two terms are introduced: the first one is “local
maximum transmission efficiency 7iocal_a”’, Which is defined as the maximum efficiency point
that is detected when the controller perturbs the selection between different load loops
(LLoop_b, b=1, 2, ...n) for a given selection of an a™ drive loop (DLoop_a, a=1, 2, ... m). The
other term is “global maximum transmission efficiency #giobai”’, Which is the maximum value
among all the found #iocal_a Values. Therefore, #giobar is the desired maximum transmission
efficiency for the R-WPT system.

5.5.1. Local maximum transmission efficiency nlocal_a

By using Vector Network Analyzer (VNA E5061B), the transmission efficiency (5 = [S21/?)
values under different configurations and DIS/MIS conditions are measured and the results are
shown in Fig. 5.8. It can be observed that in Fig. 8a, the trend in the transmission efficiency
curves is gradual decrease as the size of load loop decreases from LLoop 1 to LLoop 6. The
local maximum transmission efficiency points #iocai a (@ =1, 2..., 6) occur at the start point where

the largest size of load loop (LLoop_1) for this design example is selected.
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In Fig. 5.8b, the trend in the transmission efficiency curves is gradual increase as the size of
load loop decreases from LLoop_1 to LLoop_4, and then gradual decrease as the size of load
loop decreases from LLoop_4 to LLoop_6 with one and only one peak value occurring at the
turning point from increase to decrease. As distance continues to increase, in Fig. 8c, the
transmission efficiency curves increase gradually as the size of load loop increases from
LLoop_1 to LLoop_6 and reach the maximum value at the end point. In Fig. 5.8c, the local
maximum transmission efficiency occurs at the smallest load loop (LLoop_6).

Based on the analysis above, it can be concluded that #iocar_a €ither occurs at the turning
point of the efficiency curves (as in Fig. 5.8b) or at the start points or end points of the efficiency

curves (as in Fig. 5.8a and Fig. 5.8c).

95Transmission Efficiency (%) oo Fansmission Efficiency (%)
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Fig. 5.8. Transmission efficiency curves with different configurations at (a) DIS=10cm,
MIS=10cm, (b) DIS=30cm, MIS=20cm and (c) DIS=60cm, M1S=30cm

99



5.5.2. Global maximum transmission efficiency nyglobal

Once different #i0cal Values are identified, the global maximum transmission efficiency
Ngloba_1 1 Searched for among 7iecal Values. Fig. 5.9 shows the #ioca Values under different DIS and
MIS conditions. It can be observed that when DIS = 10 cm and MIS = 10 cm, the efficiency
curve decreases gradually and #ioca_1 is the desired #giobal, While at the condition when DIS = 60
cm and MIS = 30 cm, the efficiency curve increases gradually and #iocai_s is the desired #giobal.

When DIS =30 cm and MIS = 20 cm, the efficiency curve has a gradual increasing trend
first from #ioca_1t0 #10cai_3z and then a gradual decreasing trend from #iocal_3 t0 #10cal_s. Therefore,

the turning point (i0cal_3) is the desired global maximum transmission efficiency #giobal.

Transmission Efficiency(%6) O Global Maximum
100 tar%’ Transmission Efficiency Points
Decreas
90 PE— o)
80 “morease  ,/  Decrease— —
70 Turning point End point‘\
60
50 ~fmcrease — DIS = 10cm, MIS = 10cm
40 == DIS =30cm, MIS = 20cm
30 DIS = 60cm, MIS = 30cm
Miocal_1  Miocal 2 Mocal_3 Hlocal_4 Miocal 5 Hlocal_6

Fig. 5.9. Local maximum transmission efficiency curves at different DIS and MIS conditions

It can be concluded that ngional €ither occurs at the turning point of the curves or at the start
points or end points of the curves. In addition, it should be noted that in the R-WPT system, in
order to achieve high resolution of drive/load loops selection and further improve the
transmission efficiency, more drive loops and load loops are required. In other words, the higher

the number of configurations used, the higher the transmission efficiency that can be achieved.

C. Maximum transmission efficiency tracking (MTET)
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Based on the earlier analysis and evaluation, in order to improve the tranmission efficiency
under different DIS or MIS conditions, frequency tuning is required to track the resonance
frequency when frequency splitting occurs and optimum configuration selection is required in
order to optimize the loop-coil coupling factor kot and krL. Therefore, the presented maximum
transmission efficiency tracking (MTET) algorithm in this chapter includes two sub-algorithms:
the optimum configuration selection sub-algorithm and the frequency tuning sub-algorithm. The

overall control flowchart of the MTET algorithm is illustrated in Fig. 5.10.

X=0, Y=0

| e m———e e — ————
| | Frequency tuning |

i sub-algorithm tuning |

Obtain |
|

MLocal_a | | Mo |

Fig. 5.10. Control flowchart of MTET control algorithm utilized in the presented R-WPT system
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As shown in Fig. 5.10, there are two loops in the optimum configuration selection sub-

algorithm: the inner algorithm loop searches for local maximum transmission efficiency 7iocal by
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perturbing different size of load loop, while the outer algorithm loop perturbs the size of the
drive loop to search for the global maximum transmission efficiency #giobal.

In the inner loop, the current transmission efficiency value #(b) is compared with previous
value #(b-1) to yield the direction change based on the sign of #dits = 5(b) - n(b-1). Similarly, the
direction change of load loop size (LLS) is determined by finding the sign of LLSgiss = LLS(b)-
LLS(b-1). If the signs of #qdiff and LLSqifr are the same, the load loop size is increased by ALLS (a
larger load loop is selected) and variable “Flagl” is set to 1 to remember the last perturbation
direction of load loops. Otherwise, if the signs of #ditr and LLSqits are opposite, the load loop size
is decreased by ALLS (a smaller load loop is selected) and variable “Flagl” is set to 0. As
illustrated in Fig. 5.10, if the current transmission efficiency and the previous transmission
efficiency are equal (#4iff = 0), which may occur because the resolution of ADC module is not
enough to detect the transmission efficiency change in the last load loop perturbation, Flagl is
used here to continue the operation in the last perturbation direction. During the perturbation
process, the load loop size is always compared and limited to the maximum size value (LLSmax)
and minimum size value (LLSmin). The variable M is incremented each time when load loop size
is increased and the variable N is incremented each time when load loop size is decreased. M and
N are used to record the perturbation times and once they are larger than the threshold value
(e.g., R=>5and S =5), the local maximum transmission efficiency #iocal IS Sent to the outer loop
part of the control algorithm.

Similar to the inner loop part of the algorithm, the outer loop part of the algorithm perturbs
different sizes of drive loops to search for the global maximum transmission efficiency #gioba.
The variable Flag2 is utilized to record the previous perturbation direction of drive loops, which

has similar function with Flagl in the inner loop. The variable X is incremented each time when
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drive loop size is increased and the variable Y is incremented each time when drive loop size is
decreased. Once X and Y are larger than the selected threshold value (e.g. X =5and Y = 5), the
optimum configuration is selected to achieve the maximum transmission efficiency. If the
operation condition changes (such as Rx coil moves close to or far from Tx coil) during the
process of perturbation, the presented MTET is able to select the new optimum configuration
adaptively based on the new operation condition.

It should be noted that in the MTET algorithm, the frequency tuning sub-algorithm and the
optimum configuration selection sub-algorithm are operating alternately. Once the MTET
algorithm is activated, the optimum configuration selection sub-algorithm operates first and then
the frequency tuning sub-algorithm starts. After one cycle of MTET algorithm finishes, there is a
delay time and the process repeats again. In practical operation, since the two sub-algorithms are
operating alternately, the operation frequency and configuration selection are always

dynamically optimized.

5.6 Proof-Of-Concept Experimental Prototype Results
5.6.1 System design

The experimental setup of the R-WPT system, which is illustrated in Fig. 5.11, is
developed in order to evaluate the operation of the presented adaptive closed-loop controller. The
main design parameters are shown in Table 5.1. TI microcontroller TMS320F28335 with 12-bit
ADC is utilized to realize MTET algorithm and output voltage regulation control loop.

In order to transmit the voltage/current information wirelessly, Bluetooth communication
technology [41] or Wi-Fi direct communication technology [42] can be used for this purpose.
However, for the purpose of proof of concept and experimental implementation in this chapter,

Texas Instruments Wi-Fi wireless chip CC3200 [89], which has a data transfer ability of 13
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Mbps, is used. TP-link router TL-WR841N [90] is used to generate a Local Area Network
(LAN) for wireless communication (internet connection is not necessarily required and not used
in this implementation).

To transfer the message of output voltage and current, a 24-bit data pack for wireless
communication is required (12-bit for the voltage and 12-bit for the current). Therefore, the data
transfer speed is calculated to be 13 Mbps / 24 bit = 542 kHz. The total delay time 7 of the
voltage regulation loop (as illustrated in Fig. 7), which includes ADC sampling delay time (1/100
kHz = 10 15) and wireless communication delay time (1/542 kHz = 1.85 ), is calculated to be
1.85+10=11.85 .. This delay time is considered in the transfer function of the voltage

regulation loop as given by Equ. (5.16).
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Fig. 5.11. Experimental prototype of the presented R-WPT system

In order to reduce the output/load voltage oscillation caused by MTET algorithm, the
speed of the voltage regulation compensator is much faster than the speed of MTET
compensator. In addition, in the experiment, the minimum output voltage of the Tx side power
converter Veonv (the one that supplies power to the power amplifier) is tracked instead of

maximum transmission efficiency. This is because the minimum Vcony is an equivalent condition
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to the maximum transmission efficiency when Vot is regulated (the voltage gain is maximized
and the transmission efficiency is maximized based on (5.3) and (5.5)).
5.6.2 Maximum transmission efficiency tracking without output voltage regulation

In this subsection, the presented MTET algorithm is evaluated when Vcony is fixed at 8 V
and the output voltage regulation algorithm is not activated (this is because it is not easy to
evaluate the performance of MTET algorithm if Vout is regulated at a constant value).

Fig. 5.12 shows the experimental results of Vout and control signals when DIS = 40 cm
without misalignment. Each control signal for one perturbation cycle lasts for 50 ms. In order to
clarify the tracking process, Fig. 5.12 can be divided into 6 stages. In the first stage, when
Dloop_1 is selected, Vout increases as the size of load loop decreases from LLoop_1 to LLoop_3.
Since the signs of Vairrand LLSqifr are opposite, the size of load loop continues to decrease until
Vout NO longer increases. At the end of stage 1 when LLoop_4 is selected, the output/load voltage
Vout decreases, so the perturbation direction of load loop needs to be reversed. In stage 2, the size
of load loop increases from LLoop_4 to LLoop_2 until the voltage perturbation direction
reverses again and the local maximum transmission efficiency point (occurring at Config_13) is
found. During stage 2, the load loop is perturbed several times around the peak value (Viocal 1 in
Fig. 5.12) to eliminate the influence of noise or measurement inaccuracy.

Similar with stage 1 and stage 2, in stage 3, Dloop_2 is selected and the size of load loop
decreases from LLoop_2 to LLoop_4 until the voltage perturbation direction is reversed. Since
the value of Viocar_2 IS larger than Vieca_1 (as illustrated in Fig. 10), the size of drive loop
continues to decrease until the perturbation direction of Vieca a (@=1, 2..., 6)is reversed and the

global maximum transmission efficiency occurs at the turning point. After the optimum
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configuration is selected, Vout is perturbed around the maximum value. The results are shown in

Fig. 5.13 which illustrates the perturbation process.
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Fig. 5.12. Output/load voltage and control signals for drive loops and load loops when DIS = 40
cmand MIS =0 cm
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Fig. 5.13. Output/load voltage perturbs around maximum value when DIS =40 cm and MIS =0
cm

In order to further test the DIS/MIS response of the MTET algorithm, additional

experiment is conducted by abruptly changing the distance between Tx coil and Rx coil. From
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the results shown in Fig. 5.14a, it can be observed that when DIS changes from 50 cm to 60 cm
without misalignment in Fig. 5.14a, the output/load voltage Vout drops during the movement
because of the decrease of Tx-Rx coil coupling factor krr, the presented MTET algorithm can
adaptively track the new maximum transmission efficiency point based on the new operation
condition. In Fig. 5.12b, Vou increases as MIS changes from 20 cm to 10 cm and MTET

algorithm can also adaptively track the new maximum transmission efficiency point.
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Fig. 5.14. Output/load voltage DIS/MIS response when distance between Tx and Rx changes

During the process of maximum transmission efficiency tracking, the search time for the
optimum configuration selection lasts approximately 1.5 s (30 perturbation cycles <50 ms = 1.5
s). Therefore, the presented MTET algorithm can realize the optimum configuration selection
within less than two seconds each time there is a change in DIS or MIS.

5.6.3 Transient response

In order to test the DIS/MIS response and verify the stability of the adaptive closed-loop
controller, transient response of DIS and MIS variations is also tested by abruptly changing the
DIS and MIS between Tx and Rx coils. Fig. 5.13 illustrates the experimental results under

different DIS/MIS transient condition, where each experimental test is conducted by moving Rx
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coil at a constant speed. It can be observed from Fig. 5.15 that during the MIS/DIS transient, the

controller is able to maintain output/load voltage regulation at 5V.
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Fig. 5.15. Output/load voltage response under DIS/MIS transient

5.6.4 Experimental results for battery charging

The R-WPT system with the adaptive controller is also tested when the load is a battery to
be charged. The 4.20 V battery (TENERGY ICR 18650-2600) used in the experiment has a
nominal capacity of 2.6 Ah (1 C). The experiment is conducted when the distance between Tx
and Rx coils is 50 cm without misalignment. The desired constant charging current is set to 0.2
C =0.52 A and the battery switches from constant current charging mode (CCCM) to constant
voltage charging mode (CVCM) when its terminal voltage reaches 4.20 V. The charging process
is terminated when the charging current drops to leng = 0.13 A.

Fig. 5.16 illustrates the battery charging results of the R-WPT system with the presented
adaptive controller and Fig. 5.17 illustrates the battery charging results without MTET algorithm
(no configurability, the size of load loop and load loop is fixed). It can be observed from Fig.

5.16 that, with the presented MTET algorithm, the battery charging current can be regulated at
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0.52 A and the converter output voltage is 16 V during CCCM. While in Fig. 5.17, the charging

current can only reach to 0.48 A and the converter output voltage is saturated (limited) at its

threshold value Vi = 20 V because of the relatively lower transmission efficiency when MTET

algorithm is not activated.
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Fig. 5.16. Battery charging results with the presented adaptive controller when DIS = 50 cm and
MIS =0 cm: (a) battery voltage and converter output voltage and (b) charging current and battery

SOC
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Fig. 5.17. Battery charging results without MTET algorithm (no configurability, the size of load
loop and load loop is fixed) when DIS=50 cm and MIS = 0 cm: (a) battery voltage and converter
output voltage and (b) charging current and battery SOC
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In Fig. 5.16 with the presented adaptive controller, the battery is fully charged within 300
minutes, while it takes more than 350 minutes (as shown in Fig. 5.17) to fully charge the battery
if the presented MTET algorithm is not activated.

5.6.5 Comparison of transmission efficiencies with different control methods in WPT
systems

The performance of the R-WPT system with the presented adaptive controller is also
compared with a conventional WPT system with no adaptive control (only one drive loop and
one load loop), a WPT systems with frequency tuning method, and a WPT system with capacitor
tuning method under various DIS conditions and MIS conditions.

Fig. 5.18a shows the measured transmission efficiency for different WPT systems under
different DIS conditions without misalignment. It can be observed that the presented R-WPT
system with MTET algorithm has the highest transmission efficiency. When DIS = 30 cm, the
transmission efficiency has increased by 4.5%, 7.1% and 6.7%, respectively compared to the
other three systems. When DIS = 80 cm, the transmission efficiency is improved from 31.99%
(conventional WPT system), 36.55% (frequency tuning WPT system) and 37.15% (capacitor
tuning WPT system) to 55.96% in the presented R-WPT system with MTET algorithm. Fig.
5.18b shows the transmission efficiency of the four systems as a function of MIS when DIS = 20
cm. It can be observed in Fig. 5.18b that the transmission efficiency of R-WPT system with
MTET algorithm is always the highest. Compared with other WPT systems when MIS =40 cm,

the transmission efficiency has increased by 13.9%, 17.7% and 21.0%, respectively.
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Fig. 5.18. Transmission efficiency as a function of (a) DIS without lateral misalignment and (b)
MIS when DIS=20 cm for the conventional WPT system, frequency tuning WPT system, capacitor
tuning WPT system and R-WPT with MTET control algorithm

5.7 Summary

This chapter evaluates an adaptive closed-loop controller in a R-WPT system, which can
achieve transmission efficiency maximization and output voltage regulation at the same time.
The controller is realized to adaptively switch between different sizes of drive loops and load
loops, while modulating the duty cycle of buck-boost converter. The performance of the adaptive

closed-loop controller is evaluated and verified by the experimental prototype built in the
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laboratory. Experiment results show that under different DIS or MIS conditions, the controller is
able to track the maximum transmission efficiency point within a relatively short time (less than
two seconds). During the transient by changing the DIS or MIS between Tx and Rx coils, the
controller responds appropriately and is able to maintain output/load voltage regulation at 5 V.
Moreover, the results reveal that the adaptive loops configurability with the presented controller
not only has the benefit of maintaining high transmission efficiency, but also it results in
maintaining the same characteristics of the output/load regulation control loop such as bandwidth

and phase margin under varying DIS and MIS conditions.

112



CHAPTER 6

INPUT POWER SPLITTING CONTROL OF MULTIPLE TRANSMITTERS WPT

SYSTEM

6.1 Introduction

This chapter presents another topology of WPT system in order to improve the efficiency
and/or achieve constant voltage/power delivered to the load. Unlike traditional single Tx single
Rx WPT system, WPT system with multiple transmitters (MTxXWPT) is a potential candidate to
improve system efficiency and extend the charging area with stable output power [91-98].
Different control methods have been developed in MTXWPT system. In reference [91], the
distance between two Tx coils is adjusted under different load conditions. This method is
effective to stabilize the output power of Rx coil under different positions between two Tx coils.
Similarly, reference [92] presents an angular rotation method to change the angular between the
two Tx coils and single Rx coil in order to optimize the coupling factors and improve efficiency.
However, in both [91] and [92], mechanical movement is required for Tx coils, which increases
the system size and volume in practical application.

In order to avoid the mechanical movement of Tx coils in MTXWPT system, some other

control methods have been presented in [93- 98] to improve efficiency and/or maintain constant

load power. In reference [93], large number of Tx coils are utilized to guarantee a constant output
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power at wide range area. However, in [93], all Tx coils are always powered on, which
leads to high conduction loss at all Tx coils. The same situation also occurs in [94].

In order to eliminate the conduction loss of Tx coils, one effective method is to deactivate
one or more Tx coils if the coupling factor between the Tx coils and Rx coil is negligible. For
example, reference [95] presents a control method to activate or deactivate Tx coils based on the
location of Rx coil. However, in [95], only one Tx coil is able to be activated at one time.

Besides the activation and deactivation methods mention above, references [96-98] present
the concept to adjust the input voltage or input current injected to each Tx coil. In [96-98], more
control flexibility is available to improve the efficiency because the “powering status” of Tx coils
is not just “ON” and “OFF” as in reference [95]. For example, in reference [96], the selection of
input currents (12 and 12) for two Tx coils is optimized based on the coupling factor between Tx
coils and Rx coil (ki and k2). However, in order to optimize the ratio of I and I> in real time, the
coupling factors ky and k> are required to be measured and calculated online, which increases the
complexity of the control algorithm implementation. Reference [98] presents a basic concept of
power splitting method in MTXWPT system to improve efficiency. However, in reference [98],
the output voltage regulation is not achieved and no closed-loop control algorithm is proposed or
developed to realize the power splitting.

The rest of the subsections in this chapter are organized as follows. Section 6.2 presents of
the architecture of the MTXWPT system and the theoretical model analysis is provided. In
Section 6.3, the detailed control algorithm of IPS method is discussed. The experimental results
are provided in Section 6.4 and the additional comments about the system operation are given in

Section 6.5. Section 6.6 is the final conclusion.
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6.2 Architecture and Model Analysis of MTXWPT System

The simplified block diagram and equivalent circuit of the presented MTXWPT system is
shown in Fig. 6.1. Series-series (SS) compensator topology is used in the system for its
simplicity of operation and high power density [99]. Other compensator topologies such as
series-parallel (SP), parallel-series (PS) and parallel-parallel (PP) [100-101] can also be used.
The operation principle of the presented controller and system is not impacted by the selection of

the compensator topology.

I ki ks

Vsl VSZ

Vin + Iin

Power Supply

(a)

X
)
A

Wy

=CR

(b)

Fig. 6.1. lllustration of the simplified MTXWPT system (a) Block diagram and (b) equivalent
circuit model.
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In order to simplify the analysis, a two Tx coils and single Rx coil WPT system is
considered. In Fig. 6.1a, ki, k2 and k12 are the coupling factors between Tx1 coil and Rx coil, Tx2
coil and Rx coil, and Tx1 coil and Tx2 coil, respectively. The coupling factor is diversely
proportional to the distance between Tx coil and Rx coil and can be calculated as given by Equ.
(6.1), where Myy is the mutual inductance between two coils and Lx and Ly are the coil self-

inductance.

My
by = e (6.1)

The input power values of the two Tx coils are P1 and P2, respectively, which can be
calculated using Equ. (6.2), where a; and a, are the input power splitting multipliers, Pin is the
input power, I1 is the RMS current through Tx1 colil, 12 is the RMS current through Tx2 coil and
I is the load current, and Vs and Vs are input voltages (see Fig. 6.1). Because the input voltages
applied to each Tx coil are from a single (same) power source/supply (Vsi= Vs2 = Vin), Equ. (6.2)
can be rewritten as Equ. (6.3).

Pi=Vyq X1l =a; X Py,
Py, =V X1, = ay X Py, (6.2)

A_L_=x (6.3)

P I az

The efficiency with two Tx coils and a single Rx coil in the MTXWPT system can be
calculated as given by Equ. (6.4), where Rrx = Ry + Ry = Ry + Ry, is the resistance for each

of the two Tx coils, Rgx = R, + Ry is the resistance of the Rx coil.

n _ lILI%Ry, _ RL
e T L 12(Rs1 +Rr1) +1I2 12 (Rsa+R72) +11L 12 (RL+RR)

(6.4)

2
1 a
RTX|i| (1+(a_i)2)+RRX
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By applying the KVL theory in the Rx coil model, Equ. (6.5) can be obtained, where M; =

ki\/L11 eqLr and M, = k,./L1, ¢qLg are the mutual inductance, Ly ¢4 and Ly, .4 are the

equivalent inductance of two Tx1 coil and Tx2 coil.

j(‘)M111 +](I)M212 + (RL + RR)IL == O (65)

I _ R1+RR

- T 7 a
Iy, ](U(kla/LTl_eqLRX'i'a_ikzw/LTz_eqLRX)

(6.6)

Equ. (6.5) can be rewritten as Equ. (6.6) by substituting I, = %Il. In Equ. (6.6), the

equivalent inductance Ity eq and L2 _eq Of TX coils can be calculated under the two conditions
that are discussed next.
6.2.1 Coupling between two Tx coils is not considered
If the coupling factor between two Tx coils ki2 is neglectable (k-;, = 0 when two Tx coils
are far away from each other), the equivalent inductance Lt1_eq = L12_eq = LTx, Where Ltx is the

self-inductance of Tx coil. Equ. (6.6) can be rewritten as Equ. (6.7).

1_1 _ RL+RR (6 7)
- B a .
IL(ky,—0) ]w\/LTXLRX(kl'i'a_ikz)

Equ. (6.4) and Equ. (6.7) can be used together to calculate the efficiency when coupling
between two Tx coils is not considered. It can be observed that the efficiency is a function of
coupling factors ki and ko, power splitting factors a1 and a2, angular velocity w (or frequency f,
w = 2nf) and the Rx load R.. In a practical MTXWPT system, the coupling factor values k; and
ko are difficult to be controlled when the distance (DIS) or misalignment (MIS) conditions
between Tx coils and Rx coil are variable. The frequency (f) value is fixed at the natural

frequency of 50 kHz and the load R value is either fixed or has a specific range.
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Fig. 6.2. 3D plots of efficiency as function of a1 and a2 under different coupling factor conditions

(@ ki =0.4,k2=0.4and k2 =0, (b) k1 =0.4, ko =0.3 and ki =0 and (c) k1 =0.2, ko = 0.4 and
kiz=0
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Based on the analysis above, the efficiency is related to the input power splitting factors a1
and o2. In order to evaluate the relationship between efficiency and input power splitting factors,
3D plots of efficiency as function of a1 and a2 under different coupling factor conditions (that
represent varying DIS and MIS conditions) are generated and shown in Fig. 6.2. The parameter

specifications for the MTXWPT system are shown in Table 6.1.

Table 6.1. Parameter specifications for the MTXWPT system

Parameters Values Parameters Values
Rs 50 Q Lt L2 Lr 138 pH

Cr1, C12,Cr 74 nF Rt1, Rm2, RR 0.5Q
k 0-1 feoil 50 kHz
L1, L2 4.7 pH DC Converter fsw 150 kHz

Vs1=Vs2=Vin 12V Ibattery 1.3A

Wire radius 0.837 mm Coil turns 25

Coil diameter 15cm Coil width 4.5cm

It can be observed from Fig. 6.2(a) that when k1 = k2 (the distances between each of the two
transmitters and the receiver are equal), the highest efficiency point can be achieved when a1 =
a2, which implies the input power is equally split between the two Tx coils. From Fig. 6.2(b)
when ki1 > ko (the distance between Tx1 coil and receiver is larger than the distance between Tx2
coil and receiver), it can be observed that the highest efficiency point can be achieved in the area
of P1 > P2, which implies that higher percentage of power is injected into Tx1 coil compared

with Tx2 coil. From Fig, 6.2(c), the highest efficiency point can be achieved when more power is
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injected into Tx2 coil when the distance between Tx2 coil and receiver is larger than the distance
between Tx1 coil and receiver.
6.2.2 Coupling between two Tx coils is considered
When the coupling between Tx coils k12 is not negligible, the equivalent inductance
Lt1 eq and L2 eq Ccan be calculated as given by Equ. (6.8) [101]. Therefore, Equ. (6.6) can be

rewritten as Equ. (6.9).

I a,
LTl_eq = L7y (1 + k12 _) = Lyx (1 + kg a_)

L 1
LTZ_eq = Lry (1 + k12 1;1) = Lrx (1 + k12 Z_:) (6.8)
1_1 - _ R;+RR (6.9)
IL(k‘12¢0) jw(liLTX(l"'k‘lZZ_i)LRx"'Z_ikZ\/LTX(1+k‘1ZZ_;)LRx)

Equ. (6.4) and Equ. (6.9) can be used together to calculate the efficiency when coupling
between two Tx coils is considered. It can be observed that the efficiency value is also impacted
by the Tx coils coupling factor ki2. In order to further evaluate the influence of k2 on the
efficiency, two 3D plots of efficiency as function of input power splitting factors are generated as
shown in Fig. 3 for the operating conditions when k; = ko= 0.2, k12 = 0.05, and k1 = ko= 0.2, k2 =
0.3.

It can be observed that as ki increases from 0.05 to 0.3 (which happens when the distance
between the two Tx coils decreases), the maximum efficiency decreases from 52% to 46%. The
efficiency drop is because of the change in the value of the equivalent inductance for the Tx
coils, which consequently impacts the resonance frequency of the MTXWPT system. This
efficiency drop can be compensated for by adding and tuning compensation capacitors or by

adding and tuning an impedance matching network.
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Fig. 6.3. 3D plots of efficiency as function of P1 and P> under different coupling factor
conditions (a) k1 = 0.2, ko = 0.2 and k12 = 0.05, (b) k1 = 0.2, ko =0.2 and k2 = 0.3.

6.3 Input Power Splitting (IPS) Control Algorithm

In this chapter, the DC-DC converters are utilized to realize power splitting functionality
which is to inject unequal input power (P1 through Pn) into different Tx coils from a single
(same) power supply. The DC-DC converter input voltage values (Vs1 and Vsy) are equal (Vs1=
Vs2 = Vin) and remain constant during system operation while the controller is optimizing the

values of the input power splitting factors (a1 and a2). Fig. 6.4 shows the block diagram and
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equivalent circuit of the overall MTXWPT system with presented IPS controller (Fig. 6.1 is a
simplified illustration for model analysis). At the primary side (Tx side), each Tx coil is
connected with a DC-DC power converter and a Half-bridge DC-AC inverter. At the secondary
side (Rx side), another DC-DC power converter is utilized to regulate the output voltage/power
of the load.

Under steady-state operation condition, at Tx side, the power injected into each Tx coil is
modulated by modulating input power splitting multipliers a1 through an. The sum of all
multipliers is equal to 1 (a1 + a2 +... + on = 1). The load voltage/power is always regulated at the
desired value by modulating the duty cycle of DC-DC power converter at secondary side. The
control flowchart of the presented IPS algorithm with two Tx coils and single Rx coil is shown in
Fig. 6.5. The method can also be applied to a higher number of Tx coils, as will be discussed
later in this section.

In the algorithm, the input power splitting multipliers a1 and o are adjusted within a
bounded range. Each time ay is increased, a2 is decreased and vice versa such at the sum of all
multipliers is always equal to 1 (a1 + 02 = 1). As shown in the flowchart in Fig. 6.5, the input
power Pin(n) is compared with its previous value Pin(n-1) to yield the direction change based on
the sign of Puitt = Pin(n) - Pin(n-1). Similarly, the direction change of input power splitting
multiplier oz is determined by finding the sign of adiff = a1(n) - a1(n-1). If the signs of Pgisrand
adiff are the same, the value of o is decreased by Ao and the value of a2 is increased by Aa.
Otherwise, if the signs of Pgifrand aqits are opposite, the value of a1 is increased by Aa and value
of a2 is decreased by Aa. Aa is the changing step size, which is set to be 0.01 in the experiment.

There are two counters in the flow chart. The counter Counter_up is increased each time

when a1 is increased and the counter Counter_down is increased each time when a1 is decreased.

122



If the counter Counter_up and Counter_down are larger than a constant value Counter_x (e.g.,
Counter_x = 3), which indicates that the values of a1 and o have been oscillating around the
optimum values several times, the IPS control algorithm will stop until the next cycle command
is initialized. Otherwise, the algorithm will continue to perturb the input power splitting

multipliers until the minimum input power is achieved.
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Fig. 6.4. Illustration of overall MTXWPT system with IPS controller (a) Block diagram and (b)
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Fig. 6.5. Control diagram for the presented input power splitting method for two Tx coils WPT
system

The presented IPS control method can also be implemented for higher number of Tx coils.
For example, in a three Tx coils WPT system, the input power splitting multipliers are a1, o2 and
as, respectively. One optimization cycle of the multipliers can be divided into three steps. In the
first step, the optimum values of oz and o2 are obtained based on the control flowchart shown in
Fig. 6.5 while keeping the value of a3 constant. In the second step, the value of as is kept at its
optimum value obtained from step 1 and the values of a2 and a3 are optimized. Similarly, in the
third step, the value of a2 is kept at its optimum value obtained from step 2 and the values of a3

and o1 are optimized. After completing one optimization cycle, the counter Counter_cycle is
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increased by 1. This searching process continues until Counter_cycle reach the preset value
Counter_y (e.g. Counter_y = 3), which implies that all multipliers have been oscillating around

the optimum values several times.

6.4 Experimental results
6.4.1 System design
A proof-of-concept MTXWPT system prototype with two Tx coils and one Rx coil is built
in the laboratory to evaluate and validate the presented IPS control method. The experimental

prototype is shown in Fig. 6.6 and the main design parameters are shown in Table 6.1.
Power Supply Tx2 Coil

Microcontroller '/

L

P b
-

Battery as
load

Fig. 6.6. Experimental prototype of presented MTXWPT system with IPS controller

In the design example for the MTXWPT system presented in this chapter, the DC-AC Half-
Bridge inverter (and WPT coils) frequency value is 50 kHz and the DC-DC converter frequency
value is 150 kHz. The DC-AC Half-Bridge inverter frequency value is selected such that high
transmission efficiency is achieved between Tx coils and Rx coil (it is a function of the WPT

coils design in addition to the characteristics of the bridge switches). The DC-DC power
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converter switching frequency is selected such that high efficiency DC-DC conversion is
achieved (it is a function of the DC-DC power converter design parameters and the power

devices used).

Tx2
30 cm

15cm

Fig. 6.7. lllustration of DIS and MIS conditions between two Tx coils and single Rx coil

6.4.2 System efficiency improvement with IPS control method

In this subsection, the system efficiency under different DIS and MIS conditions is measured.
The illustration of DIS and MIS conditions between two Tx coils and Rx coil is shown in Fig. 6.7.

The efficiency values of the experimental results and theoretical results as a function of a
are plotted as shown in Fig. 6.8. In Fig. 6.8a when DIS1 = 20 cm and DIS2 = 10 cm without
misalignment (Rx coil is close to Tx2 coil and far away from Tx1 coil), the maximum efficiency
point is achieved at the condition of a1 = 0.3 and a2 = 0.7. Fig. 6.8a shows that the experimental
results match well with the theoretical results.

Similarly, in Fig. 6.8b when DIS1 = 12 cm, DIS2 = 18 cm and MIS =5 cm (Rx coil is

close to Tx1 coil and far away from Tx2 coil), the maximum efficiency point can be obtained at
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the condition of a1 = 0.65 and a2 = 0.35. It can be observed from Fig. 8b that the experimental
results are also in good agreement with theoretical results.

The experiment results in Fig. 6.8 show that in order to improve the system efficiency,
higher percentage of input power is required to be injected into the Tx coil which is close to Rx
coil (in other words, higher coupling factor with Rx coil). The experimental results agree with

the theoretical analysis discussed in Section 6.2.
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Fig. 6.8. Efficiency plot as a function of as when (a) DIS1 = 20 cm, DIS2 = 10 cm, MIS =0 cm
and (b) DIS1 =12 cm, DIS2 = 18 cm, MIS =5 cm.
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Another experiment is conducted with the presented IPS control method and without IPS
control method (input power is split equally into two Tx coils) to evaluate the performance of the
controller. Fig. 6.9a shows the comparison results when there is no misalignment. It can be
observed that the efficiency with IPS control method is always higher than the efficiency without
IPS method. For example, when DIS1 = 2 cm (DIS2 = 28 cm), the system efficiency is improved
by 25 % (from 60% to 85%). When DIS1 = 6 cm (DIS2 = 24 cm), the efficiency is improved
from 69% (without IPS method) to 83% with the presented IPS control method. It is the same
situation in Fig. 9b when MIS =5 cm. The experimental results shown in Fig. 6.9 demonstrates

that the presented IPS control method is able to improve the system efficiency under different

DIS and MIS operation conditions.
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Fig. 6.9. Efficiency plot as a function of DIS1 with proposed IPS control method and without IPS
method (input power is split equally between Tx coils) (a) without misalignment conditions and
(b) with MIS =5 cm.

6.4.3 System Dynamic response

In order to evaluate the dynamic response of the presented IPS controller, the MTXWPT
system is tested under varying DIS between Tx coils and Rx coil with li-ion battery as the load
(charging current is 1.3 A). The test is conducted as the following scenario: the system is first
operated under stead-state condition when DIS1 = DIS2 = 15 cm (Rx is in the center position of
two Tx coils), then the distance is changed to DIS1 =20 cm and DIS2 = 10 cm (Rx is moving
close to Tx2 coil and far away from Tx1 coil).

The experimental results are shown in Fig. 6.10. At first, the input current/power is equally
split between two Tx coils. During the movement of Rx coil, the input current Irxz is decreased
and the input current Itxz isincreased. The total input current/power is decreased (with fixed 12

V input voltage). Because the load power is a constant value during this short time period
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(battery charging current is regulated at 1.3 A and battery voltage can be regarded as constant in
short time period), the system efficiency is improved with decreased input power. After about
0.5s, the system enters steady-state operation again.

Fig. 6.10b shows the current waveforms of Tx1 coil and Tx2 coil. During the movement,
current Itxi1 decreases and current Itxz increases. Fig. 10c shows the waveforms of input currents
and Tx coils currents after the system re-enters steady-state operation.

From the experimental results shown in Fig. 6.10, it can be concluded that the presented
IPS control method is able to adaptively track the maximum system efficiency point when DIS

and/or MIS between Tx coils and Rx coil is dynamically changing.
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Fig. 6.10. Waveforms of input current and Tx coils current (a) input current, (b) current of two Tx
coils and (c) steady-state current waveforms after the movement
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6.5 Summary

This chapter presents the evaluation of input power splitting (IPS) method to achieve the
maximum system efficiency and output voltage regulation under varying distance and
misalignment conditions in MTXWPT system. The IPS control method is realized by adaptively
optimizing the input power splitting multipliers a1 through an. As a result, unequal values of
input power are injected between different Tx coils. The model analysis results show that the
presented IPS method is able to improve the efficiency by optimizing multipliers a1 through an.
The IPS method is also evaluated and validated by an experiment prototype built in the
laboratory. The experimental results show that the efficiency is improved with presented IPS
control method compared to the method that input power is equally split into multiple Tx coils.
In addition, during the dynamic movement of Rx coil, the IPS controller is able to fast respond to
the changing operation condition and adaptively track the new maximum system efficiency
point. The presented IPS control method in MTXWPT system can be applied in the wireless

charging for home applications, consumer electronics and among others.
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CHAPTER 7

DUAL-VARIABLE CLOSED-LOOP CONTROL OF POWER CONVERTER WITH

WIRELESS AND NON-WIRELESS POWER TRANSFER

7.1 Introduction

Power distribution systems with multiple independently regulated voltage or current
outputs are required and/or critical for many electrical/electronic devices, platforms and
equipment. These include but are not limited to mobile devices, sensing systems, and system on-
chip integrated circuits, among others. Power can be transferred to multiple loads/outputs
through wireless link or non-wireless connection (e.g. conductive).

In the case of power converters with non-wireless connection, two of the general
techniques that are used to realize multiple outputs are: (1) by adding additional switches at the
output of the power converter while using a driving scheme to drive the switches, and (2) by
adding extra windings at the secondary side of power magnetic devices (e.g. transformer or
coupled power inductor) and related switches [102-106]. One typical example of adding switches
to achieve multiple outputs is the single-inductor multi-output (SIMO) DC-DC power converters,
such as the ones presented in [102, 103], which can deliver power to several outputs for multiple
loads and can realize regulation to a certain degree by controlling the ON/OFF status of the
switches at the outputs. Different from SIMO converters that utilize additional switches to yield

multiple outputs, some other power converters utilize extra windings together with added
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switching devices to deliver power to multiple loads, such as the multi-output fly-back
power converter, dual-output fly-buck power converter and some transformer based isolated

power converters with multiple windings at the secondary side [104-106].

Full-bridge converter with full-wave AC Current . AC Current Full-bridge converter with full-wave
rectifier at the secondary side [10] 1 1:N I2 rectifier at the secondary side [10]
Current > Current
oL Jo
( Vi3 % L, Ve
. 13 i¢ L2
0 " P K >
time ) 0 time
Primary side current Transformer Secondary side current
(a)
DC Current DC Current
with ACripple 11 1:N i» withACripple
Dual output fly-buck + + Dual output fly-buck
Current converter [9] oL, . Currﬁnt converter [9]
A I
I %: i§ L, V2
e i e ] -:/ZJ“‘_—M‘“
0 time 0 ] time
Primary side current Inversely Coupled Inductor Secondary side current
(b)
DC Current with AC Ripple L 1:N I AC Current
[16] and in this paper " n [16] and in this paper
Current Current
o o
A - A
Vi L3, Ve
A A . P \ \ e
L 4 4 4 —
0 . . time . time
Primary side current PI-Tx Side WPT-Rx Side Secondary side current

(c)
Fig. 7.1. Different Two-Winding Power Magnetic Device Configurations: (a) Power Transformer,
(b) Inversely Coupled Power Inductor, and (c) Power Magnetic Configuration of Interest (referred
to by DTO Power-Inductor Transmitter Coil, DTO-PI-Tx configuration).

Different from the power converters mentioned above, Wireless Power Transfer (WPT)
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systems are increasingly being adopted for power delivery in many applications because of their
advantages such as convenience and safety. Compared with non-WPT conductive power
conversion, WPT systems have several challenges, including but are not limited to the increase
in size and cost due to the need for a DC-AC power transmitter (Tx) circuit, a transmitter coil, a
receiver (Rx) coil, a Rx rectifier (AC-DC), and a voltage regulator (DC-DC or DC-AC) to satisfy

the powering requirements of the load.

Fig. 7.1 shows illustration diagrams for three different configurations of two-winding
power magnetic devices that can deliver power via magnetic coupling. The first configuration
(Fig. 7.1a) is the conventional power transformer which carries AC currents with zero average
current value at both of its primary side and secondary side. This configuration is commonly
used in isolated power converter topologies such as those that utilize half-bridge converter or
full-bridge converter at the primary side [107-110]. The second configuration illustrated in Fig.
7.1b is the coupled power inductor, where each of its two windings carries DC current with AC
current switching ripple. In this configuration, the average values of currents at both sides are not
zero (DC component exists). This configuration is commonly used in multi-phase DC-DC power
converters, fly-back converter, and dual-output fly-buck (isolated buck) power converter [104,
105, 111, 112].

A third configuration, to be referred to by Dual-Type-Output (DTO) Power-Inductor
Transmitter (DTO-PI-Tx) configuration, is illustrated in Fig. 7.1c. The DTO-PI-Tx configuration
carries DC current with AC current switching ripple at its primary side (to be referred to by the
PI-Tx side) and carries only AC current ripple at its other/secondary side (to be referred to by the
WPT-Rx side), with no DC current component. Therefore, the average value of current at

primary (P1-Tx) side is not zero while the average value of current at secondary (WPT-RX) side
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is zero, which makes the operation principle of this configuration (Fig. 7.1c) unique and different
from the first and second configurations (in Fig. 7.1a and Fig. 7.1b).

Reference [113] briefly presents the use of the DTO-PI-Tx configuration in order to yield
an additional output in a DC-DC power converter by wirelessly picking up AC switching ripple
energy at the secondary side, resulting in an added WPT output. However, in reference [113] the
added wireless output is kept unregulated and only some simulation results are presented without
theoretical analysis.

The main contribution of this chapter includes: (1) The presentation of detailed theoretical
analysis of DTO power converter with the DTO-PI-Tx power magnetic configuration, including
developing equations for voltage gain, current ripple, and maximum power transfer condition,
among others. (2) Theoretically proofing that the two outputs of the DTO power converter can be
independently regulated (with no cross regulation) by regulating the WPT output using switching
frequency modulation while regulating the conventional non-WPT wired output using duty-cycle
modulation. (3) Presenting the concept and experimental prototype evaluation results for a dual-
variable controller (referred to by DV-DTO controller) which is able to simultaneously regulate
both a WPT output and a non-WPT wired output. (4) Developing experimental prototype for
independently charging two Lithium-lon battery cells and presenting results under different
charging modes of operation. (5) Discussing potential practical applications for the DV-DTO
controller of the DTO power converter.

The presented DV-DTO controller for the DTO power converter allows for independently
regulating two outputs using the same set of power stage components to realize wireless power
transfer (WPT) transmitter in addition to its conventional non-WPT wired output. This allows a

WPT receiver to receive power and realize a second output. Therefore, the DTO power converter
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has a regulated WPT output in addition to its non-WPT wired output. This can result in size and

cost reduction.

7.2 Principle of dual-type outputs power converter

Based on the DTO-PI-Tx configuration, an example buck-based DTO power converter can be
realized as illustrated in Fig. 3. The buck converter utilizes the PI-Tx side of Fig. 7.2c as its
power inductor and generates a non-WPT wired output, with Vo.wired and lo-wired. In addition, a
WPT output, with Vo.wet and lo-wer, is generated at the two terminals of the WPT-Rx side which

receives wireless power energy from the electromagnetic field generated by the AC ripple of the

PI1-Tx side.
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=
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Fig. 7.2. lllustration of buck-based DTO power converter with a WPT output and a non-WPT
wired output: (a) with WPT coils shown, (b) with WPT coils equivalent circuit shown and (c)
main theoretical switching waveforms
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Fig. 7.2c shows an illustration of main theoretical waveforms for the buck-based DTO
power converter. The current through the P1-Tx side is the sum of a DC component, which is
equal to the wired load current lo-wired, and an AC ripple component Alyipple @S given by Equation
(7.1). While Fig. 7.2c illustrates example waveform shapes for i1 and iz, the actual shape (in
terms of slope and exponential nature) of the AC ripples varies based on several parameters such
as the conventional design parameters of the buck power converter (e.g. inductance, resistance,
and switching frequency, among others), and the distance between the two sides (P1-Tx side and
WPT-RXx side) which affects the coupling factor k.

i1 = Io—wirea + Alrippie (7.1)
By comparing Fig. 7.1 to Fig. 7.2, it can be observed that the DTO power converter
eliminates the need for a dedicated Tx DC-AC circuit and coil in an inductive WPT system. This
IS because the same set of switches and winding that are used for realizing the wired output are
also used to realize a WPT transmitter.
7.3 The dual-variable DTO controller design

The ideal voltage conversion ratio from the input voltage Vin to the wired output voltage
Vo-wired fOr an ideal lossless buck-based DTO converter is the same as the conventional buck
converter. This is mainly because the addition of the WPT output does not ideally affect the DC
values of the currents and voltages in the original wired bath of the ideally lossless power
converter (as shown in Section IV). The AC ripple component of the current is the parameter
which is affected by the WPT output. Therefore, the relationship between the duty-cycle D and
input voltage and current, and the wired output voltage and current under Continuous
Conduction Mode (CCM) operation is maintained as in Equation (7.2). As it is the case for an

ideal lossless buck converter, Equation (7.2) is independent of the switching frequency.
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Therefore, Vo.wired OF lo-wired CaN be controlled/regulated by modulating the value of D.

D — Vo-wired — Iin (72)

Vin Io—wired
The ideal voltage conversion ratio from Vin to the output voltage at the WPT output Vo.wet
is a function of the magnitude of the AC current ripple Airippie. This is because larger ripple
magnitude results in larger wireless power transferred from the PI1-Tx side to the WPT-Rx
winding. The magnitude of the AC switching current ripple is inversely proportional to the
switching frequency f. Therefore, the voltage received at the WPT load is inversely proportional
to f and the power received at the WPT load is inversely proportional to the square of f as

illustrated by Equation (7.3).

1

Vo-wpr & 7 (7.33)
1

Therefore, Vo-wet Or lo-wet Can be controlled/regulated by modulating the value of the
switching frequency f. This is another difference between the DV-DTO controller for the DTO
power converter and for example the dual-output fly-buck converter with its control scheme. In
the dual-output fly-buck converter, the primary output voltage (V,,;) and secondary output
voltage (V,ut2) are given by Equation (7.4), where N1 and N2 are the number of turns in the
primary and secondary windings of the inversely coupled inductor. Turns ratio N1 and N2 can be
selected to achieve a roughly regulated Vout in fly-buck topology. However, this regulation
might be achieved only with fixed input voltage obtained from a well-regulated voltage source
and only when the load current at Voutz has a fixed and predetermined value. Voutz value will
change and lose regulation when the load current varies (as a result of the resistive voltage drop

between the input and the output) or the input voltage varies. Furthermore, Vout2 cannot be set to
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any desired value independent from Vout1 because the turns ratio has been already set. Compared
with dual-output fly-buck converter, in the proposed DV-DTO controller for the DTO converter,
tight regulation for each of the two outputs can be independently and accurately achieved with a
nonregulated input voltage (e.g. input from a battery), under varying load values and with

dynamically adjustable/varying reference values during operation.

N>

Vout1 = D - Vin (7-43-) Voutz = N_1 * Vour (7-4b)

Based on the earlier discussion, Vo-wired (Or lo-wired) and Vo.wpt (Or lo-we) OF the presented
DTO power converter can be regulated simultaneously by modulating D and f, respectively. This
yields to the Dual-Variable Dual-Type-Output (DV-DTO) controller. Fig. 7.3 illustrates the
simplified control block diagrams of the DV-DTO controller. There are two closed control loops
in the control diagram: the non-WPT control loop and the WPT control loop. In the non-WPT
control loop, by detecting the error between the measured Vo-wired and reference Vo.re-wired, Vo-wired
can be regulated at desired reference value by modulating the duty cycle of the switches of the
DTO converter. In the WPT control loop, the WPT output voltage Vo-wet can be regulated at Vo-
ref-wpT DY modulating the switching frequency of the same switches. Proportional-integral (PI)
controller is utilized as the closed-loop compensator for both the non-WPT control loop and the
WPT control loop. In Fig. 7.3b, Gpi-wpt(S) and Gei-wired(S) are the continuous-time transfer
function of the compensators when analog compensators are used and Gpi-wet(z) and Gpi-wired(z)
are the equivalent discrete-time transfer function of the compensators when digital compensators
are used. This chapter uses digital version of the compensators when obtaining the experimental
results presented in Section V. Krs-wpt and Krs-wired are the gain values of feedback sensors
(gain of a resistive voltage divider in this chapter’s experiment). Gauty is the gain of the duty

cycle modulator and Gr is the gain of the frequency modulator.
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Fig. 7.3 lllustration control diagrams (a) simplified block diagram and (b) simplified control
diagram

One of the controller design possible architectures is to place the DV-DTO controller at the
PI-Tx side. In this case the voltage and/or current information can be sensed and transmitted
wirelessly from the WPT-Rx side to the PI-Tx side, if desired. For example, Bluetooth (BT)
wireless technology or Wi-Fi Direct wireless technology can be used for this purpose.

7.4 Theoretical Analysis
The PI-Tx coil with Ly and the WPT-Rx coil with L. are coupled through a mutual

inductance M. The coupling factor k is given by Equation (7.5), where 0 < k < 1. Assuming all
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other design and control parameters in the system are fixed, the value of k decreases as the
distance between the two coils increases.

M

N

k = (7-5) Zin = Zin-pc * Zin-ac (76)

7.4.1 Decoupling between the conversion ratios of the wired and WPT output

Fig. 7.4a illustrates the equivalent T-model circuit [106-107] when looking between the
two terminals of the PI-Tx side with a WPT load Ro-wpt connected between the two terminals of
the WPT-RXx side. Because the current of the power inductor (P1-Tx) of the buck converter i1 has
a DC component and an AC component as given by Equation (1), by using superposition, the DC
and AC components of Zi, can be given by Equation (6), where Zi is the equivalent impedance
seen between the two terminals “a” and “b” of the PI-Tx in Fig. 7.2a. When a WPT load is
connected at the WPT-RXx side, Zin-oc is the DC impedance portion of Zin and Zin-ac is the AC
impedance portion of Zin.

L;-M L,-M

(@) (b)

Fig. 7.4. lllustration diagram for (a) the ideal equivalent circuit when looking between the two
terminals of the PI-Tx side and (b) the equivalent circuit for the WPT power path with a sinusoidal
voltage source (Vis) and inclusion of windings’ resistance values.

From Fig. 7.4a, the value of Zin-oc (when f =0 and Al = 0, which does not occur
during the operation of the converter) is equal to zero (Zin.oc = 0). This is because each of the
inductors in Fig. 7.4a is equivalent to a short circuit for the DC component in steady-state. In this
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situation, the DC component of i1 is equal to the wired load current (i1-bc = io-wired). Therefore, the
WPT load (represented by Ro-wet) value does not affect the DC characteristics of the main power
converter path leading to the wired load with Vo.wired. This leads to the conclusion that the ideal
DC conversion ratio between Vo-wires and Vin is not affected by the WPT output and it is the same
as in the ideal conventional buck converter as given by Equation (7.2).

The value of Zin-ac is derived as given by Equation (7.7). Equation (7.7), which is a
function of frequency (w = 27f), can be used to calculate the value of Zin-ac at the fundamental
frequency of i1 as well as at higher-order harmonic frequencies of i;. The value of Zi,.ac becomes
larger as the order of the harmonic increases. The objective of this part of the analysis is to
illustrate the decoupling nature between the two outputs in terms of the ability to regulate each of
them (The WPT output can be regulated by modulating the switching frequency and the non-
WPT output can be regulated by modulating the switching frequency as discussed further next).

This conclusion is valid at any harmonic frequency.

k?w?L,L3

2 2
Ro—wpT“+w?2L5

k*w?LiLaRo-wPpT

Zin-ac = [ ] +jw [Ll - ] = Req. +ijeq. (7.7)

2 2
Ro—wpT“+w?L5

Where w = 2rf and f is the switching frequency of the power converter or the switching ripple

frequency of i1.

7.4.2 Magnitude of Current Ripple Alripple

The values of the Req. and the equivalent inductance Leq. obtained in Equation (7.7)
determine the magnitude of the current ripple of the inductor Alrippie. By using Kirchhoff's
Voltage Law (KVL), Equations (7.8) and (7.9) can be obtained when Sy is turned ON and
Equations (7.10) and (7.11) can be obtained when S is turned ON, where I min and ILmax are the

minimum and maximum values of the inductor’s current, respectively.
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dip(t .
Leq. lgi ) + Req.lL(t) = Vin — Vo—wirea (7-8)

Solving (7.8) yields (7.9), where 7 is the time constant.

Vin—Vo-wire -2 Vin=Vo-wire
imax = (ILmin - Td) e T+ Td (7.9)
diL(t) )
Leq.l;_t + Req.lL(t) = 0— Vo_wirea (7.10)
Solving (7.10) yields:
Vo-wire 22 Vo-wire
Iimin = (ILmax + Td) e /- ?d (7.11)

Where 7 is the time constant as given by Equation (7.12).
T =< (7.12)

The value of Alrippie Can be obtained from Equations (9) and (11) as given by Equation

(7.13).
DN/ D 1
—Vin<1—e fT)(efT—efT>
AIripple = Iimax = Iimin = D — 1 (7.13)
eff(l—e f’-'>Req_
Where the time constant z is given by Equation (7.14).
7= Lﬂ — sz%(l_kz)-l-RO—WPTz (7.14)

Req. w2Lyk2Ro—wpT
Equation (7.13) shows that the current ripple is inversely proportional to R, . R.q and T
are functions of several parameters as given by Equations (7.7) and (7.14). It can be observed
from Equation (7.13) and (7.14) that Al.;,p,;. can be controlled by adjusting the switching
frequency (w = 2rf). This allows for the ability to achieve control/regulation for the WPT

output because as f becomes smaller, Al, is larger and higher energy can be transferred to

ipple
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the WPT load (refer to Subsection E of Section VII for more information about the relationship
between ALy, f and Pwer).
7.4.3 Current Ripple Alripple when WPT Load is Absent

When the WPT load is absent, R,_ypr = ©0 (0Open circuit). In this case, the input
impedance is given by Equation (7.15) based on Fig. 7.4a and Equation (7.7). By following the
derivation process as in Section IV Subsection B and from the equivalent circuit shown in Fig.
7.4a, Equations (7.16) can be obtained for AL, When R,_ypr = 0. Therefore, when the
WPT load is not present the ripple value of the inductor AL.;,,,;. becomes equal to the same

value as in the conventional buck converter.

Zin: Ro—wpT= ®© = Zin—AC:RO_WpT= 0 = ]le (715)
Vin— Vo—wir Vin (1-D)
AIrim)le:Ro_WpT= o = %}ced D = nLT D (7.16)

7.4.4 Condition for Maximum Power Transfer to WPT Load

The objective of this subsection is to obtain an estimate for the power delivered to the WPT
load by using sinusoidal approximation for the voltage applied to the coils. This estimate can be
used as a preliminary design guide to estimate the expected power at the WPT load and
understand the effect of several design parameters on the received WPT power.

Fig. 7.4b illustrates the equivalent circuit for the WPT power path with a sinusoidal voltage
source (Vis), which has a frequency that is equal to the switching frequency and a peak value
Vis.p. This source is used to estimate the real voltage Vi1 across the inductor Ly in Fig. 7.4a.

Based on Fourier analysis, the value of Vs is obtained as given by Equation (7.17),
where n =1, 2, 3 ... is the order of the harmonic. When n = 1, the value of Vs IS obtained at

the fundamental frequency which can be used for the first-order harmonic approximation of the
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voltage across the PI-Tx inductor. While this approximation might not always result in very
accurate calculated values, it is sufficient to provide (with significantly reduced complexity)
insights on the behavior of the system as a function of many variables and its results can be used
as a design guide (refer to Section V for experimental evaluation of error resulted from this

approximation).

Vis—p(n) = 2;—‘: sin(nm D) ~ 2:—‘7: sin (n T V";Wf:ed) (7.17)

By using electric circuit analysis methods (e.g. Mesh-Current Analysis), the power Py, pr
delivered to the R,_y,pr Can be approximated by Equations (7.18a). Equation (7.18b) shows the
approximated value of Py, pr When it is assumed that R,; = Rj,, = 0 (when parasitic resistances
are small enough and can be ignored). By finding the derivative of the power with respect to
R,_wpr and equating to zero, the value of R,,;_ypr Under maximum power transfer condition is
found as given by Equation (7.19a). Equation (7.19b) gives the value of R,,._ypr When it is
assumed that R,; = R, = 0. This shows that R,,;_y pr is mainly a function of three variables:
the coupling factor, the inductance of the WPT-RXx side coil, and the switching frequency. If
desired, Equation (7.19b) can be used to calculate R,,;_y pr t0 achieve the maximum power
transferred to the WPT load when all other design and control parameters in the system are fixed.
From Equation (7.19b), Equation (7.20) can be obtained which gives the optimal WPT load
current I,_y pr Value when the WPT voltage is regulated at V,_, pr-

~ 2 —
PWPT ~ (Io—WPT—rms) Ro—WPT -

2
Vis—p k?* w? Ly Ly Ro—wpr

(7.18a)

2
2[(1.)2(Ll(RO_WpT+Rp2)+L2Rp1)2+(Rp1(RO_WPT‘I'sz)—(L)ZLlLZ(1—’(2)) ]

P - Vis_p k* ®? Ly Ly Ro-wpr
— — ~ 2
WPT (Rp1=Rp>=0) 2[w2L12(RO_WPT)Z+(—w2L1L2(1—k2)) ]

(7.18b)
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R | kK2 @2 L1Ly(k? @2 L1L; =2 w? L1L;—2Rp1 Rp2 ) +(w? L1L2)2+w2 L1 *Rpp* + w2 Ly * Ry +Rp1 *Rp2”
opt—WPT w2L12+Rp12

(7.19a)

Ropt—WPT(Rpl =Ry, = 0) ~ wly(1—-k?) (7.19b)
Vo Vo

Lo—wpr—opt = L~ YEL (7.20)

Ropt-wpT T wly(1-k?)
By substituting Equation (7.19b) in Equation (7.18b), the approximated value of the
maximum power delivered to the WPT load is found as given by Equation (7.21). Equation

(7.21) shows the power delivered to the WPT load is inversely proportional to the switching

frequency.
PWPT—max(R =Rpp=0) > VLZS_—p_kzz (7.21)
p1=Rp2 4wl (1-k2)
Equation (7.21) can be rewritten as in Equation (7.22) which gives the value of the
switching frequency in order to achieve maximum power transfer to the WPT load.
2 2
fwer-max ~ BZLLSl_(i—I;cZ) Vo—WPT>1<Io—WPT (7.22)

7.4.5 Voltage and Current Regulation at the WPT Load

This subsection discusses the case when it is desired to regulate V,_y,pr at a specific value
under varying I,_ypr (as illustrated in Fig. 7.2) or vice versa. This regulation can be used for
battery charging as shown in Section V. By solving for f from Equation (7.18b), Equation (7.23)

can be obtained which gives the needed switching frequency in order to regulate Py, pr.

v PwpT X Ro—WPT\/|(2 Li? Pypr X Ro—WPT)_(Ll Ly kZVLZS—p)‘

f 2V2m Ly Ly (1-k3) Pypr (7.23)
e )| n2
22m Ly Ly (1-k?2) Io—wpT
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By using Pypr = lp—wpr> X Ro—wpr = Vo_wpr>/Ro—wpr in Equation (7.23), Equation
(7.24) can be obtained. It can be observed that for a desired fixed V,_,,pr Value, the switching
frequency f is inversely proportional to I,_ypr.

7.4.6 WPT load scaling as a result of full-bridge diode rectifier

The theoretical equations in this section are derived under the assumption that the WPT
load is directly connected to WPT-Rx coil when the full-bridge diode rectifier is not used in
order to obtain a more generalized analysis. The insertion of the full-bridge diode rectifier
between the two terminals of the WPT-Rx and Ro-wet Will result in scaling the value of Ro-wet to
an equivalent/effective value Ro-wpT-effective 8S Seen between the two terminals of the WPT-RXx.
This equivalent value is given by Equation (7.25) [116]. When the full-bridge diode rectifier is
present/used, Ro-wpT-efrective Should replace Ro-wet in the equations that are presented in this

chapter.

_ 8 _ 8 Vo_wepr
Ro—WPT—effective - ;RO—WPT ) lo—wpT (7-25)

7.5 Proof-Of-Concept Experimental Prototype Results

This section presents proof-of-concept (POC) prototype results with open-loop control and
closed-loop control using the DV-DTO controller. The open-loop results are obtained in order to
evaluate the behavior of the DTO power converter with fixed duty cycle D. The closed-loop
results are obtained in order to validate the DV-DTO controller ability to regulate both the
voltage and current of the WPT output as well as the wired output simultaneously. Table 7.1
shows the main parameter specifications of the POC prototype of the Buck-based DTO power
converter (additional information is provided based on the specific test conditions). The PI-Tx

coil has 1 layer with 9 turns and the inductance is 4.95 pH. The WPT-RXx coil has 2 layers with
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10 turns for each layer and the inductance is 24 pH. Additional information about the coils can

be found in [117-118].

Table 7.1. Parameter specifications of the Buck-based DTO Power Converter POC System

Parameter Value Parameter Value

fs 20-380 kHz WPT distance 2 -6 mm
Vin 12V k 0.7-0.35
L1 4.95 uyH Rpr @ 100 kHz 0.03 Q
Lo 24 uH Rpe @ 100 kHz 0.1 Q

In this experimental section, in order to achieve DC voltage or current regulation at the
WPT load, a full-bridge rectifier and a capacitor are utilized in Subsections 7.5.3 and 7.5.4
(batteries charging and load voltages regulation experiments). While the results in Subsections
7.5.1 and 7.5.2 are obtained by directly connecting a load resistor to two terminals of the WPT-
Rx coil without a rectifier and a capacitor. This is in order to obtain accurate values for the
optimum load resistance and maximum WPT output power that can be compared with the
theoretical analysis without the effect of the rectifier diodes non-idealities such as voltage drop.

Even though Bluetooth (BT) wireless technology or Wi-Fi Direct wireless technology
might be more suitable for this application, for the purpose of proof of concept and experimental
implementation in this chapter, Texas Instruments Wi-Fi wireless microcontroller CC3200,
which combines wireless communication, ADC module and PWM module, is used. TP-link
router TL-WR841N is used to generate a Local Area Network (LAN) for wireless

communication (internet connection is not used in this implementation).
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First Side View

WPT Rx , Wireless Plastic piece in
A e Communications middle to control
evaluation board distance

communication
IC such as BT

(a) (b)

Fig. 7.5. Photos of the proof-of-concept experimental prototype.

Fig. 7.5a shows a photo of the proof-of-concept experimental prototype. It shows where the
Wi-Fi/Bluetooth (BT) chip/IC could be placed in a practical product. Fig. 7.6b shows the proof-
of concept experimental prototype photo with the TI microcontroller-wireless communications
evaluation board (to replace a BT chip in this experiment). It can be observed that the needed
electric/electronic circuits are mounted on a board placed/integrated on the back the magnetic

sheet of each coil.

7.5.1 DTO Power Converter with Open Loop Results

In this subsection, a variable resistor is connected across the WPT-Rx winding in order to
evaluate the wireless power transfer to the WPT load at the WPT output. The wired output is

connected to a DC electronic load with variable current.
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Measured WPT load optimum resistance as
a function of switching/ripple frequency at
as different distance values

0 50 100 150 200 250 300 350
Switching/ripple frequency (kHz)

(a)

Theoretical approximation of WPT load
optimum resistance as a function of switching/

-2 2mm + 4mm -+ 6mm

0 50 100 150 200 250 300 350
Switching/ripple frequency (kHz)

(b)
Fig. 7.6. Optimum WPT output load resistance R,p_wpr (for maximum power transfer) as a

function of switching frequency at different distance values (when lo-wired = 2 A): (a)
experimentally results and (b) theoretically approximated using Equation (7.19b).
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Measured WPT load power at the optimum
resistance as a function of switching/ripple
frequency at different distance values
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Fig. 7.7. Maximum power transferred to the WPT load (Pypr—_max), When the Rqpe_wpr is used
from Fig. 7.6, as a function of switching frequency at different distance values (when lo-wired =
2 A): (a) experimentally results and (b) theoretically approximated using Equation (7.18b).

The R,_y pr resistor value at the WPT output is experimentally varied until Py pr_max 1S
observed. The wired load current value lo-wired IS Set constant at 2 A during this test. Fig. 7.6a
shows the experimental results on how the value of R,_y,prVvaries as a function of frequency and

distance when D = 0.5. Fig. 7.6b shows the theoretically approximated results when Equation
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(7.19Db) is used. It can be observed that the experimental results are in good agreement with the
theoretically approximated results. Fig. 7.7a shows the experimentally measured values for the
maximum power transferred Py, pr_maqx fOr €ach R,_y pr Value in Fig. 7.6a. Fig. 8b shows the
first order theoretical approximation results when Equation (7.18b) is used. It can be observed

that the experimental results in Fig. 8a are in good agreement with the theoretically

approximated results in Fig. 7.7b.
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Fig. 7.8. Plots for the percentage error in the theoretical estimation of Py pr_max When using first
order theoretical approximation with respect to the experimentally measured results at different
distance and frequency values when (a) D = 0.5, (b)) D=0.3and (c) D=0.6

Fig. 7.8 shows plots for the error in the theoretical estimation of Py, pr_max When using first
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order theoretical approximation with respect to the experimentally measured results when
Rope—wer 1s used under different duty cycle conditions. It can be observed that when D = 0.5, the
error between the measured and approximated power values is less than 7% under different
distance and frequency conditions. When D = 0.3 and D = 0.6, the error increases but is still less
than 13%. The main reason of smaller error when D = 0.5 is because, based on Equation (7.17),
only odd harmonics exist under this condition (no even harmonics). While when D =0.3 and D =
0.6, both odd and even harmonics exist, which increases approximation errors. The first order
theoretical approximation results should be sufficient as a simplified initial design guide method.
7.5.2 Operation Waveforms

Fig. 7.9 shows sample waveforms at different distances with a 100 kHz switching
frequency, while the non-WPT wired outputs is regulated at Vo-wired = 5 V With lo-wires = 2 A, and
the WPT load is set at R, pr Value for each distance as shown in Fig. 7.8. In the Fig. 7.9, in
order to be able to zoom in on the current ripple and see it clearly on the oscilloscope, the AC
coupling function of the oscilloscope is utilized and therefore the DC component of the current

does not appear.

PWM at 3.8 V/Div.

—_— _— — —_— —_— —_— _
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Fig. 7.9. Sample Operation waveforms at different distance values with a 100 kHz switching

frequency, while VVo-wired is regulated at 5 V with lo-wired = 2 A, and the WPT load is set at its

optimum R, ,._wpr Value for each distance as shown in Fig. 7: (a) 2 mm, (b) 4 mm, and (c) 6 mm.

7.5.3 Dual Closed-Loop DTO Power Converter for Two Batteries Charging

In this experiment, two 2.6 Ah 18650-size cylindrical lithium-ion battery cells with a
nominal voltage of 3.7 V are independently charged each by one of the two outputs. One battery
cell is connected at the wired output and the other is connected at the WPT output of the DTO
power converter.

The reference charging current is set at 1 C charging rate (2.6A) during the Constant
Current Charging Mode (CCCM) operation until the cell voltage reaches 4.2 V. Once the cell
voltage reaches 4.2 V, the reference voltage of the charging voltage is set at 4.2 V during the
Constant Voltage Charging Mode (CVCM) operation, until the cell current drops below 130 mA
and the charging is terminated (completed).

The duty cycle and switching frequency are modulated independently by the controller to
charge the battery cells at both wired output and WPT output of the DTO power converter. Fig.
10 shows the experimentally measured voltage and current values for each of the two cells as a
function of time during charging operation when distance between the PI-Tx side and the WPT-
Rx side is 2mm, 4 mm, and 6 mm, respectively. Fig. 7.11 shows a comparison between the
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switching frequency which are commanded by the DTO controller in order to regulate the

charging current and charging voltage at different distance values.
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Fig. 7.10. Battery current and voltage values of the DTO power converter during charging
operation with (a) 2 mm distance, (b) 4 mm distance and (c) 6 mm distance
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Fig. 7.11. Switching frequency of the DTO power converter as a function of charging time of
battery cells at different distance values.

The following can be observed from the results shown in Fig. 7.10 and Fig. 7.10: (1)
During CVCM operation at any distance, the switching frequency increases by time as the
battery cell at the WPT output approaches the full charge status (the charging current naturally
becomes smaller). This is expected because when the needed energy by the battery cell at the
WPT-RXx side decreases, the required switching ripple energy becomes smaller, and therefore the
controller increases the switching frequency. (2) During CVCM operation, as the distance
increases, the switching frequency range becomes smaller. This is expected because when the
distance is larger, larger switching ripple (lower frequency is needed) and energy are needed. (3)
During CCCM operation, because there is a minimum switching frequency (20 kHz) at which
the energy in the switching ripple is highest, the desired CCCM current (2.6A) might not be
achieved. Instead the highest possible charging current at the lowest switching frequency is
maintained. It can be observed from Fig. 7.10a that at 2 mm distance, a 2.6 A charging current
can be achieved. However as can be observed from Fig. 7.10b and Fig. 7.10c, at distances 4 mm
and 6 mm, that only ~1.75 A and ~0.93 A can be achieved, respectively. This results in longer

time needed to fully charge the battery at the WPT output.
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7.5.4 Dynamic Response Evaluation

In order to evaluate the regulation ability of the presented DV-DTO controller for the DTO
converter for each output independently, the system is tested under varying load current values
at both the non-WPT output and the WPT output. Fig. 7.11 shows the experimental results for
the voltage waveforms when DIS = 2 mm under load transients. It can be observed from Fig.
7.12a that when varying the non-WPT load current lo-wirea from 1 Ato 2 Aand from2 Ato 1 A
(while lo-wet is fixed at 2 A), the DV-DTO controller is able to maintain a regulated Vo.wired at
5V without affecting the regulation of the output voltage Vo.wer at the WPT output. Similarly, as
shown in the results of Fig. 7.12b, both Vo-wired and Vo-wpt maintain regulation at 5 V when lo.

wet is varied from 1 A to 2 A from 2 Ato 1 A (while lo.wired is fixed at 2 A).

- Io-wiFed changes from 2A to 1A cm |
VO-Wi red (5V/dIV) g

s ~

. I lo-wired changes from 1A to 2A
1 IO_W”'ed (1A/dIV) g -

Vo-wpT (5V/ d |V)
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Fig. 7.12. Experimental waveforms when (a) lo-wired is varied from 1 A to 2 A and from 2 A to
1 A while lo-WPT is fixed at 2A, and (b) 1o-WPT is varied from1 Ato2 Aand from2 Ato1 A
while lo-wired is fixed at 2A

Table 7.2. Sample measured parameter values that are used to calculate efficiency at non-WPT
load current of 10 A when DIS =2 mm

Ro-wpt lin Vin  Vouwired lowied Vowpr  Pin Pwirea  Pwer Eff
Opencircuit 455A 12V 5V 10A 803V 546W 50W OW 91.6%
5Q 486 A 12V 5V 10A 436V 583W 50W 3.80W 92.3%
9 Q (optimum) 486A 12V 5V 10A 6.11V 583W 50W 421W 92.9%
15Q 483A 12V 5V 10A 706V 58.0W 50W 3.35W 92.0%
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Fig. 7.13. Experimental waveforms when (a) reference voltage value Vo-ref-wire is varied
between 5 V and 8 V, (b) reference voltage value VVo-ref-WPT is varied between 4 V and 8 V and

(c) when input voltage is varied between 10 V and 14 V.

Fig. 7.13a and Fig. 7.13b show experimental results when the output voltage reference

values Vo.ret-wpT OF Vo-ref.wired are varied during the operation of the power converter when both

lo-wired @Nd lo-wired are set to be 1 A. It can be observed that both Vo-wpt and Vo-wired Values can be

regulated to track different reference values. Fig. 7.13c shows the WPT and non-WPT

experimental waveforms under varying input voltage (input voltage steps between10 V and 7.14

V). It can be observed that the two output voltages can be maintained regulated with varying

input voltage.
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7.5.5 DTO Power Converter Efficiency

The main objective of this subsection is to compare the efficiency of the DTO power

converter under different WPT load conditions. The comparison is made under the following
scenario: The non-WPT wired load is regulated at 5 V and its current is varied from 0 A to 10 A,
the switching frequency is fixed at 100 kHz, and the WPT load resistance is set to be three

different values (one is at the optimum value, one is above the optimum value and one is below

the optimum value).

Efficiency Comparison with 100 kHz Efficiency Comparison with 100 kHz
and Different WPT Load at Different Distance Values and Different WPT Load at Different Distance Values
100 100 =
o % -;__.___."—""—'-A =
80 80 4
X 70 X7 +
60 «=@= Without WPT Load Z 60 w9 Without WPT Load
g 453 wmge= With Optimum WPT Load (9 Ohms) at 2 mm ,§ 50 4 wmge=With Optimum WPT Load (9 Ohms) at 2mm
O
E 30 With WPT Load (5 Ohms) at 2 mm £ 39 With WPT Load (5 Ohms) at 2 mm
w w
20 wegees With WPT Load (15 Ohms) at 2mm 20 e With WPT Load (15 Ohms) at 2mm
10 10
0 0
6 7 8 9 10 0 01 02 03 04 05 06 07 08 09 1
Wired Load Current (A) Wired Load Current (A)
(a) (b)
Efficiency Comparison with 100 kHz Efficiency Comparison with 100 kHz
and Different WPT Load at Different Distance Values and Different WPT Load at Different Distance Values
100 100
% e = . %0
80 80
F70 F70 z
> 60 8= Without WPT Load 60 8= Without WPT Load
E :g amgem \With Optimum WPT Load (11.8 Ohms) at 4 mm .E :g g \With Optimum WPT Load (11.8 Ohms) at 4 mm
o o -
£ With WPT Load (5 Ohms) at 4 mm £ ! With WPT Load (5 Ohms) at 4 mm
o 30 w30 T
20 e \\ith WPT Load (15 Ohms) at 4mm 20 +¢ g \With WPT Load (15 Ohms) at 4 mm
10 10
] ]
0 4 5 6 7 8 9 10 0 01 02 03 04 05 06 07 08 09 1
W|red Load Current (A) Wired Load Current (A)

(©)

161

(d)
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Fig. 7.14. Efficiency comparison between when there is different WPT load values and there is no

WPT load at different distances: (a), (c) and (e) Full range view and (b), (d) and (f) zoomed-in
view at light load range.

Fig. 7.14 show the experiment results for each WPT load resistance under different DIS. It
can be observed that when there is a WPT load, the efficiency of presented DTO converter is
higher than when there is no WPT load. This is expected because when there is a WPT load, the
switching ripple energy is utilized to supply power to the WPT load while when there is no WPT
load this energy is not utilized.

Table 7.2 shows the measured parameter values in the case of 10 A wired load current
when DIS =2 mm. It can be observed from Table 7.2 that when the WPT load resistance is at the
optimum value (9 Q for this example) with a non-WPT load current of 10 A, the DTO converter
can achieve highest efficiency (92.9%), while when there is no WPT load (open circuit), the
efficiency is lowest (91.6%). When Ro.wpt = 5 Q or 15 Q (none optimum values), the efficiency
is higher when compared to no WPT load condition (open circuit condition) and is lower when
compared to optimum WPT load condition.

It should be noted that the efficiency of the DTO power converter is calculated by using

Equation (7.26). The total power loss of the non-ideal power converter can be experimentally
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calculated as Py,ss = Pi, — Puirea + Pwpr and can theoretically be estimated by using well
developed equations in the literature such as those presented in [119-120].

n _ PywiredtPwpT _ Vo—wiredlo—wired+(10—WPT—rms)2 Ro—wpT (7 26)
Pin IinVin .

7.6 Summary

A dual-variable control method for a dual-type output power converter concept is presented
in this chapter. The DTO power converter uses the same set of power stage components to
realize wireless power transfer (WPT) transmitter in addition to its conventional non-WPT wired
output. This allows a WPT receiver to receive power and realize a second output. Therefore, the
DTO power converter has a WPT output in addition to its non-WPT wired output. This can result
in size and cost reduction. The DV-DTO closed-loop controller modulates both the duty cycle
and switching frequency of the switches in order to regulate both outputs independently.

The chapter presented theoretical analysis which includes equations for gain and maximum
power transfer condition, among others. The results obtained from a proof-of-concept
experimental prototype verified the operation principles and the theoretical analysis. The
experimental results for two battery cells charging at the two outputs show that voltage and
current can be regulated for each output independently from the other output. The results also
show that there is an efficiency gain as a result of adding the WPT output especially at light (and
zero) load because the WPT output utilizes the switching ripple energy in the power inductor
(transmitter) which otherwise is not utilized. The presented concept can be extended and applied

to almost any power converter with a power inductor which has a current switching ripple.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Summary of Conclusions

Battery energy storage systems (BESS) have advanced especially in the past two decades
and have been developed for a wide range of applications, such as electric vehicles, consumer
electronics, and medical devices, among others. In BESS, power can be transferred to
loads/outputs through wireless link or non-wireless link. With the increasing demand for cost
and size reduction and improved performance, some new challenges are created. This
dissertation focuses on investigating the challenges to improve the overall performance of battery
system, increase the life-span of the battery cells, reduce the number of components and
converters, increase the system efficiency of the battery wireless charging and realize a robust
and cost-effective BESS.

Part of the dissertation focuses on addressing the challenges related to SOC balancing and
large number of components in battery systems. Chapter 2 presents a B-SI-MISO battery system
with SOC balancing controller to realize fast SOC balancing between multiple parallel-
connected battery cells. Chapter 3 presents a hierarchical battery system architecture and control
method, which can achieve SOC balancing not only between multiple battery cells that are
connected in parallel, but also between multiple battery modules that are connected in series.

In order to deal with the “Range Anxiety” issue in EVs application, in Chapter 4, a

practical Wirelessly Enabled and Distributed Battery Energy Storage (WEDES) system is
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presented which can allow for fast and safe exchange/swapping of battery modules at an
exchange station, home, or work and therefore potentially increasing the driving range of
electrical vehicles.

In addition to SOC balancing and “Range Anxiety” challenges in BESS, Chapter 5 and
Chapter 6 address the challenge related to decreased transmission efficiency in battery wireless
charging. In Chapter 5, a reconfigurable WPT (R-WPT) system is discussed to realize the
transmission efficiency maximization under varying transmission distance (DIS) and
misalignment (MIS) conditions in addition to varying load conditions. Chapter 6 presents an
Input Power Splitting (IPS) control method to increase the system efficiency in WPT.,

In Chapter 7, in order to deal with the challenge that additional components (such as
inverters) are required to realize wireless power transfer, a single dual-type-output (DTO) power
converter is discussed and analyzed.

In summary, the contributions of this dissertation work include the research and
development of the following concepts: (1) SOC balancing control design for B-SI-MISO battery
system; (2) SOC balancing control design for hierarchy battery system; (3) Power architecture
and control algorithm design for WEDES battery system with wireless power transfer (3)
Adaptive control design in R-WPT system to increase transmission efficiency; (4) Input power
splitting control design and analysis for multi-Tx WPT system and (6) Modeling and dual-type-
output (DTO) control design with independent voltage regulation for both wired output and
wireless output. All of the presented power architectures and control methods in the dissertation

have been evaluated and validated with the proof-of-concept experimental prototype results.
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8.1.1. SOC balancing method for B-SI-MISO battery system

This dissertation first presents the B-SI-MISO battery system and B-SI-MISO-SOC
balancing controller to realize battery SOC balancing at the input while at the same time
maintaining output voltage regulation at the output. During the discharging operation mode, the
presented B-SI-MISO-SOC balancing controller can dynamically control SOC multipliers a1
through an to adjust the discharging rate for each battery and realize SOC balancing, while
keeping a1 + a2 + ... + an = n so that the average value of output voltage Vout is always regulated

at Vout_rer. During charging mode, each battery can be charged independently.

The performance of the presented B-SI-MISO battery system and B-SI-MISO-SOC
balancing controller during both discharging operation mode and charging operation mode are
evaluated and validated by the proof-of-concept experimental prototype built in the laboratory.
The experimental results show that under discharging operation, the batteries with different
initial SOC values that SOC1 = 100%, SOC> = 98% and SOC3 = 95% can achieve SOC balance
within t = 15 min and remain balancing after that until the end of discharging operation. When
transient load current is applied in the system, the SOC values of three batteries can still achieve

and maintain balancing under large load step variations.

8.1.2. SOC balancing method for hierarchy battery system

A hierarchical SOC balancing controller is proposed in this dissertation to realize the SOC
balancing between multiple battery cells and between multiple battery modules at the inputs
while at the same time regulate the bus voltage at the output. During the charging operation, the
SOC balancing between multiple battery modules can be realized by modulating SOC multiplier
f1 through fmand the SOC balancing between multiple battery cells can be realized by

modulating SOC multipliers ar1 through am. During the charging operation, the reference
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charging current for each battery cell is obtained from the initial reference charging current
lavg_ref Dy multiplying/scaling the SOC multipliers g1 through fmand SOC multipliers ar1 through
arm respectively. The performance of the presented hierarchical SOC balancing controller and the
hierarchical distributed battery system is evaluated and validated by an experimental prototype.
The experimental results show that the SOC balancing between multiple battery cells and battery
modules can realized within 20 mins during the discharging operation and remain balanced until
the end of operation. For charging operation, the SOC balancing between battery cells can be
realized when t = 33 mins.
8.1.3. Control algorithm design for WEDES battery system

The presented wirelessly distributed WEDES controller makes the Wirelessly Distributed
and Enabled Battery System (WEDES system) possible and practical. The WEDES controller
consists of several control loops and functions that allow maintaining SOC balancing and voltage
regulation even under removal and insertion of a module and with the existence of several WPT
links which might not be fully symmetric under practical conditions. In addition to the SOC
balancing control loop, the WEDES controller also consists of two main voltage control loops.

The WEDES system with the presented controller is a possible candidate for a battery
system that has the potential to reduce range anxiety that is associated with EV's by making
battery exchange/swapping easier, safer, and faster.
8.1.4. Modeling and control design for R-WPT system

This dissertation proposed an adaptive closed-loop controller in a R-WPT system, which

can achieve transmission efficiency maximization and output voltage regulation at the same
time. The controller is realized to adaptively switch between different sizes of drive loops and

load loops, while modulating the duty cycle of buck-boost converter. The performance of the
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adaptive closed-loop controller is evaluated and verified by the experimental prototype built in
the laboratory. Experiment results show that under different DIS or MIS conditions, the
controller is able to track the maximum transmission efficiency point within a relatively short
time (less than two seconds). During the transient by changing the DIS or MIS between Tx and
Rx coils, the controller responds appropriately and is able to maintain output/load voltage
regulation at 5 V. Moreover, the results reveal that the adaptive loops configurability with the
presented controller not only has the benefit of maintaining high transmission efficiency, but also
it results in maintaining the same characteristics of the output/load regulation control loop such
as bandwidth and phase margin under varying DIS and MIS conditions
8.1.5. Input power splitting control for multi-Tx WPT system

This dissertation presents the evaluation of input power splitting (IPS) method to achieve
the maximum system efficiency and output voltage regulation under varying distance and
misalignment conditions in MTXWPT system. The IPS control method is realized by adaptively
optimizing the input power splitting multipliers a1 through an. As a result, unequal values of
input power are injected between different Tx coils. The model analysis results show that the
presented IPS method is able to improve the efficiency by optimizing multipliers a1 through an.
The IPS method is also evaluated and validated by an experiment prototype built in the
laboratory. The experimental results show that the efficiency is improved with presented IPS
control method compared to the method that input power is equally split into multiple Tx coils.
In addition, during the dynamic movement of Rx coil, the IPS controller is able to fast respond to
the changing operation condition and adaptively track the new maximum system efficiency
point. The presented IPS control method in MTXWPT system can be applied in the wireless

charging for home applications, consumer electronics and among others.
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8.1.6 Modeling and control design for DTO power converter

A dual-variable control method for a dual-type output power converter concept is presented
in the dissertation. The DTO power converter uses the same set of power stage components to
realize wireless power transfer (WPT) transmitter in addition to its conventional non-WPT wired
output. This allows a WPT receiver to receive power and realize a second output. Therefore, the
DTO power converter has a WPT output in addition to its non-WPT wired output. This can result
in size and cost reduction. The DV-DTO closed-loop controller modulates both the duty cycle
and switching frequency of the switches in order to regulate both outputs independently. The
results obtained from a proof-of-concept experimental prototype verified the operation principles
and the theoretical analysis. The experimental results for two battery cells charging at the two
outputs show that voltage and current can be regulated for each output independently from the
other output. The results also show that there is an efficiency gain as a result of adding the WPT
output especially at light (and zero) load because the WPT output utilizes the switching ripple
energy in the power inductor (transmitter) which otherwise is not utilized. The presented concept
can be extended and applied to almost any power converter with a power inductor which has a

current switching ripple.

8.2 Future Research Directions

An outlook of some possible future research plans that are related to this research
dissertation are shows as follows:
8.2.1. Accurate SOC Estimation

In this dissertation, different controllers are proposed to address the SOC balancing issue in
battery energy storage system. The accuracy of the SOC estimation is one of the key factors that

influences the performance and reliability of the controller. In chapter 2 and chapter 3, coulomb
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counting method is utilized to estimate the SOC values of batteries. However, the coulomb
counting method has some drawbacks. For example, the accuracy of coulomb counting method
highly depends the initial SOC value and the accuracy decreases with the integral of current with
time. In addition, the factors such as temperature, SOH and discharging/charging rate may also
influence the accuracy of SOC estimation.

Therefore, in order to improve the performance of the proposed SOC balancing controller,
a more accurate and reliable SOC estimation method is required. Some of the potential SOC
estimation methods have been summarized in Section 1.2.1 of Chapter 1, such as Kalman
filtering method and artificial intelligent method. The combination of multiple methods to realize
the online compensation of SOC estimation error is a good candidate to increase the accuracy. In
addition, a high speed and high resolution sensor/ADC can also lead a more accurate SOC
estimation results.
8.2.2. Accurate SOH estimation method

State-of-Health (SOH) is another important indictor to reflect the operation condition of
battery cell. In the future research, the accurate li-ion battery SOH estimation method is a good
focus. Typically, the SOH detection method can be divided into two categories: experimental
assessment method and data driven method (artificial intelligence method).

By collecting large amount of data of the voltage, current and temperate in BMS, the data
driven methods such as proposed in [32-35] are a good candidate to build an accurate SOH
model and predict the battery health situation in the future. In addition, how to implement the
SOH model training online without interrupting the system normal operation is another research
direction. In order to build the accurate SOH model online, a more powerful and high speed

controller may be required.
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8.2.3. High speed and reliable wireless communication

In this dissertation, Texas Instruments Wi-Fi wireless microcontroller CC3200, which
combines wireless communication, ADC module and PWM module, is used, especially that it
was available in order to obtain experimental evaluation results. This choice is mainly for a
proof-of-concept prototype, but other communication link options are also possible and might
need to be studied and compared in the future. Since the distance between the primary side
controller and secondary side controller, candidate communication link types in addition to Wi-
Fi are such as Bluetooth (BT) wireless technology and Wi-Fi Direct wireless technology (no
wireless access point is required), among others.

The wireless communication data rate (speed) is another factor in the selection and design
of wireless communications link in the future research. The data transfer rate of CC3200 can be
up to 13 Mbps (which can be adjusted using a delay command). If 12-bit voltage and 12-bit
current values are transferred wirelessly, data update (if need) can be achieved at a rate of up to
~541 kHz (=13 Mbps/24-bit). If larger amount of data needs to transferred between client and
host controller, a higher speed wireless communication chip is required.

8.2.4. High power WPT coil design

During the power architecture and controller design of WEDES system in Chapter 4, WE-
WPCC wireless power transfer transmitter coils [117-118], which are commercial available in
the market, are used as the Tx coil and Rx coil. In this work, the WE-WPCC wireless coils are
enough to verify the battery swapping concept of WEDES system.

In practical WEDES system design in Chapter 4, high power needs to be transferred to the
load such as power engine or powertrain. The low power WE-WPCC wireless coils are not

applicable to the high power system anymore. Therefore, higher power rating and high quality
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factor wireless coils are required in the future research work. This could be achieved by using
thicker copper wire with high quality magnet to improve both the transmission efficiency and
transmission power. In addition, the turns, size and volume of Tx coil and Rx coil and

compensation capacitor should also be designed carefully.
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