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Synopsis

Traditional spacecraft power systems are essentially based on secondary batteries, which are
usually operated under tightly controlled conditions in order to meet spacecraft life requirements.
However, conventional secondary battery technologies are facing many daunting obstacles to
achieve longer life performance and improved operability. Supercapacitors (SCs) are emerging
energy storage devices that offer a number of advantages over secondary batteries, which are
attractive to meet increasing demand for spacecraft energy storage sources.

The objectives of this work are the feasibility study for SC-based spacecraft power systems
and development thereof. Major hurdles for SCs to be an alternative to secondary batteries in
spacecrafts are posed in Chapter 1, and are addressed in the following chapters. In Chapters 2—4,
SC technologies are compared with conventional lithium-ion batteries (LIBs), and the feasibility
of SCs being an alternative energy storage source in spacecraft power systems is studied. In
Chapters 5-8, power system components for SC-based power systems are developed considering
innate SC characteristics.

In Chapter 2, the scientific background of SCs and LIBs is covered to highlight characteristics,
advantages, and drawbacks of SCs. Spacecraft power system architectures for SCs are also
considered taking SC characteristics into account.

Chapter 3 includes cycle life evaluations as well as establishment of accelerated ageing testing
and cycle life prediction model for SCs. Charge—discharge cycle tests emulating low-Earth orbit
spacecraft profiles are performed at various conditions, and the feasibility of ageing acceleration
is discussed based on the experimental life performance. Cycle life prediction model
incorporating ageing acceleration factor is also established.

In Chapter 4, the system mass comparison is made between LIB- and SC-based spacecraft
power systems, which consist of an energy storage source, photovoltaic (PV) arrays, and power
conditioning system. The gap between LIBs and SCs in terms of specific energy can be bridged
to great extent by using SCs with deep depth of discharge. In addition, the mass of PV arrays in
the SC-based system can be saved by introducing a constant-power charging scheme.

In Chapter 5, novel cell voltage equalizers are proposed considering SC characteristics and
general requirements in space. Equalization performances for series-connected SCs are
experimentally demonstrated, and comparisons with conventional equalizers are made in terms of
circuit complexity and design flexibility.

Chapter 6 proposes novel single-switch equalization chargers, which can simplify the power
system configuration as a whole by integrating a charge regulator and equalizers into one unit,
and demonstrates their charge performance for series-connected SCs.

In Chapter 7, novel unregulated interface converters, which are bidirectional dc-dc converters
without voltage regulation, are proposed to achieve high-efficiency power conversions over wide
voltage range. The proposed converters employ novel concepts, and exhibit unique characteristics.

Finally, in Chapter 8, an experimental SC-based power system is considered for a 28-V
sun-regulated bus architecture with 50 W load power requirement, and is designed using the
power system components proposed in Chapters 6 and 7. The system experimental test is
performed to verify the operation of the SC-based power system.
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Abstract

The aims of this work are to study the feasibility of supercapacitor (SC) technologies to be
alternatives to secondary batteries in spacecraft power systems, and to develop power system
components for SC-based power systems.

Mass saving, life extension, and improvement in operational flexibility are a primary research
and development challenge in spacecraft power systems, where secondary battery technologies
have been used as energy storage sources. In order to meet long mission life requirements of
spacecrafts, secondary batteries need to be operated under precisely controlled conditions,
implying that secondary battery technologies are facing obstacles to achieve longer life
performance and improved operability. SC technologies offer longer life performance over wide
temperature range which is attractive for spacecraft power systems. However, in order for SC
technologies to be used as alternatives to secondary batteries, research efforts on system and
component level are needed to address and overcome major hurdles, which originate from innate
SC characteristics, including: (1) need of accelerated ageing testing method and cycle life
prediction model, (2) mass increase due to low specific energy of SCs, thus needing a
consideration for mass reduction at a power system level, (3) voltage imbalance among
series-connected SCs, and (4) large voltage variation during cycling. Among a variety of SC
technologies, electric double-layer capacitors (EDLCs) and lithium-ion capacitors (LICs), which
are different types of SCs, were used to establish evaluation methods for feasibility study and to
develop power system components universally applicable to other SC technologies.

Since cycle life performance of SCs is inherently longer than that of conventional secondary
batteries, an ageing acceleration and/or cycle life prediction model are necessary to design and
evaluate spacecraft power systems properly. Although many research efforts have been done for
life evaluations and ageing accelerations for SCs in terrestrial use, similar studies emulating
conditions in spacecrafts are necessary because operational conditions, such as cycle profiles and
current rates, are totally different. Cycle life testing emulating typical low-Earth orbit profiles
was performed at various conditions to study the feasibility of accelerated ageing testing.
Resultant ageing trends could be extrapolated linearly with the square root of the number of
cycles as the x-axis. Degradations were mainly influenced by temperature, and were governed by
the Arrhenius model, which determines a temperature dependence of chemical reaction rates.
Ageing acceleration factors were obtained from activation energies determined by the Arrhenius
equation. A cycle life prediction model was established combining the linear extrapolation and
acceleration factor. The experimental and predicted aging trends were in good agreement,
verifying that achievable cycle life at a given temperature is predictable with the established
model.

In order for SCs to be of benefit to a spacecraft as a whole, an SC-based power system must
outperform in terms of system mass and/or operational life. Comparative analyses on power
system mass were made for lithium-ion battery (LIB)-based and SC-based systems consisting of
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photovoltaic (PV) arrays and power conditioning system components. The gap between LIBs and
SCs in terms of specific energy can be bridged to great extent by operating SCs with deep depth
of discharge. In addition, the mass of the PV arrays in the SC-based system can be saved by
introducing a constant-power charging scheme for SCs. The comparative analysis results implied
that the LIC-based power system has a potential to be an alternative energy storage source for
long life requirement, for which LIBs must be operated with very shallow DoD to mitigate
degradations.

Various equalization techniques for LIBs have been proposed and developed for not only
terrestrial but also space applications, but further improvement is desired for SCs in space. Novel
cell voltage equalizers and equalization chargers, which can simplify the power system
configuration as a whole by integrating a charge regulator and equalizers into one unit, were
proposed taking into account SC characteristics and general requirements in spacecrafts, such as
reliability, design flexibility, and poor variety of rad-hard circuit components. Since the proposed
equalizers and equalization chargers can operate with a single switch, the circuit complexity can
be dramatically reduced compared with conventional ones, thus contributing to meet the
requirements. Their individual equalizers' performances were experimentally demonstrated using
series-connected EDLCs.

Since voltage variations of SCs during charge—discharge cyclings are wider than those of
secondary batteries, power conversion electronics with a wide operational voltage range are
required for SCs to be used as alternatives to batteries. Traditional de-dc power converters using
magnetic components tend to be massive and inefficient for extended operational voltage range.
Novel magnetic-less unregulated interface converters (UICs), which can achieve high-efficiency
power conversions over wide voltage range, were also proposed for SCs. With the proposed UICs,
bus voltage variations can be maintained within a desired voltage range, whereas an SC voltage
varies significantly. EDLCs were experimentally cycled with the proposed UICs for the
demonstrations.

Finally, an experimental 28-V SC-based power system with 50 W load power requirement was
considered for a 60-V EDLC. The experimental SC-based power system was designed based on
the sun-regulated bus architecture using the proposed equalization charger and the UIC, and the
system operation was experimentally verified emulating sunlight-eclipse cycles.
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Chapter 1

Introductions

Mass reduction, life extension, and improvement in operational flexibility for energy storage
sources are primary challenges in spacecraft power systems. Alkaline batteries, such as Ni-Cd,
Ni-MH, and Ni-H, batteries, had been used as spacecraft energy storage sources until the
emergence of lithium-ion battery (LIB) technologies. LIBs, which offer the highest specific
energy among commercial secondary battery technologies, have replaced alkaline batteries as
energy storage sources, and have been the mainstream not only in consumer electronics but also
in spacecraft power systems since the mid 2000's. Extensive studies for LIBs have been
underway to achieve even higher specific energy and longer life performance. However, since
life performance of secondary batteries including LIBs is strongly dependent on operating
conditions, batteries in spacecrafts are usually operated under tightly controlled conditions in
order to meet life requirements. Depth of discharge, charge voltage level, and operation
temperature are strictly controlled to maximize operational life of batteries by mitigating
electrochemical and mechanical degradations. In other words, secondary battery technologies
are facing many daunting obstacles to achieve longer life performance with improved
operability at comparable mass.

Supercapacitors (SCs), also designated as electrochemical capacitor or ultracapacitor, are
emerging energy storage devices that offer several major advantages over the conventional
secondary battery technologies in terms of life performance, power capability, temperature
tolerance, and abuse tolerance. SCs have been attracting considerable attentions and been used
mainly for high-power applications where SCs are used as high-power energy buffers, such as
vehicular applications, regenerative systems in industries, and uninterruptible power supplies
[1]-[6]. A number of research efforts have also been made for spacecraft hybrid power systems,
in which SCs behave as a high-power auxiliary power source to complement secondary batteries
and to meet high-power requirement for short duration [7]-[10].

Although conventional applications and research of SCs have been mainly limited to such
high-power applications, the advantages offered by SCs, especially the long service life over
wide temperature range, are also attractive for spacecraft energy storage sources to meet the
increasing requirements. However, major hurdles originating from innate characteristics of SCs,
which are listed below, must be addressed and overcome for SCs to be used as alternatives to
secondary batteries in spacecraft power systems.

1) Establishment of accelerated ageing testing and cycle life prediction model

2) Possible mass increase due to low specific energies of SCs, thus needing a consideration for
mass reduction at a power system level

3) Cell voltage imbalance originating from nonuniform individual cell properties of
series-connected cells



4) Large voltage variations during cycling

Since cycle life performance of SCs is inherently long, an accelerated ageing testing method
and/or a cycle life prediction model need to be established based on experimental life evaluation
in order for SC-based power system to be designed properly. Low specific energy of SCs is the
most daunting obstacle to employ SCs in spacecraft power systems where light energy storage
sources are strongly desired. Hence, in addition to the efforts to increase their specific energy
which are underway in terrestrial research sectors, the possibility of mass reduction at a power
system level should be discussed to improve the likelihood of SC technologies being considered.
The issue about the cell voltage imbalance has also been addressed for LIBs, and various kinds
of cell voltage equalization techniques have been proposed and developed to mitigate or even
eliminate such cell voltage imbalance. However, cell voltage equalizers with improved
performance are still desired, and need to be designed considering not only SC characteristics
but also general requirements in space. The large voltage variations of SCs during cycling poses
a burden on conventional switching power converter designs in extending operational voltage
range without diminishing power conversion efficiencies. Novel concepts for power conversion
electronics may be beneficial to SC technologies to be adopted in spacecraft power systems.

The objectives of the works undertaken in this dissertation are the feasibility study for
SC-based spacecraft power systems and development thereof. A variety of SC technologies
have been developed or still under research and development [11]. In this study, two
representative commercially available SC technologies, electric double-layer capacitors
(EDLCs) and lithium-ion capacitors (LICs), which are different types of currently commercially
available SCs, are used in order to establish universal evaluation methods for feasibility study
and to develop spacecraft power system component universally applicable to future SC
technologies.

Following chapters address and discuss the aforementioned major obstacles. Chapter 2
outlines fundamentals of LIBs, EDLCs, and LICs, as well as spacecraft power system
architectures. Chapter 3 evaluates the cycle life performance of EDLCs and LICs, and discusses
and establishes the feasibility of ageing acceleration and cycle life prediction model,
respectively. In Chapter 4, the masses of LIB- and LIC-based power systems for a
low-Earth-orbit spacecraft are compared based on mathematical analyses. Chapter 5 reviews
conventional cell voltage equalizers, and proposes novel cell voltage equalizers considered
suitable for SCs in space. Novel equalization chargers, which combine a charge regulator with
cell voltage equalizers into one unit to simplify the power system configurations as a whole, are
proposed in Chapter 6. Chapter 7 proposes unregulated interface converters (UICs) to achieve
high-efficiency power conversions over wide voltage range. In Chapter 8, an experimental
SC-based system is build based on system considerations, and a system level experimental
demonstration test is performed for a sun-regulated 28-V power system with 50 W load power
requirement using series-connected EDLCs.
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Chapter 2
Lithium-Ion Battery and Supercapacitors

2.1 Introduction

Both lithium-ion batteries (LIBs) and supercapacitors (SCs) are energy storage devices.
However, since their energy storage mechanisms as well as features are totally different, they
have been used in different applications. This chapter outlines energy storage mechanisms and
characteristics of LIBs and SCs, and compares their features, drawbacks, and characteristics.
Possible spacecraft power system architectures for LIBs and SCs are also discussed taking their
charge—discharge characteristics into account.

2.2 Lithium-Ion Battery

LIBs are the most common energy storage source not only in consumer portable electronics
but also in recent spacecrafts. Lithium alloys, such as LiCoO,, LiNiO,, LiMn,Q,, etc., are used
as an active material for the positive electrode, while graphite carbon, in which lithium ions can
intercalate, is used for the negative electrode. LIBs achieve the highest specific energy among
commercial secondary batteries, with no memory effect and slow self-discharge rate when not
in use. Vigorous research and development has been underway to achieve increased specific
energy and extended life performance.

The energy storage mechanism of LIBs is based on electrochemical reactions. During
charging, lithium ions carry the current from the positive to negative electrode through the
organic electrolyte and separator, and vise versa during discharging. The cell reactions involve
side reactions including degradation reactions, and the rates of electrochemical and mechanical
degradations are strongly dependent on operating conditions, such as temperature, depth of
discharge (DoD), and charge voltage. To extend service life by mitigating such degradations,
LIBs need to be operated at reduced temperature with shallow DoD. Degradation mechanisms
of LIBs can be characterized as two major factors, mechanical stress due to cycling and
calendar degradations that take place even under floating or rest conditions. A cycle life
prediction model considering these two factors separately has been established to predict cycle
life under complicated cycling patterns [1].

The most prominent feature of LIBs is the highest specific energy among commercially
available secondary batteries. Space qualified LIB cells achieve about 150 Wh/kg [1], which is
about 2.5 times higher than that of traditional alkaline batteries. However, LIBs must be
operated with great care to ensure years of safe operation without rapidly aging performance.
Overcharging and/or operation above specified temperature range may lead to not only gas
evolution due to electrolyte decomposition but also thermal instability of active materials. The
decreased thermal instability of LIBs may cause accelerate irreversible deterioration and, in the
worst case, an explosion or a fire. At the elevated temperature or in a fire, LIB cells become
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(a) (b)
Fig. 2.2.1. Photograph of (a) commercial off-the-shelf lithium-ion pouch cell and (b) pouch cell
battery used for a small scientific satellite "REIMEI".

thermally unstable and release O, from active materials (LiCoO,, LiNiO,, or LiMn,0y),
resulting in thermal runaway. Hence, not only operation voltage range but also temperature
must be strictly controlled to ensure safety operation.

A number of LIBs for space applications have already been developed [1], tested [2]-[4], and
implemented [5]. Commercial off-the-shelf lithium-ion pouch cells have also been used. For
example, a small scientific satellite "REIMEI" employed Li,Mn,0O4-based commercial
off-the-shelf lithium-ion pouch cells, shown in Fig. 2.2.1(a) [6]. The pouch cells were potted
with epoxy-based resin in a hard aluminum case, as shown in Fig. 2.2.1(b), in order to protect
the pouch cell batteries from vacuum in space. The pouch cell battery equipped with REIMEI
has been operated approximately 30000 cycles on orbit as of this writing, demonstrating that
on-orbit battery's cycle life performance was not affected by the conditions in space. The potting
technique used for REIMEI's pouch cell battery may also be used for SCs because most
commercial SCs employ such pouch casing rather than robust metallic containers in order to
increase their specific energies.

2.3 Supercapacitors

SCs, also known as electrochemical capacitors or ultracapacitors, are energy storage devices
with relatively high specific capacitance, energy, and energy density, which are typically
hundreds of times greater than those of conventional electrolytic capacitors. A variety of SC
technologies have been developed or still under research and development. Types of SCs are
classified by the energy storage mechanism [7]. The most prevalent and traditional SC
technologies are electric double-layer capacitors (EDLCs) that store energies in double-layer
capacitance formed on both positive and negative electrode. Hybrid capacitors, which are
emerging SC technologies, utilize different energy storage mechanisms of double-layer
capacitance and electrochemical reaction for respective electrode. Lithium-ion capacitors (LICs)
is the most popular hybrid capacitors, and commercialization has been launched by several
manufactures. Redox capacitors, also called as pseudo-capacitors, combine simultaneously two
kinds of energy storage mechanism, i.e. non-faradic and faradic processes, to even enhance the
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value of specific capacitance.

This dissertation deals with EDLCs and LICs as representative SC technologies. However,
life testing and prediction model, system mass calculation model, power system components
including equalizers, equalization chargers, and UICs, each of which is discussed and developed
in the following chapters, can be used for other types of SC technologies.

2.3.1 Electric Double-Layer Capacitor

Generally, a double-layer is formed at the interface between conductive electrode and
electrolyte in an electrochemical cell, and provides the effective separation of charge. EDLCs
utilize huge double-layer capacitance for energy storage mechanism. Fig. 2.2.1 shows a
schematic structure of an EDLC. Since the effective capacitance is proportional to an area of
electrodes, activated carbon, which has a high specific area, is typically used for EDLCs. Since
both the positive and negative electrodes are the activated carbon, they are also called
"symmetric electrochemical capacitors". During charging, positively- and negatively-charged
ions adsorb on the negative and positive electrode, respectively, and a terminal voltage increases
as the adsorption process progresses. During discharging, on the other hand, the adsorbed ions
migrate to the electrolyte, and its terminal voltage decreases. Thus, the charging and discharging
processes of EDLCs are essentially adsorption and disorption, and do not involve
electrochemical reactions.

The lack of electrochemical reactions provides several major advantages over secondary
batteries, such as high power capability, superior cycle life performance, wide operating
temperature range, high charge—discharge efficiency, etc. [8],[9]. EDLCs have been used and
evaluated for industrial and vehicular applications [10]-[14]. However, since energies are stored
only at the surface of electrodes, specific energies of EDLCs are rather lower than those of LIBs,
in which electrochemical reactions take place in bulk electrodes. The low specific energy of
EDLCs, typically less than 10 Wh/kg for cell, limits their applications to auxiliary energy

Activated Carbon Electrolyte Activated Carbon
(Negative Electrode) (Positive Electrode)

Fig.2.3.1. Image of positive and negative electrode structures of electric double-layer capacitor.
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storage sources where EDLCs are used as high-power energy buffers to complement main
energy sources such as secondary batteries, fuel cells, and renewable energy systems using
photovoltaic (PV) cells and/or wind turbines when there is an instantaneous demand for
relatively large power.

Cycle life testing for high-power applications such as industrial and vehicular applications
has been performed [10]-[14], and the feasibility of ageing acceleration for EDLCs under
floating conditions has also been investigated [15],[16]. However, no study has performed cycle
life testing for low-power applications such as energy storage in spacecrafts. Cycle life
performance and the feasibility of accelerated ageing tests for EDLCs in spacecrafts will be
discussed and investigated in Chapter 3.

2.3.2 Lithium-Ion Capacitor

A LIC is an emerging hybrid capacitor that combines the features of LIBs and EDLCs
[17]-[19]. Fig. 2.3.2 shows a schematic structure of a LIC. The positive electrode is identical to
that of the EDLCs; the positive electrode is the activated carbon at which a double-layer is
developed. On the other hand, negative electrode is a carbon material that is pre-doped with
lithium ions, and works like a lithium-ion intercalation electrode used for LIBs. As a result, the
capacity of the negative electrode is rather higher than that of the positive electrode, because
energies can be stored in the bulk material of the negative electrode. The increased negative
electrode capacity also increases the total capacity as a whole cell.

The major advantages of LICs are very similar to those of EDLCs, but a specific energy of
LICs, typically less than <30 Wh/kg for cell, is much larger than that of EDLCs. Hence, LICs
achieve greater performance than EDLCs without diminishing the advantages of conventional
EDLCs [17]-[19]. LICs are known to be much safer than LIBs. Positive active materials of
LIBs, which are lithium-oxide alloys, contain an element of oxygen, and the oxygen is released
from the positive active material at an elevated temperature causing thermal runaway, which
poses serious safety concerns. LICs, on the other hand, do not contain oxygen, and therefore,
the thermal runaway mechanism is not likely.

Li-Doped Carbon Electrolyte Activated Carbon
(Negative Electrode) (Positive Electrode)

Fig.2.3.2. Image of positive and negative electrode structures of lithium-ion capacitor.
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Since the LICs are relatively new in the market, no academic paper has reported life
performance and the feasibility of ageing acceleration for LICs as of this writing. These issues
will also be discussed in Chapter 3.

2.4 Comparison between Lithium-Ion Battery and Supercapacitors
2.4.1 Specific Energy and Cycle Life

LIBs offer the highest specific energy (about 150 Wh/kg for space-qualified cell) among
commercial secondary batteries [1]. However, since cycle life performance of LIBs is strongly
dependent on depth of discharge (DoD), they are usually cycled with shallow DoD in order to
meet cycle life requirements. For example, in low-Earth orbit (LEO) spacecraft applications
where more than 30000 charge—discharge cycle life in orbit is required, LIBs are operated with
a DoD shallower than 40% to meet the cycle life requirement [3]-[5]. In contrast, for
geosynchronous-Earth orbit (GEO) spacecrafts, LIBs are cycled with deep DoD of <80%,
because the required cycle number is much less. Thus, only 40% and 80% of the LIBs' specific
energy is available during normal operations on LEO and GEO, respectively.

Specific energies of EDLCs and LICs are usually less than 10 Wh/kg and 30 Wh/kg,
respectively, and are rather lower than that of LIBs. Their low specific energy has limited their
applications to auxiliary energy storage sources. However, they can be potential energy storage
sources in spacecraft power systems once their long cycle life at wide temperature range is
factored in. If they could operate with deep DoD for desired life spans, the gap between LIBs
and SCs in terms of specific energy would be bridged to great extent. Cycle life testing
emulating LEO cycling conditions for EDLCs and LICs are performed, and a cycle life
prediction model for SCs is established in Chapter 3. Detailed discussion on mass comparison
will be made in Chapter 4 by introducing a concept of net specific energy, which is defined as a
product of specific energy and DoD.

2.4.2 Operation Temperature

Operation temperature is one of the key factors that govern service life of energy storage
cells. It is commonly accepted that calendar degradations of LIBs double for every 10°C
increase, and hence, operation temperatures should be low enough to mitigate the
temperature-dependent calendar degradations. However, electrical characteristics of LIBs are
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Fig. 2.4.1. Temperature dependence of electrical characteristics of (a) LIB and (b) EDLC cells.
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strongly dependent on temperature, as shown in Fig. 2.4.1(a); the deteriorated performance at
low temperature is marked. LIBs in spacecraft power systems are commonly operated between
0-10°C (usually specified as 5°C £ 5°C) in order to fulfill the life requirement of 30000 cycles
without diminishing electrical characteristics. The temperature range of LIBs is very narrow
compared with other components in spacecrafts. This narrow temperature range requires
elaborate thermal design and controlling, negatively influencing the thermal system design and
operation.

Although calendar degradations of SCs are also dependent on operation temperature,
electrical characteristics of SCs are less dependent on operation temperature than those of LICs.
Fig. 2.4.1(b) shows the temperature dependence of electrical characteristics of an EDLC cell. In
addition, since the life performance of SCs are inherently longer than those of LIBs, the
operation temperature range for SCs can be extended compared with those for LIBs. Extended
temperature ranges would be beneficial to thermal system design and operation; not only the
design flexibility for thermal system is improved but also a required power for heating is likely
to be saved. Operation temperatures for SCs to fulfill certain cycle life requirements are
estimated based on cycle life testing and life prediction model in Chapter 3.

2.4.3 Voltage Variation During Cycling

Generally, voltages of energy storage devices vary, and a voltage variation range is an
important factor to be took into consideration to design not only power conversion electronics,
such as bus voltage regulator, charge regulator, and discharge regulator, but also power system
architectures. Fig. 2.4.2 compares the discharge curves of LIB, EDLC, and LIC cells at 25°C,
and the voltage variation ranges of these cells are usually 3.04.2 V, 0-2.5 V, and 2.2-3.8 V,
respectively. The discharge curve of the LIB is flat and its voltage variation range is relatively
narrow, whereas those of EDLCs and LICs vary significantly. This implies that the conventional
LIBs in spacecraft power systems can not be simply replaced with SCs, and power conversion
electronics are indispensable to compensate the large voltage variations. For SCs to be used as
alternative energy storage sources to LIBs, the voltage range of conventional power conversion
electronics must be extended. However, extending the operational voltage range usually poses
to some negative problems including increased size and mass of circuit components, reduced
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Fig. 2.4.2. Typical discharge curves of LIB, EDLC, and LIC cells.
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power conversion efficiency, additional customization, etc. Another approach is an introduction
of an unregulated interface converter (UIC) that is a kind of high-efficiency intermediate
converter, with which the conventional power conversion electronics can be used without any
customizations. In Chapter 7, two types of UICs are proposed for SC-based power systems.

2.5 Power System Architecture for Lithium-Ion Battery and Supercapacitors
2.5.1 Power System Architecture

Since voltage variation ranges of LIBs and SCs are totally different, as shown in Fig. 2.4.2, a
power system architecture should be chosen considering the voltage variations so that power
system requirements, such as power conversion efficiencies and bus voltage variation ranges,
can be properly met with the least compromise. The power system architecture for LIBs and
SCs is configured in one of the following systems.

2.5.1.1 Fully Regulated Bus System

A bus voltage in a fully regulated bus is controlled for entire period, and bus voltage
variations are typically regulated within several percents. Fig. 2.5.1(a) shows the typical fully
regulated bus using a LIB as its energy storage source. During sunlight, in which the PV arrays
provide energies to the load and LIB, the bus voltage is regulated by the bus voltage regulator,
while the LIB is charged by the charge regulator. In eclipse, the LIB discharges via the
discharge regulator, and the power is supplied to the load at a regulated voltage. The fully
regulated bus architecture generally finds applications where load power requirements are larger
than 3 kW, typically in GEO spacecrafts. Since the bus voltage is regulated to be almost
constant, an operational voltage range of dc-dc converters equipped with onboard instruments
can be designed relatively narrow, and power distribution harness mass can be reduced
compared with other architectures where bus voltages vary. In addition, the fully regulated bus
offers great flexibility in battery design and cell selection, because battery voltage as well as the
number of series connection can be any values within the charge and discharge regulators' duty
cycle limit. Although the power conversion loss in the discharge regulator may be considered as
a disadvantage of the fully regulated bus architecture, high-efficiency discharge regulators,
which achieve power conversion efficiencies higher than 95%, have been developed [20]-[22],
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Fig. 2.5.1. Fully regulated bus architectures for (a) LIB-based and (b) SC-based systems.
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competing with the discharge diode in sun-regulated bus architectures in terms of power
conversion loss. However, the need of the discharge regulator adds cost and reduces the system
reliability.

In the fully regulated bus architecture, the SC can be simply replaced with the LIB as long as
the voltage variation range of the SC is acceptable to the charge and discharge regulators. If not
acceptable, charge and discharge regulators with extended operation voltage range or a UIC are
required. Fig. 2.5.1(b) illustrates the SC-based fully regulated bus architecture using a UIC. The
charge regulator controls both a charge current and charge voltage for the SC which is placed
beyond the UIC. Because of the existence of the UIC in between, charging performance of the
charge regulator in terms of stability and accuracy may be negatively affected. In addition, total
power conversion efficiencies for both charging and discharging are lower than those in Fig.
2.5.1(a) because of double power conversions in the charge and discharge regulators and the
UIC.

2.5.1.2 Sun-Regulated Bus System

In a sun-regulated bus architecture using a LIB, shown in Fig. 2.5.2(a), the bus voltage is
regulated by the bus voltage regulator during sunlight, and is unregulated during eclipse because
of the LIB directly connected to the bus via the discharge diode. The advantage of this
architecture over the fully regulated bus is the lack of the discharge regulator, reducing cost as
well as the system complexity. The sun-regulated bus architectures usually find applications
having the load power demand less than a few kilowatts, typically in LEO spacecrafts. However,
since the LIB is directly connected to the bus without a discharge regulator in between, the bus
voltage during eclipse varies as the LIB discharges. A typical variation range of a 28-V bus, for
example, is 22-35 V, which is determined by the number of series connection of cells and cell
voltage variation range, and therefore, dc-dc converters equipped with onboard instruments
must be designed operational in that range.

Since voltages of SCs vary significantly, as shown in Fig. 2.4.2, the LIB can not be simply
replaced with an SC without additional power conversion electronics. For SCs to be used in a
sun-regulated bus architecture, the SC must supply the power to the load within a desired
voltage range, which is typically 22-35 V for a 28-V bus system. Possible sun-regulated bus
architectures for SCs are shown in Figs. 2.5.2(b) and (c). In the system illustrated in Fig.
2.5.2(b), the combination of the SC and a UIC is replaced with the LIB in Fig. 2.5.2(a). In other
words, the SC with the UIC behaves as if an alternative LIB. Although a power conversion
efficiency of the UIC can be very high as demonstrated in Chapter 7, a total power conversion
efficiency for charging is expected to be lower than that in the conventional single power
conversion system shown in Fig. 2.5.2(a) because of an efficiency penalty due to the double
power conversion in the charger regulator and the UIC. Another possible architecture, shown in
Fig. 2.5.2(c), has the UIC instead of the discharge diode. In this system, the UIC operates during
eclipse (discharging period) only, and the charge power for the SC passes through the charge
regulator only, reducing the number of the power conversion stage for charging compared with
the system shown in Fig. 2.5.2(b). This system is very similar to the fully regulated bus
architecture shown in Fig. 2.5.1(a), but the bus voltage during eclipse is unregulated. In addition
to the improved power conversion efficiency for charging, the discharge diode can be
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using unregulated interface converter (b) with discharge diode and (c) without discharge diode.

eliminated, and hence, this system is considered advantageous over the system in Fig. 2.5.2(b).
From the viewpoint of charge performance of the charge regulator, the system in Fig. 2.5.2(c) is
also better because of the UIC is not connected between the charge regulator and the SC.
However, the charge regulator in Fig. 2.5.2(c) needs to be designed capable of the large voltage
variation of the SCs, whereas conventional charge regulator without any retrofit can be used in
Fig. 2.5.2(b).

2.5.1.3 Unregulated Bus System
The simplest power system architecture for a LIB is an unregulated bus system, shown in Fig.

2.5.3(a), which has neither charge regulator nor discharge regulator. Since the LIB is directly
tied to the bus without any series component in between, the bus voltage is always unregulated
and as same as the LIB's voltage. A charge current and charge voltage for the LIB are controlled
by the bus voltage regulator, and hence, the bus voltage regulator in this system acts as a charge
regulator. Although the simplest architecture, the charge control function needs to be
incorporated into the bus voltage regulator. The unregulated bus architecture has the similar
advantages and disadvantages of the sun-regulated bus architecture, discussed in the previous
section. However, the bus voltage regulator in the unregulated bus system requires the largest
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operational voltage range among the power system architectures discussed in this section. The
input and output of the bus voltage regulator in the unregulated bus system are connected to the
PV array and the LIB, respectively, whose voltages vary depending on conditions. Hence, the
bus voltage regulator must be designed considering the severest condition in terms of duty cycle
and voltage stress, which is likely to occur at the beginning of sunlight when the PV array's
voltage and the LIB's voltage are the highest and lowest, respectively.

For SCs to be used instead of the LIB, a UIC is required in the unregulated bus system, as
illustrated in Fig. 2.5.3(b). One concern is that the charge performance of the bus voltage
regulator, in terms of stability and accuracy, may be negatively affected by the existence of the
UIC connected in between, as explained in the previous sections.

2.5.2 Energy Transfer from Photovoltaic Array to Bus
The above-explained bus architectures are further subdivided into two groups, depending on
the type of the bus voltage regulator.

2.5.2.1 Direct Energy Transfer
In a direct energy transfer (DET) system, the PV array and the load are connected with no

series components in between. Shunt dissipators are usually used for DET systems, and regulate
or roughly control the bus voltage within a desired variation range. Generally, PV arrays are
sized to be capable to meet the power requirement at the end of mission life, and a generated
power of the PV arrays should be delivered to the bus with minimum power loss in order to size
the PV arrays as small as possible. Since there is no series component between the PV array and
the bus, all the generated PV power at the end of life can be delivered to the bus with no loss in
the ideal case. However, the excess power of the PV arrays is dissipated in the form of heat in
order to control the bus voltage, and hence, the thermal system of spacecrafts must be designed
to provide adequate cooling.

A variety of shunt dissipators, including linear and PWM shunts, have been developed, used,
demonstrated, and proposed to reduce the burden on the thermal system. Other efforts have been
made to combine the charge regulator with the shunt dissipator in order to reduce the number of
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power system components as well as the system complexity and cost [23],[24].

2.5.2.2 Series Switching Regulator

Series switching regulators (SSRs) are switching dc-dc converters that control the voltage
conversion ratio between the PV arrays and the bus. Contrary to the DET systems, since only a
required power is extracted from the PV arrays by the SSR, the heat dissipation can be
significantly reduced compared with that in the DET systems. However, heat due to power
conversion losses in the SSRs needs to be dissipated inside the spacecraft body, negatively
influencing the thermal system. Besides, the PV arrays in SSR systems should be sized larger
than those in the DET systems in order to compensate a power conversion loss in the SSRs.
Another concern is bus voltage ripples induced by high-frequency switching operations of the
SSRs.

The SSRs can operate as maximum power point tracker (MPPT), with which the PV arrays
are always able to operate at the maximum power point. The MPPT finds a variety of
applications having relatively short sunlight period or large variations in solar flux, array
temperature, and sun angle in spacecrafts with no sun tracking gimbals. The SSRs also can be
combined with the charge regulator in the unregulated systems, as already discussed in Section
2.5.1.3.
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Chapter 3
Cycle Life Evaluation for Supercapacitors

3.1 Introduction

Cycle life performance of EDLCs has been evaluated for industrial and vehicular applications
[1]-[5], whereas no academic papers have reported life performance of LICs as of this writing.
Ageing acceleration and cycle life prediction are of primary importance because testing for
actual lifespan, which may be more than 10 years, is impractical in laboratories. The ageing of
EDLCs can be accelerated by elevating the temperature on the basis of the Arrhenius model,
which expresses chemical reaction rate as a function of temperature [6]-[8]. Conventional
accelerated ageing tests are performed under float conditions with constant voltage and
temperature [8]-[10]; therefore, the influence of charge—discharge cycling on the life
performance is not considered. Previous research on high-power charge—discharge cycle life
testing reported that ageing behavior during high-power cycling differs from that during float
conditions [3]-[5]. In addition, because the charge—discharge current for such high-power
cycling is very large, the temperatures of EDLCs tend to increase because of Joule heating in
resistive components [11],[12]; this heat generation strongly influences cycle life performance
[13]. Ageing during low-power cycling aiming for alternative battery applications, in which
heat generation is negligibly low because of low charge—discharge current, is considered to be
different from that during high-power cycling.

In this chapter, the feasibility of accelerated cycle life testing for SCs (i.e., EDLCs and LICs)
is discussed, and a cycle life prediction model is established. In Section 3.3, cycle life
performance of EDLCs and LICs at various temperatures and DoDs is evaluated. Section 3.4
discusses temperature dependence of degradations based on the resultant cycle life performance
and Arrhenius equation. Activation energies and acceleration factor, which are the major
parameters for the life prediction model, are mathematically determined. In Section 3.5, a cycle
life prediction model considering temperature and number of cycles is established, and
examples of cycle life prediction on the basis of the established model are also presented.

3.2 Experimental Conditions
3.2.1 Charging and Discharging Schemes During Cycling

Constant current—constant voltage (CC—CV) charging and constant current (CC) discharging
are the most common schemes for LIB cycle life performance tests. For practical use, LIBs are
charged by a charger that usually adopts the CC—CV charging scheme. Because this charging
scheme is determined by chargers, EDLCs and LICs may also be charged in a similar manner
even when LIBs are replaced with EDLCs or LICs.

On the other hand, a discharging scheme for EDLCs and LICs should differ from that for
LIBs in cycle life testing. LIBs in practical use discharge to loads via dc—dc converters that
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supply power to the loads at a regulated constant voltage, thus discharging LIBs at constant
power (CP). In other words, the converter viewed from the LIBs acts as a CP load. A discharge
curve of a LIB, shown in Fig. 2.4.2 in the previous chapter, is relatively flat at DoD smaller than
approximately 80%, and therefore, LIBs discharge at almost CC even for the CP loads in
practical usage although their currents slightly vary. Thus, cycle life testing using a CC
discharging scheme is reasonable for LIBs although actual cycling profiles are anticipated to be
more complicated than those in laboratories. On the other hand, voltages of EDLCs and LICs
vary significantly with change of DoD as compared with that of LIBs. Thus, the discharge
current of SCs for the CP loads increases with a decrease in their voltage. This inherent trait
makes the CP discharging scheme preferable for cycle life testing.

3.2.2 Depth of Discharge

It is well known that LIBs deteriorate significantly with deeper DoD [14],[15]. Therefore,
DoD is one of the most important parameters for cycle life testing of LIBs. DoD is usually
defined as the ratio of the discharged capacity to the rated capacity, and LIBs are cycled using
CC discharging, with which the discharged capacity is invariably constant in every
charge—discharge cycle. On the other hand, the discharged capacity for cycling using CP
discharging varies with voltage decline due to ageing, whereas the discharged energy is
invariably constant in every charge—discharge cycle. In this study, energy DoD, which is the
ratio of the discharged energy to the rated energy, was defined for standardization throughout
the cycle life testing using the CP discharging scheme. Ampere-hour DoD, D, and energy
DoD, Dy, are given by

Ve =V,
Ah =0 (3.1)
VR_chr—off
Vi Ve
Dy=T5— (3.2)

R cut—off

respectively, where Vi, Vena, Veuros and Vi,p are the rated charge voltage (or maximum charge
voltage), charge voltage, cut-off voltage, and end of discharge voltage, respectively. The
relationship between D, and D for SCs is obtained from (3.1) and (3.2) as

100fF - - - . -
o —o-LIC
= - . _O- EDLC ¢’?
=) ~ 75% FF -
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Fig. 3.2.1. Relationship between ampere-hour DoD and energy DoD.
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Table 3.1. Charge-discharge cycling conditions for SCs.
DoD Charge Voltage (V)

Cell Temperature
(D) EDLC LIC
0,
B 7 M~ 3.8V
2 40% a0°c
3 723V 3.6V
_‘5‘ 3% o5y 38V -
0,
6 3y 3.6V
_; 80%  ,s5v 38V 30°C (EDLC)
0, o
40% =573 v 25°C (LIC)
10 25V n/a 40°C
11 CV (for500 F n/a 0°C
12 cells only) n/a 30°C
V) -V -DuVe =V, )
cha cha cut—off
D, = - - . (3.3)

v

R

-V

cut—off'

The relationship between D, and Dy for an EDLC (Vg = Ve = 2.5V, Voo =0 V) and LIC
(Ve =Vena=3.8V, Veyrop= 2.2 V) are shown in Fig. 3.2.1.

3.2.3 Charge-Discharge Cycling Conditions

EDLCs (1500 F or 500 F, Vx = 2.5 V) and LICs (2000 F-class, Vz = 3.8 V), whose
photographs are shown in Fig. 3.2.2, were used for the cycle life testing. Nine cells, Cells 1-9,
were cycled at various conditions, and three cells of 500-F-EDLC were tested at floating
conditions, as shown in Tables 3.1 where there are 2 levels of DoD (Dg), 2 levels of charge
voltage (V,.,), and 3 levels of temperature in order to systematically investigate cycle life
performance. For comparison, lithium-ion pouch cells with capacity of 3.0 Ah were also cycled
with D, = 20% or 40% at 25°C.

As explained in the previous section, DoD is one of the most important parameters for cycle
life testing. In order to investigate DoD dependence on SC degradation, the SCs were cycled
with two Dg levels. A deep DoD level of Dg = 80%, which allows 20% degradation at the end of

(a) (b)
Fig. 3.2.2. Photograph of (a) 1500-F and 500-F-EDLCs, and (b) 2000-F-class LIC.
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Fig. 3.2.3. Typical cycling profiles for (a) 1500-F-EDLCs and (b) LICs.

life, was a baseline condition. On the other hand, a shallow DoD of Dy = 40% was for
comparison.

Degradations of SCs under floating conditions are accelerated with an increase in charge
voltage, and 100 mV increase reportedly corresponds to 10°C increase [7],[10],[16],[17].
However, an influence of charge voltage during cycling on degradations of SC for alternative
battery applications has not been reported. To investigate an impact of charge voltage during
cycling on degradations, cells were tested at 2 charge voltage levels.

A typical operation temperature range for low-Earth-orbit spacecraft is specified to be
—5°C-30°C [18], but temperatures rarely fall below 0°C in practical use. The cells were tested
at 0°C and 30°C, which are in the typical operation temperature range, as well as at 40°C, at
which ageing is expected to be accelerated compared with the typical temperature range.

A single charge—discharge cycle consisted of 65 min charging and 35 min discharging,
emulating typical charge—discharge cycling for low-Earth-orbit spacecraft [19],[20]. Cells were
charged with the CC—CV charging scheme and discharged with CP discharging. The values of
charge current during the CC charging period were determined so that the CC and CV charging
periods were 45 and 20 min, respectively, at the beginning of cycle life testing. The current for
CC charging, Icc, is determined as

cw, -V,

ICC — chaT_ EnD) , (34)

cc

where C is the capacitance and T¢¢ is the CC charging period in second. The power for
discharging, P, is given by
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%CVRZDE
P, =t (3.5)

dis

where T is discharging period in second. Fig. 3.2.3(a) and (b) shows typical profiles of voltage,
current, and power during charge—discharge cycling for 1500-F-EDLCs and LICs, respectively.

The capacitance retentions were periodically measured at 25°C. The capacitance
measurement was performed with the CC—CV charging scheme at 1.0 C rate for 5 h, followed
by CC discharging at 1.0 C rate. The capacitance retention ratio is the ratio of the measured
capacitance at each cycle to the initial capacitance.

3.3 Experimental Cycle Life Performance

Figs. 3.3.1(a)—(c) show the typical discharge curve trend of a lithium-ion cell, 1500-F-EDLC,
and LIC during capacitance measurement. The discharging time of the lithium-ion cell
consistently decreased because of degradation, and the voltage decline at the beginning of
discharging became significant with the number of cycles, indicating a significant increase in
cell impedance. In contrast to the lithium-ion cell shown in Fig. 3.3.1(a), the discharge curves of
the EDLC and LIC, shown in Figs. 3.3.1(b) and (c), respectively, did not change significantly
with the number of cycles, indicating that the degradations due to cycling were rather smaller
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Fig. 3.3.1. Typical discharge curve trend of (a) lithium-ion cell, (b) EDLC, and (c) LIC during
capacitance/capacity measurement.
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Fig. 3.3.2. Capacitance retention trends of lithium-ion cells as a function of (a) number of
cycles and (b) square root of number of cycles.

than that of the lithium-ion cell.

Capacitance/capacity retention trends of lithium-ion cells, 1500-F- and 500-F-EDLCs, and
LICs as a function of number of cycles are shown in Figs. 3.3.2(a)-3.3.5(a), respectively. The
lithium-ion cell at the deep DoD condition (i.e., D4, = 40%) exhibited greater degradation than
that at the shallow DoD (D4, = 20%), as similar trends have been reported in the literature
[21]-[23]. The capacity retention of the cell at D4, = 20% decreased to approximately 80% at
5000th cycle. On the other hand, all the capacitance retentions of EDLCs and LICs were higher
than 90% at the 5000th cycle or approximately 0.95 years, demonstrating superior cycle life
performances. The degradations of EDLCs and LICs cycled with the higher charge voltage level
(Vera = 2.5 V and 3.8 V for EDLCs and LICs, respectively) and D = 80% (Cells 1, 4, and 7)
were slightly severer than the others. However, the resultant retention trends were almost
independent on cycle conditions although the capacitance fade during float conditions is
reportedly accelerated with an increase in charge voltage (V.;,) [7],[10],[16],[17]. On the other
hand, temperature dependence of the capacitance retention trends was explicit; higher
temperatures resulted in significant capacitance fade. This temperature-dependent trend occurs
because electrolyte and impurity decomposition rates accelerate at higher temperatures [8],[9],
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Fig. 3.3.3. Capacitance retention trends of 1500-F-EDLCs as a function of (a) number of
cycles and (b) square root of number of cycles.
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Fig. 3.3.4. Capacitance retention trends of 500-F-EDLCs as a function of (a) number of cycles
and (b) square root of number of cycles.

and the decomposition product, which might reduce accessibility of porous electrodes,
consequently reduces effective capacitance [3],[5]. The measured temperatures of EDLCs and
LICs during cycle life testing were the same as the ambient temperatures, indicating that
temperature increase due to Joule heating in internal resistance was small enough.

Figs. 3.3.2(b)-3.3.5(b) redraw the capacitance retention trends of lithium-ion cells, EDLCs,
and LICs as a function of the square root of the number of cycles. It is empirically accepted that
the retention trends of LIBs can be linearly extrapolated using the square root of the number of

cycles or testing time as the x-axis [19],[24],[25]. In such a manner, the retention trends can be
extrapolated linearly by using

C, =100-d N, (3.6)

where Cr and dr are the capacitance retention and degradation rate constant at temperature 7,
respectively, and N is the number of cycles. The degradation ratio at N cycle and temperature 7,
Dy, is given by

D, =d N .

Experimental retentions and extrapolation curves agreed well for all temperature conditions,

(3.7)
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Fig. 3.3.5. Capacitance retention trends of LICs as a function of (a) number of cycles and (b)
square root of number of cycles.

31



indicating that the extrapolation using (3.6) can be used to predict cycle life performance of
EDLCs and LICs at a given temperature for alternative battery applications.

3.4 Temperature Dependence of Capacitance Retention
3.4.1 Arrhenius Equation and Activation Energy

In accelerated stress tests for electrolytic capacitors and semiconductor devices, an Arrhenius
model is generally used to express temperature dependency of life. The calendar degradation
rates of the secondary batteries under the float conditions can also be expressed by the
Arrhenius equation [24], in which the rate of a chemical reaction, K, is given by

-E
K = Aex o |, 3.8
p[ RTJ (3.8)

where A, E,, R, and T are the constant, activation energy, gas constant, and temperature in
Kelvin, respectively. The Arrhenius equation suggests that higher temperatures result in more
rapid chemical reactions. Because the degradations of EDLCs and LICs are considered to be
due to chemical reactions [9], the degradation ratio, Dr, which is proportional to the degradation
reaction rate, is given by

D, =bK , (3.9)

where b is the constant. From (3.8) and (3.9),

-E
D, =4, exp( RTHJ’ (3.10)
where
A, =bA. (3.11)
Equation (3.10) can be rewritten as
InD, = £, @HnAD, (3.12)
1000R T
or
log D, = L —£, 1000 +log A, . (3.13)

 2.3031000R T
These equations verify that the relationship between logarithmic Dy and inverse of T is indicated
by a linear line having a slope of —E, as long as the degradation mechanism in a particular
temperature range is homogeneous and governed by the Arrhenius model.

3.4.2 Acceleration Factor
The acceleration factor for every 10°C increase, a, is defined as

az(TITJEf]/DDT;‘ , (3.14)

where Dy, is the degradation ratio at the reference temperature, 7,.. From (3.10) and (3.14), «

can be rewritten as
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u (3.15)

3.4.2 Determination of Activation Energy and Acceleration Factor

Fig. 3.4.1 shows representative resultant Arrhenius plot trends of 1500-F- and 500-F-EDLCs
and LICs. The results showed good linearity for both EDLCs and LICs in all conditions,
implying that the degradation rate was dominated by the ambient temperature during
LEO-emulated cyclings in which the cell temperatures were almost equal to the ambient
temperatures because of negligible heat generated during cycling. Because the degradation
trends are well expressed by the Arrhenius equation, degradations can be accelerated by
elevating the temperatures. The slopes in the Arrhenius plots shown in Fig. 3.4.1 did not change
significantly with the number of cycles. This indicates that each degradation mechanism of
EDLCs and LICs in the experimental temperature range (0—40°C) was homogeneous throughout
the entire testing period.

As expressed by (3.12) or (3.13), the slope in Arrhenius plot is equal to — E,; E, of
degradation at each cycling condition was determined from the Arrhenius plots. Fig. 3.4.2
shows the trends of E, for degradation. The determined E, of 1500-F- and 500-F-EDLCs and
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Fig. 3.4.1. Arrhenius plot trends of (a) 1500-F- and (b) 500-F-EDLCs cycled at V,;,, =2.5V Dg
= 80%, and LICs cycle at V., = 3.8 V Dr = 80%.
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during cycling.

o

LICs were approximately 11—15, 15-20, and 35—39 kJ/mol, respectively, almost independent
on cycling conditions, and almost constant throughout the entire cycle testing.

The E, of the cycled 500-F-EDLCs was approximately 17-20 kJ/mol, while that under
floating conditions was 15 kJ/mol, as shown in Fig. 3.4.2(b). The difference in E, implies that
the temperature dependence of capacitance degradation was different between cycling and
floating conditions. This tendency is considered consistent with the previous studies reporting
that degradation mechanisms and behaviors under cycling and floating conditions are different
[3]-[5]- The reported degradation mechanism is as follow; the electrolyte and impurity are
decomposed, and the decomposition product, which might reduce accessibility of porous
activated carbon electrodes, consequently reduces effective capacitance. Figs. 3.4.3(a) and (b)
show images of deposition of decomposed products on activated carbon electrode during
floating and cycling conditions, respectively. In floating conditions, the decomposition products
is expected to deposit onto the electrode uniformly because of lack of ion movement, whereas
preferential deposition near the entrance of pores is likely during cycling because of ion
movement [3]-[5]. Although the difference in the determined activation energies implies the
different degradation mechanisms, electrochemical investigations, which are out of scope of this
study, is necessary to quantitatively correlate degradation mechanisms with activation energies.

Since EDLCs have symmetrical electrode structure using activated carbon electrode for both
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Fig. 3.4.3. Deposition of decomposed products on activated carbon electrode during (a) floating
conditions and (b) cycling.

the anode and cathode, as mentioned in Section 2.3.1, the same degradation mechanism would
take place on both the anode and cathode. On the other hand, the electrode structure of LICs are
asymmetrical using activated carbon electrode and Li-doped carbon electrode for its cathode
and anode, respectively, as explained in Section 2.3.2, the above-mentioned degradation takes
place only on the cathode, and a degradation similar to that of LIBs is expected to occur on the
anode electrode. The different degradations on the anode and cathode in the LICs are considered
to be a cause of the higher activation energy of the LICs. However, further detailed
investigation using electrochemical approach is necessary to elucidate the degradation
mechanism and the higher activation energy of the LICs.

Acceleration factor o = 2, which generally indicates that life is halved for every 10°C
increase, is commonly accepted for not only electrolytic capacitors and LIBs but also EDLCs in
some cases [7],[16],[17]. Kotz et al. performed accelerated ageing tests for SCs under floating
condition, and an acceleration factor of 2 for 10°C increase was experimentally obtained in a
temperature range of 35°C—85°C [10]. Furthermore, previous studies for LIBs reported that £,
of the degradation rate of LIBs is approximately 43—48 kJ/mol [24], and a for LIBs is
determined to be 1.7-2.1 on the basis of (3.15) in the temperature range of 0°C—40°C, implying
that a = 2 is reasonable for LIBs. However, because the determined E, for EDLCs and LICs
under cycling in our study were rather lower than that for LIBs, a = 2 becomes impractical for
EDLCs and LICs under cycling. From the determined E, and (3.15), a for 1500-F- and
500-F-EDLCs and LICs under cycling in the temperature range 0—40°C was determined to be
approximately 1.2, 1.3, and 1.64, respectively, suggesting that the degradations of 1500-F- and
500-F- EDLCs and LICs proceed 1.2, 1.3, and 1.64 times faster for every 10°C increase.

3.5 Cycle Life Prediction for SCs Based on Cycle Life Prediction Model

In this section, the cycle life prediction model combining the extrapolation and the
acceleration factor determined from the Arrhenius equation discussed in Sections 3.4.1 and
3.4.2, respectively, is established. The relationship among cycle life, temperature, and
capacitance retention at the end of life is discussed on the basis of the established cycle life
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prediction model. Finally, examples of cycle life prediction to meet certain capacitance retention
targets are shown.

3.5.1 Cycle Life Prediction Model

Because the capacitance retention trends as a function of the square root of the number of
cycles could be extrapolated linearly and temperature dependence of the degradation was
expressed using the acceleration factor, cycle life performance at a certain temperature can be
predicted by combining the extrapolation and the acceleration factor. Substituting (3.7) and

(3.14) into (3.6) yields
TTref

C, :100—dﬂ_€,.a( o ]\/ﬁ. (3.16)
This equation suggests that Cr at given N can be predicted by determining a and dy,..

A cycle life, Ng,;, is given by rewriting (3.16) as

2

100-C
Now =447 ( > (3.17)
d a[ v

Tref

where Cg,; is the capacitance retention at the end of life.

3.5.2 Cycle Life Prediction

Umemura et al. reported that the degradation behavior of EDLCs under floating conditions in
the range of 40°C—60°C is governed by Arrhenius model [8]. K6tz et al. reported the same
acceleration factor (a factor of 2 in their case) could be applied to SCs under floating conditions
in the temperature range of 30°C—85°C [10]. Both studies imply that the activation energy in
each test temperature range was homogeneous because activation energies can be obtained from
either the Arrhenius equation or acceleration factor as discussed in Sections 3.4.1 and 3.4.2.
Although the life testing in our study was performed under cycling conditions in the
temperature range of 0°C—40°C, the temperature range for life predictions were extended to
0°C-60°C by assuming that the activation energy of the not only EDLCs but also LICs
degradations in the experimental life performance tests would be homogeneous at least up to
60°C. Based on the assumption, cycle life predictions were performed in the temperature range
of 0°C-60°C using (3.16) or (3.17) with the experimentally obtained activation energy £, = 13,
18.5, and 35 kJ/mol, which yields an acceleration factor a = 1.2, 1.3, and 1.64 according to
(3.15). Table 3.2 shows the parameters used for the cycle life prediction. dr..; was determined

Table 3.2. Parameters used for cycle life prediction for SCs.

1500-F-EDLC 500-F-EDLC LIC
E, 13 kJ/mol 18.5 kJ/mol 35 kJ/mol
R 8.314
o 1.2 1.3 1.64
Ther 40°C
d 17 0.08 0.14 0.09
CrorL 80%
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Fig. 3.5.1. Predicted cycle lives of EDLCs and LIC as a function of temperature.

from the capacitance retention at 40°C (Fig. 3.3.3-3.3.5).

On the basis of (3.17), Fig. 3.5.1 compares predicted cycle lives, Ng,;, of EDLCs and LICs,
by assuming that the end of life is defined as the time at which the capacitance retention ratio
decreases to 80% (i.e., Cg,r, = 80%). The predicted cycle life of the 1500-F-EDLC was longer
than that of the 500-F-EDLC at all temperatures, implying that their cell designs are different
influencing cycle life performance. At temperatures higher than 37°C, the 1500-F-EDLC would
operate longer than the LIC, whereas vice versa in the lower temperature region. The greater
temperature dependence of the LIC's cycle life is due to the larger value of E, than that of
EDLCs.

Cycle life at a certain temperature can be predicted from the relationship shown in Fig. 3.5.1.
However, the maximum allowable temperature required to achieve a certain cycle life may be
more important in some applications because a higher allowable temperature simplifies system
thermal design and management. For example, if 1500-F-EDLCs demand Ng,, of 30000 cycles,
operating temperatures should be designed to be less than approximately 60°C. On the other
hand, the temperature of the LIC would need to be controlled lower than approximately 45°C.

Cycle life of SCs was predicted on the basis of (3.16). Figs. 3.5.2(a) and (b) show examples
of cycle life predictions for EDLCs and LICs, respectively. The experimental retention trends of
Cells 1, 4, and 7, shown in Fig. 3.3.3-3.3.5, were also plotted as references. The experimental
and predicted retention trends agreed well at all temperatures, thus proving that the cycle life
prediction model expressed by (3.16) is appropriate for alternative battery applications. In
addition, Fig. 3.5.2 also depicts the predicted capacitance retention trends that can achieve cycle
life requirement at the highest possible ambient temperature. The results suggested that if a
1500-F- and 500-F-EDLCs are desired to fulfill cycle life requirements of 30000 and 60000
cycles or approximately 5.7 and 11.4 years at Cg,; = 80%, the temperature of the EDLCs must
be designed to be less than 61°C and 42°C for 1500-F-cell, and 33°C and 20°C for 500-F-cell,
respectively, to mitigate the temperature-dependent degradation. On the other hand, the
temperature of a LIC needs to be controlled less than 45°C and 37°C, respectively, to meet the
same cycle lire requirement.

The cycle life predictions were made based on the assumption that degradation mechanism
would be homogeneous until the end of life. If unforeseen degradation mechanism (sudden
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Fig. 3.5.2. Examples of cycle life prediction for (a) 1500-F- and (b) 500-F-EDLCs, and (b)
LICs.

death in the worst case) were to occur ahead, the life prediction would be no longer feasible
unless a new acceleration factor expressing the unforeseen degradation is properly adopted. As
long as there is any possibility of unforeseen degradation mechanisms ahead, the cycle life
testing should be continued until the SCs reach their end of life.

3.6 Conclusions

This chapter discussed accelerated cycle life testing and the cycle life prediction model for
EDLCs and LICs aiming for alternative battery applications.

EDLCs and LICs were cycled at various DoDs, temperatures, and charge voltage conditions.
The resultant capacitance retention trends were depicted linearly with the square root of the
number of cycles as the x-axis, indicating that the retention trends can be linearly extrapolated.
Capacitance retentions were mainly influenced by temperature, implying that degradations can
be accelerated by elevating the temperature.

Activation energies of the degradation ratios of cycled EDLCs and LICs were determined by
the Arrhenius equation. The determined activation energies that were almost constant for the
entire testing period were determined to be 11-15, 15-20, and 35-39 kJ/mol for 1500-F- and
500-F-EDLCs and LICs, respectively. These activation energies correspond to the acceleration
factors of approximately 1.2, 1.3, and 1.64 in the temperature range of 0—40°C, indicating that
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degradation proceeded 1.2, 1.3, and 1.64 times faster for every 10°C increase.

The cycle life prediction model was established on the basis of combining the extrapolation
and acceleration factor. The experimental and predicted capacitance retention trends agreed well
at all temperature conditions, thus proving that the established cycle life prediction model is
appropriate for EDLCs and LICs.

In this study, life prediction model for cycling was established. With an acceleration factor
for floating conditions and transforming the number of cycles into testing time, the established
life prediction model is considered to be adapted for floating life prediction model or even
combined life prediction model. Establishment for floating and/or combined life prediction
model as well as experimental verifications will be of future research interest.
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Chapter 4
Power System Mass Comparison

4.1 Introduction

Mass saving and life extension are the primary requirements for spacecraft power systems.
Other miscellaneous requirements include wide temperature tolerance, abuse tolerance, safety,
operational simplicity, etc. For the adaptation of a power system using an EDLC or LIC for its
energy storage source to be of benefit to a spacecraft as a whole, one of the following criteria
must be fulfilled; 1) the EDLC- or LIC-based power system must achieve a longer operation life
than would have been achieved with a power system using a traditional secondary battery at the
comparable mass, 2) the EDLC- or LIC-based system must achieve a lighter power system mass
than would have been achieved with a power system using a traditional secondary battery at the
comparable operation life. Since the specific energy of LICs is higher than that of conventional
EDLCs, LICs are expected more promising in spacecraft power systems where mass saving is
of primary importance.

This chapter compares the masses of power systems using LIBs and SCs as its energy storage
source for LEO spacecraft applications. A constant power (CP) charging scheme that can reduce
the size and mass of photovoltaic (PV) arrays in combination with SCs is proposed. The LIB-
and LIC-based power systems, including PV arrays and power conditioning system, are
compared at various DoD levels with respect to mass at a given LEO spacecraft condition.

4.2 Specific Energy Comparison

As aforementioned in Chapter 2, the specific energies of EDLCs and LICs are rather lower
than those of secondary batteries. However, the specific energy gap between secondary batteries
and SCs can be bridged to a great extent when we consider the net specific energy, which is
defined as

Net Specific Energy = Specific Energy x DoD . 4.1)

Specific energies of space-qualified alkaline batteries, such as Ni—Cd, Ni-MH, and Ni-H,
batteries, are 40—-60 Wh/kg (cell), and that of space-qualified LIBs is less than 150 Wh/kg (cell)
[1]-3]. Generally, DoD for LEO spacecrafts is less than 40% to achieve > 30000 cycles [2]-[4].
Therefore, the net specific energies of these batteries are at least less than 40% of their specific
energies, as shown in Table 1.

Specific energies of state-of-the-art EDLCs and LICs are <10 Wh/kg (cell) and <30 Wh/kg
(cell), respectively. Because the cycle life performance of EDLCs and LICs is independent of
DoD, as demonstrated in Chapter 3, they can be cycled at deep DoD for achieving high net
specific energy. In Table 4.1, the net specific energies at 80% DoD that allow a maximum
degradation of 20% are given as an example. The net specific energy of LIC can match that of
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Table 4.1. Comparison between traditional secondary battery cells and capacitors.

Secondary Battery Capacitor
Alkaline Battery Lithium-lon Battery  Electric Double-Layer Lithium-Ion Capacitor
(Ni-Cd, Ni-MH, and Ni-H,) (LIB) Capacitro (EDLC) (LIC)
Specific Energy 40-60 Wh/kg 150 Whikg < 10 Whkg <30 Wh/kg
Depth of Discharge <40% <40% < 80% <80%
Net Specific Energy < 24 Whkg <60 Wh/kg <8 Wh/kg <24 Wh/kg

alkaline batteries, although it is still rather lower than that of LIB. The net specific energies of
SCs can even increase with deeper DoD, although allowable degradation as well as achievable
cycle life are reduced (e.g., 90% DoD allows 10% degradation).

Although the gap between LIBs and SCs is bridged to a great extent, it still seems unlikely
that SCs are considered to be an alternative energy storage source to LIBs for spacecraft
applications with the traditional cycle life requirement of 30000 cycles. However, for even
longer cycle life requirements, DoDs for LIBs must be even shallower to mitigate
DoD-dependent degradations, further reducing the net specific energy of LIBs. This implies that
EDLCs and LICs for longer cycle life requirements would compete with LIBs in terms of net
specific energy. In addition, the size and mass of PV arrays can be reduced when EDLCs and
LICs are used, contributing mass saving at power system level, as explained later. Thus, EDLCs
and LICs are expected to be a potential alternative energy storage source for longer cycle life
applications.

4.3 Size and Mass Reduction of Photovoltaic Arrays
4.3.1 Charge Characteristics of LIB and SC

A constant current—constant voltage (CC—CV) charging scheme is usually used so that LIBs
can be charged to a high state-of-charge (SoC) level. With the CC—CV charging scheme, the
charge power of LIBs peaks at the end of the CC charging period or at the beginning of the CV
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Fig. 4.3.1. Typical charge profiles of (a) a 10-Wh LIB cell and (b) a 10-Wh EDLC cell charged
with a constant current—constant voltage (CC—CV) charging scheme.
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Fig. 4.3.2. Notional charge profiles of an EDLC cell charged with a constant-power (CP)
charging scheme.

charging period, as shown in Fig. 4.3.1(a), which illustrates the typical charge profiles of a
10-Wh LIB cell. Without CV charging, the SoC of LIBs reaches only less than 60-80%
depending on the battery design, state of health, temperature, and charge rate. To charge LIBs to
a high SoC level, the CV charging period is necessary.

On the other hand, to reach a high SoC level, SCs do not necessarily need to be charged with
CV charging, as shown in Fig. 4.3.1(b), which illustrates the typical charge characteristics of a
10-Wh EDLC cell charged with the CC-CV charging scheme. EDLCs can be almost fully
charged (97% or even higher) with CC charging only. By eliminating the CV charging period
and introducing a constant-power (CP) charging scheme, the required power to charge EDLCs
can be leveled and the peak power for charging can be reduced, as depicted in Fig. 4.3.2. This
charging scheme (CP charging without CV charging) may be used for LIBs, although
achievable SoC is reduced by approximately 20—40% as mentioned above. This SoC reduction
may be acceptable at the beginning of life, at which there is a margin for capacity retention. At
the end of life, on the other hand, a serious shortage of available capacity is very likely. For
example, with approximately 50% capacity retention at the end of life (shown in Fig. 3.3.2), the
40% reduction in SoC due to the lack of CV charging results in only 10% available capacity,
with which spacecrafts are no longer powered for entire period of eclipse.

The charge characteristic of EDLCs was discussed in this section. Since LICs exhibit similar
charge characteristics, the peak power reduction by introducing the CP charging scheme is also
feasible for LICs.

4.3.2 Cycle Profiles of LIB- and SC-Based Power Systems

Fig. 4.3.3 shows typical profiles of a LIB and PV power during LEO-emulated cycling. A
load power profile, which is assumed constant for the sake of simplicity, is also depicted. As
mentioned in the previous section, the LIB needs CV charging to reach a high SoC level;
otherwise, it results in a lower SoC. The charge power for the LIB becomes the highest at the
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Fig. 4.3.3. Typical profiles of a LIB and PV power during LEO-emulated charge-discharge
cycling.

end of the CC charging period (or at the beginning of the CV charging period) at which both the
voltage and charge current are the highest, as seen in Fig. 4.3.3. The power demand for PV
arrays is the sum of the load power and charge power for the LIB. Assuming that the load power
is constant, PV arrays are required to supply the maximum power, P,,,, at the end of the CC
charging period, as shown in Fig. 4.3.3. The average power demand during the sun period is
denoted by P,,.. The power demand decreases as the charge current for the LIB tapers, and thus,
the arrays’ power varies significantly during the sun period [5]. Therefore, PV arrays are not
fully utilized because of the large variation in the LIB charge power. It is reported that only 73%
of available solar array energy is used at a certain condition [6]. The surplus power of PV arrays
in a direct energy transfer (DET) system is dissipated by shunt dissipators. The larger the
surplus power of PV arrays, the larger the size of shunt dissipators. In a power system using
series regulators, on the other hand, the surplus power is not extracted, even though it leads to a
temperature increase of PV arrays.

As for SCs, CV charging is not necessary for SCs to be charged to a high SoC level as
discussed in the previous section. Instead of the CC charging scheme, a CP charging scheme
can be used. Fig. 4.3.4 shows the notional profiles of an SC using a CP charging scheme and PV
power during a LEO-emulated charge-discharge cycling. By properly designing the charge
power during CP charging so that the voltage reaches the rated charge voltage at the end of the
sun period, the power demand for PV arrays can be leveled and P, can be curtailed to P,,,., as
shown in the top panel of Fig. 4.3.4. Because the value of P,,, is roughly proportional to the
size and mass of PV arrays, the power demand leveling using SCs can reduce the size and mass
of PV arrays. Fig. 4.3.4 depicts the ideal case where the load power is constant and there is no
surplus power. In practice, however, the load power fluctuates and there must be a surplus
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Fig. 4.3.4. Notional profiles of a LIC using CP charging scheme and PV power during
LEO-emulated charge-discharge cycling.

power that needs to be dissipated by the shunt dissipator if the power system is a DET type.
Although the shunt dissipator is still needed, the size of the dissipator can be reduced because of
the reduced surplus power.

The reduced size of PV arrays offers some miscellaneous benefits at the spacecraft level [7].
LEO spacecrafts require a reboost of their altitude in orbit, because the atmospheric drag
constantly decreases their altitude. PV arrays with reduced size can decrease the atmospheric
drag, providing less opportunities of reboosting and decreased mass of the chemical propellant.
Furthermore, because the torque compensation hardware, such as wheels and magnetic torquers,
must be sized for the drag and the moment of inertia of the spacecraft, smaller PV arrays can
reduce the size and burden of the attitude control system.

4.4 Mass Comparison between LIB- and LIC-Based Power Systems

In the following sections in this chapter, only LICs, which are the most feasible capacitors for
spacecraft applications, are considered and then compared with LIBs. The masses of the
LIB-based and LIC-based power systems, including PV arrays, are compared in this section.
The comparative analysis is made on the basis of the DET system shown in Fig. 4.4.1. Masses
of the energy storage source (i.e., LIB and LIC), PV arrays, and power conditioning system
(PCS) including discharge regulator, charge regulator, and shunt dissipator, are considered for
the comparison.

4.4.1 LIB-Based Power System

A single charge-discharge cycle consists of the sun and eclipse periods with a length of T,
and T, respectively. The energy storage source supplies the power to the load via the
discharge regulator during the eclipse period. The discharged energy during the eclipse period,
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where P,,., is the load power, and 74 is the efficiency of the discharge regulator.

A battery contains cells and mechanical structural supports that present approximately 20%
increase in mass over that of the cells [8]. By defining A as the ratio of the mechanical structural
supports to the mass of the cells, the mass of the LIB, M3, can be determined as

_E,(1+4)

= 4.3
LIB DAhS ( )

LIB _cell
where Syz . 18 the specific energy of the LIB cell, and D, is the ampere-hour DoD, which was
defined in Chapter 3.2.2.

The capacity of the LIB, C; 3, can be determined as

E,
w=p ‘;/ , (4.4)

Ah” ave

where V. is the average voltage during discharging.
The charge current for the LIB, 1, is

Ichu = CLIBR(:ha * (4'5)
where R, is the charge rate, also well known as C-rate. We defined the charge/discharge ratio,
Rep, as

R. T
R.,,= 1’)— (4.6)

Ah

For LEO spacecrafts, an R¢p equal to 1.25 is used in the literature [2], [9].
The charge power from PV arrays is supplied via a charge regulator with an efficiency #.,.
As mentioned in Section 4.3.1, the LIB requires the maximum charge power at the end of CC
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charging or at the beginning of CV charging, at which the voltage of the LIB is as high as V.
Therefore, the power demand for PV arrays from the LIB, P, 13, 1s represented as

1
P — cha Vtha . (4.7)

cha _LIB

cha

The mass of PV arrays in the LIB-based system, Mpy ;;5, with the specific power of ppy, is
determined as

M — Pload +PchaiLlB ) (48)

PV _LIB
pPV
Assuming that the shunt dissipator is designed capable of the sum of Py, and P, 15, the
mass of the PCS in the LIB-based system, Mpcs 15, 1S given by

M =P, o+ Py + (P s+ P I s (4.9)

PCS _LIB cha_ LB  cha load """ dis cha _LIB

where m.;,, Mg, and mg,,, are the mass/watt coefficient of the charge regulator, discharge
regulator, and shunt dissipator, respectively [10].
From (4.3), (4.8), and (4.9), the mass of the LIB-based system, M,z syem, 1S given by

M =M,,+M Mg - (4.10)

LIB _ System PV _LIB

4.4.2 LIC-Based Power System
The mass of the LIC, My, is represented as

_E,(1+4)

= . 4.11
Lic DES ( )

LIC _cell
where Spc con 1 the specific energy of the LIC cell, and Dy is the energy DoD defined in
Chapter 3.2.2.

As discussed in Section 4.3.1, the LIC can be charged with the CP charging scheme so that
the LIC is fully charged at the end of the sun period. The power demand for PV arrays from the
LIC using the CP charging scheme, P, 1ic, 1s expressed as

Bu (4.12)

cha™ sun

cha_LIC —

The mass of PV arrays in the LIC-based system, Mpy ;c and Mpcs 1ic, respectively, are

P/ a7t P, ha_LIC
MPV_LIC = - ’ (4-13)
Prr
M PCS_LIC })L'haiLlCmc'ha + I)luad mg, + (})chaiLIC + P/aad )msmm/ : (4- 14)

From (4.11), (4.13), and (4.14), the mass of the LIC-based system, M;;c sysem, 1S determined as
M = ML[C + MPViLIC + MPCSiLlC ° (4'15)

LIC _System
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Table 4.2. Parameters used for the mass comparison between LIB-based and LIC-based

electrical power systems.

Parameter Symbol Value
Load Power P 1000 W
Sun Period T sun 1h
Eclipse Period T ippse 0.5h
C/D Ratio (for LIB only) R e 1.25
Charge Voltage (LIB only) V ha 2.7V
Average Discharge Voltage (LIB only) V ave 259V
Ratio of Mechanical Strucrural Supports A 20%
Specific Power of PV Array v 60 W/kg
Efficiency of Discharge Regulator N gis 90%
Efficiency of Charge Regulator N eha 90%
Mass/Watt Coefficient of Discharge Regulator m g 7kg/kW
Mass/Watt Coefficient of Charge Regulator m cha 7kg/kW
Mass/Watt Coefficient of Shunt Dissipator M Shunt 2kg/kW

4.4.3 Mass Comparison between LIB- and LIC-Based Power Systems

The mass of the LIB- and LIC-based systems for P,,,; of 1000 W were compared on the basis
of the parameters shown in Table 4.2. The specific energies of rigid honeycomb-based PV
arrays are usually 50-70 W/kg [11]-[13]. Assuming that multi-junction solar cells are used for
PV arrays, ppy has a typical value of 60 W/kg. The values of mcg, mpg, and mgy,, were
determined based on [10]. Because the discharge curve of LIBs is flat as shown in Fig. 2.4.1,
D, of the LIB was assumed to be equal to Dy for the sake of simplicity. The mass of the LIB-
and LIC-based power systems with nominal specific energies of Sy c..s = 150 Wh/kg and
Stic cen = 30 Wh/kg as well as those with + 20% variations (i.e., Siz ces = 120 and 180 Wh/kg,
and Sy;c c.n = 24 and 36 Wh/kg) as a function of energy DoD (D) are depicted in Fig. 4.4.2.

The mass of the LIB-based system at the deep DoD region of about 40% was less than 63 kg.
This could not be achieved by the LIC-based system. From the system mass viewpoint, the LIC
cannot be an alternative energy storage source to the LIB for relatively deep DoD applications
unless the outstanding cycle life performance of the LIC is took into consideration. On the other
hand, the LIB-based system in the shallow DoD region, in which the cycle life performance is

120F T

24Wh/kg
(-20%)

30Wh/kg

(nominal) -1
36Wh/kg
(+20%)

100

120Wh/kg
(-20%)

()]
o
1

150Whikg

(nominal)  180Whrkg
5

"  (20%) | LB 1 o

0 20 40 60 80 100
Energy DoD [%]

N
o

Mass of Power System [kg]
(0]
o
1

Fig. 4.4.2. Mass of LIB- and LIC-based electrical power systems as a function of energy DoD.
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Fig. 4.4.3. Mass breakdown of the LIB- and LIC-based system with S5 c.s= 150 Wh/kg and
Stic cen =30 Wh/kg, respectively.

extended and longer service life is achievable, was comparable with the LIC-based system with
Siic cen larger than 30 Wh/kg in the deep DoD region.

Fig. 4.4.3 shows the mass breakdowns of LIB- and LIC-based systems with baseline specific
energies of Sy s = 150 Wh/kg and Syic c.n = 30 Wh/kg, respectively. The mass of PV arrays
was independent of DoD for both systems and was determined to be 30.9 and 27.0 kg for LIB-
and LIC-based systems, respectively, and approximately 13% of PV arrays mass was saved in
the LIC-based system compared with the LIB-based system. The mass of the PCS in the
LIC-based system was smaller than that in the LIB-based system; Mpcs 13 and Mpcs 1ic were
determined to be 17.0 and 14.5 kg, respectively. Since the charge power for the LIC (P, 110)
can be smaller than that for the LIB (P, 1/c) as discussed in Section 4.3.1, the PCS mass in the
LIC-based system was saved compared with that in the LIB-based system, as can be understood
from (4.9) and (4.14).

The longer the cycle life required, the shallower the DoD of LIBs needs to be. When the
cycle life longer than the conventional cycle life requirement of more than 30000 cycles is
required, DoD may have to be even shallower than 20%. DoDs for both systems in Fig. 4.4.3
are considered suitable for achieving a longer cycle life requirement. At 20% DoD for the
LIB-based system, for example, the system mass was approximately 69.8 kg and this was
comparable with the LIC-based system at 80% DoD (69.3 kg). Similarly, the LIB-based system
at DoD lower than 15% was comparable with the LIC-based system at 60% DoD. Thus, the LIC
is considered to be an alternative to the LIB that is operated with shallow DoD for achieving
long cycle life, even from the system mass viewpoint, although the energy demand in
contingency operations should be considered for the LIC at deep DoD. If the system masses of
LIB- and LIC-based systems are comparable, the LIC-based system is considered advantageous
from the viewpoint of operation temperature. For example, LIBs are usually operated between
0-10°C in order to mitigate temperature-dependent calendar degradations at reasonable
electrical characteristics (see Fig. 2.4.1(a)) to fulfill the typical life requirement in spacecrafts.
Meanwhile, the estimated operation temperature for LICs to fulfill the cycle life requirement of
30000 and 60000 cycles are <45°C and <37°C, respectively, as shown in Fig. 3.5.2(c) in the
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Fig. 4.4.4. Tornado diagrams considering +10% changes in each parameter for (a) the
LIB-based system with Sy cos = 150 Wh/kg and D, = 20%, and (b) the LIC-based system
with SL[CfCell =30 Wh/kg and DE = 80%.

previous chapter. With the extended operation temperature range, the thermal system of
spacecrafts can be designed more flexibly. Once the other miscellaneous benefits, such as mass
reductions of the shunt dissipator, chemical propellant, and attitude control system (as
mentioned in Section 4.3.2), are factored in, the likelihood of the LIC to be an alternative energy
storage source can be further improved.

Considering that a number of design parameters were included in the mass comparisons
made in Figs. 4.4.2 and 4.4.3, the sensitivity analyses were performed in order to investigate the
percentage impact of each design parameters on the power systems mass. The LIB-based system
with Sy cen = 150 Wh/kg and D,j, = 20%, and the LIC-based system with Sy, cor = 30 Whikg
and D = 80% were analyzed considering £10% changes in each design parameter value
specified in Table 4.2. The results of the sensitivity analysis are shown in Fig. 4.4.4, in which
the percentage impact on the system mass are illustrated in the form of a tornado diagram. For
example, if the value of S;;z s increased (decreased) by 10%, the mass of the LIB-based
system would decrease (increase) by approximately 2.9% (3.5%). The LIB- and LIC-based
systems showed similar tendency; the efficiency of the discharge regulator, 7., exhibited the
largest impact, while the mass/watt coefficients for the PSC, mg,.., My, and m.,, showed the
minimal influences.

Except for 74, ppy exhibited the largest impact on the system mass in the LIB-based system,
and the influences of the LIB-related parameters (i.e., Siz ceirs Dan» Roms Venas Vave, and A) were
in the same level and were smaller than that of ppy. The impacts of ppy and 7., in the LIB-based
system were greater than those in the LIC-based system. Since the charge power as well as the
power demand for the PV arrays in the LIB-based system using the CC—CV charging scheme
tend to be larger than those in the LIC-based system employing the CP charging scheme as
discussed in Section 4.3.1, the impact of charging-related parameters (i.e., ppy and #.;,) in the
LIB-based system was greater. On the other hand, in the LIC-based system, the influences of
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the parameters related to the LIC, such as Syc can, De, and A, were larger than those in the
LIB-based system, while the impact of ppy in the LIC-based systems was smaller than that in the
LIB-based system. This is because the mass ratio of the energy storage source in the LIC-based
system was larger than that in the LIB-based system as shown in Fig. 4.4.3. Thus, the results of
the sensitivity analysis suggest that in order to reduce the system mass, different approaches
would be effective for different systems; except for 7, the improvement on ppy would be most
effective in the LIB-based system, while not only the improvement on ppy but also that on
LIC-related parameters, such as Sy ce, Dg, and A, would be equally important in the
LIC-based system.

4.5 Conclusions

The masses of power systems using LIBs and SCs as its energy storage source for LEO
spacecraft applications were compared in this chapter. A CP charging scheme that can reduce
the size and mass of PV arrays in the SC-based power system was proposed. LIBs usually need
not only CC charging but also CV charging to be charged to a high SoC level, while SCs can
reach a high SoC without CV charging. Using CP charging instead of CC charging, the power
demand for PV arrays from SCs can be leveled to be constant, resulting in a reduction of the
size and mass of PV arrays.

The mass comparison between the LIB- and LIC-based power systems was made on the basis
of the DET system. In the case that the LIB-based system is operated at a relatively shallow
DoD (shallower than 20%) to achieve long cycle life, the LIC-based system with deep DoD
(60—80%) can be comparable. The analysis indicated that the LIC can be an alternative energy
storage source that achieves longer operation life at extended operation temperature range than
would have been achieved with LIBs at comparable power system mass. Other miscellaneous
benefits, such as mass reductions of the shunt dissipator, chemical propellant, and attitude
control system, improve the likelihood of LICs being considered to be a spacecraft energy
storage source.
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Chapter 5
Cell Voltage Equalizer

5.1 Introduction

Since the cell voltage of LIBs and SCs is inherently low, individual cells need to be
connected in series to meet the voltage demands of certain loads. However, series-connected
energy storage cells suffer from a cell voltage imbalance that may lead to premature ageing and
a decrease in the available energies of the cells. Cell voltage imbalance inevitably occurs
because of differing individual cell properties such as capacitance, internal impedance, and
self-discharge rate. In addition to such nonuniform electrical properties, the temperature
gradient in a module/battery that accelerates the nonuniform self-discharging of cells can also
result in cell voltage imbalance.

Although the average voltage of series-connected cells is lower than or equal to the upper
voltage limit, a voltage imbalance may result in the overcharging of some cells. Similarly, some
cells may be over-discharged though the average voltage is higher than or equal to the lower
voltage limit. Because overcharging and over-discharging the cells cause irreversible
deteriorations, each individual cell voltage should be maintained within a specified safety
voltage range. However, as long as the cells are charged (discharged) in series, the charging
(discharging) process should be limited by the cell with the highest (lowest) voltage so that no
cell is overcharged (over-discharged). With such limitations, the cells cannot be fully charged
(discharged), and hence, series-connected cells exhibit poor energy utilization. Therefore, cell
voltage imbalances should be minimized in order to prolong the life of the cells and maximize
their available energies.

Firstly, general requirement for cell voltage equalizers for SCs in spacecraft applications is
discussed. Secondly, conventional cell voltage equalizers, which have been used for LIBs and
SCs, are reviewed in order to describe general drawbacks underlying in conventional equalizers.
Thirdly, high-frequency charge-discharge cycling induced by cell voltage equalizers, which may
cause premature deterioration of energy storage cells, is addressed. The influence of
high-frequency cycling on life performance of lithium-ion cells are experimentally investigated,
and proper switching frequency region for cell voltage equalizers is determined. Lastly, three
novel equalizers are proposed in Sections 5.5, 5.6, and 5.7.

5.2 General Requirement for Cell Voltage Equalizer for Supercapacitors in
Spacecraft

High-reliability is a primary requirement for electronics in spacecrafts. Since SCs are
inherently long-life energy storage cells, the reliability of peripheral electronics including cell
voltage equalizers would be considered more important than ever. Reducing component count is
one of the most effective approach to improve the reliability. In cell voltage equalizers, the
number of switches is considered to be a good index for representing a circuit’s complexity
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because each switch requires a driver IC and ancillary components, such as resistors, capacitors,
diodes, and opto-couplers. Therefore, the reduction in the number of switch is the key to
improve the equalizers' reliability.

In order to utilize stored energies of SCs as efficiently as possible, energy efficiency of
equalizers should be high. Equalizers are categorized into two groups: dissipative and
nondissipative equalizers. The latter ones are preferable from the viewpoint of efficiency, as
discussed in the following sections.

Since SCs are expected to be used in long life applications, cell voltage equalizers for SCs
should be designed considering that components used in equalizers gradually deteriorate,
especially at harsh conditions in space, and parameter changes due to ageing are very likely.
Parameter matching among components is strict requirement for some types of equalizers, and
parameter mismatching results in insufficient equalization performance or even voltage
imbalance caused by equalizers in the worst case. Hence, equalizers that do not require strict
parameter matching are considered suitable for SCs in long life applications.

Another concern is poor variety of radiation-hardened (rad-hard) electrical components,
especially ICs. Most nondissipative equalization techniques require feedback control, and
control ICs. On the other hand, feedback control circuits in spacecrafts often designed using
discrete components because of poor variety of rad-hard ICs. This not only complicate design
and development procedures but also increase the component count, resulting in reduced
reliability. Hence, equalizers operable without feedback control is desirable.

5.3 Review of Conventional Cell Voltage Equalizer
5.3.1 Dissipative Equalizer

The most common and traditional approach involves the use of dissipative equalizers, which
do not require high-frequency switching operations. With dissipative equalizers, the voltage of
series-connected cells can be equalized by removing stored energy or by shunting current from
the cells with higher voltage. During the equalization process, the excess energy or current is
dissipated in the form of heat, negatively influencing the thermal system of spacecrafts.
Dissipative equalizers find advantages over nondissipative equalizers in terms of circuit
simplicity and cost. The dissipative equalizers can be categorized into two groups: passive and
active equalizers.

5.3.1.1 Passive Dissipative Equalizer

Fig. 5.3.1(a) shows the simplest solution, in which a passive resistor is connected to each cell
resulting in a higher effective self-discharge rate. Cell voltage imbalance gradually decreases
because of different effective self-discharge rate depending on cell voltage levels and resistance
values. Although simple, relentless power loss in resistors reduces the energy efficiency of
battery/module, depending on the effective self-discharge rate, and hence, this equalizer is
rarely used in practical use.

Another concept of passive dissipative equalizer is to use Zener diodes, as shown in Fig.
5.3.1.(b). Cell voltages exceeding a Zener voltage level are cramped by Zener diodes operating
as bypass circuits. The power loss in Zener diodes during rest period is negligibly low
depending on leakage current of Zener diodes. However, Zener diodes must be chosen to be
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Fig. 5.3.1. Dissipative equalizers using (a) resistors and (b) Zener diodes.

capable of the largest possible charge current because the charge current flows to the Zener
diode when the cell voltage reaches the Zener voltage level. In addition, a great temperature
dependency of Zener voltage, which may not be acceptable in most applications, should be took
into consideration.

5.3.1.2 Active Dissipative Equalizer (Shunting Equalizer)

Although dissipative equalization technologies seem less effective compared with
nondissipative equalizers which are introduced in Section 5.3.2, the shunting equalizers are
widely used in various applications, and a number of battery management ICs that include
shunting equalizers are available because of their simplicity, modularity (or extendibility), and
cost effectiveness.

Fig. 5.3.2 shows a schematic drawing of shunting equalizers connected to a two-series cell.
Cell voltages are monitored and compared with a preset voltage level (shunt voltage level).
When the cell voltage reaches or exceeds the shunt voltage level, the charge current is shunted
through a transistor to reduce the net charge current. The product of cell voltage and shunt

S
I Charge
Cell1
lceit — Ishuntt
© !
Charger
Cell2
lcarz T Ishuntz
=

Fig. 5.3.2. Schematic drawing of shunting equalizer.
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current, g, i the power dissipation in the equalizer. Therefore, /g, has a practical limitation
from the viewpoints of efficiency and heat generation. Large Ig;,,, makes thermal design and
management difficult. To keep the power dissipation and heat generation at practical levels,
shunting equalizers are generally designed capable of shunting only a part of the charge current,
Icharge- Icharge 15 the sum of the net charge current, /¢, and the shunt current, g, as expressed
by

I, =I.,+1, . (5.1)

Charge Cell

In most cases, when Ig,,, is set to be smaller than /¢juge, Icen continues to flow even after the
cell voltage reaches the shunt voltage level. This leads to cell voltage overshoot above the shunt
voltage level and the equalizer keeps drawing /g, until the cell voltage falls below the shunt
voltage level.

Fig. 5.3.3 shows an example charging profiles of an EDLC module consisting of two cells in
series. EDLCs with capacitance of 100 F were charged with CC-CV charging scheme of 70 mA
and 3.9 V (1.95 V/cell), and the shunt voltage level and shunt current were set to be 2.0 V and
30 mA, respectively. The cell voltages rose linearly during CC (Period A). When the voltage of
Cell 2 reached the shunt voltage of 2.0 V (Period B), the equalizer for Cell 2 began shunting 30
mA of the 70 mA charge current. There was an inflection point observed in the module voltage
at that moment. During Period B, Cell 2 was still being charged with 40 mA, so its voltage
continued to increase, but its slope was gentler than during Period A. The change in the voltage
slope of Cell 2 gave inflection points not only for Cell 2 but also for the module voltage. Thus,
Cell 2 was overcharged above the shunt voltage level. On the other hand, Cell 1 was charged
with 70 mA during both Period A and Period B.
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Fig. 5.3.3. Experimental charging profiles of two series EDLCs using shunting equalizers
with a 30 mA shunt current.
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The module voltage reached 3.9 V (1.95 V/cell), and the charger shifted from the CC to CV
mode, during which the charge current was tapered (Period C). At that moment, the voltage of
Cell 1 was less than 2.0 V, whereas Cell 2 was still overcharged, and thus, the equalizer
continued shunting. Zg,.> of 30 mA was still flowing, while the charger tapered Icparge.
According to (5.1), the currents of Cells 1 and 2 during Period C are

ICharge = IC@III (Cell 1) ) (52)
]Charge = ICL’”Z + ]Shuntl (Cell 2)
Therefore,
Icem - Iceuz = [Shlth . (53)

Since the sum of the cell voltages was maintained at 3.9 V by the charger operating in CV
mode, the voltage of Cell 1 increased while that of Cell 2 decreased. A decrease in the voltage
of Cell 2 represents discharging, or a negative value of /c.;,. In other words, Cell 2 started to
discharge while the module itself was still being charged. In the case of EDLCs, Ic.;; and I
can be roughly determined by

[o=cPe (5.4)

Cell 4

dt
where C is the capacitance and V¢, is the cell voltage. The capacitances of Cells 1 and 2 were

100 F, and their voltage change should be equal because of the fixed voltage of 3.9 V applied by
the charger. Therefore, from (5.3) and (5.4), Ic.;; and Ic.;; can be determined to be 15 and —15
mA, respectively.

When the voltage of Cell 2 reached a shunt voltage of 2.0 V, all currents began taper to 0 A
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Fig. 5.3.4. Experimental charging profiles of two series LIB cells using shunting equalizers
with a 100 mA shunt current.
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during Period D. The equalizer no longer operated during this period, and therefore, /g, should
be zero. Equation (5.1) indicates that /¢j.. equaled /c.;, and was simply dominated by the
charger. Tapering /s> provided an inflection point in /cpgrge.

During Periods B and C, Cell 2 was temporarily overcharged above the shunt voltage level
and the shunting equalizer operated. Note that the module voltage and charge current showed
inflection points during the CC and CV periods, respectively. Technically, they occurred at the
beginning and end of shunting. These inflection points originated from the overcharged cell.
These results indicate that cell voltage imbalances might be detected by observing the module
voltage and charge current profiles without measuring individual cell voltages.

Fig. 5.3.4 shows another example of charging profiles of LIB cells with capacity of 2.0 Ah
that were charged with CC-CV charging scheme of 200 mA and 7.94 V (3.97 V/cell). Two cells
were initially charged to 30% and 60% of SoC, and the shunt voltage level and shunt current
were 3.975 V and 100 mA, respectively.

When Cell 2 reached the shunt voltage of 3.97 V, shunting of 100 mA of the 200 mA charge
current began. During this shunting period, the voltage of Cell 2 continued increasing, because
Cell 2 was charged substantially with 100 mA; thus, the voltage showed a gentler slope, while
Cell 1 was still provided with 200 mA. The change in the voltage slope of Cell 2 provided
inflection points not only for Cell 2 but also for the battery voltage.

The charge current started tapering after the battery voltage reached 7.94 V. At that moment,
the voltage of Cell 1 was less than 3.97 V. On the other hand, Cell 2 was overcharged that the
shunt circuit should operate. The equalizer continued shunting 100 mA, while the charger
continued tapering. After the charge current was tapered below the shunt current of 100 mA, the
charge current of Cell 2 became negative, implying that Cell 2 started discharging substantially.
Since the sum of the cell voltages was maintained at 7.94 V by the charger operating in CV
mode, the voltage of Cell 1 increased while that of Cell 2 decreased. During this period, the
charge current had to be tapered to a particular value determined by (5.3), so that the voltages of
Cell 1 and 2 increased and decreased at the same rate. Cell 2 voltage decreased until it fell to a
shunt voltage level of 3.975 V, and was followed by tapering to 0 A. An inflection point was
observed in the charge current.

In the case of LIB cells, experimental profiles showed gentler curves than those of EDLCs
because of their inherent nonlinear characteristics. Overall, interactive performance was
analogous to that of the EDLCs, and the inflection points in the battery voltage and charge
current were observed as well.

Most LIBs in spacecrafts use shunting equalizers. However, this equalizer needs as many
switches, voltage sensors, and comparators proportional to the number of series connection of
cells. In addition, this equalizer inevitably causes energy loss in the form of heat generation
during equalization process, which may not only negatively influence the thermal system but
also restrict operations due to the temperature rise. The operation flexibility is also poor because
cells are equalized only during charging process, especially at fully charged states.

5.3.2 Nondissipative Equalizer

Nondissipative equalizers that transfer charges or energies of cells among cells are
considered more suitable and promising than dissipative equalizers in terms of energy efficiency
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Fig. 5.3.5. Schematic drawing of (a) individual cell equalizers, (b) switched capacitor-based
equalizer, and (c) buck-boost converter-based equalizer.

and thermal management. In addition, nondissipative equalizers (including proposed equalizers)
are usually operational during both charging and discharging, and hence, operation flexibility
can be improved compared with dissipative equalizers. Numerous nondissipative equalization
techniques have been proposed and demonstrated. Representative nondissipative equalizer
topologies are presented in following sections.

5.3.2.1 Individual Cell Equalizer

Fig. 5.3.5(a) depicts a schematic drawing of the individual cell equalizer (ICE). ICEs are
typically based on individual dc—dc converters such as switched capacitor converters [1],[2] and
buck-boost converters [3], as shown in Figs. 5.3.5(b) and (c), respectively. In these topologies,
the charges or energies of the series-connected cells can be transferred between adjacent cells to
eliminate cell voltage imbalance. The number of series connection of cells can be arbitrary
extended by adding the number of ICEs.

Since these conventional topologies of ICEs are derived from multiple individual dc-dc
converters, numerous switches, sensors, and switch drivers are required in proportion to the
number of series-connected energy storage cells. Therefore, their circuit complexity and cost are
prone to increase, and their reliability decreases as the number of series connection of cells
increases. This is a serious concern not only in spacecraft applications but also vehicular
applications where the reliability is of great importance.

5.3.2.2 Equalizer Using Multi-Winding Transformer

In cell voltage equalizers using a multi-winding transformer based on flyback converter and
forward converter topologies, shown in Figs. 5.3.6(a) and (b), respectively, the energies of
series-connected cells can be redistributed via a multi-winding transformer [4],[5] to the cell(s)
having the lowest voltage. The number of switches required in the multi-winding
transformer-based equalizers are significantly less than those required in ICE topologies.
However, these topologies need a multi-winding transformer that must be customized
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Fig. 5.3.6. (a) Flyback converter- and (b) forward converter-based cell voltage equalizers
using a multi-winding transformer.

depending on the number of series connections, and hence, the modularity is not good. In
addition, since parameter mismatching among multiple secondary windings results in voltage
imbalance that never be compensated by control, multi-winding transformers must be design
and made with great care. Generally, the difficulty of parameter matching increases with the
number of secondary windings. Therefore, their applications are usually limited to
modules/batteries with small number of series connection.

5.3.2.3 Equalizer Using Single Converter with Selection Switches

Figs. 5.3.7(a) and (b) show equalizers using a single converter and selection switches based
on flying capacitor converter and flyback converter, respectively. In these topologies, individual
cell voltages are monitored, and the cell with the lowest voltages is determined using a
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Fig. 5.3.7. Equalizers using a single converter and selection switches based on (a) flying
capacitor and (b) flyback converter.
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microcontroller or DSP. In the flying capacitor-based equalizer, shown in Fig. 5.3.7(a), the
energy of the cell with the highest voltage is delivered to the cell with the lowest voltage via the
flying capacitor C, by selecting proper switches. In the flyback converter-based equalizer,
shown in Fig. 5.3.7(b), the energy of series-connected cells are redistributed to the cell with the
lowest voltage via the flyback converter and selected switches.

These topologies can reduce the number of circuit components compared with ICE topologies,
and do not need multi-winding transformer. However, the number of switches required is still
large, and furthermore, microcontroller- or DSP-based management is mandatory because a
target cell (i.e., a cell with the lowest voltage) must be determined for equalization to be
implemented.

5.3.3 General Concerns and Drawbacks of Conventional Equalizers

Nondissipative equalizers, shown in Figs. 5.3.5, 5.3.6, and 5.3.7, operate at frequencies
higher than several ten kilohertz and maintain cell voltage deviations below a desired level.
However, because equalization processes of nondissipative topologies involve the exchange of
charge or energy among energy storage cells, their charge-discharge profiles during equalization
are much more complicated than conventional cycling profiles that are simply determined by
loads. The cells are forced to be cycled within a conventional charge-discharge cycling period
ranging from seconds to hours as well as at a high frequency that is equal to the operating
frequency of the equalizers. In other words, the cells may be cycled at high frequency. Detailed
concerns and discussion are made in the next section.

As mentioned in Chapter 2, the specific energy of SCs is lower than that of traditional
secondary batteries, so an SC-based energy storage system may require a larger number of cells
to be connected in series and/or parallel than LIB-based energy storage systems, although SCs
have potentials to match or outperform the traditional batteries in terms of net specific energy
for particular applications. In other words, the number of series connections of SCs is prone to
be larger than that of LIBs. Hence, using multiple switches or transformer windings, which
leads to increased cost and circuit complexity, is undesirable for an SC-based energy storage
system. In addition, conventional topologies are undesirable from the viewpoint of reliability
because of their complexity, since electrical circuits should be as simple as possible in order to
mitigate risks of failure, especially for applications that require long-term use, i.e., SC-based
energy storage systems.

5.4 High-Frequency Charge-Discharge Cycling Induced by Cell Equalizer
5.4.1 Cause of High-Frequency Charge-Discharge Cycling

Fig. 5.4.1 shows a schematic of a battery pack composed of 7 cells connected in series with
cell voltage equalizers that have two switching states: (a) state A and (b) state B. The battery
pack is connected to an external circuit (i.e., a charger or load) and the direction of /puer,
designated in Fig. 5.4.1 gives the charging direction. Series-connected cells By, ..., B, are
charged or discharged with current /g, Which is positive and negative for charging and
discharging, respectively. The equalizers exchange charges or energies of By, ..., B, among
themselves in the form of equalization currents Ioy;.4, ..., logna and Loy p, ..., legsp during states
A and B, respectively. Therefore, currents /z; 4, ..., Ip,.q and Iz, ..., Ip,.5, that flow through B;,
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Fig. 5.4.1. Schematic drawing of a battery comprising » cells connected in series with cell
equalizers in (a) state A and (b) state B.

..., By during states A and B are different from Zgue,,. Currents loys.u, ..., Logna and Loy p, ...,
I.4n-5, Which depend on the voltage imbalance of By, ..., B,, can be positive or negative. States A
and B alternate with each other at high frequency because of the switching operation of the
equalizers. Currents /p,.4 and I,.g can be expressed as

I, =1, -1 (5.5)

Bn—A — * Battery eqgn—A >

I, ,=1 +1

Bn—B ~ * Battery

(5.6)

eqn—B *

As long as Iy, 4 and Iy, 5 are in the same direction, B, is simply being charged or discharged.
However, if the currents in states A and B are not in the same direction, charge-discharge
cycling occurs while the battery pack itself is simply being charged or discharged. Because
states A and B alternate at high frequency, usually around several ten kilohertz, cells can be
pulsated, resulting in a high-frequency cycling.

An example of an experimental equalization process is shown to provide a qualitative
understanding of how the high-frequency charge-discharge cycling occurs during the
equalization process. Switched-capacitor-based equalizers are widely used for not only LIB
cells but also SCs because of their circuit simplicity, modularity, and ease of control [1]-[2]. A
switched capacitor equalizer was used as a representative of nondissipative cell voltage
equalizers. Fig. 5.4.2 shows a battery pack consisting of three cells B;—B; in series with
switched capacitor equalizers, and an external circuit (i.e., a charger or load) is also connected
to the battery pack. Fundamental operations without charge-discharge currents from/to the
external circuit are demonstrated experimentally. Odd- and even-numbered switches are
alternately turned-on and -off to transfer the charges of B,—B; via energy-transfer capacitors C,
and C,. As shown in Fig. 5.4.3(a), B, and B, are connected to C, and C, via odd-numbered
switches in state A. In state B shown in Fig. 5.4.3(b), even-numbered switches are turned-on to
connect B, and B; to C, and C,. Thus, B;—B; in the battery pack can exchange their charges via
capacitors C, and C,,
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Fig. 5.4.2. Switched capacitor equalizer for a battery pack consisting of three cells connected in
series.

LIB cells with a capacity of 2.0 Ah, which will also be used for life performance tests in
Section 5.4.2.1, were used for the equalization experiment. B;—B; with initial voltages of 4.2,
4.0, and 3.8 V, respectively, were equalized by 440 pF Al electrolytic capacitors of C, and C, at
a switching frequency of 10 kHz. MOSFETs with 4 mQ on-resistance were used for Q;—Q.
0dd- and even-numbered switches were alternately turned-on and -off with a fixed duty cycle of
45% and 5% dead time between each state to avoid any possibility of short-through current.
There was neither charge nor discharge currents (i.e., lpuer, = 0 in Fig. 5.4.1) from/to the
external circuit.

Cell voltage profiles and current waveforms 2 h after the start of equalization are shown in
Fig. 5.4.4. In the equalization process, the cell with the higher voltage acts as a source and the
cell with the lower voltage acts as a load. In other words, B, the cell with the highest initial
voltage, “gives” its charge to the other cells, while B;, the cell with the lowest initial voltage,
“receives” charges from the other cells. The current /z; was negative (i.e., discharging) in state
A and gave its charge to C,. In state B, the charge given by B, in state A was transferred from
C, to B,. Thus, B, showed a positive current (i.e., charging) and the integral of /3, over the
duration of state B corresponded to the charge delivered from C,. During state A, on the other

(a) (b)

Fig. 5.4.3. Switching states of a switched capacitor equalizer, (a) state A and (b) state B.

63



Dead Time Dead Time Dead Time Dead Time Dead Time

|

. | i
Ul State A || State B !! StateA || StateB !
T

lo1 [A]

o o
oo
™1

4;{4;;%

A

L

1 rl‘l I‘AI 1

o©
w
1

ls2 [A]

4.3 T T T T

4.2 B . 0.2

o

N
T T T T3
it et It I

41} .

4.0 - 02

3.9 -

38 5 ] -0.1

3.7 . 1 L L -0.3
0

5 10 15 20 25 o SOp
Time [h] ime [50 ps/div.]

Voltage [V]

ls3 [A]

2
o
1T T T T 71 1

(a) (b)
Fig. 5.4.4. Experimental equalization using switched capacitor equalizers. (a)  equalization
profiles and (b) current waveforms 2 h after the start of equalization.

hand, B, showed a negative current (i.e., discharging) because it gave its charge to C,. B; during
state B showed a positive current and it received the charge from C,. These current waveforms
demonstrated that B,, which served as a path for charge traveling from B, to B;, was cycled at a
high frequency of 10 kHz, whereas B; and B; were discharged and charged only during state A
and B, respectively. Ultimately, the cell voltages of B;—B; converged to approximately 3.97 V.

In the equalization example shown in Fig. 5.4.4, no external circuit such as a charger or load
was present, so that the battery pack itself was neither charged nor discharged, although the
cells were charged and discharged each other throughout the equalization process. This example
corresponded to /zuer, = 0 1n (5.5) and (5.6), and only B, was cycled at high frequency.
However, during the charging/discharging of the battery pack, the charging/discharging currents
from/to the external circuit could be superimposed on the equalization current profiles that were
shown in Fig. 5.4.4(b). According to (5.5) and (5.6), with a charger or load, not only B, but also
B, (B3) could be cycled at high frequency during the charging (discharging) of the battery pack.
For example, if the battery pack had been charged at 0 < /.., < 0.2 A, not only B, but also B,
would have been cycled at high frequency. On the other hand, if the battery pack had been
discharged at —0.2 < /5,4, < 0 A, B, and B; would have been cycled at high frequency.

The above experimental example indicated that the equalization process possibly induces
high-frequency cycling. Because the frequencies of such cyclings are equal to the equalizer’s
operating frequency, which is usually around several ten kilohertz, a very large number of
cycles with very shallow depth of discharge is induced. In general, cycling is one of the major
causes of cell degradation, so these shallow high-frequency cyclings are considered to
negatively impact the life performance of LIB cells and SCs.
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5.4.2 High-Frequency Cycling Experiment
5.4.2.1 High-Frequency Cycling Conditions

To investigate the qualitative influence of high-frequency cycling on life performance of LIB
cells, commercially available 2-Ah prismatic LIB cells (UF103450P, SANYO) were cycled at
high frequency by bipolar power sources. The cells use lithium cobalt oxide (LiCoQO,) for the
positive electrode (the most prevalent active material for the positive electrode of lithium-ion
cells in consumer electronics application) and graphite for the negative electrode. The
experimental setup and charge-discharge profiles are shown in Fig. 5.4.5. An equalization
current rate of approximately C/100, which is considered sufficient to overcome the charging
current during float charging, is used for lead-acid cells and is also considered to be appropriate
for lithium-ion cells [2],[6]. In this study, to accelerate and clarify the dependence of cycle
frequency on cell degradation, a charge-discharge current of 1.0 A (C/2 rate), which is large as
the equalization current, was used. The charge-discharge current was determined by the voltage
across a 1-Q resistor. Life performance was evaluated for average cell voltages of 4.2 and 3.8 V,
so that the output voltage of the bipolar power source was set to be a square waveform with a
peak-to-peak voltage of 2.0 V, i.e., 5.2-3.2 V for 4.2 V cycling and 4.8-2.8 V for 3.8 V cycling.

In the frequency range from 1 Hz to 100 kHz, the cells were cycled for every decade at room
temperature. The duty ratio of the charge and discharge periods was 50%. Because the output
voltage of the bipolar power sources was fixed-square waveform of 5.2-3.2 or 4.8-2.8 V, the
average of the sum of the cell voltage and the voltage across the 1-Q resistor was 4.2 or 3.8 V.
For long-term experiments on LIB cells, coulombic efficiency and self-discharge had been
anticipated to cause cell voltage decline. To eliminate the influence of cell voltage decline due
to these two factors on the life performance of the cells, the average cell voltages had to be held
constant at 4.2 or 3.8 V during high-frequency cycling. Generally, LIB cells offer nearly 100%
coulombic efficiency (99.8% for the cells used in this study), and hence, the charge and
discharge currents were regarded as identical because the charge and discharge periods were
essentially equal. Therefore, the average voltage across the 1-Q resistor during cycling was
almost zero, and the average cell voltage could be maintained at 4.2 or 3.8 V. Thus, cell voltage
decline due to coulombic efficiency and self-discharge was prevented in this experiment.

Float charging tests were also performed to obtain calendar degradation trends as baseline
data. To evaluate life performance, capacity measurements were periodically performed with a
constant current—constant voltage (CC—CV) charging of 1880 mA, 4.2 V for 2.5 h and a CC
discharging current of 376 mA. Two cells were assigned for each test condition, and the average
values of the measured capacities were used for analyses and discussion.

52V (4.8V)

32V (28V)

Time

Fig. 5.4.5. Experimental setup and charge-discharge profiles for high-frequency cycling tests.
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Fig. 5.4.6. Capacity fade versus cycle frequency for average voltages (a) 4.2 V and (b) 3.8 V.

5.4.2.2 Resultant Capacity Retention Trends

Figs. 5.4.6(a) and (b) show the capacity fade trend versus cycle frequency for average cell
voltages of 4.2 and 3.8 V, respectively. Capacity fade ratios of the LIB cells under float
charging conditions are indicated as dashed lines. Cells cycled at an average voltage of 4.2 V
showed a greater capacity fade tendency than those cycled at 3.8 V because cell degradation is
generally accelerated at higher voltages [7]. However, analogous degradation trends were
observed for both average voltage conditions. The capacity fade ratios were significant at
frequencies below 10 Hz. Cells cycled above 100 Hz, on the other hand, showed the almost
identical degradation trends as those tested at the float charging conditions under which the
capacity fade ratio reflected calendar degradations only. These trends indicated that the calendar
degradations were dominant at high frequency ranges even though the cells were cycled. At low
frequency ranges, on the other hand, cycling also played a major role in deteriorating the
capacity retention.

In general, LIB cells have their own time constants, which are determined by the
double-layer capacitance and charge-transfer resistance in both the anode and cathode. Because
the cycle periods of high-frequency cycling are significantly shorter than those of conventional
cycling, analyzing frequency-dependence of current response and distribution in the cells was
inferred as a clue to reveal frequency-dependent degradation trends. In fact, previous studies on
lead-acid batteries reported that high-frequency current components only charge and discharge
double-layer capacitances and do not allow time for ionic diffusion to occur to a significant
degree, whereas ionic diffusion is fully operative at low frequencies [8],[9].

The major role of equalizers is to equalize cell voltage to prolong the life of cells. Therefore,
degradation due to the equalizers must be avoided. The results obtained here suggest that cell
voltage equalizers should operate at particular frequencies at which equalizers do not negatively
influence the life performance of cells. The experimental results shown above are expected to be
valuable to electrical researchers and engineers for designing effective cell equalizers. To apply
such information in circuit designs, further analysis was required to reveal the major factors that
degraded the cells. To address this issue, Section 5.4.3 focuses on comparing experiment and
simulation to determine the frequency-dependent internal factors that affected the life of cells,
including the double-layer capacitance and charge-transfer resistance.
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Fig. 5.4.7. Equivalent circuit of a lithium-ion cell for simulation analysis.

5.4.3 High-Frequency Cycling Simulation Analysis
5.4.3.1 Equivalent Circuit Modeling

The product of double-layer capacitance C, and charge-transfer resistance R, forms a time
constant, and the current response and distribution of these components depend on frequency.
The internal behavior of cells was evaluated by simulation analyses. To model a simulation
circuit, an ac impedance of a fresh cell was measured to obtain equivalent circuit parameters.
The impedance was measured over a frequency range from 10 mHz to 100 kHz with an
amplitude of 5 mV by using an impedance analyzer (PARSTAT 2263, Princeton Applied
Research).

Fig. 5.4.7 shows an equivalent circuit consisting of ideal elements; V., Ry, L, and R are the
electromotive force, electrolyte resistance, inductance, and resistance in parallel with the
inductance, respectively. A measured Nyquist plot was fitted to the equivalent circuit by using
impedance analysis software (ZSimpWin™, Princeton Applied Research). To facilitate an
equivalent circuit-based simulation, a constant-phase element (CPE) [10], which reflects a
depressed semicircle of a Nyquist plot, was not employed. Warburg impedance, which is
dominant at very low frequencies, was excluded. The inductance component originating from a
connection cable used for the high-frequency cycling tests, and geometry of electrodes and
current collectors, was included because inductive behavior was not negligible at high
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Fig. 5.4.8. Experimental Nyquist plot and corresponding fitting curve of a fresh cell.
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Table 5.1. Equivalent circuit parameters obtained by fitting to an experimental Nyquist plot
of the fresh cell

Parameter Value
R0 (mQ) 56.85
I forrn (i10) 12.41
Cal anode (mF) 82.41

Tanode (M) 1.02
Rt cathode (MQ) 1522
Cil cathode (MF) 580.3
Teathode (MS) 8.87
L (nH) 202.6
R (mQ) 612.3

frequencies.

Fig. 5.4.8 shows the experimental Nyquist plot and a fitting curve of the fresh cell. Despite
the absence of a CPE, the fitting curve agreed with the experimental result. Circuit parameters
obtained from the fitting are shown in Table 5.1; 7,04 and T .m.q are the anode and cathode time
constants obtained by multiplying Cu anode a0d Re; anode> A0 C cathode A0 Ry camodes TESPECtively.
The cathode is well known to be the major source of cell impedance [11]-[13], and therefore,
the larger time constant was assigned to the cathode impedance. A time constant can be
regarded as an index of response time in terms of voltage and current; the smaller the time
constant, the quicker the cell responds. The impedance of the connection cable was measured
separately, and the inductive impedance in Fig. 5.4.8 was found to originate mainly from the
connection cable.

Fig. 5.4.9 shows a trend of measured Nyquist plots and fitting curves of a cell cycled at 1 Hz
as representative data. With the aging of the cell, the intersection point on the x-axis, which
reflects Ry, in the equivalent circuit, consistently shifted to the right and increased by
approximately 12%. Although the increase in R, insignificantly leads to a decrease in the
charge-discharge current determined by the 1-Q resistor shown in Fig. 5.4.5, the response
characteristics, such as the response time and current distribution to C, and R.,, are not affected
by the increase of R, because the response characteristics are determined by time constants of
Tanode ANA Teamnode- Tanode AN Teamoqe OF the aged cell were determined by fitting the experimental
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Fig. 5.4.9. Trend of measured Nyquist plots and fitting curves of the cell cycled at 1 Hz.
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Nyquist plots shown in Fig. 5.4.9. Consistent changes in 7,4 and T.umge Were not
observed—they remained within +20% (depending on accuracy of fitting) of their initial values.
In the high-frequency cycling test, the frequency varied in a six figure (i.e., from 1 Hz to 100
kHz) while the changes in 7,,,4. and T.umoqe Were within £20%. Therefore, the impedance change
due to the cell aging was considered not to have significant impacts on the overall trend of
current response and distribution. Thus, for the sake of simplicity, the parameters of the fresh
cell shown in Table 5.1 were used for the following simulation analyses.

5.4.3.2 Correlation between Degradation Trends and Current Distribution

Current response and distribution inside the cell were simulated using circuit simulation
software (SCAT K.488, Keisoku Giken). The simulation circuit shown in Fig. 5.4.7 was cycled
under the same conditions as the actual experiments, as described in Section III.

Cell voltage and current waveforms of each element at a cycle frequency of 10 kHz are
shown in Fig. 5.4.10. Experimental waveforms measured during the cycle test are also presented
as reference data. I/, Lipodes and 1u0qe are currents flowing through R,,,, anode components, and
cathode components, respectively. Experimental and simulation waveforms were in good
agreement with respect to cell voltage, showing overshoot behavior due to the inductive
component. Because the impedance of the capacitor tended to be small at high frequencies, the
charge-discharge current flowed primarily through C, at the high frequency condition of 10
kHz. Thus, current waveforms of /,,,4 and I, 0of C4 showed almost identical to that of I,
whereas those of R, were nearly zero.

Thus, the high-frequency charge-discharge current was buffered by C,, and little current
flowed through R,,. This result can be interpreted that there was little substantial charge-transfer
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cycle frequency of 10 kHz.
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process indicating little cell reaction. Therefore, the current was used only for charging and
discharging C, in the high-frequency region. In other words, the current direction was reversed
before the charge-transfer process occurred at high cycle-frequency conditions.

Fig. 5.4.11 shows experimental and simulation waveforms at a cycle frequency of 10 Hz.
Contrary to the case shown in Fig. 5.4.10, /.4 and L. of R, were dominant because the
impedance of C,; at the low frequency of 10 Hz was large, and the cell voltage waveform
showed a capacitive response. When the current direction was reversed, a large current flowed
to charge or discharge C,. Once C, was appreciably charged or discharged, the current of R,
took over and dominated the total current. This result corresponded to the general fact that a
high-frequency current component, such as at the beginning of pulse, is assigned to charge or
discharge C,, and subsequently, a current associated to electrochemical-reaction (i.e., a current
through R.) dominates [14],[15]. Previous studies regarding to the lead-acid batteries also
reported the same tendency that the double-layer capacitance does not allow cell reactions to
occur at high frequencies while the cell reaction processes become substantial at relatively low
frequencies [8],[9]. The low cycle-frequency condition was considered to provide sufficient
time for the charge-transfer process (i.e., the cell reaction) to occur. The cathode responded
slower because T umode > Tunodes @S Shown in Table 5.1.

Fig. 5.4.12 shows the frequency dependence of root-mean-square (RMS) currents distributing
to R, and C,; in the anode and cathode during the high-frequency cycling. An explicit
correlation between the degradation trends shown in Fig. 5.4.6(a) and the current distribution
shown in Fig. 5.4.12 was found. Cells cycled at low frequencies, where the cycle periods were
sufficiently longer than the time constants (7 .4 and Teamose) and the current flowing through R,
was dominant, degraded significantly, whereas the degradation of cells cycled at high
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Fig. 5.4.11. Experimental and simulation waveforms of cell voltage, I/, Liode, a0d Lumode at @
cycle frequency of 10 Hz.
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Fig. 5.4.12. Frequency dependence of RMS currents distributing to C, and R,, in the anode and
cathode during high-frequency cycling.

frequencies, where the cycle periods were sufficiently shorter than the time constants and the
charging-discharging of C, dominated, was identical to the calendar degradation.

In general, cells during cycling deteriorate with side reactions, such as growth of passivation
layers or deposition of Li on the electrodes [16], and these side reactions accompany the cell
reaction or charge-transfer process. In other words, no degradation accompanying the cycling
occurs unless current flows through R,,. In addition, because the charging and discharging of C
represent the polarization of an electrode-electrolyte interface [17], the current flowing through
C4 causes neither an electrochemical reaction nor electrochemical degradation, which can be
understood by the general fact that EDLCs which utilize their double-layer capacitance as
energy storage resources, offer inherent outstanding life performance.

The correlation between Fig. 5.4.6(a) and Fig. 5.4.12 implied that the significant degradation
at low frequencies was caused by not only calendar degradation but also degradation due to the
side reactions accompanying the cell reactions. At high frequencies, on the other hand, the
current was used only for cycling Cy, and there was little current flowing through R, i.e.,
insignificant cell reactions. Therefore, the degradations at high frequencies were almost
identical to the calendar degradations. This correlation also implies that high-frequency cycling
has no negative impact on life performance of SCs because SCs basically do not contain R, and
no electrochemical reactions take place essentially in SCs.

In particular, the cathode charge-transfer that was dominant at frequencies below 10 Hz was
directly correlated to the capacity fade trends. Previous studies have revealed that the major
sources of cell degradation, such as capacity fade and impedance increase, mainly originate
from the cathode [18]-[21]. The significant capacity fade at low frequencies was considered to
originate from cathode degradation. Further investigation based on the electrochemical
approach is necessary to elucidate the degradation mechanism, which is beyond the scope of
this study.

5.4.4 Conclusions
Series-connected energy storage cells with nondissipative cell voltage equalizers, which
allow cells to exchange their charges among themselves, exhibit complicated charging and
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discharging profiles. An equalization experiment using switched capacitor equalizers provided
qualitative understanding that high-frequency charge-discharge cycling can be imposed on cells
during the equalization process.

LIB cells were cycled at frequencies ranging from 1 Hz to 100 kHz to investigate the
qualitative influence of high-frequency cycling on the life performance of the cells. Cells cycled
at high frequencies above 100 Hz showed only calendar degradation trends, whereas those
cycled at low frequencies below 10 Hz deteriorated significantly.

The frequency dependence of the current response and distribution inside the LIB cells was
analyzed on the basis of equivalent circuit simulations. Simulation analyses revealed that there
was little current flowing through the charge-transfer resistance R, at high frequencies because
the charge-discharge current was buffered by the double-layer capacitance C,, while the current
through R., dominated at low frequencies. A correlation between the degradation trend and the
current distribution of C; and R., was observed and implied that the significant degradation at
low frequencies, where the cycle period was sufficiently longer than the time constants of the
cells, was caused by not only calendar degradation but also side reactions accompanying the
charge-transfer process (i.e., the cell reaction). On the other hand, at high frequencies, where the
cycle period was sufficiently shorter than the time constants of the cells, the charge-discharge
current was used only for cycling C,, and therefore, degradations were identical to the calendar
degradation. The obtained correlation implies that high-frequency cycling has no negative
impact on SC life performance, since no electrochemical reactions take place in SCs and R,
does not basically exist.

The experimental degradation trends obtained in this study suggest that equalizers for LIB
cells desirably operate in a proper frequency range in which the life performance of the LIB
cells is not affected by the high-frequency equalization current. Cell voltage equalizers for LIBs
can be designed appropriately by taking the time constants of LIB cells into account so that the
switching period of the equalizer should be shorter enough than the time constants of the LIB
cells.

5.4 Series-Parallel Reconfigurable Cell Equalizer
5.5.1 Circuit Description and Operation Principle

An example of the proposed equalization circuit is shown in Fig. 5.5.1. Three strings A, B,
and C, consisting of SCs Cj5—C,a, C;g—Csp, and Cyc—Cjc, are connected in parallel via two
groups of switches, S, and S,. Capacitances of C,z and Csp (capacitances of 2C) are two times
those of others (capacitances of 1C).

Two groups of switches are alternately turned on or off, as shown in Fig. 5.5.2. Connection
combinations of the SCs are switched alternately with setting dead time to avoid any possibility
of creating a short circuit. Fig. 5.5.3 shows two switching states in the series—parallel connected
equalizers. SCs charge or discharge each other in each parallel circuit to maintain uniform cell
voltages. There are two parallel-connected SCs in the top and bottom parallel circuits, whereas
there are three in the center. However, the total capacitance of each parallel circuit is 3C
because the capacitances of C;z and C;p are two times those of the others. Therefore, the total
capacitance of each parallel circuit is maintained at 3C (from top to bottom, C + 2C, C+ C + C,
and 2C + C) during both switching states, whereas the number of parallel connections of each
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Fig. 5.5.2. Switching sequence.

parallel circuit is different. No voltage imbalance occurs because of the uniform total
capacitance of each parallel circuit during the charging/discharging process.

The SCs shown in Fig. 5.5.1 are utilized not only for energy storage but also for equalization.
The equalizers, whose main circuits consist only of the SCs and switches, require neither
closed-loop control nor sensing; therefore, the system can reduce the number of components
and circuit complexity. In addition, the equalizers are easily extended to an arbitrary number of
series or parallel connections to form high-energy storage systems, providing good modularity.
Since this equalizer essentially consists of three SC strings in parallel, and therefore, this
equalizer is considered suitable for multi-string applications where relatively large energy and
power are required.

The proposed circuit can provide very efficient equalization. Since the capacitance of an SC
is quite large, its voltage does not vary quickly as compared with electrolytic capacitors. This
means that the switching frequency can be lowered to reduce loss due to charging/discharging
of the input capacitance of MOSFET switches. The loss is proportional to the switching
frequency and can be negligible even at light loads because of a low operating frequency. As
long as the voltages of SCs are well balanced, all the switches can be normally turned on/off at
zero voltage conditions. When the voltages of SCs are uniform, there is no current flowing
through the switches except for the charging/discharging current paths (S,12, Sai4, Saz1> Sazss
Sb1.1» Sp1.3, Sp2.2, and Sy 4), so that the equalization loss is minimum.

73



String A StringB  String C Sting A StringB  String C

Cul
J— Cis =

L Gz

L ] Cac
I I

(a) (b)

Fig. 5.5.3. Switching states of the series—parallel reconfigurable equalizers during (a) state A

and (b) state B.

5.5.2 Operation Analysis

An equivalent circuit for series—parallel connected equalizers consisting of two SCs is shown

in Fig. 5.5.4. The SCs in Cells 1 and 2, with voltages of V; and V,, are connected in parallel
when the switches S, and S, with on-resistances of R, and R,, respectively, are turned on. C,—C,

and r;—r, are the capacitances and internal resistances of SCs, respectively. The total stored

energy before equalization Ej,y,. is expressed as
1 1
before = EC] Vvlz + EC"ZI/Z2 :
Voltages of SCs after equalization are
_an+cr,
T C+C,
The total stored energy after equalization E,,, is therefore expressed as
qn+qny

Euﬁer = l(C] + CZ
2 C +C,

The equalization loss E), is given by

(5.7)

(5.8)

(5.9)

Fig. 5.5.4. Equivalent circuit for series—parallel connected equalizers consisting of two SCs.
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E =EFE - = 5.10
loss before after 2( C1 n Cz) ( )

Thus, E is proportional to the square of the voltage difference V; — V,, which should be
minimized as much as possible for achieving efficient equalization. Resistance only affects
current and equalization time, not £, [22]. Individual differences in the SCs always cause
voltage differences more or less during charging and discharging. Here, the voltage difference is
always assumed to be zero after every switching. When Cells 1 and 2 are charged with current /
for #,, (50% duty ratio) when S; is turned on, the voltage difference is

V]—sznon[i—ijzi[cz_q} (5.11)
C'1 CZ f CICZ

where f'is the switching frequency. Substituting (5.11) into (5.10), £, can be rewritten as

(Cz — Cl )2 i

E =—>—"""——7. 5.12
Toalee) e

E, is inversely proportional to the square of the frequency; thus, a higher switching
frequency is preferable. These equations mean that if C; and C, were completely equal, there
would be no energy loss due to the voltage difference. However, the voltage difference
practically remains more or less after every switching during charging and discharging. For
instance, String B is charged/discharged during the entire period, whereas Strings A and C are
not charged/discharged during the dead time period. The amount of charge during the dead time
period causing voltage deviation can be expressed as

IT,

AV, = ik (5.13)
where AV, is the voltage deviation caused by single dead time and 7 is the dead time. This
equation does not express all factors that cause voltage deviation during charging/discharging.
The voltage drop across switches and capacitance dispersion also cause voltage imbalance.
Besides, transient characteristic, which is a function of resistances of cells and switches as well
as capacitances, should also be considered to determine the voltage imbalance during a steady
state.

Fast equalization, which can deliver a great amount of charge, is required to minimize the
voltage difference. Cells 1 and 2 are equalized when S; and S, are turned on. Current flowing
between cells during equalization is expressed as

V.-V, —t
I(t)=—"—2exp| — |, 5.14
()= exp(CRj (5.14)
where
— CICZ
C, +C, . (5.15)

R=r+r,+R +R,

This equation shows that faster equalization can be achieved with lower resistance.
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5.5.3 Experiment

An experimental circuit, as that shown in Fig. 5.5.1, was tested using EDLCs as SCs. The
capacitances of EDLCs with a rated voltage of 2.5 V were C;4 = C,4 = Cyc = C3¢ =700 F and
Ci;p = C33= 1400 F. An EDLC with a capacitance of 350 F, instead of 700 F, was used for C,p
(hereafter called “deteriorated cell”) on the assumption that severe deterioration of a cell had
occurred locally. The circuit was charged using a constant current—constant voltage (CC-CV)
protocol and discharged with a CC of 1.46 A, which corresponds to a rate of 1C (the rate at
which cells are fully charged/discharged for 1 h). For differentiation, charging and discharging
were performed with/without equalization. The MOSFET switches were operated at a switching
frequency of 100 Hz, which was judged to be high enough to realize fast equalization, while the
dead time ratio was 10%. Voltage deviation due to capacitance difference, determined by (5.11),
was 62.6 uV for this experimental condition. According to (5.13), voltage deviations of C;p—C;p
caused during each dead time period were less than 2 uV, indicating that the dead time ratio of
10% was negligible for the experimental condition.

Fig. 5.5.5 shows the resulting charge/discharge curves of the EDLCs without equalization. As
for the case of without equalization, the switches in S, were turned on and those of S, were
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Fig. 5.5.5. Experimental charge/discharge curves of the output and cell voltages without
equalization.
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Fig. 5.5.6. Experimental charge/discharge curves of the output and cell voltages with
equalization.
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turned off during the entire period. Since the total capacitance of the parallel circuit containing
the deteriorated cell (700 F // 350 F // 700 F = 1750 F) was smaller than those of the others (700
F // 1400 F = 2100 F), cell voltages increased more quickly and were about 400 mV higher than
the others in a charged state. Only the EDLCs in the parallel circuit containing the deteriorated
cell were fully charged to 2.5 V, while the others were not. Insufficient charging resulted in the
discharged energy of 3.93 Wh, which was much smaller than the theoretical energy of 5.16 Wh.

The resulting charge/discharge curves with equalization are shown in Fig. 5.5.6. Voltage
imbalance was diminished to less than 20 mV by equalization. Since the charging current was
tapered to nearly zero during the CV charging period, the voltage imbalance was completely
eliminated because of the absence of voltage drops across resistances of switches and cells
during this period. All the cells in the circuit were fully charged to 2.5 V, providing a
discharged energy of 5.09 Wh, which was much improved compared with that obtained without
equalization. The loss was less than 1.5% for this experimental condition.

A large voltage difference between the EDLCs connected in parallel results in a large cross
current, which acts as the charging/discharging current between the EDLCs. Fig. 5.5.7 shows
the current waveforms of the EDLCs and the drive voltages for S, and S, during discharging.
Positive and negative currents represent charging and discharging, respectively. During the dead
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Fig. 5.5.7. Current waveforms of the cells and drive voltages for S, and S, during
discharging.
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time period, there was no current flowing through the cells in Strings A and C except for those
in String B, as mentioned in Section 5.5.2. When S, or S, was on, the discharge current of the
deteriorated cell (C,g) was small compared with the others because the current of 1.46 A for
each dead time period of 0.5 ms was large enough to discharge the deteriorated cell. When S,
was on, discharge currents of C;, and C;c were relatively larger than C,4 and Cyc, and vice
versa when S, was on. Since the discharge current of the deteriorated cell was quite small as
mentioned above, other cells in the same parallel circuit had to discharge more.

The resultant current waveforms, whose average currents were proportional to their
capacitances, showed that there was no large current due to a voltage difference between the
cells connected in parallel. This result supports the high-efficiency performance shown in Fig.
5.5.6 because the large current causes large power dissipation in the form of voltage drops
across the on-resistances of switches and internal resistances of EDLCs.

5.5.4 Conclusions

An equalizer utilizing series—parallel reconfigurable SCs, which consists of SCs and switches
as its main circuit elements, was proposed in this paper. The proposed technique, in which the
SCs can be used not only for energy storage but also for equalization, was considered to be
suitable for energy storage systems consisting of multiple strings where relatively large energy
and power are required.

The proposed circuit containing the cell with inadequate capacitance was charged and
discharged to demonstrate its performance on the assumption that severe deterioration had
occurred locally. The resultant charge/discharge performance showed that the voltage imbalance
due to the deteriorated cell was diminished, at the same time achieving high efficiency. No large
current was observed due to the voltage difference between cells connected in parallel even
though the experimental condition was very severe.

5.6 Single-Switch Cell Voltage Equalizer Using Multi-Stacked Buck-Boost
Converters
5.6.1 Circuit Description and Major Features

Fig. 5.6.1 shows traditional buck-boost converters that can be used as the basic topology for
the proposed singel-switch cell voltage equalizers: a single ended primary inductor converter
(SEPIC) and a Zeta converter containing two inductors and a coupling capacitor. A Cuk
converter, which is an inverting buck-boost converter, cannot be used as the basic topology
because of its inverting property. However, incorporating a transformer into its design
transforms it into a noninverting converter (shown in Fig. 5.6.1(c)), which can then be used as
the basic topology. The proposed equalizers can be derived by stacking the circuits consisting of
capacitors (C), diodes (D), and inductors (L) shown in Fig. 5.6.1.

Figs. 5.6.2(a), (b), and (c) show SEPIC-, Zeta-, and isolated Cuk-based topologies,
respectively, for the proposed cell voltage equalizers for four series-connected energy storage
cells, B—B,. Instead of the dc power source V;, present in the traditional buck-boost converters
(Fig. 5.6.1), the top of the series connection of B;—B, is connected to C;, in Fig. 5.6.2. Both the
SEPIC- and Zeta-based topologies can be implemented using a transformer, although these
variations are not illustrated in Fig. 5.6.2. In this section, the SEPIC-based equalizer shown in

78



Lin c D

M -

nl
(a)
VJT—C% < % a % c% id
(b)
N T 9 A
= e
(©)

Fig. 5.6.1. Traditional buck-boost converters that can be used as the basic topology for the
proposed cell voltage equalizers. (a) SEPIC, (b) Zeta, and (c) isolated Cuk converters.

Fig. 5.6.2(a) is used as a representative topology.

The inset of Fig. 5.6.2(a) shows an equivalent circuit that represents the energy storage cell.
The cell is represented as a series connection of an energy storage capacitor SC; and an
equivalent series resistance (ESR) r; with a smoothing capacitor C,,; connected in parallel.
B|—B, are connected to four diode—inductor pairs, D;-L;, D,-L,, D;-L;, and D4-L,, whose
junctions are connected to coupling capacitors C,—C,, respectively. These capacitors are
connected to the switch Q and the input inductor L;,. The circuit consisting of C;,, Ly, Q, Cy, Dy,
L;, and B, is identical to the traditional SEPIC shown in Fig. 5.6.1(a). Except for Q and L;,, the
circuit consisting of C;-D;-L; (where i = 1...4) is multi-stacked, and hence, the proposed cell
voltage equalizer can be regarded as a single-switch multi-stacked SEPICs.

The proposed equalizer consists of a single active component (i.e., switch Q) and passive
components, significantly reducing the circuit complexity as compared to those of conventional
topologies. Detailed comparison with the conventional cell voltage equalizers in terms of circuit
complexity will be made in Section 5.8.

5.6.2 Operation Analysis

Similar to conventional buck-boost converters, the proposed equalizers operate in either
continuous conduction mode (CCM) [23] or discontinuous conduction mode (DCM) [24].
Conventional buck-boost converters operating in DCM are used for power factor correction
applications [25]. The boundary between CCM and DCM is a discontinuity in the diode current
during the off period [23],[24]. In other words, the converter operates in CCM as long as the
diode current is higher than zero during the off period. On the other hand, for DCM, the diode
current must decrease to zero during the off period. In the proposed equalizers operating in
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Fig. 5.6.2. Proposed single-switch cell voltage equalizers using multi-stacked buck-boost
converters. (a) SEPIC-based, (b) Zeta-based, and (c) isolated Cuk-based equalizers.
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DCM with a fixed duty cycle, the input and output currents can be limited to a desired level
without feed back control. This section focuses on the DCM operations under
cell-voltage-balanced and -imbalanced conditions, and shows how the currents can be limited to
a desired range without feedback control. This section focuses on only the SEPIC-based
equalizer, but similar developments can be made for the Zeta- and Cuk-based equalizers as well.

5.6.2.1 Operation under Cell-Voltage-Balanced Condition
Fig. 5.6.3 shows operating waveforms of the SEPIC-based equalizer operating in DCM under

the cell-voltage-balanced condition, in which all cell voltages are uniform. Current flow
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Fig. 5.6.3. Operating waveforms of the SEPIC-based equalizer under cell-voltage-balanced
condition.

directions under the voltage-balanced condition are shown in Fig. 5.6.4. The fundamental
operation is very similar to that of the conventional SEPIC. The DCM operation can be divided
into on and off periods (7, and 7,), and the off period can be subdivided into 7,4, and T.

Under a steady state condition, the average voltage of inductors in a single switching cycle is
zero even in DCM operation. Hence, the average voltages of C,—C,, given by Ve—Vcy, can be
expressed as

Ve =V,

Ve, =V, =V, (516)
VC3 :Vm _(Vl +V2)

Vi =V, _(Vl +V, +V3)

where V-V, are the voltages denoted in Fig. 5.6.2(a). V}, is the voltage of C;, and is given by
V,=V+V,+V, +V,. (5.17)

During the on period, 7,,, which is illustrated in Fig. 5.6.4(a), the switch turns on and all the
inductor currents increase and are directed to Q. The diodes are off during the 7,, period, and
the current through L;, i;;, flows into each capacitor. The current to the input of the equalizer
(i.e., the junction of L;, and C;,) is supplied by the cells B;—B,. However, the currents flowing
through individual cells during this period are found to be different from each other. For
example, B, discharges to L,-C,—L4-C,4, while B, and B; discharge to L;-C3;—L4-C4 and L4-C,
respectively. Thus, the lower the position of the cell in the circuit, the larger will be the
discharge current that flows during the 7, period.
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Fig. 5.6.4. Current flow directions during (a) 7,,, (b) Tppq and (c) T4, of the SEPIC-based
equalizer under cell-voltage-balanced condition.

During the T, period shown in Fig. 5.6.4(b), all the inductor currents decrease and flow to
each cell. The current through Ly, i;;,, is distributed to C,—C,. Therefore, a diode current ip,,
which is the sum of i;; and i¢;, also decreases. The currents through each cell during 7, are
also different from each other, as similar during 7,,. For example, ic; flows only to B, via Dy,
while ic, flows to B;—B, via D,. Thus, the lower the position of the cell, the larger will be the
charge current flowing during 7.

After ip; decreases to zero, the 7,4, period begins and the current flow directions change, as
shown in Fig. 5.6.4(c). This T, period is unique to DCM operations and is not found in CCM
operations. The voltages applied to each inductor during 7,4, are zero, and hence, the inductor
currents are constant during the 7,4, period, as in the traditional SEPIC [24], [25].

Under a steady-state condition, the voltage—time product of the inductors in a single
switching cycle must be zero, and hence,

DVC] ZDH(I/I +VD1)
DU+v) =D+, .
D(VC3+I/1+V2) :Da(l/3+VDS)’ ‘
DWW, +V,+V,+V,)=D,(V, +V,,)
where D is the duty cycle and D, is given by
D, = Lo , (5.19)

T

N

where T is the switching period. From (5.16), (5.17), and (5.18), V; and D, can be rewritten as

=Ly v, 5.20

1 Da m ( )

- DV, (5.21)
VitV
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where the subscript i represents the number of symbols (i.e., i = 1...4). Equation (5.20) implies
that the equalizer produces uniform output voltages regardless of the individual voltages of cells
B,—B..

In order for the equalizer to operate in DCM, 7,4, periods must exist. In other words, the
T4« period must be shorter than the 7, period. Therefore, D, must satisfy the condition D, < (1
— D). From (5.21), the critical duty cycle, D¢ 18 given by

V.+V,.
DCriticaI < : = *
V,+V.+V,

i

(5.22)

This equation needs to be satisfied for the equalizer to operate in DCM. If it is violated, the
equalizer operates in CCM in which the equalizer cannot operate with a fixed duty cycle.
Equation (5.22) implies that the smaller the value of D, the larger will be the range of the ratio
of V;to V;,. In other word, as D decreases, the DCM operation can be ensured in a wider range.

The average current through B;, /3;, is

[Bi :[Di_]Lin’ (5.23)

where Ip; is the average current through D; and /;;, is the average current through L;,, which is
equal to the current flowing from the cells to the equalizer (i.e., the average input current to the
equalizer). The average current flowing from the equalizer to B; is the same as that flowing
through D;.

I;; and [;;, are expressed as

DT,

1, =(D+D, )% +1,,, (5.24)
DT,

ILin = (D + Da ) Vl;’ > + ILinfb > (5'25)

in

where 1, and 1, are the currents flowing through L; and L;,, respectively, during the 7,4,
period, as designated in Fig. 5.6.3. Assuming that the impedances of B;—B, are negligible and
irin 1s equally distributed to C,—C,, the relationship between /;;, and I;;,., is given by

1 = _]Ll—h - ILZ—h - [L3—h - [L4—h = _4ILi—b > (526)

Lin—b

and the average current through C;, /-, which must be zero under a steady-state condition, is
expressed as
V., DT, V. DT, B

I,=1, , +D-" D — =0. 5.27
Ci Li-b 2L, a 2'4Lin ( )

From (5.24)—(5.27),

I, D
S e (5.28)
I, 4D

Lin

From Kirchhoff’s current law, the average current flowing through L, 7;,, is

1,=1,, (5.29)
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because /c; = 0 under a steady-state condition, as expressed by (5.27). From (5.23), (5.28), and
(5.29), I; can be expressed as

D, —4D

I, =1, b (5.30)
where
[Di — D‘J I/inDTS + Da I/inDT'S — VinDDuTS 4Lin + Li 2 O (5‘31)
2-4L, 2L, 2 4L, L
Equations (5.28), (5.29), and (5.31) yield
VDT (4L +L.
n — in S in + i . (5'32)
2 LirlLi

The larger the values of V,, D, and Ts, the larger will be the currents expressed by
(5.30)—(5.32).

With the known operating voltage ranges of V; and V;,, D can be arbitrarily determined in
order to satisfy (5.22). With the known value for D, [, can be a certain constant value
according to (5.32). Similarly, with the known values for V;, V;, and D, a certain range is
expected for D, on the basis of (5.21). In (5.31), Ip; is expressed by the constant values of L;,, L;,
and T and the expected value of D,, while D is determinable. Therefore, /p; can be limited to a
value below the desired current level by determining D properly. Similarly, /p; can also be
limited below a desired value because it is determined by /p;, D, and D, as indicated by (5.30).
Thus, the DCM operation can limit currents without the need for feedback control.

In the case of Vp; = 0, (5.17), (5.21), and (5.30) yield a current /p; that is equal to zero,
indicating that Ip; (the current flowing from the equalizer to the cells) and 7;,, (the current
flowing from the cells to the equalizer) are balanced. This fact can be explained by applying the
law of energy conservation and can be expressed as

I/inILin = (Vl + VDI )[D] + (I/Z + VDZ )IDZ + (I/S + VD3 )ID3 + (I/4 + VD4 )ID4 > (5'33)

in which Vp; = 0 yields Ip; = 0 on the basis of (5.17) and (5.23).
Ip; can be expressed differently as

V-V,
[, =850, (5.34)

Di
v,

i

where Vj; and r; are the electromotive force and ESR of B;, respectively, as designated in the
inset of Fig. 5.6.2(a).

5.6.2.2 Operation under Cell-Voltage-Imbalanced Condition

For voltage-imbalanced series-connected cells, (5.33) and (5.34) suggest that the current
flowing from the equalizer tends to flow toward the cell(s) having the lowest voltage. This
section analyzes the operation under the cell-voltage-imbalanced condition using Vp; < Vp; (i =
2...4) as an example.

The operating waveforms and current flow paths under the voltage-imbalanced condition are
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Fig. 5.6.5. Operating waveforms of the SEPIC-based equalizer under cell-voltage-imbalanced
condition.

shown in Figs. 5.6.5 and 5.6.6, respectively. Asterisks (*) added to the symbols in Fig. 5.6.5
denote the subscript number of the cell(s) having the lowest voltage (i.e., [« =11}, ip+ =iy, icx=
ic1, ip+ = ip;, and V+« = V; in the example condition). Fig. 5.6.5 shows that /;; and I, are zero
while /; - and I« are positive, indicating that the current from the equalizer flows only to B-.
Under the voltage-imbalanced condition, the current paths during the 7, period are similar to
those under the voltage-balanced condition, although /;,-I;, are zero and only ripple current
components flow through L,-L, (as indicated by the dashed lines in Fig. 5.6.6(a)). During the

| o - -
L4 + L4 L4
c3 c3 c3
B3 B3 *1..1

4 ?_TL e T B
el | L Y
g, b Ladad W Lalg L
o gL [T é [l =T L

(a) (b) (c)
Fig. 5.6.6. Current flow directions during (a) 7,,, (b) Tppq and (c) T4, of the SEPIC-based
equalizer under cell-voltage-imbalanced condition.
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T« period shown in Fig. 5.6.6(b), only D+ (D) is on while other diodes are off. i;;, flows only
to capacitor C« (C,). During the 7,4, period shown in Fig. 5.6.6(c), in which all the diode
currents are zero, all the inductor currents are constant, as same under the cell-voltage-balanced
condition. Under the cell-voltage-imbalanced condition, i;,—i;, are equal to ic,—ic, for the entire
period, and therefore, /;,—I;, must be zero because the average capacitor current under a
steady-state condition must be zero. Furthermore, currents ip,—ip, are also zero for the entire
period because currents do not flow from the equalizer to B,—B,4 in the example condition.
Therefore, the input energies from B;—B, to the equalizer are redistributed only to By, and a
relatively large current flows through L;, C;, and D;.

From Figs. 5.6.6(a) and (b), the voltage-time products of the inductors under the
cell-voltage-imbalanced condition are given by

DV,, =D,(V,+V,,)
DV, +7,) =D,(Ves =Ves +V.) (5.35)
DV +Vi4V,) =D,V ~Ver =V, +7,) '
Do+ V4V, +V,)=D, Ve =Vey =V, =V, +V,,)
From (5.16), (5.17), and (5.35), D, can be generalized as
p =2V (5.36)
V.+V,.

where V+ and Vp+ correspond to V; and Vp,, respectively, in the example condition. From (5.36)
and D, < (1 — D), which is the boundary condition between CCM and DCM (as mentioned in
the previous section), the critical duty cycle, Dc,isi.a, under the voltage-imbalanced condition
can be determined by

V.+V..
DCritica/ < . ‘
V. +V.+V,.

i

(5.37)

Similar to the case in the cell-voltage-balanced condition explained in Section 5.6.2.1, the
equalizer operates in DCM as long as this equation is satisfied. If the equalizer is operated in a
voltage range that violates (5.37), the equalizer operates in CCM in which the fixed duty cycle
operation is no longer feasible. The smaller the value of D, the larger will be the ratio of
operable range of V'« to V;,. However, the decrease in D also decreases currents in the equalizer,
as expressed by the equations later, resulting in slower equalization process in the
cell-voltage-imbalanced condition.

The average currents of L« and L; under the cell-voltage-imbalanced condition are expressed

as
DT,
1. =(D+Da)—V’”2L =+1,.,, (5.38)
DT,
1, =(D+D, )%HM =0, (5.39)

i

where I;+, is the current flowing through L+ during the 7,4, period, as illustrated in Fig. 5.6.5.
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Under the cell-voltage-imbalanced condition, (5.26) can be rewritten as

1 = _[L*—h - [LZ—b - IL}—b - [L4—h = _[L*—h - 31Li—b . (540)

Lin—b

During the T,, period, the current flowing through C-: is equal to that through L« (i.e., iy,
flows to C,), as shown in Fig. 5.6.6(a). However, during the 7,4, period, iz;, and i;; (i.e., i;>—i14)
flow to Cx, as shown in Fig. 5.6.6(b). During the 7,4, period, the current flowing through C- is
again equal to that through L« Under the steady-state condition, the average current flowing
through Cs, given by /¢, under the voltage-imbalanced condition is expressed as

V. DT, V. DT,
I.=1, +puPls _p VDL 1 31 4 (5.41)
2L, 2 (L, L

in

From (5.25), (5.38), (5.39), (5.40), and (5.41),

1, D
L= 5.42
. D (542)

Lin

From (5.23), (5.29), and (5.42), I3+ can be expressed as
D, -D

r T

a

g (5.43)

B*

By assuming that L« = L;, Ip«, which is the average current flowing through D+, is given by

[D* — DH I/inDTS + D I/irlDT'S + D 3I/mDTS — V;nDDaTS (4Lin + Li J 2 0’ (5‘44)

2L, ‘2L, ‘2L 2 L L
which is fourfold larger than that in (5.31). Equations (5.29), (5.42), and (5.43) yield

DT, (4L +L
ILm — Vm S in + i , (5'45)
2 LirlLi

which is identical with (5.32), indicating that /;;, is independent on the cell voltage imbalance.

Similar to the case in the cell-voltage-balanced condition, the currents expressed by
(5.43)—(5.45) increase with the values of V;, D, and Ts. Since a cell voltage imbalance is
equalized at a rate proportional to the currents [26], the equalization process can be accelerated
by increasing these values.

Under the cell-voltage-imbalanced condition, /p+ and Iz« can be arbitrarily limited in a
manner similar to the operation under the cell-voltage-balanced condition (as explained in
Section 5.6.2.1). This is because these parameters are determined by the constant values of L;,,
L;, and Ty and the expected value of D,, and determinable D, which can be determined using
(5.42), (5.43), and (5.44). Besides, I;;, can be a certain constant value as indicated by (5.45).
Therefore, even under the cell-voltage-imbalanced condition, the DCM operation can also limit
the currents without feedback control. However, making a comparison between (5.28) and
(5.42), and (5.31) and (5.44), the currents under the voltage-imbalanced condition are found to
concentrate to the components with asterisk. Hence, the circuit components should be designed
considering the cell voltage imbalance.

In this section, the representative case that B, is the only cell with the lowest voltage was
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analyzed for the SEPIC-based equalizer, but the similar manner can be applied to other cases,
e.g., other cell(s) having the lowest voltage. Similarly, operations of other topologies, Zeta- and
Cuk-based equalizers, can be analyzed in a similar manner explained in this section.

5.6.3 Experiment

Experimental equalization tests were performed for four series-connected EDLCs having
capacitance of 500 F each (shown in Fig. 5.6.7). An equalization current rate of approximately
C/100 is considered sufficient to overcome a charging current during float charging for
secondary batteries [2],[6]. However, in order to expedite the experimental equalization tests in
our study, the current of 0.12 A, which corresponds to approximately 0.35 C for 500 F cells,
was used, although the optimal equalization current for SCs is still controversial.

A prototype of the SEPIC-based cell voltage equalizer, shown in Fig. 5.6.8, was designed for
an input current (i.e., Iz;,) of 0.12 A at V;, = 7.0 V for four series-connected SCs as energy
storage cells. Considering the case that V;, = 7.0 V and V« = 1.0 V, the duty cycle, D, was
determined to be 0.16 at the switching frequency, fs, of 100 kHz. Component values are shown
in Table 5.2.

i

JOWERCAp
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+ POSITIVE
=

|
4 50 60 0 ow %0 0 110 120 130 40 150 160 170 180 130

Fig. 5.6.7. Photograph of a 500-F-EDLC.

Fig. 5.6.8. Photograph of a prototype of the SEPIC-based cell voltage equalizer.
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Table 5.2 Component values.

Component Value
Cout1—Couts Ceramic Capacitor, 200 pF, 6.3 V
C,—C4 Ceramic Capacitor, 22 pF, 25V
Li 150 pH
L—Ly4 33 uH
Q N-Ch MOSFET, RJK0329DPB, R,, = 1.8 mQ
D;-Dy Schottky Diode, CRS08, V'p =0.36 V

The experimental equalization test was performed under a cell-voltage-imbalanced condition
where the initial voltages of Vz,—Vs, were 1.0, 1.5, 2.0, and 2.5 V, respectively. The resultant
equalization profiles are shown in Fig. 5.6.9. The equalization process can be divided into four
periods, A-D, as designated with the dashed lines in Fig. 5.6.9. Positive and negative current
values in Fig. 5.6.9 represent the charging and discharging currents, respectively. Typical
measured waveforms of iz, i;,—i;4, and voltage of the switch, vps, during each period are shown
in Fig. 5.6.10. The measured waveforms were almost identical to those in Figs. 5.6.3 and 5.6.5,
although the oscillations caused by the parasitic capacitance of the MOSFET were observed.

During period A, (at the beginning of the equalization test) B; was charged and V; increased,
while the other cells discharged and V-V, decreased. In other words, B,—B, provided their
energies to the equalizer’s input, and the energies were redistributed only to B; via the equalizer.
As shown in Fig. 5.6.10(a), except for i;;, i;,—i;, were uniform and their averages were zero,

0.6 T T T
0.4 .
0.2} -

Current [A]

0.0-}/ ——— -
0.2 L
10

1
10 \ ]
107 - .
|

107 |
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2.5 . =

. 71\ /V3 \/ ]
1.5 \ —
1.0 | 1 1 =
0 20 40 60 80
Time [min]

Standard Deviation [V]

Voltage [V]

Fig. 5.6.9. Experimental equalization profiles of series-connected SCs whose initial voltages,
Vei—Vps, were 1.0, 1.5, 2.0, and 2.5 V, respectively.
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Fig. 5.6.10. Resultant waveforms during Periods (a) A, (b) B, (c¢) C, and (d) D.

while the average of i;; was positive. According to (5.29), B,, which was the cell with the
lowest voltage during period A, was charged by the equalizer via D;.

As V; approached V,, Iz, changed from negative to positive and Ip; decreased because the
equalizer started to redistributing the energies not only to B, but also B, during period B.
During period B, /3, and Iz, became identical and positive while /; and I, were almost the
same as during period A. As shown in Fig. 5.6.10(b), i;; and i;, were uniform and their averages
were positive, indicating that B, and B, were charged by the equalizer. On the other hand, the
averages of i;; and i;, were still zero. These results indicate that B; and B, were still energizing
the equalizer, while the energies were redistributed to B, and B, uniformly. Hence, V; and V,
increased uniformly while V; and V still decreased.

During period C, in which V,—V; were uniform and only V, was higher, the equalizer began
to charge B;. Ip; became positive while Iz, was still negative. Finally, during period D, all the
profiles and waveforms became uniform. During this period, the energies from the cells to the
equalizer’s input and those redistributed to the cells from the equalizer are supposed to be
balanced as long as the equalizer operates ideally as mentioned in Section 5.6.2.1, but the cell
voltages gradually decreased as all the cells discharged even after the cell voltage imbalance
was eliminated. These gradual decreases in the cell voltage were due to the power conversion
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Fig. 5.6.11. Experimental equalization profiles of series-connected SCs whose initial voltages,
Vei—Vgs, were 2.5, 2.0, 1.5, and 1.0 V, respectively.

loss of the equalizer; the energies redistributed from the equalizers to the cells were smaller than
those delivered from the cells to the equalizer because of the power conversion loss. Hence, the
equalizer should be disabled after the cell voltage imbalance is eliminated in order not to waste
the energies of the cells.

In summary, the cell(s) with the lowest voltage was (were) charged while those with higher
voltages were discharged by the equalizer, as explained in Section 5.6.2.2. The cell voltage
imbalance was gradually eliminated as time elapsed, and the standard deviation decreased to
approximately 1 mV at the end of the experiment.

Fig. 5.6.11 shows another experimental equalization test result for a different imbalanced
condition having initial voltages (V3,—V3,) of 2.5, 2.0, 1.5, and 1.0 V, respectively. The resultant
profiles were similar to those in Fig. 5.6.10, confirming that the equalization process and energy
redistribution were dependent only on the cell voltage level and were independent on the
positions of cells within the series connection.

5.6.4 Conclusions

Single-switch cell voltage equalizers using multi-stacked buck-boost converters for
series-connected energy storage cells were proposed. Traditional buck-boost converters such as
SEPIC, Zeta, and Cuk converters can be used as the basic topology for the proposed equalizers.
In this section, the SEPIC-based equalizer was used as a representative topology for operation
analyses and experimental tests.

The operations under both cell-voltage-balanced and -imbalanced conditions were
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mathematically analyzed. The operation analyses revealed that the energies of the
series-connected cells can be redistributed to the cell(s) having the lowest voltage. In addition,
currents flowing through the cells and circuit components in DCM can be limited to a desired
current level without the need for feedback control.

Experimental equalization tests were performed for four series EDLCs using the
SEPIC-based equalizer operating in DCM with a fixed duty cycle. Resultant equalization
profiles demonstrated that the energies of series-connected SCs were preferentially redistributed
to the cell(s) with the lowest voltage at each time instant. The cell voltage imbalance was
gradually eliminated as time elapsed, and all the cell voltages eventually became uniform. The
cell voltage level was the only parameter found to be relevant to energy redistribution, and the
positions of the cells within the series connection were verified to be irrelevant.

5.7 Single-Switch Cell Voltage Equalizer Using Voltage Multiplier
5.7.1 Circuit Description and Major Features

An example circuit description of the proposed cell voltage equalizer for six SCs connected in
series is shown in Fig. 5.7.1. Each SC, SC,—SCsg, is connected in parallel with two-series diodes
whose junctions are tied to coupling capacitors, C;—Cs. The SCs, capacitors, and diodes together
constitute the voltage multiplier. The energies of the series-connected SCs are redistributed to
each SC via a transformer and the voltage multiplier. The secondary winding of the transformer
in the example description is tied to the junction of Dg—D; or SC5—SC,, which is the center of the
series connection. The secondary winding can be connected to other junctions of SCs, including
the ground and the top of the series connection, although the voltage stress of capacitors tends to
be higher.

By stacking diodes and coupling capacitors, the number of series connection of SCs can be
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Fig. 5.7.1. Single-switch cell voltage equalizer using voltage multiplier for six SCs connected
in series.
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arbitrary extended without an additional switch or transformer. In other words, the proposed
equalizer achieves good modularity (or extendibility) without additional switches.

Since switches require ancillary circuits consisting of driver ICs, opto-couplers, and passive
components, the number of switches is considered as a good index to represent the circuit
complexity. The number of required switches in the proposed equalizer is only one, whereas
most conventional equalizers require numerous switches proportional to the number of series
connections, as discussed in Section 5.3.

Thus, the circuit complexity can be reduced significantly, especially for applications needing
a large number of series connections, when compared with conventional ones. In addition to a
simple circuit configuration, the proposed equalizer can have a compact design because there is
only one magnetic component. The single-switch single-transformer equalizer can be used in
many applications, especially those having a large number of series connections.

5.7.2 Operation Analysis
5.7.2.1 Operation under Cell-Voltage-Balanced Condition

Fig. 5.7.2 shows key waveforms of the proposed equalizer operating in DCM under a
cell-voltage-balanced condition. Current flow directions are illustrated in Fig. 5.7.3. The
operation can be divided into on and off periods, T, and 7,4 and the off period can be further
subdivided into 7,4, and 7,4, The transformer in the proposed equalizer operates in forward
mode during 7,,. On the other hand, the operation during 7,; can be characterized as the
discontinuous flyback mode.

The magnetizing current for the transformer, /;,, which builds up during 7,,, is released from
the secondary winding to capacitors and SCs during 7,4, as shown in Fig. 5.7.3(b). These
currents correspond to flyback currents in conventional flyback converters. In DCM, [, is
completely reset at every switching cycle, and hence, the peak of /;;, can be limited even with a
fixed duty cycle. Therefore, currents during 7,4, can be limited under a desired level even with
fixed duty cycle operations. In other words, feedback control can be eliminated from the
proposed equalizer by operating in DCM.
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Fig. 5.7.2. Key waveforms in DCM under the cell voltage-balanced condition.
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Fig. 5.7.3. Current flow directions during (a) on and (b) off period (7,4..).

During T,, period, in which the transformer operates in forward mode, the secondary winding
behaves as a voltage source. The voltage of the secondary winding during the 7, period, Vs.,,, is

given by
Ns
stun = N_(Vsm + Vscz + VSC3 + Vsc4 + Vscs + Vscs)’ (546)

P

where Np and Ny are the number of turns in the primary and secondary windings, respectively,
and Ve,—Vscs are the voltage of SC—SCs. 1, increases linearly, and the energy is stored in L,

Currents flow through odd-numbered diodes and the capacitors are charged during 7,,. Since
the capacitances of SC;—SC;s are rather larger than those of C,—Cg, Vsc,—Vscs can be assumed to
be constant. The voltages of C,—Cs, V¢;—Vs, increase showing transient response characteristics.
For example, the voltage waveforms of the upper half capacitors, C4—Cg, are shown in Fig. 5.7.4.
Since the capacitors during 7,, are charged by voltage sources including the secondary winding
and SCs, transient responses of the capacitors are governed by respective time constants of SCs,

Vson * Vscst Vscs-Vp

v

Time

Fig. 5.7.4. Voltage waveforms of capacitors, C,—Cg, under cell-voltage-balanced condition.
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which are determined by ESR and capacitance. The voltages of C;—Cg at the end of T,,,, Vii—Vus,

are
VUI < ston - VD - Vscz - Vscz - Vsc1
Vuz = VS—nn - VD - Vsc3 - Vscz
VU3 < VS—on - VD - Vscs (547)
VU4 < ston - VD
VUS < VSfon - VD + Vsc4
VU6 < VS—an - VD + Vsc4 + VSC5
The voltage variations of C;—Cgs during operations, AV¢c,—AV s, are expressed as
AVCI = (Vsﬂm - VD - Vscs - Vscz - Vsa - VLI )el
4 ch = (VS—nn - VD - VSCS - Vscz - VLz )ez
4 Vc3 = (VS—an - VD - VSC3 - VL3 )63
, (5.48)
4 VC4 = (Vsﬂm - VD - VL4 )64
4 VCS = (Vsﬂm - VD + VSC4 - VLS )(35
AVce = (VS—an - VD + Vsc4 + Vscs - VL6 )es
where ¢; and 7; (i = 1...6) are given by
- DT
e =1- exp( 5 j , (5.49)
7;
0, =Cr, (5.50)

where D is the duty cycle, and C; and r; are the capacitance and ESR of capacitor C;.

During 7,4, period, the transformer operates in flyback mode, in which the secondary winding
behaves as a current source. The stored energy in Ly, is released from the secondary winding in
the form of currents flowing through even-numbered diodes as shown in Fig. 5.7.3(b). Tz,

period lasts until /;,, falls to zero. The voltages of C,—Cs at the end of T4, Vi/—V16, are

V=V o ¥V = Viey =V,

Vo=V ga Vo =Vies

Vis =V pa +V5 ’ (5.51)
Vie= Vo T Vo + Ve

Vis=Vs ot Vo Vs Vs

Vie="Vspa v Vo +Vies +Vies Vo

where Vs, is the voltage of the secondary winding at the end of T,,. The voltage of C;, V¢,

varies between Vy; and Vy;;

V. <V.<V,. (5.52)

After I, decreases to zero, the operation shifts to 7, periods, in which all the diodes and
switches are turned off and no current flows. By repeating these three periods (7, Top0 and
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T,ps), the energies of the series-connected SCs are redistributed to the SCs via the equalizer.
Throughout the energy redistribution process, cell voltage imbalance is automatically eliminated.
The voltage equalization mechanism will be mathematically proven using a dc equivalent circuit

in the following section.

5.7.2.2 DC Equivalent Circuit
Substituting (5.51) into (5.48) yields

AV =WV +V oy =2V, =V e (5.53)

S—on S—off —a

In general, the amount of charge delivered by a capacitor is given by

AQ:CAV:Itzé. (5.54)

From (5.53) and (5.54),

1
(V;—vn + VS—aff—a)_ VSCi - 2VD = C}e ’ (5‘55)

where [; is the average current flowing toward SC;. From Ohm's law, the inverse of C/f'is found to
have a unit of resistance and can be replaced with an equivalent resistance of R,,;, yielding

IR
+ T/S,Qg-ﬁ)— Vi =2V, = 7 . (5.56)

i

V.,

Equation (5.56) derives the dc equivalent circuit for the proposed equalizer, shown in Fig.
5.7.5. All SCs are connected to the voltage sources, Vs, and Vs,z, via two diodes and one
equivalent resistor. V., is constant as long as the total voltage of Vsc;—Vscs is constant, as
expressed by (5.46), whereas V.5, varies depending on V;;, as expressed by (5.51). Hence, V.,
and Vs..z. 1n (5.56) are expressed as a constant voltage source and a variable voltage source,
respectively, in the dc equivalent circuit.

The dc equivalent circuit indicates that SCs with low voltage are preferentially charged by
Vs.on and Vs, via the equivalent resistors because of the common voltage sources. On the
other hand, SCs with higher voltages in a practical circuit discharge to the input of the equalizer,
and their voltages decrease. Finally, all SC voltages converge to (Vs.on + Vopra = 2V0).
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Fig. 5.7.5. DC equivalent circuit of the proposed equalizer.
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5.7.2.3 Operation under Cell-Voltage-Imbalanced Condition

The fundamental operations under the cell-voltage-balanced condition in the previous
section are conserved even under cell-voltage-imbalanced conditions. However, currents under
voltage-imbalanced conditions preferentially flow toward the SC(s) with the lowest voltage. The
current flow directions in an example case where Vyc; is lowest are shown in Fig. 5.7.6. The
secondary winding provides only a current flowing through C,. This indicates that only V¢,
varies while others remain constant. In other words, AV—AV¢s in (5.48) and (5.53) are zero.
Based on (5.54) and (5.55), AV¢; = 0 which means /; = 0 in the dc equivalent circuit, and hence,
no currents flow toward SC,—SCs in the example case. The energies of SC,—SCg are
preferentially redistributed to SC,, which has the lowest voltage.

5.7.2.4 Duty Cycle Limitation
In order for the proposed equalizer to operate in DCM, duty cycle, D, must be properly chosen
so that the T, period exists. The criterion to ensure DCM operation is given by

D, <1-D, (5.57)
where
T,
D, :$, (5.58)

where Ty is the switching period. The voltage-time product of the secondary winding must be
zero, yielding

DV, =DV, (5.59)

S—off-a *

From (5.57) and (5.59),
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Fig. 5.7.6. Current flow directions during (a) 7,, and (b) 7,4, under cell-voltage-imbalanced
condition.
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V.
D<—>7 | (5.60)
VS*()H +V

S—off —a

Equations (5.47), (5.51), (5.52), and (5.60) yield the critical duty cycle to ensure DCM operations,
D.,iiica, Which is expressed as
v

D,y <1-—E2— 5.61
critical V +2VD ( )

SCi

This equation indicates that D,,;..; needs to be determined considering the lowest possible
value of V¢, with which D, 1S the smallest.

5.7.3 Experiment

Fig. 5.7.7 shows a prototype of the proposed single-switch cell voltage equalizer for six cells.
Smoothing capacitors, Coyi—Cous, Which are not illustrated in Fig. 5.7.1, were connected to
SC;—SCs in parallel. Component values of the prototype are shown in Table 5.3. The prototype
was operated with a fixed duty cycle D = 0.3 at a switching frequency of 50 kHz. An
experimental equalization test was performed for six SCs connected in series. SCs each with a
capacitance of 500 F at a rated charge voltage of 2.5 V were equalized from an initially
cell-voltage-imbalanced condition.

The resultant equalization profiles are shown in Fig. 5.7.8. Voltages of SCs with low initial
voltages (Vsc; and Vc;) increased, while others with high initial voltages decreased. The voltage
imbalance was gradually eliminated as time elapsed, and the standard deviation of cell voltages 4
h after the start of the experiment decreased to approximately 3 mV. The SC voltages at that
moment were 1.8 V, and the average power conversion efficiency during experimental

Fig. 5.7.7. Photographs of the prototype of the proposed equalizer.

Table 5.3. Component values for the prototype.

Ci—Cs Tantalum Capacitor, 47 pF, 16 V
Coutt—Couss Ceramic Capacitor, 100 pF, 6.3 V
Di-Di2 Schottky Diode, CRS08, Vp = 0.36 V
Transformer N;:N,=17:2,L, =1.13mH, L, =44 pH
Q N-Ch MOSFET, HAT2266H, Ron = 9.2 mQ
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Fig. 5.7.8. Experimental equalization profiles.

equalization was calculated to be 78.7%.

The SC voltages continued decreasing even after the cell voltage imbalance was eliminated.
This gradual decrease was due to the power conversion loss in the equalizer during energy
circulations. Although energies extracted from the SCs are then redistributed to SCs via the cell
voltage equalizer, some amount of energy is dissipated during energy redistribution processes.
Therefore, the equalizer should be disabled after the equalization is completed in order not to
waste the energies of SCs.

5.7.4 Conclusions

The single-switch cell voltage equalizers using voltage multipliers for series-connected
energy storage cells was proposed. The transformer in the proposed equalizer operate in two
modes; forward- and flyback-mode during the switch is on and off, respectively. In the DCM
operation, the magnetizing current of the transformer can be limited without feedback control,
and hence the proposed equalizer can be operate even with fixed duty cycle, eliminating the
feedback control loop.

Experimental equalization tests were performed for six series EDLCs using the prototype
operating in DCM with a fixed duty cycle. Cell voltage imbalance was gradually eliminated,
and the standard deviation of cell voltages decreased approximately 3 mV at the end of the
experiment, demonstrating the effectiveness of the proposed equalizer.

5.8 Comparison

In order to discuss the circuit complexity, the proposed equalizers are compared with
conventional ones in terms of the number of active and passive components required in Table
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Table 5.4. Comparison between conventional and proposed cell voltage equalizers in terms of
number of circuit components required.

Topology Active Component Passive Component
Switch Resistor| Inductor| Capacitor| Diode Transformer

Lo Resistor Equalizer - n - - - -
Dissipative - .

Equalizer Zener plode Equ}ahzer - - - - n -

Shunting Equalizer n n - - - -

L. . Switched Capacitor 2n - - n-1 - -

Individual Cell Equalizer Buck-Boost Convortor pr— - 1 - - -

Multi-Winding Flyback Converter 1 - - - n 1 (Single core with (» + 1) windings)
Transformer Equalizer Forward Converter 2 - - - n +2 | 1(Single core with (» + 1) windings)
Selection Switch Flying Capacitor 2n - - 1 - 1 (Single core with 2n_windings)

Equalizer Flyback Converter 2n +1 - - - 1 1
Series-Parallel Reconfigurable Equazlier 4n - - - - -
Single-Switch Multi- SEPIC- and Zeta-based 1 - n+1 n n -
Stacked Buck-Boost SEPIC, Zeta, and Cuk with
1 - n+1 n+1 n 1
Converter a Transformer
Single-Switch Voltage Multiplier 1 - - n 2n 1

(Smoothing capacitor is excluded)

5.4. Since the proposed series-parallel reconfigurable equalizer essentially consists of three
strings in parallel, its circuit complexity can not be fairly compared with other topologies.
Hence, the series-parallel equalizer is excluded in the following comparisons.

The number of switches required in conventional equalizers, except for dissipative equalizers
using resistors or diodes, and multi-winding transformer-based equalizers, is directly
proportional to the number of series connections of energy storage cells, 7. As already explained
in Section 5.2, the number of switches is considered to be a good index for representing a
circuit’s complexity because switches require driver ICs and/or ancillary components. For
example, drive circuits consisting of opto-couplers and auxiliary transistors can be found
elsewhere [1], [29]-[31]. In conventional equalizers, in addition to multiple switches and drive
circuits, floating drive circuits are required in cases where N-channel MOSFETSs are used as
high-side switches. However, the proposed multi-stacked SEPIC- and Cuk-based equalizers
shown in Figs. 5.6.2(a) and (c), and the voltage multiplier-based equalizer shown in Fig. 5.7.1,
do not require floating drivers because the switch is connected to the ground. Therefore, in the
proposed cell voltage equalizers, both the number of switches and the complexity of the drive
circuit can be reduced in comparison with conventional equalizers.

Multi-winding transformer-based equalizers [4],[5] can reduce the number of switches and/or
passive components. They are advantageous over other topologies in terms of the number of
circuit components required. However, they need a multi-winding transformer, resulting in a
poor design flexibility in terms of modularity and design difficulty (i.e., parameter matching
among multiple secondary windings), as discussed in Section 5.3.2.2. In contrast, the proposed
multi-stacked buck-boost converter equalizers and voltage multiplier equalizer are operable with
a normal transformer; and besides, the SEPIC- and Zeta-based multi-stacked equalizers are
operable even without the use of transformers. The lack of feedback control, which was
discussed in Sections 5.6.2 and 5.7.1, is another major advantage provided by the proposed cell
voltage equalizers. Thus, the proposed equalizers offer both circuit simplicity and better design
flexibility. Although the proposed single-switch equalizers are considered reliable because of
reduced component count, a safety measure against cell failures, such as short and open failures,
need to be taken as similar to conventional battery systems.

The equalizers using multi-stacked buck-boost converters require multiple inductors
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proportional to the number of series connection. The voltage multiplier-based equalizer, on the
other hand, requires only one magnetic component (i.e., a transformer). Therefore, in a
comparison between the proposed two equalizers, the multi-stacked buck-boost converter-based
equalizers would find applications in which relatively small number of series connections is
required, while the equalizer using a voltage multiplier would be advantageous for applications
needing relatively large number of series connections.

5.9 Chapter Conclusions

This chapter described cell voltage equalizers for SCs in spacecraft power systems.
Conventional dissipative and nondissipative cell voltage equalizers were reviewed, and their
features and underlying drawbacks were explained.

During equalization process, high-frequency charge-discharge cycling, which may cause
premature deterioration of energy storage cells, is likely to be induced by cell voltage equalizers.
Experimental high-frequency cycling tests were performed, and the experimental results suggest
that switching frequency of cell equalizers should be properly determined if equalizers are
designed for lithium-ion cells. Meanwhile, the high-frequency cycling is expected not to have
negative impact on SCs.

Three novel cell voltage equalizers were proposed, and their equalization performances were
experimentally demonstrated using series-connected EDLCs. The proposed equalizers were
compared with the conventional ones in terms of the number of circuit components required.
The proposed equalizers are considered advantageous over the conventional ones in terms of not
only the number of component but also modularity and design flexibility including the lack of
parameter matching and feedback control.
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Chapter 6
Equalization Charger

6.1 Introduction

Some of nondissipative cell voltage equalization techniques, presented in the previous
chapter, can be incorporated with chargers, and then can be transformed into an equalization
charger that is a charger having cell voltage equalization function. By integrating a charger and
equalizers into one unit, the configuration of the entire power system can be simplified
compared with conventional systems which have a charger and equalizers separately.

This chapter reviews conventional equalization chargers, and then proposes two novel
topologies of single-switch equalization chargers which are based on the single-switch cell
voltage equalizers introduced in the previous chapter.

6.2 Equalization Charger vs. Charger with Equalizers

Primary benefit of an integrated system (i.c., a system using an equalization charger) is that
entire power system configuration can be simplified by integrating a charger and equalizers into
one unit. However, since the two components, i.e., a charger and equalizers, are integrated,
simultaneous optimization for both functions is difficult. Therefore, the integrated system is
considered to find applications in relatively small power systems where reducing the number of
power system components would be more effective than optimizing performance, such as
efficiency and equalization speed, in order to contribute to system mass reduction.

On the other hand, in ordinary separate systems, which have a charger and equalizers
separately, the efficiency improvement and optimal design for a charger can be done more
effectively than in the integrated system. Therefore, the separate system would be more suitable
for large energy systems, in which maximizing a power conversion efficiency of a charger
would have greater impact on system mass reduction than eliminating equalizers by integrating.
The impact of efficiency improvement for chargers on system mass was shown in Fig. 4.4.4.

Based on the mass calculation equations developed in Section 4, the integrated system and
separate system can be compared from the viewpoint of the system mass. In order for the
integrated system to be advantageous, the mass increase of PV arrays due to the lower
efficiency of the equalization charger must be justified with the mass reduction thanks to the
integration of charger and equalizers. Generally, power requirement for equalizers in the
separate system is negligibly small compared with that for chargers as mentioned in the
previous chapter; approximately 1/100 of the charge power requirement is necessary for
equalizers to eliminate voltage imbalance originating from nonuniform cell properties [1],[2].
Therefore, the mass of equalizers is expected almost independent on charge power requirement,
and assuming constant mass, which mainly comes from cables, connectors, and metal chassis, is
deemed suitable. Assuming that ppy of 60 W/kg, m.,, of 7 kg/kW for both the charger and
equalization charger, 7., of 90% and 85% for the charger and equalization charger, respectively,
and a fixed mass of 0.3 kg for the equalizer, the integrated system would be advantageous over
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Fig. 6.3.1. Conventional equalization charger using a multi-winding transformer based on (a)
flyback converter and (b) forward converter.

the integrated system below approximately 300 W charge power requirement. Therefore, all the
experiments in this chapter are done with relatively low charge powers.

6.3 Conventional Equalization Chargers

Conventional equalization chargers, shown in Fig. 6.3.1, are basically multi-output
converters using a multi-winding transformer [3],[4]. Flyback- and forward-based equalization
chargers, shown Figs. 6.3.1(a) and (b), respectively, are very similar to the cell voltage
equalizers using a multi-winding transformer shown in Figs. 5.3.6(a) and (b), in which energies
of series-connected cells are preferentially redistributed to the cell(s) with the lowest voltage via
the equalizers. Fundamental operation of the equalization charger shown in Figs. 6.3.1(a) and
(b) is similar to that of the equalizers, except that the external power source supplies energies to
the series-connected cells via the multi-winding transformer. Energies supplied from the
external power source are preferentially redistributed to the cell(s) with the lowest voltage, and
cell voltage imbalance is eventually eliminated as charging proceeds.

These equalization chargers have identical drawbacks as those of the multi-winding
transformer-based equalizers; poor modularity, design difficulty of multi-winding transformers,
and possible cell voltage imbalance caused by parameter mismatching among multiple
secondary windings. Hence, the applications of these equalization chargers are limited to the
batteries/modules with small number of series connection.

6.4 Single-Switch Equalization Charger Based on Multi-Stacked Buck-Boost
Converters

The cell voltage equalizers, proposed in Section 5.6, can be transformed to equalization
chargers. In this section, single-switch equalization chargers that are based on multi-stacked
buck-boost converters are proposed. The proposed chargers not only equalize the individual SC
voltages but also charge SCs at CP with a fixed duty cycle operation. Since the CP charging
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scheme contributes to size and mass reduction of PV arrays, as discussed in Section 4.3, these
equalization chargers having CP charging scheme are considered suitable for SC-based power
systems. The single-switch operation without feedback control simplifies the circuit and
eliminates the feedback loop, thus reducing the circuit complexity dramatically compared with
the conventional equalizers and chargers.

6.4.1 Circuit Description and Major Features

Similar to the cell voltage equalizers presented in Section 5.6, the conventional buck-boost
converters including single-ended primary inductor converter (SEPIC), Zeta, and Cuk
converters shown in Fig. 5.6.1 can be used as the basic topology for the proposed equalization
chargers. For equalization chargers, Cuk topology can be used without an isolation transformer
because the input of the charger is not tied to the series connection of SCs. The proposed
chargers can be derived by stacking a circuit consisting of C, D, and L, of the conventional
converters. Fig. 6.4.1 shows the representative circuit descriptions of the proposed chargers for
four SCs connected in series. The circuit consisting of C;,, L;, Q, C;, Ly, D, and SC; is
identical to the conventional converters shown in Fig. 5.6.1, and therefore, the proposed
chargers can be considered multi-stacked buck-boost converters.

The required number of switches in chargers is a good indicator of circuit complexity
because each switch requires a drive circuit that includes ICs and ancillary components such as
resistors, capacitors, and diodes. Because the proposed equalizers need only one switch, only
one drive circuit is required, thus dramatically reducing the circuit complexity compared with
conventional equalizers that use multiple switches.

Modularity (or extendibility) is also important for equalization chargers because the number
of series connections of SCs varies depending on the application and power requirement. As
mentioned in the previous section, multi-winding transformer-based equalizers are rated poor in
terms of modularity because of the difficulty of realizing parameter matching among multiple
secondary windings. On the other hand, in the proposed equalization chargers, the number of
series connections can be arbitrarily extended by stacking the circuit of C;-D;-L;. Parameter
matching is not a strict requirement because voltages and currents of SCs are not dependent on
component values such as inductance and capacitance, as mathematically expressed in the
following section.

In addition to the reduced number of switches and good modularity, the proposed
equalization chargers can eliminate the feedback control circuit when operated in the
discontinuous conduction mode (DCM). In DCM operations, the input power can be constant as
long as the input voltage is constant, as discussed in the next section. Therefore, although a
feedback control loop, which usually consists of error amplifiers, phase compensators,
comparators, and voltage monitors, is eliminated from the charger, series-connected SCs can be
charged at CP. The simplified circuit has increased reliability, and hence, the proposed CP
equalization chargers are considered suitable for SCs in spacecraft power systems where
reliability is of primary importance.

6.4.2 Operation Analysis
Operations of the proposed CP equalization chargers are very similar to that of conventional
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buck-boost converters. Conventional buck-boost converters operating in DCM have been used
in power factor correction applications [5]. The input current of buck-boost converters can be
restricted to desired levels in the DCM operation even without feedback control. In this section,

as a representative case, we analyze the operation of the SEPIC-based topology shown in Fig.
6.4.1(a).

6.4.2.1 Operation under Cell-Voltage-Balanced Condition
Operation waveforms for the proposed equalization charger under a voltage-balanced
condition are shown in Fig. 6.4.2 and are identical to those of the conventional SEPIC. The

Isca

Iscs

Isc2

Isc1

Vin J_ CinJ_
T T

(b) (c)
Fig. 6.4.1. Proposed single-switch equalization charger using multi-stacked buck-boost
converters based on (a) SEPIC, (b) Zeta, and (c) Cuk converters.
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Fig. 6.4.2. Operation waveforms of the SEPIC-based equalization charger under a
voltage-balanced condition.

current flow paths are shown in Fig. 6.4.3.
The average voltage of inductors under a steady state condition is zero. Therefore, the
voltages of C;—Cy, Vei—Vey, can be expressed as
Vo=V,
Ve, =V, =V,
Vo=V, =V, +7,)
Vo=V, =V, 4V, +7,)

, (6.1)

where V;, is the input voltage and V-V, are the voltages of SCs as designated in Fig. 6.4.1(a).

The operation can be divided into three periods: 7,,, Topq and 7,4, as shown in Fig. 6.4.2.
When the switch is on, 7,, period, all inductor currents increase and store the corresponding
energies. During the 7,;, period, the stored energies are delivered to each cell (SC,—SC,)
through each diode. The diode currents linearly decrease during the 7, period. After the diode
currents become zero, the 7, period starts and all inductor currents become constant.

The voltage—time product (or average voltage) of the inductors in a single switching cycle
under a steady state condition must be zero, and hence

DV, :Da(Vl_VDJ)

1

D(V02+I/1) :Da(V2_VD2)

D(V +V1+V2) :Da(VS_VDB)’
(

C3
DV, +V,+V,+V,)=D,(V,-V,,)

c4

(6.2)
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where D is the duty cycle and Vp,—Vp, represent the forward voltage drop across diodes D;—D,,
respectively. D, is given by
T,
D, =-2*, (6.3)
TS
where Ts is the switching period. The voltage of SC; (i = 1,..., 4), V,, is expressed from
(6.1)—(6.3) as

V=V Ve (6:4)

a

This equation indicates that as long as V', is uniform, the equalization charger produces uniform

output voltages for each individual SC.
For the equalization charger to operate in DCM, T,;;, period must exist and the following

equation needs to be satisfied:
D, <1-D. (6.5)
From (6.4) and (6.5), the critical duty cycle to ensure DCM operation, D, i, 1S given by

V.+V,
Dcl‘itia/ < — ° (6'6)
Vi V. +Vy
In the case where (6.6) is violated, the equalization charger starts to operate in the continuous

conduction mode (CCM), in which feedback control is necessary.
From Fig. 6.4.2, the average currents of L;, and L;, /;;, and /;;, are determined as

DT,
[Lin = (D + Da )% + ILi)Fb ’ (6‘7)
V. DT,
1, =(D+D,)==+ 1, (6.8)

i

where 1;;,, and I, are the currents through L;, and L;, respectively, during the 7, period, as

T a =
u% i [ Ll |_ Ls
[t sc3 ‘ca‘ 03 ] sc3 <3 sc3
’—“ ‘%C - — = . — »—“ | p—
© L sz L3
c2 scz 2 02 ] sc2. ¢z sc2
. }? — p— . = y——] ‘? —
<Lt < |_ | L2
' ol A i I A g
= — — 1 ! e
vi ci - g — T v c * = * Vi ci
T T uSl+ 4 T T usl_ T —_f L
(a) (b) (c)

Fig. 6.4.3. Current flow directions during (a) 7,,, (b) o0 and (c) T4, of the SEPIC-based
equalization charger under a cell-voltage-balanced condition.
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shown in Fig. 6.4.2. By assuming that the impedances of SC,—SC, are negligible, /;;,, is equally
distributed among L,—L, as long as the impedances of C,-L,;—Cy4-L4 are uniform, thus yielding

[Lin—b = _(ILl—h + [LZ—b + IL3—h + IL4—I> ) = _41Li—h . (69)

Similarly, during the T, period, i;;, is also assumed to be distributed equally among C,—C,.
The average current of C;, /¢;, which must be zero under a steady state condition, is determined

from Fig. 6.4.2 as
v,DT,  V,DT, _

I.=1,,6+D—= D — =0. 6.10
Ci Li-b 2L, a2‘4Lin ( )

The relationship between /;;, and /;; is obtained from (6.7)—(6.10) as described below:

I, D
el Rt (6.11)
I, 4D

Lin

From Fig. 6.4.2, the average current through D,, I, can be obtained as follows:

(6.12)

Di

2-4L 2L 2 AL L

As Ig; is zero under a steady state condition, Kirchhoff’s current law yields the relationship
among Ic;, 11, and Ip; as

I, =1,=1I,. (6.13)

SCi
Equations (6.11)—(6.13) yield

B VmDZTS 4L +L,
Lin — 2 L,-,,L, .

(6.14)

This equation indicates that /;;, can be constant with a fixed value of D as long as V, is kept
constant. Hence, the proposed equalization charger operates as a CP charger in fixed duty cycle
operations. However, because there is no feedback loop to regulate the SC voltages, SCs may
become overcharged unless the charging process is stopped. Thus, although feedback control is
not necessary, voltages of SCs should be monitored to disable the equalization charger when the
voltages reach the desired charge voltage levels.

6.4.2.2 Operation under Cell-Voltage-Imbalanced Condition

Based on (6.4), the output voltages of the proposed charger are clamped by the SC(s) with the
lowest voltage under a voltage-imbalanced condition. Therefore, only the SC(s) with the lowest
voltage is (are) preferentially charged. In such cases, according to (6.13), only that inductor(s)
and diode(s) connected to the SC(s) with the lowest voltage would exhibit nonzero values.

Fig. 6.4.4 shows the operation waveforms under a voltage-imbalanced condition. The
asterisks (*) added to the symbols in Fig. 6.4.4 denote the subscript number of the SC(s) having
the lowest voltage. Fig. 6.4.5 illustrates the current flow directions in the case where SC; has the
lowest voltage. The current paths containing only ripple components are drawn as dashed lines.
For example, 7« in Fig. 6.4.5 corresponds to /;;.
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Fig. 6.4.4. Operation waveforms of the SEPIC-based equalization charger under a
voltage-imbalanced condition.

The voltage—time product of inductors is zero even under a voltage-imbalanced condition,
thus yielding

DV, =D,(V,+V,,)

DV, +V,) =D,V ~Ve, +V,) (6.15)
D, +V,+V,) =DV, ~Vy-V,+V,) '
DV, +V,+V,+V,)=D,(V, <V, =V, =V, +V,,)

From (6.1), (6.5), and (6.15), V+ and D, under a voltage-imbalanced condition are obtained
as

(6.16)

B
o]

V*ZE S
Dtl

D 6.17
critial Vin + V* + VD* ( )
According to (6.16), output voltages from the equalization charger are clamped by the SC(s)
having the lowest voltage V+, and (6.17) indicates that D,,;..; is not dependent on V; (i.e., V-V,
in the example case).
From Fig. 6.4.4, average currents of L« and L, /;« and /;;, are given by

I,=(D+D, )—VmD L, 1., (6.18)
DT,
I, :(D+DL,)%+IM =0, (6.19)
respectively.
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Fig. 6.4.5. Current flow directions during (a) 7, (b) Typs and (c) Ty, of the SEPIC-based
equalization charger under a cell voltage-imbalanced condition.

Equation (6.9) can be rewritten for a voltage-imbalanced condition as

ILin—b = _([ + ILZ—b + IL3—b + [L4—b ) = _(IL*—b + 31Li—b ) . (6.20)

L*-b

Contrary to the voltage-balanced condition discussed in the previous section, iy; (i.e., iz>—iz4)
during the 7,4, period flows toward C, under a voltage-imbalanced condition, as shown in Fig.
6.4.5(b). The average current of Cx, I+, is expressed as

l.=1,,+D V., DT -D, VDL 1 3. 0. (6.21)
2L, 2 . L.

Equations (6.7) and (6.18)—(6.21) yield

I, D

S 6.22

T (6.22)

Lin
Assuming that L= L;, Ip« is given by

v.,.DT, V DI, 3V, DT, V.DDT, (4L, +L,
ID* — Da in + in + in — in a in i X
2L, 2L, 2L, 2 LL

(6.23)

This equation indicates that /p+ is four times larger than that under a voltage-balanced condition,

Fig. 6.4.6. A photograph of a 25 W prototype of the SEPIC-based CP equalization charger.
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Table 6.1. Component values used for a 25 W prototype.

Ci, Ceramic Capacitor, 20 uF, 50 V
Cout—Couu Ceramic Capacitor, 66 uF,25V
Ci—Cs Ceramic Capacitor, 20 pF, 50 V
Li, 100 pH
Li-Ls4 33 uH
Q N-Ch MOSFET, IRF3410, R,,= 39 mQ
D,-D, Schottk y Diode, BRD660CT, V, =0.65 V

as expressed by (6.12). From (6.22) and (6.23), (6.14) is found to be conserved even under a
voltage-imbalanced condition. Hence, the proposed equalization charger can operate as a CP
charger even under a voltage-imbalanced condition.

6.4.3 Experiment

A 25 W prototype of the SEPIC-based equalization charger for four series-connected SCs
was designed, as shown in Fig. 6.4.6. The component values are shown in Table 6.1. The
equalization charger was operated at 80 kHz with V;,, =28.0 V and a fixed duty cycle of 0.22.

Power conversion efficiencies of the prototype were measured by emulating both
voltage-balanced and voltage imbalanced conditions. To this end, a variable resistor was
connected to each intermediate tap, as shown in Fig. 6.4.7(a). For example, when S; is on, the
voltage-imbalanced condition of V; < V; (i = 2, 3, and 4) can be emulated. Meanwhile, turning
on S, emulates the case of V; =V, <V, (i =3 and 4).

The measured power conversion efficiencies are shown in Fig. 6.4.7(b). The average
efficiency was approximately 86%. Because the currents in the equalization charger were
concentrated at L+, C+, and D, as discussed in Section 6.4.2.2, the lowest efficiency during the
S;-on period was believed to be because of the current concentrations at L;, C;, and D;, which
are prone to increase Joule losses.

An experimental charge test was performed for four EDLC modules in series, each with a
capacitance of 220 F at a rated charge voltage of 15.0 V (shown in Fig. 6.4.8), from the

g o] (o] (o]
o] (o] o

I 1 I H
1 +H

Efficiency [%]

(00
N
1

V,=28V,D=022 |—O0—S3-on

(o]
o
F

1 1 1 1 ko

6 8 10 12 14 16
= Voltage of V; [V]

(a) (b)
Fig. 6.4.7. (a) Experimental setup for efficiency measurement and (b) the measured power
conversion efficiencies.
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Fig. 6.4.8. A photograph of an EDLC module.

voltage-imbalanced condition where the initial voltages of V,—V, were 7.5, 9.5, 11.5, and 13.5 V,
respectively.

The experimental charge profiles of the series-connected SCs are shown in Fig. 6.4.9. The
input current was approximately 0.9 A during the entire experimental period. The charge
current(s) flowed toward the EDLC(s) with the lowest voltage at each time instant, as can be
seen from the top panel of Fig. 6.4.9. The voltage imbalance was gradually eliminated as
charging progressed, and the equalization charger was disabled when V;—V, reached 15.0 V.
The standard deviation of the SC voltages decreased to approximately 50 mV at the end of the
experiment.

The charging process was divided into four periods labeled as A-D, and the operation
waveforms were measured during each period. The measured waveforms are shown in Fig.
6.4.10. During the 7,4, periods, we observed oscillations due to the parasitic capacitance of the
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Fig. 6.4.9. Experimental charge profiles of the series-connected EDLC modules.
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Fig. 6.4.10. Measured waveforms during the periods (a) A, (b) B, (¢) C, and (d) D.

MOSFET switch and inductors. The average current of i;,, was constant at approximately 0.9 A
for the entire period and was independent of the voltage-imbalance, as can be seen from the top
panels of Fig. 6.4.10(a)—(d). This demonstrates that the input power for the proposed
equalization charger can remain constant without feedback control as long as the input voltage
is constant.

During period A, in which V; was the lowest, the average of i;; was positive, whereas i;,—i;,
exhibited only ripple component and their averages were zero. During period B, when V; and V,
were equal and the lowest, the averages of i;; and i;, were positive, whereas those of i;; and i;,
were still zero. Similarly, as V5 approached V; and V, during period C, i;;—i;; exhibited uniform
current waveforms. Finally, during period D, all waveforms and averages of i;;—i;, became
uniform and positive, respectively. According to (6.13), these results confirmed that the
EDLC(s) with the lowest voltage at each time instant were preferentially charged using the
equalization charger, as mathematically explained in Section 6.4.2.2.

6.4.4 Conclusions

Single-switch equalization chargers using multi-stacked buck-boost converters for the
series-connected SCs were proposed in this section. The number of required switches can be
dramatically reduced compared with conventional equalizers. In addition, to implement the CP
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charging scheme, feedback control is not necessary for the proposed equalization chargers
operating in DCM. The reduced number of switches and the elimination of feedback loops lead
to increased reliability and suitability for satellite applications.

The SEPIC-based equalization charger was used as a representative topology, and its
operations under both voltage-balanced and voltage-imbalanced conditions were mathematically
analyzed. A 25 W prototype of the SEPIC-based equalization charger was designed and used for
the experimental charge test performed for four EDLCs connected in series. The input power for
the equalization charger was constant and independent of the voltages of EDLCs as long as the
input voltage to the equalizer was constant. The resultant equalization charge profiles
demonstrated that the EDLC(s) with the lowest voltage was (were) preferentially charged by the
equalization charger. The voltage imbalance was gradually eliminated as charging progressed,
and finally, all EDLCs were charged to a uniform voltage level.

6.5 Single-Switch Single-Inductor Equalization Charger Using Voltage Multiplier

The cell voltage equalizers based on voltage multiplier, presented in Section 5.7, also can be
transformed into an equalization charger. This section proposes a single-switch single-inductor
equalization charger based on voltage multiplier. The single-switch single-inductor operation
can dramatically reduce the circuit complexity compared to that of conventional equalization
chargers and equalizers.

6.5.1 Circuit Description and Major Features

Fig. 6.5.1 shows the proposed single-switch single-inductor equalization charger for
three-series-connected energy storage modules. Each of the modules B;—B; is connected in
parallel to the two-series-connected diodes whose junctions are connected to energy-transfer
capacitors, C;—C;. The circuit consisting of the series-connected diodes D—Ds, C;—Cs, and
B,—B; can be regarded as a voltage multiplier.

Since magnetic components, such as inductors and transformers, are relatively large

Lin

Tep ¢

Fig. 6.5.1. Proposed single-switch single-inductor equalization charger using a voltage
multiplier for series-connected energy storage modules.
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components in electrical circuit, multiple use of magnetic components is not desirable from the
viewpoint of the circuit size. The number of switch is considered to be a good index to represent
a circuit complexity because switches require drive circuits including ICs and ancillary
components. The proposed equalization charger consists of passive components, a solo
magnetic component, L;,, and a sole active component, Q, so that the circuit size, complexity,
and number of circuit components, such as switches and inductors, can be dramatically reduced
compared with conventional equalization chargers and equalizers which consist of
multi-winding transformer, numerous switches and/or inductors. However, since the currents of
capacitors during on period in this equalization charger, shown in Fig. 6.5.2(a), are not limited
with magnetic components such as inductors, possible large inrush current and consequent
electro magnetic interference (EMI) are anticipated to make this topology less attractive.

The reliability is one of the most important consideration for energy storage applications
because unwanted failures could cause dangerous consequences. In the conventional equalizers,
in which switches are connected to energy storage cells/modules in parallel, short failures of
switches may short cells/modules. In the proposed equalization charger, on the other hand, since
the two-series-connected diodes are connected to each module, the possibility of short failures
of modules through diodes is quite low. Moreover, the energy-transfer capacitors can protect the
modules from being shorted in case of a short failure of Q. Thus, the proposed equalization
charger is considered highly reliable. Metalized film capacitors, which offer very high reliability
with self-healing property, can be used if the reliability of capacitors is also a concern.

6.5.2 Operation Analysis

Fig. 6.5.2 shows the current flow directions during operation. During the on period, B;—B,
discharge through the even-numbered diodes as shown in Fig. 6.5.2(a). All currents in the
circuit flow to Q in this period. Because the capacitances of the energy storage modules B;—B;
are much larger than those of the energy transfer capacitors C,;—C;, the variations in the module
voltages Vp,—Vp; are small enough to be negligible during a single switching cycle. The voltages
Veia—Vesq across C—C; at the end of the on period can be expressed as

VCIA = _Vm
VCZA = VBI - Vos > (624)
VC}A = Vb’l + VBZ - Vus

where V), is the forward voltage drop of diode D; (i =1...6).

During the off period, the inductor current is distributed to C,—C;, and the modules B,—B; are
charged as shown in Fig. 6.5.2(b). The voltage across Q during the off period, V), is determined
by

(6.25)

where d is the duty cycle of the switch; this equation is identical to the voltage conversion ratio
of traditional boost converters. The voltages of C;—Cjs at the end of the off period VeV 35 can
be expressed as
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Fig. 6.5.2. Current flow directions of the proposed single-switch single-inductor equalization
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Cl1B

=V +Vy =V,
Ve =V + Vo +V0 =V, . (6.26)
Vg =V + Vi Vo £V =V,
Assuming Vp,—Vps = Vp, by subtracting (6.26) from (6.24), the voltage variations AVc~A4V 3
of C,—C; in a single switching cycle are given by
v, =, ~2v,)-v,
v, =, -2v,)-V,,. (6.27)
v, =, -2v,)-7,
Since an average amount of charge delivered via a capacitoris Q= C x AV =1 x ¢, (6.27) can
be rewritten as
=l -2,) )
I, =Cr{v,-2r,)-7,.}, (6.28)
Iy = C3f{(VQ =2V, )_ VBS}
where /¢,—Ic; and C,—C; are the average currents and capacitances of C,—Cs, respectively, and f

is the switching frequency.
The product of capacitance and frequency (Cf) has a unit of conductance. Substituting

equivalent resistances, R,—R;, for the inverses C;/~C;f'in (6.28) yield
Vy=Vy =1,R +2V,

C1™71
Vo=V, =1,R, +2V, . (6.29)
Vo =V = 1R, +2V,
IciR; is the voltage drop at R, and 2}V, denotes the forward voltage drops across two diodes.
Hence, an equivalent circuit of the proposed equalization charger can be derived from Ohm’s
Law, as shown in Fig. 6.5.3.
The modules B,—B; are connected to a dc voltage source, Vy, via two diodes and one
equivalent resistor. The voltage across Vy is given by (6.25) and is duty controllable. Based on
the equivalent circuit, the charge currents for B;—B; are found to be equal to /c;—/c3. The
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Fig. 6.5.3. Equivalent circuit of the proposed equalization charger for three-series-connected
energy storage modules.

equivalent circuit indicates that identical charge currents flow to each module as long as the
module voltages and equivalent resistances are uniform. For a voltage-imbalance condition, the
modules with a voltage lower than ¥, — 2V, can be preferentially charged, and then all module
voltages finally converge to the uniform voltage level of V, —2V),.

6.5.3 Constant Input Current—Constant Voltage Charging Scheme

Constant current—constant voltage (CC—CV) charging is the most common charging scheme
for energy storage modules such as lithium-ion batteries and SC modules. Both the voltage and
current of the module are measured to be controlled. In the proposed equalization charger, since
all the module voltages theoretically become equal as long as Vp; is uniform as indicated by
(6.29), it is sufficient to measure one of the module voltages for implementing CV charging.

For CC charging, on the other hand, all the module currents need to be measured to control
the charge currents for each module. In case Vp; < Vi, = Vs, for example, measuring I, and/or
Ip; (i.e., not measuring /;) could lead to an extremely large charge current for B;. To implement
CC charging with the proposed equalization charger, three current measurement circuits are
required, while conventional chargers need only one such circuit. Measuring all the currents is
deemed to neutralize the major advantage of the proposed equalization method, namely, circuit
simplicity.

Controlling an input current instead of the module currents is an alternative way. By
controlling the input current, the equalization charger operates with a constant input current
(CIC) charging scheme. With CIC charging at a known input voltage and a known operating
range of module voltages, the module currents can be maintained below a desired level. In case
of constant voltage V;,, CIC charging is equivalent to constant power (CP) charging. The
number of current measurement circuits required for CIC charging is, of course, one.

With CIC charging at a constant input voltage (i.e., CP charging), relatively large currents
flow to modules at the beginning of the charging process, and the currents gradually decrease as
the module voltages increase. The input current should be determined such that the module
currents never exceed the rated current of the modules.

6.5.4 Experiment
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Fig. 6.5.4. Photograph of a 10-W prototype of the proposed equalization charger for
three-series-connected energy storage modules.

Fig. 6.5.4 shows a photograph of a 10-W prototype of the proposed equalization charger
designed for three-series-connected energy storage modules. The equalization charger was
designed for Vi, of 6.0 V and V3, of 7.0-15 V. An inductor of 22 pH, tantalum capacitors of 22
uF, Schottky diodes, and a MOSFET (HAT2266H, R,, = 9.2 mQ, Vps = 60 V) were used. A
switching regulator controller IC (LTC1624) operating at 200 kHz was used to control /;, and
Vp; to be 2.0 A and 14.5 V, respectively, for a CIC-CV charging scheme. Charging with CIC
was equivalent to that with CP because of a constant input voltage of 6.0 V in the experiment.

Fig. 6.5.5 shows the experimental power conversion efficiency performance and output
current of the 10-W prototype as a function of the total output voltage (i.e., a sum of Vp;—Vp;)
when Vp,—Vp; were uniform. Since the prototype operated with CP, the output current decreased
as the total output voltage increased. The efficiency increased with decreasing the output current.
The average power conversion efficiency was measured to be approximately 88%.

EDLC modules with a capacitance of 220 F, shown in Fig. 6.4.8, were used as energy storage
modules for the experiment. The three-series-connected EDLC modules with initial voltages of
7.0, 9.0, and 11.0 V, respectively, were charged by the prototype. Fig. 6.5.6 shows the resultant
charge profiles of the module currents, standard deviation, and module voltages. The currents
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Fig. 6.5.5. Experimental efficiency performance and output current as a function of total output
voltage (sum of V;—)V3) when V|—V; are uniform.
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Fig. 6.5.6. Experimental charge profiles of series-connected EDLCs charged from an initially
voltage-imbalanced condition.

were measured by current probes (KEYENCE, OP-72983).

The module(s) with the lowest voltage was (were) preferentially charged at each moment. At
the beginning of the charge test, for example, only the current for B, flowed while the others did
not. After Vp; overtook Vp,, the current for B, started to flow and V, began to increase. Finally,
uniform charge currents flowed to each module after all module voltages become uniform.

Since the modules were charged with CP charging (i.e., CIC charging with a constant input
voltage), the increase rates of the module voltage decreased as the module voltages increased.
Finally, all the modules were charged to a uniform voltage level of 14.5 V.

The standard deviation decreased rapidly until all the module voltages become uniform
during the CIC charging period. After the charging mode shifted from CIC to CV, all the
module currents began to taper, and the standard deviation decreased further. The standard
deviation at the end of the charge test was approximately 5 mV.

6.5.5 Conclusions

A single-switch single-inductor equalization charger using a voltage multiplier was proposed
for series-connected energy storage modules in this chapter. The single-switch single-inductor
operation can dramatically reduce the circuit size, complexity, and numbers of circuit
components compared to conventional equalizers. The operating principle and derivation of an
equivalent circuit for the proposed equalization charger were mathematically presented. A
constant input current—constant voltage (CIC-CV) charging scheme—considered suitable for
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the proposed equalization charger from the viewpoint of circuit and control simplicity—was
also proposed and demonstrated experimentally.

Three EDLC modules connected in series, whose initial voltages were intentionally
imbalanced, were charged by the prototype of the proposed equalization charger. The resultant
charge profiles demonstrated that the modules can be charged preferentially in the order of
increasing module voltage. The voltage imbalance was eliminated as the charging progressed,
and all the modules were eventually charged to the desired uniform voltage level.

6.6 Comparison

Both the proposed equalization chargers can operate without a multi-winding transformer,
and are considered advantageous over the conventional equalization chargers using a
multi-winding transformer because of the lack of drawbacks originating from the existence of
multi-winding transformer.

Although the equalization charger using multi-stacked buck-boost converters can operate
with a CP charging scheme without feedback control when operated in DCM, multiple
inductors are necessary. Therefore, it finds applications where required charge power is
relatively low and an increase in size and mass of the charger due to multiple inductors is not a
significant matter. On the other hand, the number of magnetic components can be dramatically
reduced in the single-switch single-inductor equalization charger, although feedback control is
necessary. This feature is considered suitable for SCs needing relatively large charge power.
However, possible large inrush currents as well as consequent EMI are anticipated to cause
unforeseen problems, as mentioned in Section 6.5.1.

6.7 Chapter Conclusions

Equalization chargers, which are chargers having equalization function, can simplify the
entire power system configuration by integrating a charger and equalizers into one unit. The
equalization charger is considered suitable for relatively small power systems, where reducing
the number of power system components provides great benefit from the viewpoint of system
mass reduction. Based on a brief calculation, the integrated system, in which a charger and
equalizers are integrated into one unit, would be advantageous for charger power requirement
higher than around 300 W, while the separate system, which have a charger and equalizers
separately, would outperform in terms of system mass.

Two novel single-switch equalization chargers, which can be derived from the single-switch
cell voltage equalizers introduced in the previous chapter, were proposed in this chapter. In
comparison with the conventional equalization chargers using a multi-winding transformer, the
proposed topologies are considered advantageous by eliminating a number of drawbacks
originating from the existence of a multi-winding transformer. The equalization charger based
on multi-stacked buck-boost converters can charge series-connected SCs with a CP charging
scheme, which is a suitable charging scheme for SCs as discussed in Chapter 4, without a
feedback control loop. Meanwhile, the single-switch single-inductor equalization charger offers
even simpler circuit configuration because of the less number of magnetic components. Based
on the comparison made for the proposed single-switch equalization chargers, the equalization
charger using multi-stacked buck-boost converters are considered to find applications having
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relatively small charge power requirement. On the other hand, the single-switch single-inductor
equalization charger is deemed suitable for relatively large charge power requirement, although
a few anxieties, such as large inrush current and consequent EMI, remain.
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Chapter 7
Unregulated Interface Converter

7.1 Introduction

For SCs to be used as alternatives to traditional secondary batteries, their two major
drawbacks should be considered while designing power conversion electronics. The first
drawback is their low specific energies compared with those of secondary batteries, as discussed
in Section 2.4. This implies that the stored energy of SCs is precious and should be delivered to
loads with maximum possible efficiency. The another drawback is the large voltage variation
during cycling, as shown in Fig. 2.4.2. Since the available energy of SCs is proportional to the
square of its terminal voltage, the SCs should be operated over a wide voltage range to
maximize the utilization of its stored energy. Meanwhile, the bus voltage variation range of an
SC-based power system needs to be as narrow as that of LIB-based power systems. Therefore,
considering the abovementioned drawbacks of SCs, power conversion electronics that can
efficiently operate in a wide voltage range are required for SCs to be used as alternatives to
conventional batteries.

As mentioned in Section 2.4.3, extending operational voltage range of traditional dc-dc
converters using magnetic components usually has negative impacts on converters' performance
in terms of size, mass, and power conversion efficiency. Power conversion efficiencies,
especially for discharging, have a great impact on system mass, as discussed based on
sensitivity analyses in Section 4.4.3. In spite of such negative aspects, the traditional dc-dc
converters will be considered to be a baseline even for SCs because of their technical maturity
and increasing performance. However, an even-higher power conversion efficiency at reduced
size and mass can be realized with unregulated converters which are basically a dec-dc converter
without voltage regulation.

Two types of magnetic-less unregulated interface converters (UICs) are proposed in this
chapter. The UICs are essentially bidirectional converters designed focusing on maximizing
power conversion efficiencies by leaving voltage regulations to charge/discharge regulators or
load converters installed in spacecraft instruments. Although their voltage conversion ratios are
unregulated, bus voltage variations can be maintained within a desired range. Hence, SCs with a
UIC can be replaced with a conventional secondary battery.

7.2 Review of Conventional Techniques

Various types of dc—dc switching power converters using magnetic components, such as
inductors and transformers, have been proposed for SCs in high-power applications [1]—[3]. For
applications requiring wide operational voltage range, the traditional converters must be
designed so that their duty cycle can vary widely to extend voltage conversion ratios. However,
the size of magnetic components and power conversion loss in converters tend to increase with

124



(a) (b) (c)
Fig. 7.2.1. Series—parallel changeover circuit. (a) Circuit description, (b) 1-series 2-parallel
configuration, and (c) 2-series 1-parallel configuration.
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Fig. 7.2.2. Series—parallel changeover circuit. (a) Circuit descrlptlon, (b) 2-series 2-parallel
configuration, (c) 3-series 1- or 2-parallel configuration, and (d) 4-series 1-prallel
configuration.

expanding the duty cycle, resulting in increased mass of not only power converters but also SCs
and PV arrays, as discussed in Section 4.4.3 where the impact of power conversion efficiencies
of charge/discharge regulators on power system mass was analyzed.

On the other hand, series—parallel changeover circuits that limit output voltage variation
using only switches to recombine SCs have been proposed for energy storage applications [4].
These circuits do not require magnetic components and are more efficient than conventional
dc—dc converters. Fig. 7.2.1(a) shows a series—parallel changeover circuit. Two SCs are initially
connected in parallel via Q; and Q,, as shown in Fig. 7.2.1(b). When the SC voltages fall to a
particular value due to discharging, Qs turns on to shift the SC connection from parallel to series
so that output terminal voltage can recover (Fig. 7.2.1(c)). However, reconfiguring the circuit
from 1-series 2-paralle to 2-series 1-parallel causes a large voltage variation as high as 50%,
which is not acceptable in most applications.

Fig. 7.2.2(a) shows a shift-type changeover circuit. It can operate with multiple stages so that
terminal voltage variation can be significantly reduced. Initially, series connections C,—C, and
C;—C, are connected in parallel via Q; and Q,, as shown in Fig. 7.2.2(b). When the SC voltages
fall to a particular value due to discharging, Q; and Qs turn on and Q; and Q, turn off at that
time (Fig. 7.2.2(c)). At that moment, series connections C;—C, and C;—C, are partially
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connected in parallel, i.e., C; and C, are connected in parallel and C, and C;j shift to connect in
series. After a further drop in SC voltage, Q, turns on to connect all SCs in series (Fig. 7.2.2(d)).
This configuration can realize both reduced voltage variation and the deep depth of discharge,
i.e., high energy utilization. However, the partial parallel connection period during which Q3
and Qs are on (Fig. 7.2.2(c)), leads to unequal utilization of the SCs because currents flowing
through C, and C; are two times larger than those through C; and C,. In other words, this
configuration inevitably causes voltage imbalance that leads to a short SC life and poor energy
utilization.

7.3 Cascaded Switched Capacitor Converter with Selectable Intermediate Taps
7.3.1 Fundamentals

Switched capacitor converters (SCCs) that do not require bulky magnetic components such as
transformers and inductors have been proposed and demonstrated for nonisolated intermediate
bus converters [S]-[7], automotive applications [8], and cell voltage equalizers [9]-[11]. SCCs
achieve high power conversion efficiency and power density. However, their voltage conversion
ratio is not controllable and is determined by the number of capacitors stacked in series, unless
inductive components are incorporated as resonant switched capacitor converters (RSSC) [12].
Hence, the use of SCCs has been limited to applications where voltage regulation is not
necessary.

In this section, a UIC using cascaded SCCs with selectable intermediate taps is proposed. In
the proposed interface converter, the desired multi-voltage levels are produced at high
efficiency by the cascaded SCCs, and the voltage conversion ratio is roughly regulated by the
selectable intermediate taps.

7.3.1.1 Circuit Description

Fig. 7.3.1 shows the generalized circuit description of the proposed UIC. It consists of two
cascaded SCCs, SCC,; and SCC,, and selectable intermediate taps that are connected to SCC,.
Charge is delivered between SC and the load/charger via the cascaded SCCs and intermediate
taps.

In the interface converter, each SCC acts as a voltage divider. The voltage of SC is divided
into y levels at SCC,, which consists of y stationary capacitors stacked in series and (y — 1)
energy transfer capacitors. Because the series connection of C,,,—C, in SCC, is connected to
SCC,, the divided voltage at SCC, is further divided into other z levels at SCC,, which consists
of z stationary capacitors stacked in series and (z — 1) energy transfer capacitors. The selectable
intermediate taps select one of z levels such that the voltage of the load/charger is maintained in
a desired voltage range.

7.3.1.2 Operation Principle

In SCCs, odd- and even-numbered switches are alternately turned on and off with an
appropriate dead-time period. Charge is delivered among capacitors at a high frequency so that
the voltages across the capacitors in each SCC become almost uniform. The voltage difference
among capacitors connected in parallel before the switches are turned off is almost zero, and
therefore, the switches in each SCC are turned off at zero voltage, thus achieving zero-voltage
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switching [5].
The voltage of SC, Vyc, is divided into y levels in SCC, and is expressed by

VSC :chw (7.1)

where V¢, represents the voltages of the capacitors in SCC,. Because SCC, is cascaded to the
series connection of C;,;—Ci,x in SCC;, the voltages of the capacitors in SCC,, V,, are given
by

XV, =zV.,. (7.2)

In the proposed UIC, the voltage of the load/charger V¢ is equal to the voltage level of the
selected intermediate tap. For example, when S,,—S,, are selected, Vscc equals the sum of the
voltages of Ci, x+1y~Ciay. On the other hand, turning on Si, 1,,—S,-1), causes Vscc to be equal to
the sum of the voltages of Ci, x+1y~Ciay and C,,,. The relationship between Vscc and Ve can be
generalized using (7.1) and (7.2) as

=(y—xWo +(z-np,=v.% Zy_z’”” , (7.3)

V.

scc

where 7 is the subscript number of the selected intermediate tap. This equation suggests that
Vsce can represent the discrete voltage levels determined by the fixed values of x, y, and z, and
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Fig. 7.3.1. General schematic of the circuit illustrating the proposed unregulated interface
converter using cascaded SCCs with selectable intermediate taps for SCs.
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the variables Vsc and n. Because Ve is always lower than Ve, this UIC operates as a
step-down and step-up unregulated converter during discharging and charging, respectively.
Assuming the ideal operation of the interface converter, i.e., without power conversion loss,
the energy conservation law yields the following:
% (7.4)
where Isc and Iscc are the currents of SC and the load/charger, respectively, as designated in Fig.
7.3.1. In the case where Iscc is constant, /sc changes stepwise as the selected tap changes. The
discharging characteristics of an SC with the proposed interface converter are discussed in the
following section.

7.3.1.3 Characteristics of SC with Unregulated Interface Converter

Fig. 7.3.2 shows the characteristics of an SC discharged at a constant current with the
proposed UIC. At the beginning of discharging, the SC is fully charged at Vsc = V., and
discharges through S,—S,;, (i.e., n = z). As discharging proceeds, both Vsc and Ve decrease.
When it is detected that V¢ is below the lower voltage limit of V;, the selected intermediate tap
is shifted to an upper tap, i.e., from S,;—S,; t0 S¢;-1)a—S(-1)p. At that moment, Vsce jumps to the
next discrete voltage level, as expressed by (7.3). Because Isc during the S,.;,—S(.1)p-0n period
is larger than that during the S,,.—S,,-on period, as expressed by (7.4), the decrease rates of Vc
and Vscc increase. Ve and Vsee decrease with further discharging. When Ve begins to decline
to V, again, the next intermediate tap S;.2,—Si2)p 1S turned on to increase Vscc to the next
discrete level and /gc increases again. The above sequence is repeated until the last tap Sg,—Sqy is
selected. During the Sy,—Sg,-on period, the voltage and current of SC are equal to those of the
load because the SC and the load are connected directly.

As the selected intermediate tap changes, /sc increases incrementally. Thus, the stepwise
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Fig. 7.3.2. Discharging characteristics of an SC with the proposed interface converter using
cascaded SCCs with selectable intermediate taps.
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increases in Isc result in voltage inflection points in the discharge curve of Vsc. With the
abovementioned sequence, the SC can be deeply discharged while maintaining Vscc in a desired
voltage range.

The energy utilization of the SC, 4, is given by

i — Ulnitial _UResidua[ , (7,5)

Initial

where Ul and Ugesiguar are the initial stored energy and residual energy at the end of
discharging, respectively. Upiiar and Ugegiaua are given by

1
Initial == CSC chza > (7‘6)
2
1
UResidua[ = E Csc VEZDD ’ (7'7)

where Cyc is the capacitance of the SC and Vg, is the voltage at the end of discharging. These
equations imply that high energy utilization can be achieved by deeply discharging SC to low
voltages.

In this section, only the discharging sequence was discussed. The sequence for the tap
changes during charging is the opposite of that during discharging.

7.3.1.4 Operation Range
The relationship among the upper and lower voltage limits V' and V7, and Ve are defined as

V, 2V >V,. (7.8)

scc —

From (7.3), the voltage variation in V¢ caused by tap changes AVscc can be expressed as

AV, =V;;{yz_x(” ~)_yzom }=V;;i, (7.9)

scc

yz Yz yz

where V'sc and n” are the SC voltage and subscript number, respectively, of the selected tap
immediately before the tap changes. Assuming that Vscc = V7 just before the tap changes, (7.3)

yields
v =v,—2 . (7.10)
yZ — XN

Equations (7.9) and (7.10) give

AV, il

scc

=V

L

- (7.11)
yz—Xxn

This equation suggests that 4Vscc can be arbitrarily designed using the appropriate values of x, y,
and z so that (7.8) is satisfied:

X

V=V, 2V, (7.12)

yz—xn'

At the beginning of discharging or the end of charging, V¢ is the highest because Vsc = V.
Equations (7.3) and (7.8) yield
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Fig. 7.3.3. Typical charge—discharge profile of a lithium-ion battery consisting of eight cells in
series.
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Fig. 7.3.4. Unregulated interface converter designed for an SC with V,,, = 60.0 V to satisty Vy
=33.6Vand V;,=24.0 V.

v, 2V, =" (7.13)
yz
Similarly, the lowest SC voltage Vsc = Vg,p is observed at the end of discharging or the
beginning of charging and is given by

Vi 2V - (7.14)

Here after in this chapter, the example description of the proposed UIC for SC as an
alternative to LIB consisting of eight cells connected in series, whose typical charge—discharge
cycle profile is shown in Fig. 7.3.3, is dealt with. The typical voltage range of LIB cells is
3.04.2 V that corresponds to 24.0-33.6 V for an 8-cell battery pack. To satisfy V', =33.6 V and
V., =24.0 V, the UIC was designed for SC with V., = 60.0 V. From (7.12) and (7.13), the
number of capacitors stacked in series in the interface converter were determined as x =2, y =3,
and z = 3. The circuit description of the designed UIC is shown in Fig. 7.3.4.
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Fig. 7.3.5. Drive circuits for selectable intermediate taps.

7.3.1.5 Selectable Intermediate Taps

The selectable intermediate taps and their drive circuits are shown in Fig. 7.3.5. In this
section, the taps consisting of Sy,—So, and S;,—S;, are focused to explain their drive sequence.
The voltage for driving gates of S;,—S;, is produced by Cy and the resistor Ryve, and a bias
current flows through Ry and the body diode of S;,. The opto-couplers that connect each
MOSFET are turned on in order to select the desired intermediate tap. To produce a drive
voltage for Sy.—S¢,, Which is the tap placed at the highest voltage level, the capacitors C, and C,
and the diodes D, and D, are included as shown in Fig. 7.3.5. While Qg is on, charge is
delivered to C, from Cg via D,. On the other hand, while Q) is on, the charge of C, is transferred

T 512;1% 5127%% ‘ 51% I i@_, I
(a) (b) () (d)

Fig. 7.3.6. Switching sequence of selectable intermediate taps for discharging.
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Fig. 7.3.7. Switching sequence of selectable intermediate taps for charging.
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to C, via D,. The voltages of C, and C, are almost equal to that of Cq. So,—Sgp, are driven by the
voltages produced by C, and Rgive.

The representative switching sequences of the selectable intermediate taps during discharging
are described in Fig. 7.3.6, which focuses on the taps of Sy,—So, and S;,—S;,. To prevent a
short-through current through C¢ during the transition period from the S;,—S;,-on period to the
Soa—Sop-on period, the body diode of S;, conducts as shown in Fig. 7.3.6(b) before turning on
Soa—Sop-

Fig. 7.3.7 shows the representative switching sequence for charging. Similar to the
discharging sequence illustrated in Fig. 7.3.6, the body diode of Sy, is utilized to prevent
shorting of C¢ as shown in Fig. 7.3.7(b) before turning on S;,—Sys.

7.3.2 Analysis of Switched Capacitor Converter

The capacitors in SCCs deliver charges depending on their positions and load/charge currents.
These capacitors need to be designed such that they can handle the generated RMS current that
depends on the amount of charge delivered during operation. In this section, the amount of
charge delivered by each capacitor is determined by a charge vector analysis [7],[13].

As a representative case, the charge that flows during S,,—S,, are on, are considered as shown
in Fig. 7.3.8. In modes A and B, where odd- and even-numbered switches are turned on,
respectively, the charges flowing through C; are referred to as ¢4 and g3 (i = 1, ... , 10).
Kirchhoff’s current law yields the following:
0=-91 =90 =961 = 9oa +dsc s
0=9, 4+ 90—,
0=9,, = s, + 954 + s, ; (7.15)
0= =44+ 454 =04
0=q:, =i + 904 ~sccs

0=q, +4q0 + 95

0=—q,+q,,+4,

0=—9,, + 955 =95 + 955 G55 — G0 - (7.16)
0=—qq +4:5 + 9y,

0=—9,, + 955 = o + G105 ~ Dsccs

Under steady state conditions where the average voltages of the capacitors are constant for all

switching cycles, the average currents of the capacitors must be zero. In other words, the charge
delivered to and from the capacitors is balanced. Therefore, the direction of the charge flow in
modes A and B are opposite and the charge amounts must be equal, as expressed by

9y =495 =4, (717)

By assuming that the SC is a constant voltage source, variation of the total voltage of C,—C;
can be considered zero because the series connection of C,—C; is directly connected to the SC.
Similarly, the total voltage of C; and Cg can also be zero by assuming that the load voltage (i.e.,
Vsce) is constant. These assumptions give
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Fig. 7.3.8. Charge flow directions during (a) Mode A and (b) B.

{O:q1+qz+Q3 (7 18)

O:CI3+QS

C,—C, and C4—C; are always connected in parallel so that variation of the total voltage of C;—C,
is equal to that of Cs—Cs, thus yielding

0=9,+9,-9,-9, —4;- (7.19)

The amount of charge delivered to the load in a single switching cycle is assumed to be 1, as
expressed by

=G s + s (7.20)

From (7.15)—(7.20), the relative charge flowing through each capacitor is determined as
shown in Table 7.1 in which the relative charge amounts during the Sp,—Sg,-on and S;,—Sy-on
periods are also shown. Because these values show the charge amount delivered in half a
switching cycle, that delivered in a time period shorter than half a switching cycle is not
reflected. This implies that even the capacitors whose charge amount is shown as zero in Table
7.1 may deliver some amount of charge in practical operations. Therefore, simulation analyses
are also necessary to determine the RMS current rating for each capacitor.

As shown in Table 7.1, each capacitor delivers a different amount of charge depending on the
selected intermediate tap. When Sy,—Sg, are on, the charge of C,—C, is zero because the charge
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Table 7.1. Relative charge flowing through each capacitor determined by charge vector

analysis.
SZ aiszb S 1 a7S 1b Sﬂais(l')
q sc-4 23/30 3/4 12
9 sc-p -19/90 0 12
q1 - 2/45 0 0
q: 8/45 /7 0
] - 2/15 -1/6 0
q4 - 29 -1/9 0
qs - 4/9 -2/9 0
96 - 1/6 0 0
q; 1/6 1/4 0
qs 2/15 0 0
q9 - 13 -2/3 0
q10 - 23 -1/3 0
qscca 19/30 4/7 1/2
qsccB 11/30 3/7 1/2

from the SC is directly transferred to the load without traveling through the capacitors in SCCs.
Because the RMS current is strongly dependent on the amount of charge delivered, the capacitor
design should factor the maximum charge amounts highlighted with gray in Table 7.1.

Each capacitor needs to be designed such that it is capable of handling the RMS current
during practical operations. The current waveforms of capacitors in practical circuits exhibit
transient responses that are dependent on resistive components such as the ESRs of capacitors,
on-resistance of switches, and capacitance. For simplicity, we assume the current waveforms of
capacitors to be square waveforms. The RMS current of C;, /;_zus, is expressed by

9./
D

i~RMS

, (7.21)

where f; is the switching frequency and D is the duty cycle. Iscc is given by

]SCC = (q SCC-4 +q ScCc-B ) s (7'22)
Assuming D = 0.5, (7.20)—(7.22) yield
Le s =124 (7.23)

This equation can roughly determine the RMS currents for each capacitor. However, as
aforementioned, the resistive components that strongly influence the RMS current during
practical operation are not considered in the above analysis, and therefore, simulation analyses
are necessary to determine the RMS current rating for each capacitor. In the simulation analyses
discussed in the following sections, the obtained relative charge amounts shown in Table 7.1
and the RMS current expressed by (7.23) are used as guidelines in the rough design of SCCs.

7.3.3 Simulation Analysis

In this section, the simulation analyses were performed by considering that multi-layer
ceramic capacitors (MLCCs) are used for each capacitor, and the RMS current rating and the
number of MLCCs required for each capacitor were determined. First, the required RMS current
ratings and the number of MLCCs for each capacitor are preliminary determined by (7.23).
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Fig. 7.3.9. The number of MLCCs and the RMS current of each capacitor before and after
adjustment of the number of MLCCs.

Second, simulation analyses by considering the resistive components are performed to
investigate RMS currents during practical operations. Finally, the number of MLCCs is adjusted
so that the RMS current ratings of capacitors are satisfied with the minimum number of
MLCCs.

Assuming that MLCCs with the capacitance of 22 pF, ESR of 4.0 mQ, and RMS current
rating of 2.0 A are used, the number of MLCCs used for C,—C,, were approximated by (7.23).
The on-resistances of Q,—Qs and Q—Q1, were 9.2 and 1.8 mQ, respectively, which are the same
as those for the MOSFETs used in the experiments, as mentioned in the next section. The
simulation analyses were performed for Iscc = 4.5 A at an f5 of 300 kHz with D =0.5.

The number of MLCCs used and the RMS current obtained by the simulation analyses are
shown in Fig. 7.3.9. The markers enveloped by bars indicate that the RMS current rating is
satisfied. The number of MLCCs determined by (7.23) (designated as “before adjustment” in
Fig. 7.3.9) could not fulfill the RMS current ratings of C,—C; and C¢—C;y. The number of
MLCCs was increased so that each capacitor satisfies the RMS current ratings. After increasing
the number of MLCCs (designated as “after adjustment” in Fig. 7.3.9), all markers were
successfully enveloped by bars.

The design procedure explained in this section needs mathematical equations for rough
calculations and simulation analyses for fine tuning the results. Simulation analyses alone,
without using (7.23), can certainly determine the number of MLCCs required for each capacitor.
However, because the RMS currents of the capacitors are mutually dependent, as seen in Table
7.1, it would require several iterations of simulation analyses before the number of MLCCs is
determined. On the other hand, by using the combination of (7.23) and simulation analyses, the
number of MLCCs can be efficiently determined, as demonstrated in this section.

7.3.4 Experiment

Fig. 7.3.10 shows the photograph of a 150 W prototype of the proposed UIC. The MOSFETSs
HAT2266H (Vps = 60 V, R,, = 9.2 mQ) and RJK0329DPB (Vps = 30 V, R,, = 1.8 mQ) for
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Fig. 7.3.10. Photograph of a 150 W prototype of the proposed unregulated interface converter.

Q:1—Q¢ and Q;—Qy,, respectively, were driven by synchronous rectified MOSFET driver ICs
(ISL6596) at a fixed switching frequency of 300 kHz with D = 0.5. Each driver IC was powered
by each capacitor C,—C,, via a linear regulator IC. The selectable intermediate taps also
employed the MOSFETs HAT2266H.

Power conversion efficiencies were measured when Ve was approximately 33 V, as shown
in Fig. 7.3.11(a). The measured efficiencies were higher than 95% above 100 W. The relatively
poor efficiencies in low-power regions were due to power dissipation at the regulator ICs and
the power consumption of the driver ICs operated at fixed frequencies. The variable switching
frequency technique proposed in previous studies [5],[7] can be adopted to improve the light
load efficiencies.

Breakdowns of the power conversion losses are shown in Fig. 7.3.11(b). The measured losses
at the intermediate taps, which are determined by the Joule loss proportional to Iscc, were the
same in all three cases because /scc was equal to 4.5 A in all cases. On the other hand, the SCC
loss was the smallest when Sy,—Sg, were selected. As shown in Table 7.1, the capacitors in each
SCC did not deliver charge while Sy,—Sq, were on; thus the loss in SCCs was infinitesimal. In
addition, the loss of the linear regulator ICs also decreased when Sy,—Sg, were on because this
loss is proportional to the voltages of C;—C,y determined by (7.1) and (7.2). On the other hand,
because the regulated voltage was supplied to the driver ICs, the power consumption of the

100 r - 8 . T
Psoc =150 W, Vge = 33 V
—_ E 6F = SCC -
§ %r T I; & Tap
- 8 ] Re'gulator
% ook Spa—So (Ve =33V) i i 4F RS Driver IC | ]
= ()
Qo S-Sy, Vg =42V) 2 AN
o s . c 2F 2 g
S,5Sy (Vgc=60V) Ve = 33V
80 ' ' 0 —! '
0 50 100 150 S2aSsw  S1a=Si  SoaSos
Power [W] Selected Intermediate Tap
(a) (b)

Fig. 7.3.11. (a) Experimental power conversion efficiencies and (b) power loss breakdown at
VSCC =33 Vand PSCC =150 W.
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Fig. 7.3.12. Experimental (a) discharge and (b) charge curves of the EDLC module with the
proposed unregulated interface converter.

driver ICs was independent of the selected tap.

An EDLC module with a capacitance of 55 F at a rated charge voltage of 60.0 V was
discharged and charged at Iscc = 4.0 A with the UIC. The selected intermediate taps were
shifted when Ve decreased below (exceeded) V; = 24.0 V (Vy = 33.6 V) during discharging
(charging). The resultant discharge and charge characteristics of the EDLC module are shown in
Figs. 7.3.12(a) and (b), respectively. Vscc was maintained between 24.0—33.6 V, which is
comparable with the voltage variation range of a LIB consisting of eight cells connected in
series as shown in Fig. 7.3.3. As explained in Section 7.3.1.2, /g changed stepwise and the
curves of Ve exhibited reflection points as the selected intermediate tap changed. The average
power conversion efficiency during discharging was approximately 95%, and the energy
utilization at Vg,p = 24.0 V was determined to be 84% by (7.5).

7.3.5 Conclusions

In this section, a UIC using cascaded SCCs with selectable intermediate taps was proposed
for SCs to be used as alternatives to batteries. The proposed UIC achieves high efficiency using
the cascaded SCCs, and its voltage conversion ratio is roughly regulated by the selectable
intermediate taps. The operation principle and characteristics of SCs with the proposed UIC
were mathematically explained.

A charge vector analysis was performed to quantify the amount of charge delivered through
each capacitor in SCCs. The RMS current and the number of MLCCs required were determined
by combining the results of the charge vector analysis and simulation analyses.

Based on the results of the analyses, a 150 W prototype of the proposed UIC was designed.
Power conversion efficiencies higher than 95% were achieved above 100 W. An EDLC module
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Fig. 7.4.1. Proposed SC reconfiguration circuit.

with a rated charge voltage of 60.0 V was cycled in the voltage range of 24.0-60.0 V, and the
voltage of the load/charger was maintained between 24.0—33.6 V, which is comparable with the
voltage variation range of a LIB consisting of eight cells connected in series.

7.4 Series-Parallel Reconfiguration Technique
7.4.1 Fundamentals
7.4.1.1 Operation Principle

Fig. 7.4.1 shows the proposed SC reconfiguration circuit. The circuit consists of SCs C;—Cs,
switches Q;—Qs, and diodes D;—Ds. It can be formed into 2- or 3-series configurations
according to switching states.

Figs. 7.4.2 and 7.4.3 show switching modes and voltage curves during constant current
discharging. Assume that all SCs have identical capacitances and are fully charged. Initially, in
Mode 1, switches Q;, Q;, and Qs are on, and strings C,—C,, C;—C,, and Cs—C; form a 2-series
3-parallel configuration. Each string consists of two SCs in series and one switch so that
discharge current is uniformly distributed to each string. Module and cell voltages decrease with
discharging. When the module/cell voltage falls to a particular level, the switches are operated
to reconfigure the circuit from a 2-series 3-parallel to a 3-series 2-parallel configuration. First,
Q1, Q;, and Qs turn off to shift to Mode 2 in which current flows through diodes D, D5, and Ds,
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E3
(a)

Fig. 7.4.2. Current flow directions during discharging in modes (a) 1, (b) 2, and (c) 3 of the
proposed circuit.
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Fig. 7.4.4. Current flow directions during charging in modes (a) 4, (b) 5, and (c) 6 of the
proposed circuit.

and the circuit is still in a 2-series 3-parallel configuration. Mode 2 corresponds to a dead time
period to prevent short-through current. Switches Q, and Qq turn on to shift to Mode 3 in which
strings C,—C; and C4—Cs form a 3-series 2-parallel configuration and the module voltage
becomes 1.5 times higher than at the end of Mode 1. Discharge current is uniformly distributed
to each string. In this mode, however, half the discharge current flows through each string and
therefore, inclinations of the module and cell voltages are steeper than those during Mode 1 in
which only one-third of the discharge current flows through each string. The change in
discharge current rate of each SC causes an inflection point in the cell voltage curve. This
switching sequence does not produce cell voltage imbalance because the current is equally
distributed to each SC for all periods.

Fig. 7.4.4 shows switching modes during charging. The principle is similar to that for
discharging. In Mode 4, switches Q, and Q, are on, and strings C;—C; and C,—C¢ form a 3-series
2-parallel configuration. Module and cell voltages increase with charging. When the module
voltage rises to a particular level, Q, and Q, turn off to shift to Mode 5. Diodes D, and D, now
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conduct the charge current instead of switches. Switches Q;, Qs, and Qs turn on to shift to Mode
6 in which strings C,—C,, C;—C,, and Cs—Cg4 form a 2-series 3-parallel configuration. Similar to
the discharging process, the change in charge current rate of each SC causes an inflection point
in the cell voltage curve.

The proposed technique achieves high efficiency because there are only conduction losses of
switches. Besides, slow switching devices such as power relays can be used because the circuit
is reconfigured only once per charge/discharge period, and hence fast switching is not required.

7.4.1.2 Operating Condition

Fig. 7.4.3 shows that module voltage varies with charging/discharging progress. The
variation range should be designed to be smaller than the operating voltage range of loads.
Upper and lower voltage limits V;; and V;, define the required voltage range determined by load.
At the beginning of discharge, 2-series fully charged SCs with voltage V., should satisfy the
condition,

v, 221

cha *

(7.24)

Module and cell voltages decrease with discharging, and the module configuration shifts
from 2-series 3-parallel to 3-series 2-parallel. The upper and lower voltage limits are as follows:

VL S 2VRecon 3 (725)
VU 2 3VReCan > (726)

where Vzecon 18 the cell voltage at the moment of circuit reconfiguration. From (7.25) and (7.26),
the relationship between V' and V7 is

v, 23V,

Recon

>1.57,. (7.27)

Module voltage recovers from 2 Vigycon t0 3 Viecon SO that the voltage variation ratio is 33%
that is smaller than the value of 50% for a conventional series—parallel changeover circuit (Fig.
7.2.1) [6].

To utilize the energy stored in the SC as much as possible, the module should be discharged
to V. Therefore,

Vv, <3,

EoD

(7.28)

where Vi,p is the end of discharge voltage of SCs.

7.4.2 Experiment

An experimental SC module (Fig. 7.4.1) was tested. EDLCs with V,, = 2.5 V and
capacitance of 500 F were used. Power relays were employed for Q;—Qs to facilitate a design of
drive circuits. The EDLC module was charged using a constant-current—constant-voltage
protocol and was discharged with a constant current of 1.0 A. Since V., = 2.5 V, Vy, was
defined to 5.0 V according to (7.24). In order to avoid oscillation, V.., was separately set to
1.635 V for discharging and 1.640 V for charging, which satisfies (7.27), as hysteresis
thresholds. V7 was set to 3.2 V. Considering the slow response times of power relays, the dead
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Fig. 7.4.5. Module and cell voltage curves during (a) discharging and (b) charging.

time periods of Modes 2 and 5 were set to 1.0 s. Each cell voltage was measured and averaged
for Virecon-

Fig. 7.4.5(a) shows experimental discharge curves for the module and cell voltages. The
EDLCs were discharged to approximately 1.1 V, which corresponds to energy utilization ratio
of 80.6%, at the end of discharge without voltage imbalance. At the moment of reconfiguration,
during Mode 2, there was a voltage drop due to diode conduction. The drop can be negligible
enough for higher voltage applications.

Fig. 7.4.5(b) shows experimental charge curves for the module and cell voltages. A diode
drop was observed during Mode 5. All the EDLCs were charged from 1.1 to 2.5 V without
voltage imbalance.

These experimental results demonstrated that the proposed reconfiguration technique can be
used for both discharging and charging processes. The module voltage variation ratio, except for
during dead time periods, was 36% (5.0-3.2 V), while that of the SCs was 56% (2.5-1.1 V).
The proposed circuit achieved a much smaller voltage variation ratio than does a conventional
series—parallel changeover circuit (50%) [4].

7.4.3 Combination of Proposed and Conventional Techniques

The proposed reconfiguration technique can be used with the conventional changeover
circuits shown in Figs. 7.2.1 and 7.2.2. For example, an SC-based energy storage system
combining the reconfigurable units shown in Fig. 7.4.1 with the changeover circuit shown in Fig.
7.2.1 is illustrated in Fig. 7.4.6. C, and C, in Fig. 7.2.1 are replaced with the unit shown in Fig.
7.4.1. The system consisting of 500 F EDLCs was discharged and charged at a constant current
of 1.5 A, and the resultant discharge and charge curves are shown in Fig. 7.4.7. Table 7.2 shows
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Fig. 7.4.6. Reconfigurable series-parallel SC energy storage system.

Table 7.2. Operating statuses of units and switches during discharging and charging, and
system configuration in Modes A—D.

Units 1 and 2 Q11,Q12 Q13 Configuration
Mode A Mode 1 (4) ON OFF two series six parallel
Mode B Mode 3 (6) ON OFF three series four parallel
Mode C Mode 1 (4) OFF ON four series three parallel
Mode D Mode 3 (6) OFF ON six series two parallel

the operating status of the units and switches and the system configuration during the
discharging and charging experiment.

The system configuration was modified from Mode A to Mode D during discharging. When
a system voltage lower than a predetermined lower voltage level (approximately 3.2 V in this
case) was detected, the system configuration was modified by changing the operating statuses of
the units and/or switches. As the discharging progressed, the number of series connections was
increased consistently, whereas the number of parallel connections was decreased. The cell
voltages decreased with discharging, but the system voltage was maintained within a desired
voltage range. All the cells were uniformly and deeply discharged. The experimental results
demonstrated that the system can achieve high energy utilization without causing voltage
imbalance. During charging, in which the system was modified in reverse direction, all the cells
were uniformly charged while the system voltage was kept within the desired range.

7.4.4 Conclusions

A series—parallel reconfiguration technique for SC energy storage systems was proposed in
this section. This technique by which circuit configuration can be changed between 2-series
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Fig. 7.4.7. System, module, and cell voltage curves during (a) discharging and (b) charging.

3-parallel and 3-series 2-parallel, realizes less variation in module voltage than does a
conventional series—parallel changeover circuit.

The experimental EDLC module was cycled to verify its performance. The resulting
discharge/charge curves showed almost as similar as theoretical characteristics. The
experimental results demonstrated that the SCs can be discharged deeply, achieving a high
energy utilization ratio (80.6% under experimental conditions). The voltage variation ratio of
the proposed circuit (36%) was confirmed to be much smaller than that of a conventional
series—parallel changeover circuit (50%).

7.5 Comparison

The UIC using cascaded SCCs is considered advantageous over other topologies including
conventional and proposed reconfigurable UICs from the viewpoint of design flexibility
because the voltage variation range of the UIC using cascaded SCCs can be arbitrary
determined with the number of MLCCs stacked in series, as mathematically discussed in
Section 7.3.1.4, whereas others' are determined with the number of SCs. However, the UIC
using the cascaded SCCs requires numerous components, such as switches and MLCCs,
compared with other UIC topologies and conventional dc-dc converters. The high component
count may reduce the reliability. Multiple UICs can be used for redundancy when the reliability
is a serious issue. Since the size and mass of this UIC can be small because of the lack of
magnetic components, multiple use of the UICs may not have major negative impact on system
mass, although cost increase due to multiple use is very likely.

On the other hand, the series-parallel reconfigurable UIC is considered less flexible in
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designing the power system because at least three or two strings in parallel are necessary to
configure. Although less flexible, the efficiency can be higher because of the lack of
high-frequency switching operation. Considering these points, this UIC will find applications
where multi-string SCs and high-efficiency power conversions are needed for large energy and
power systems.

7.6 Chapter Conclusions

Since specific energies of SCs are low and SC voltage variation with cycling is large,
high-efficiency power conversion electronics with wide operation voltage range are necessary in
order to fully utilize stored energies of SCs. Extending operation voltage range of conventional
dc-dc converters using magnetic components may cause negative influences on size, mass, and
power conversion efficiencies.

In this chapter, two novel magnetic-less UICs were proposed for SC-based power systems.
The UIC using cascaded SCCs with selectable intermediate taps, whose prototype demonstrated
higher than 95% power conversion efficiency at 150 W, offers better design flexibility, but their
high component count may pose a issue of reduced reliability. In addition, a few percent power
conversion loss due to high-frequency switching operation is inevitable. Hence, it is more
suitable in application having relatively low load power requirement rather than in that with
high power requirement. On the other hand, the UIC based on the series-parallel reconfigurable
technique requires at least three or two SC strings connected in parallel, and is considered less
flexible. However, it can achieve even higher efficiency because of lack of high-frequency
switching operation, and therefore, it will find applications where multiple strings are necessary
for large energy and power systems.
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Chapter 8
System Consideration and Experiment

8.1 Introduction

Spacecraft power systems are designed considering load power requirement and
environmental conditions, especially sunlight and eclipse periods, which determine length of
charging and discharging periods, respectively. In this chapter, an SC-based LEO spacecrafts
power system for a 28-V bus with 50 W load power requirement is studied. Based on the bus
voltage and load power requirement, a suitable power system architecture is selected, and a
power conditioning system is designed using power system components proposed in Chapters 5,
6, and 7.

8.2 Power System Architecture

The load power requirement of 50 W is small and falls into small/micro spacecraft power
systems. For power systems with low load power requirement, typically lower than a few
kilowatt, sun-regulated or unregulated power systems are more suitable than fully-regulated
systems. With the unregulated architecture shown in Fig. 2.5.3(b), in which charging for SCs is
controlled by the bus voltage regulator, the power system configuration can be simplest.
However, the UIC existing between the SC and bus voltage regulator poses possible instability
and decreased accuracy of charging, which originate from the interaction between the UIC and
bus voltage regulator, as discussed in Chapter 2.5.1.3. On the other hand, in the sun-regulated
architecture without a discharge diode, shown in Fig. 2.5.2(c), the charge regulator is directly
connected to the SC, eliminating the negative interactive influences. In this chapter, the
sun-regulated bus architecture without a discharge diode, shown in Fig. 2.5.2(¢c), was chosen for
the experiment.

8.3 Cell Voltage Equalizer and Charge Regulator

In order for the power system with 50 W load power requirement to be light-mass at
reasonable cost, simplifying power system configuration by reducing the number of power
system components is more effective than improving individual performance of components,
such as cell voltage equalizer and charge/discharge regulators. Therefore, combining
components, if possible, into one unit is considered suitable than having separate components,
making an equalization charger, discussed in Chapter 6, an attractive choice.

Two equalization chargers were proposed, and the comparison was already made in Section
6.6, concluding the equalization charger using multi-stacked buck-boost converter is more
suitable for small charge power requirement. The single-switch equalization charger using
multi-stacked SEPICs, shown in Fig. 6.4.1(a), was used for the experiment in this chapter.

8.4 Discharge Regulator
In the sun-regulated bus architecture for SC-based power systems, the UIC is used as a
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Fig. 8.5.1. System configuration for experimental SC-based sun-regulated 28-V bus system.

discharge regulator, as shown in Fig. 2.5.2(c). Two proposed magnetic-less UICs were
compared in Section 7.5, in which suitable applications of the proposed UICs were discussed;
the UIC using cascaded SCCs is considered to find applications having relatively low load
power requirement, whereas the UIC based on the reconfigurable technique is suitable in high
power applications. Since the load power requirement in this chapter is very low to be 50 W, the
UIC using cascaded SCCs with selectable intermediate taps, shown in Fig. 7.3.4, was used for
the system experiment.

8.5 System Experiment
8.5.1 Experimental Conditions

System configuration for the experimental sun-regulated 28-V bus system is shown in Fig.
8.5.1. Four EDLC modules with capacitance of 220 F at a rated charge voltage of 15.0 V,
shown in Fig. 5.4.8, were used for the experiment instead of using individual EDLC cells for the
sake of simplifying the experimental configuration, and were connected in series to form a 60-V
55-F EDLC unit. Each individual EDLC module has its own built-in shunting equalizers.
Instead of the PV arrays with the bus voltage regulator, a regulated dc power supply with an
output voltage of 33.6 V was used for the system experiment. The 25 W prototype of the
SEPIC-based CP equalization charger tested in Chapter 6.4.3 was used for the experiment, and
was operated at 70 kHz with fixed duty cycle of 0.15. The input current for the equalization
charger, /¢, was constant to be approximately 0.69 A at input voltage of 33.6 V. The 150 W
prototype of the UIC using cascaded SCCs, shown in Fig. 7.3.10, was used for the system
experiment, and its intermediate taps were changed when the bus voltage falling below the
lower voltage limit of V; =24.0 V during discharging was detected.

The regulated power supply was turned on and off to emulate sunlight-eclipse cycles. The
load was a constant current load of 1.5 A. In order to demonstrate the system operation, the
EDLC modules were cycled so that the bus voltage fully varies in the range of 24.0-33.6 V,
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Fig. 8.5.2. Resultant sunlight-eclipse cycling profiles of the experimental SC-based
sun-regulated 28-V bus system.

which is as same as the range of 8-sereies LIB cells as shown in Fig. 7.3.3, and the periods of
sunlight and eclipse were not precisely controlled. For the sunlight periods, the dc power supply
was turned on until the voltage of each EDLC module reaches approximately 14. 8V. On the
other hand, the power supply was disabled during eclipse periods until the average EDLC
voltage falls below 6.0 V. The equalization charger and UIC were disabled during eclipse and
sunlight periods, respectively. The experimental sunlight-eclipse cycling was performed from
an initially voltage-imbalanced condition.

8.5.2 Experimental Results

The resultant sunlight-eclipse cycling profiles are shown in Fig. 8.5.2. During sunlight
periods, /¢y, was almost constant to be approximately 0.69 A, meaning that the equalization
charger operated with the CP charging scheme, and the charge power was approximately 23.2
W. The voltage imbalance was eliminated as the EDLC voltages increased. When the average
EDLC voltage reached approximately 14.8 V, the dc power supply was disabled to emulate
eclipse period, and the UIC started to operate. The bus voltage decreased as the EDLCs
discharged, and the intermediate taps of the UIC were shifted in turn when the bus voltage
reaching 24.0 V was detected. The output current of the UIC, Igcc, increased stepwise as the
selected intermediate tap changed, as similar to the results shown in Fig. 7.3.12(a).

In the experimental SC-based sun-regulated 28-V bus system, the voltage imbalance of
EDLC modules was eliminated during charging, and the bus voltage was maintained within
24.0-33.6 V for the entire periods, while the total voltage of EDLC modules varied between
24.0-59.2 V (6.0-14.8 V/module). The round-trip efficiency of the EDLC power system (the
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bus to the EDLC and back to the bus) was approximately 79%, which was in a good agreement
with the total efficiency of the equalization charger and the UIC (85% % 95% = 80.7%). The
results demonstrated that the designed SC-based sun-regulated system can properly operate as a
28-V-bus spacecraft power system.

8.6 Conclusions

An SC-based power system was designed for a 28-V-bus power system with a load power
requirement of 50 W in this chapter. Based on the system consideration, the sun-regulated bus
architecture was selected, and the CP equalization charger using multi-stacked SEPICs and the
UIC using cascaded SCCs, which were proposed in Chapter 6 and 7, respectively, were
employed to build the experimental SC-based power system. Four 15-V EDLC modules were
connected in series to form a 60-V EDLC unit. The experimental system test emulating
sunlight-eclipse cycles was performed from the initially voltage-imbalanced condition. The
voltage imbalance was eliminated during charging, and the bus voltage variation was
maintained within 24.0-33.6 V, which is in a typical variation range of sun-regulated 28-V
systems, while the total EDLC voltage swung between 24.0-59.2 V (6.0-14.8 V/module). The
results demonstrated proper system operation of the designed SC-based sun-regulated 28-V-bus
power system.
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Chapter 9

Conclusions

SC technologies have a great potential of achieving longer service life over wider operation
temperatures than do traditional LIBs in spacecraft power systems. The feasibility of SC
technologies being an alternative energy storage source in spacecraft power system was studied,
and power system components for SC-based power system were developed in this study.
Expected major obstacles that originate from innate SC characteristics were posed and
addressed. The raised obstacles include: (1) need of accelerated aging testing and/or life
prediction model to properly design SC-based power systems, (2) possible mass increase due to
low specific energies of SCs, thus needing a consideration for mass reduction at a power system
level, (3) cell voltage imbalance originating from nonuniform individual cell properties of
series-connected SCs, and (4) large voltage variation during cycling. Among a variety of SC
technologies, two different types of SCs (EDLCs and LICs) were used to establish universal
evaluation methods for feasibility study and to develop power system components universally
applicable to other SC technologies.

The feasibility study was carried out based on experimental cycle life testing, establishment
of ageing acceleration and life prediction model, and mass comparison between LIB- and
LIC-based power systems.

In order to investigate the feasibility of aging acceleration and to establish a cycle life
prediction model, the cycle life performance of EDLCs and LICs were evaluated emulating
LEO cycling conditions. The resultant aging trends were linearly extrapolated with the square
root of the number of cycles as the x-axis, and were mainly influenced by ambient temperature,
suggesting that the aging can be accelerated by elevating the temperature. Ageing acceleration
factors could be obtained from the activation energies determined by the Arrhenius equation.
The cycle life prediction model was established combining the extrapolation and acceleration
factor. The experimental and predicted aging trends were in good agreement, verifying that
achievable cycle life of SCs at a given temperature is predictable.

The system mass comparison between LIB- and LIC-based LEO spacecraft power systems
including PV arrays and power conditioning systems was made based on mathematical analysis.
Although the specific energy of LIC is rather lower than that of LIB, the gap can be bridged to
great extent by operating the LIC with deep DoD. In addition, the size and mass of PV arrays in
the LIC-based system can be saved by introducing the CP charging scheme. The comparative
analysis indicated the LIB-based systems would still be lighter for traditional cycle life
requirement of 30000 cycles, whereas for even longer life requirement, LIC-based systems
would be advantageous over LIB-based systems in terms of system mass and/or operation
temperature range. The results imply that SCs, especially LICs, would be an alternative energy
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storage source that achieves longer service life at extended operation temperature ranges than
would have been achieved with LIBs at comparable power system mass.

Power system components for SCs were developed to address the issues of the cell voltage
imbalance and large voltage variation during cycling.

Three novel cell voltage equalizers were proposed considering SC characteristics and general
requirement in spacecrafts, such as reliability, design flexibility, and poor variety of rad-hard
components. The proposed single-switch equalizers offer reduced circuit complexity, and good
extendibility and design flexibility, compared with conventional equalizers. Two novel
single-switch equalization chargers, which can simplify the power system configuration as a
whole by integrating a charger and equalizers into one unit, were also proposed based on the
single-switch cell voltage equalizers. Equalization performances of the proposed equalizers and
equalization chargers were experimentally demonstrated using series-connected EDLCs.

As high-efficiency power conversion electronics operational over wide voltage range, two
novel UICs, which are bidirectional dc-dc converters without voltage regulation, were proposed.
Experimental charge-discharge tests were performed for EDLCs using the proposed UICs. The
experimental results demonstrated that whereas EDLC voltage varied significantly, the UICs
maintained the bus voltage variations within a desired range at high efficiencies.

An SC-based power system for a sun-regulated 28-V bus with 50 W load power requirement
was considered and designed using the proposed power system components. The experimental
power system using the singe-switch equalization charger and the UIC was built for a 60-V
EDLC. The experimental test emulating sunlight-eclipse cycles was performed, and the system
operation of the SC-based power system was verified.

Commercial EDLCs have been available for years, and their performance has been steadily
increasing. Meanwhile, the commercialization of LICs has just began in recent years, and there
would be likely to be rapid performance improvement. As SC performance increases and new
SC technologies become available in the arena, the likelihood of SC technologies being
considered to be alternatives to traditional secondary batteries would be further improved.
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