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Abstract—Recently, increased emissions regulations and
a push for less dependence on fossil fuels are factors that have
enticed a growth in the market share of alternative energy vehi-
cles. Readily available energy storage systems (ESSs) pose a chal-
lenge for the mass market penetration of hybrid electric vehicles
(HEVs), plug-in HEVs, and EVs. This is mainly due to the
high cost of ESS available today. However, tremendous research
efforts are going into reducing the cost of these storage devices,
increasing their lifespan, and improving their energy density. This
paper aims to give an overview of the current state of readily
available battery and ultracapacitor (UC) technologies as well as
a look ahead toward promising advanced battery chemistries and
next generation ESS. Energy management systems and various
battery balancing configurations are discussed in addition to
battery state/parameter estimation and protection mechanisms.
Finally, hybrid ESSs (HESS) are reviewed as a mitigation strategy
to the shortcomings of traditional battery and UC technologies.
Consideration is given to the combination of advanced battery
chemistries with UCs to portray HESS performance, which can
meet and exceed the performance of current ESS technologies.

Index Terms—Battery balancing, battery management
systems (BMSs), battery modeling, battery technology, energy
management systems (EMSs), energy storage system (ESS),
hybrid ESSs (HESSs), Li-ion batteries, ultracapacitors (UCs).

I. INTRODUCTION

N THE absence of any policy change, the International

Energy Agency (IEA) predicts a 70% increase in oil
consumption and a 130% increase in CO, emissions by 2050,
raising the global average temperature by 6 °C [1]. In order to
reduce global CO; emissions to 2008 levels by 2050, an injec-
tion of U.S. $17 trillion in investments is needed by 2050.
This amounts to an average of U.S. $400 billion of invest-
ments in clean energy technologies per year by 2050 [1].
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The research, development, and commercialization of these
energy efficient technologies require not only significant
investments from the private sector but from the public sectors
as well. Other factors, which will accelerate implementa-
tion of these technologies, are new and stricter regulations,
government incentives, and a change in public opinion. The
transportation sector contributes significantly to the increase in
oil demand and CO, emissions. The IEA claims that in order
to simply curtail the CO, emissions to 2008 levels by 2050,
a drastic change must occur in the transportation industry.
These changes will involve alternative energy vehicles to
dominate the light-duty vehicle market and an increase of 50%
in fuel economy by 2050 [1].

These alternative fuel vehicles, which include hybrid electric
vehicles (HEV), plug-in HEVs (PHEVs), and EVs, which,
in general, are referred to as XEV, have the added benefit
of an electrified powertrain, offering much greater efficien-
cies than its counterpart, the internal combustion engine.
In addition to being more efficient, electrified powertrains are
able to recapture breaking energy that is, otherwise, wasted
through mechanical breaks. The primary components in an
electric propulsion system are the motor/generator, the battery/
ultracapacitor (UC) pack or energy storage system (ESS), and
the power electronics drive system. The latter ensures the
energy conversion and transfer between the electric machine
and the ESS [2], [3]. Battery technology is one of the major
barriers to the mass market adoption of XEV. As such, battery
technologies are being extensively researched nowadays and
the industry’s landscape is rapidly changing.

This paper aims to offer an overview of the current
state of battery/UC technologies, energy management Sys-
tems (EMSs), as well as hybrid ESSs (HESSs) for elec-
tric drive vehicles. First, current prevalent battery/UC cell
chemistries will be discussed and an overview will be given
on advances in UC and Li-ion battery technology. Second,
EMSs, which includes protection, state/parameter estimation,
and balancing, are discussed. And finally, the benefits offered
by HESS are discussed as well as an overview of prevalent
HESS topologies.

II. CELL TECHNOLOGIES

Nowadays, most research efforts in battery technology are
geared toward increasing specific energy and reducing cost
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Fig. 1. Spider plots of prevalent battery technologies. (a) Lead acid. (b) Nickel metal hydride. (c) ZEBRA. (d) LiFePO. (e) LiNiMnCo. (f) LiNiCoAlO.

(g) Lithium—sulfur. (h) UC.

while maintaining a high cycle life. The U.S. Advanced Bat-
tery Consortium (USABC) has set specific goals to be reached
by 2020 for pure EV battery packs. These include a specific
energy, at cell level, of 350 Wh/kg, a cost of $100/kWh at
the production volumes of 100000 45 kWh units, and a cycle
life of 1000 cycles. In the automotive industry, the end of
life of a battery marks the number of charge/discharge cycles,
which the battery undergoes before it reaches 80% of the initial
battery capacity.

In this section, readily available cell technologies are
discussed and compared. Each cell chemistry is evalu-
ated on seven different metrics and compared with the

USABC 2020 goals, shown in Fig. 1. Safety as a performance
metric is not particularly outlined in the USABC goals;
however, this is a critical metric in the light of the recent
incidents associated with batteries. Therefore, the USABC
goals have been augmented to include the onset temperature
of thermal runaway for each cell technology as an indicator
of safety [13], [24], [25], [27]-[31]. A score of 0% to 100%
for each metric is given to the cell technology depending on
how well it meets the augmented USABC goals. The metrics
used are energy density (Wh/L), specific energy (Wh/Kg),
specific power (W/Kg), self-discharge (% of initial cell capac-
ity per day), cost ($/kWh), cycle life (cycles), and safety.
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Specifications Augmented USABC  Lead Acid Nickel Metal Hydride =~ ZEBRA Ultracapacitor
Specific Power (W/Kg) 700 75 - 150 [4] 80 - 400 [4] 150 - 200 [5], [6] 500 - 100,000 [7], [8]
Energy Density (Wh/L) 750 50 - 80 [7] 60 - 150 [7] 135 - 180 [51, [71 10 - 30 [7]
Specific Energy (Wh/Kg) 350 30 - 50 [7], [8] 45 - 80 [9] 100 - 120 [5], [7] 2.5 -15[7]
Self-Discharge (%/day) 0.03 0.29 - 0.57 [4] 1-1.43 [4], [10] 15 [7] 20 - 40 [7]
Cost ($/kWh) 100 100-150 [11] 150 - 250 [2], [9] 100 - 200 [7] 300 - 2000 [7]
Cycle Life (cycles) 1000 500 - 1000 [7] 1200 - 2000 [12] >2500 [7], [8] >100,000 [7], [8]
Thermal Runaway (°C) 220 ¢ 60 - 100 [13], [14] 110 - 175 [8] - b - “[15]
“Added to USABC goals
bZEBRA batteries operate at temperatures larger than 270 °C
“Cell vented before thermal runaway onset temperature was reached
TABLE 1T
Li-ION BATTERY SPECIFICATIONS
Specifications Augmented USABC  LiFePO4 LiNiMnCo LiNiCoAlO2 Li-S
Specific Power (W/Kg) 700 250 - 1600 [4] 500 - 2400 [4] 700 - 800 [4], [16] 1500 - 3000 [17]
Energy Density (Wh/L) 750 250 - 500 [71, [18] 230 - 550 [7], [18] 500 - 670 [7], [19] 1500 - 2600 [7], [19]
Specific Energy (Wh/Kg) 350 80 - 140 [4], [16] 126 - 210 [16], [18] 145 - 240 [19], [20] 350 - 600 [17], [18]
Self-Discharge (%/day) 0.03 0.1 -1.29 [4], [7] 0.1 -0.71 [4], [7] 0.1 - 0.57 [4], [7] 0.025 - 32 [21]
Cost ($/kWh) 100 300 - 600 [22] 300 - 600 [22] 300 - 600 [22] >130 “ [19]
Cycle Life (cycles) 1000 1000 - 2000 [16] 1200 - 1950 [16], [23] 1000 - 1280 [16], [20] 80 - 110 [16], [23]
Thermal Runaway (°C) 220 b 195 [24] 168 [24] 136 - 160 [25] 125 - 200 [26]

“Estimation based on cited work
b Added to USABC goals

A summary of each cell chemistry’s performance and spec-
ifications is given in Tables I and II. The data outlined
in Tables I and II, which are also shown in Fig. 1, were
obtained after an extensive investigation of the existing battery/
UC technology literature. Particular attention was mostly paid
to the literature, which obtained experimental results for each
one of the seven metrics considered in this paper. For each
metric of each battery/UC technology, there typically exists
more than one experimental value reported in the literature.
The maximum and minimum values for each one of these
metrics for each cell technology are outlined in Tables I and II.
These minimum and maximum values are used to generate the
green and red plots, shown in Fig. 1, to portray a technology’s
best and worst performance, respectively.

A. Nickel Metal Hydride Batteries

Nickel metal hydride (NiMH) batteries, whose performance
data are shown in Fig. 1(b) and in Table I, have been
used in HEVs for 14 years. Prominent cell manufacturers of
NiMH include PEVE and Sanyo Electric (Panasonic). The
technology has been well developed and has shown durability
in vehicles, such as the NIMH RAV4 EV, which has been in
operation for over ten years [32]. Electrochemically, the neg-
ative electrode is hydrogen that is absorbed/released in an
intermetallic compound. The positive electrode is composed of
nickel compounds and the electrolyte is typically an aqueous
solution of 30 wt% potassium hydroxide [33]. Commercially
available cells are produced in both cylindrical and prismatic
hard case variants and span a voltage of 1.2-1.35 V [33].

Coulombic efficiency is about 10% less than that of the lead-
acid batteries [33]; however, NiMH power/energy capabili-
ties are far greater, typically factors of two to three times
the power/energy density of lead acid. NiMH technology’s
shortcomings lie in their significantly higher self-discharge
rate [33], which does not allow them to be ideal candidates for
energy-oriented applications, such as PHEVs and EVs. Recent
advances in NiMH include the usage of bipolar cell designs
to increase power [34].

B. ZEBRA Batteries

The origins of the sodium nickel battery, also called the
ZEBRA battery, are traced back to South Africa, where the
first patent was awarded for this technology in 1978 [35].
In 1984, the first EV to be powered by a ZEBRA bat-
tery was driven in Derby, UK. The technology has been
in development since then and has matured. Commercially
available ZEBRA batteries, whose performance data are shown
in Fig. 1(c), are based on sodium nickel chloride (Na—Ni—Cl)
electrochemistry where sodium is the negative electrode and
nickel chloride is the positive electrode. ZEBRA batteries
operate at a temperature of 270 °C to 350 °C [36], since
sodium is found in its molten state at these temperatures.
As a result, these batteries are more commonly referred to
as molten salt batteries. The cells are manufactured in an
upright rectangular box format. Special pack design and ther-
mal considerations are needed to maintain the high operating
temperature. As a result, the energy required to maintain oper-
ating temperatures result in a self-discharge. Some advantages
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of this technology include a relatively high specific energy
of 90-120 Wh/kg [5], [7] shown in Table I, their insensitivity
to ambient temperature, and fault tolerance. The latter is due
to the cells having a low resistance short-circuit state when
cell damage occurs, allowing continuous operation during cell
failures [5], [35]. This makes them operationally safe and
good candidates in harsher climates. In addition, they have
a near 100% Coulombic efficiency [35], [37] and a cycle life
measured to be over 2500 cycles [8], [35]. These batteries
have better energy density and specific energy than NiMH,
and their power capabilities and pack cost are less. However,
their higher self-discharge rate measuring at 15% [7] per day
is an order of magnitude larger than the other electrochemical
devices considered in this paper. Applications, which have
employed ZEBRA batteries, include European EVs, such as
Think EV, Iveco Electric Daily, and Modec EV vans.

C. Li-Ion Batteries

Battery technology has come a long way in the last few
decades. Li-ion battery technology powers most mobile appli-
cations from smartphones and laptops to, nowadays, ESSs for
electric drive vehicles and smart-grid applications. In the case
of XEVs, Li-ion batteries are energy dense and, therefore,
allow the vehicle to have a longer electric-only driving range;
however, they typically do not have the specific power to
provide or accept large power spikes, resulting from the
dynamic power profile of a vehicle. During a regenerative
braking scenario, Li-ion batteries are limited in terms of the
power levels, which they can handle; therefore, a large portion
of the regenerated energy is dissipated through the mechanical
brakes. Under highly dynamic power profiles, the battery of an
XEV can be greatly overstressed, which negatively affects the
longevity of its lifespan. Highly dynamic load profiles imposed
on the battery pack induces degradation at the cell level, which
leads to increased internal resistance. Capacity fade is also
a consequence of this phenomenon, which most often results
in premature cell end of life or even premature failure [38].

There are various materials used in the construction of
Li-ion cell electrodes. The cathode materials are usually
oxide variants of lithium metal amalgams, which usually
contain either manganese (LMO), cobalt (LCO), nickel,
iron—phosphate (LFP), or mixtures thereof, such as
LiNiMnCo (NMC) and LiNiCoAlO, (NCA), containing
an aluminum blend [39]. Anode materials are typically
graphite, although hard carbon, silicon—carbon compounds,
lithium titanate, tin or cobalt alloys, and silicon—carbon blends
have also been used in consumer electronics. In all varieties,
lithium ions transport back and forth between the electrodes
and transfer electrons in an intercalation-based reaction
instead of a traditional molecule-to-molecule chemical
reaction. The benefits of Li-ion technology are higher cycle
life [16], [20], high Coulombic efficiency (up to 98%) [39],
and low self-discharge [4], [7]. A wide variety of electrolyte
materials are also possible from solid-based to liquid-based,
usually of the organic nonaqueous form. The usage of
lightweight materials and the high voltage potential of
lithium-ion electron transfer give rise to high power/energy
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densities and some of the highest electrochemical cell nominal
voltages, e.g., 3.2-3.8 V [34], [40]. The LiFePO (LFP) variant,
whose spider plot is shown in Fig. 1(d), is considered to be
among the safest Li-ion cell chemistries due to its higher
thermal runaway temperature [39]. Meanwhile, NMC and
NCA cells are dominating the EV market nowadays given
their stronger power/energy performance when compared with
other technologies, as can be observed in Fig. 1(e) and (f)
and Table II. As a result, companies, such as Panasonic,
Tesla, LG Chem, and Samsung SDI, are heavily investing in
these two cell chemistries.

Nowadays, Li-ion chemistries are being extensively
researched and developed to significantly increase energy and
power capabilities as well as operating voltage. For example,
improvements in NMC cathodes have shown an increase
in operating voltage from 4.13 to 4.3 V [41]. In addition,
operating voltages of up to 4.7-4.8 V have been observed
in lithium vanadium phosphate cathodes, which have been
integrated into the Subaru 64e prototype [42]. Although, some
members of the research community are focusing on incremen-
tal improvements in the conventional Li-ion chemistries, many
others are betting on a leap in technology embodied by the
next generation Li-based battery cells that have the capability
to significantly outperform the conventional Li-ion cells.

D. Advances in Li-Based Battery Technologies

Conventional Li-ion battery technology has a theoretical
specific energy of 387 Wh/kg [43], [44]. Commercial cells
manufactured, nowadays, are approaching a specific energy
of 240 Wh/kg [40], and thus, it is clear that the current Li-ion
battery technology is reaching its limits. If mass marketed EVs
are to ever reach a driving range of over 500 km per charge,
the dawn of a new age in commercial battery technology must
come about.

Li—Air (Li»O7) and Li—S chemistries have been gaining
a great deal of interest from the research community pri-
marily due to their very high theoretical specific energy of
3582 and 2567 Wh/kg, respectively [44], [45]. In addition,
Li—Air and Li-S cathodes are composed from abundantly
available materials, such as O, and elemental sulfur, respec-
tively, which would render these cells cheaper to manufacturer.
Both of these battery technologies posses the same metallic
Lithium anode where Li is oxidized when a load is observed
in the external circuit. Lithium ions then travel across the
electrolyte to reduce oxygen or elemental sulfur in the cathode
of Li—Air and Li-S cells, respectively. Much of the increased
theoretical energy density of these batteries is a consequence
of its pure metallic lithium anode, which can hold more charge
than lithiated graphite anodes per unit mass found in traditional
Li-ion batteries [44], [46]. Furthermore, the cathode in readily
available Li-ion batteries, such as the cathode in the LiCoO;
cells store less lithium than LioO; or LisS cathodes [44], [46].

In Li-Air cells, Li ions react with O, 2, which is reduced
from Oy in surrounding air. Initially, unwanted discharge
products form due to Li ions reacting with other mole-
cules within air, such as CO,. As a result, Li—Air cells are
wrapped with various types of membranes to increase their
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permeability to O>. A key and important factor inhibiting
commercialization of these cells is electrolyte degradation
giving rise to poor lithium cycling efficiencies and capacity
fading [44], [46]-[48]. Currently, research on Li-Air cells
shows as much as 50% capacity fade after only 20 discharge
cycles [44].

Similarly, Li—S cells suffer from poor sulfur cycling efficien-
cies, which lead to fast capacity fading [17], [44]. In addition,
sulfur is a good insulator, thus leading to poor electrode
kinetics and limited discharge rates [44], [46], [49]. Currently,
Li-S prototype cells experience as much as 50% capacity fade
after 50 discharge cycles [44]. This and other performance
specifications of Li—S are shown in Fig. 1(g) and in Table II.
Sion Power is one of a few privately held companies, which
is developing this technology. They currently claim having
developed Li—S cells with a specific energy of 350 Wh/kg
and predict that this value will increase to 600 Wh/kg in the
future [50].

Some advances have been made recently to accelerate the
advent of Li-Air and Li—S batteries. These studies have
focused primarily on replacing traditional carbon—S cathodes
with graphene-S cathodes. Graphene has a high electrical
conductivity and has a large surface area, which can lead to
improved cycle life [43], [S1]-[55]. Using graphene, a capac-
ity fade of under 30% after 100 cycles is being reported
by some studies [43]. Recently, silicon is also being con-
sidered as an alternative to graphite-based anode materials
to address the issue of capacity fading in Li-based battery
technology [56]-[59]. One study reported a capacity fade of
only 3% after 1000 cycles by constructing the electrode from
pomegranate-shaped silicon-carbon structures [59].

E. Ultracapacitors

Traditional capacitors are composed of two electrodes with
a middle separator made of solid dielectric material. Energy
is stored in the form of electrostatic potential when the
two plates become oppositely charged. Typically, the solid
dielectric materials chosen are ceramics and metal oxides [2].
The lack of faradaic processes results in a terminal voltage
that is directly proportional to the state of charge (SOC) [60].
While the plates accumulate charge, the dielectric material’s
molecular dipoles, which find themselves antiparallel to the
electric field, will feel a torque that realigns them with the
electric field. As a result, capacitance is dependent on surface
area of the electrode, the dielectric constant, and the separation
distance between plates, as follows:

Ae
C = R (1)

UCs or supercapacitors are different than traditional capaci-
tors, since they employ two forms of energy storage: elec-
trostatic storage and electrochemical storage. Furthermore,
instead of having a solid dielectric material separating both
electrodes, they possess an electrolytic solution. Energy stor-
age in the form of electrostatic potential is called the elec-
tric double-layer capacitance [61]. This is also, sometimes,
referred to as a Helmholtz double layer due to Helmholtzs’
discovery of the double layer of charge, which accumulates
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at the interface between electrode surface and electrolyte.
One layer develops in the form of charge on the electrode,
while a second layer develops in the form of ions, which
diffuse from the electrolytic solution to the surface of the elec-
trode. This diffusion process is very similar to the one, which
occurs within Li-ion batteries. The charge on the electrode
surface must be equal and opposite to the charge accumulated
on the electrolyte layer as a result of electroneutrality. The
layer of charge formed on the electrode surface is typically
less than 1 A(0.1 nm) thick, while the layer of charge on
the electrolyte phase is much harder to model due to its
complex structure [62]. The electric double layer, which forms
at the interfacial region of both electrodes, can be modeled as
a capacitance [61].

Energy storage in the form of electrochemical potential is
the second form of energy storage utilized in some UCs. This
form of energy storage, called pseudocapacitance, is achieved
when ions in the electrolyte diffuse to the electrode—electrolyte
interface where they adsorb into the electrode lattice struc-
ture [61], [63], [64]. Other processes have been used to
achieve pseudocapacitance; these include redox reactions of
ions within the electrolyte, and doping of active polymers in
the electrode [61]. In the case of pseudocapacitance through
adsorption, intercalation and electrodeposition can occur at
the surface whereby product ions, such as Li*, are incorpo-
rated into the electrode lattice. While undergoing adsorption,
the ions give up or receive electrons through oxidizing and
reducing reactions [61], [65].

In the case of electric double-layer capacitors (EDLCs),
energy is stored in the electric double layer rather than
in faradaic processes. Ions in the electrolyte diffuse toward
the electrode surface and can integrate into the porous
lattice [2], [61]. On the other hand, pseudocapacitors use
only faradaic redox reactions as their main form of energy
storage [2], [61]. Charge transfer is observed between the
electrolyte phase and the electrode phase. Pseudocapacitors
present higher energy densities than traditional EDLC but they
also have their drawbacks. These are primarily due to their
reliance on processes, such as adsorption and electrodeposition
into the electrode structure during charge transfer processes,
which increases wear and deterioration of the lattice structure
and, therefore, lends to shorter life cycles. So far, manufac-
turers have only been able to produce cells with only one out
of the two electrodes being pseudocapacitive [61]. These are
more commonly referred to as hybrid asymmetric UCs. Two
of the most advanced hybrid UC cells available on today’s
market are the Yunasko S000F cell and the JM energy Ultimo
1100F cell. According to a study done at the U.C. Davis Insti-
tute of Transportation Studies, these cells, in their laminated
pouch form, possess a specific energy of 30 and 10 Wh/Kg
while maintaining a specific power of 3395 and 2450 W/Kg,
respectively [66]. Performance data of ultracapcitors are shown
in Fig. 1(h) and in Table II.

As will be discussed in greater detail in Section V, ultra-
capcitors are being strategically used to enhance ESS power
and lifetime capabilities by buffering the battery and enabling
greater acceleration and regenerative braking capabilities.
Maxwell UCs are being employed in hybrid buses and in PSA
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microhybrids [42], [67]. A new Mazda-6 model uses a UC to
enable regenerative braking on a 12 V start—stop microhybrid.
Honda, Toyota, and AFS Trinity have each developed concept/
prototype vehicles to enable higher performance through the
use of UCs.

III. ENERGY MANAGEMENT SYSTEMS

An EMS is a system for protection, estimation, and control
of a battery, UC, or HESS to ensure safe high-performance
operation and a long lifetime [68], [69]. ESS consists of
multiple cells that are connected in series and/or in parallel.
Cells are connected in series to obtain a rated voltage of
the pack. Parallel connections increase the rated capacity of
a pack, such that the required amount of charge, i.e., energy,
can be stored. Also, adding parallel cells increase the rated
current, i.e., power, of a pack.

Large packs for XEV consist of hundreds or thousands
of cells. To simplify the arrangement, packs are divided into
modules [70]. Modules deal with the EMS functionality on
a cell level and provide abstraction for a supervisory control.
Communications are typically implemented using a fieldbus
system, e.g., Controller Area Network (CAN), for automotive.
HESSs, discussed in more detail in Section III, feature a power
electronic converter and have a more complex topology com-
pared with a battery or UC pack. The battery and the UC sub-
system are typically well separated and can be treated individ-
ually by the battery management system (BMS) (with excep-
tion of managing the energy flow between the subsystems).

A. Protection

ESS store significant amounts of energy and require passive
and active safety precautions to prevent an uncontrolled
release. Although electromagnetically driven contactors are
used as a form of last line of protection at the pack level,
passive and active safety mechanisms within the pack are
used to ensure the continued safe operation of the battery.
Passive safety mechanisms are used to prevent worst case
scenarios in case of electrical faults, high temperature, or high
internal pressure [71]. Each cell is typically protected against
overcurrents using positive temperature coefficient resettable
fuses and short circuits using bimetallic circuit breakers [70].
Most battery cells also feature overpressure release valves.
Modules are designed considering the expected physical abuse
(vibration, impact, and so on) and thermal isolation of
the cells, e.g., to prevent the progression of a thermal
runaway [71].

EMSs are used to actively protect ESS. Battery and UC cells
are designed to operate in a specified voltage and current
range. Energy storage cells operate typically in the range
Omin = 2.5 V t0 vmax = 4.3 V for Li-ion batteries [40], up
to vmax = 2.7 V for electrostatic double-layer capacitors [72],
and vpmin = 2.2 V to vpmax = 4 V for hybrid UCs [73]. Cells
are designed to handle a rated current but the minimum and
maximum current depends on temperature. Electrostatic cells
need to be derated when they find themselves above a certain
temperature. The temperature dependence of electrochemical
cells is nonlinear, e.g., Li-ion cells cannot be charged below
a certain temperature.
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Safe operation challenges arise when connecting cells in
series (and parallel) to form a pack. Cells do not charge and
discharge equally due to variations in intrinsic cell specifi-
cations, such as internal impedance and self-discharge rate.
These variations are caused by manufacturing tolerances, cell
degradation, and temperature variations across a pack [74].
The EMS has to monitor each cell individually. Each cell
has to be operated strictly within its operation limits to
avoid gradually damaging some of the cells. Operation of
a battery pack without protecting each cell corresponds to
a nearly exponential reduction of the battery life as the string
length increases [75], [76]. In contrast to passive protections,
fine-grained safety mechanisms can be implemented in the
EMS, e.g., considering temperature-dependent current limits
or communicate with chargers and loads to adjust the opera-
tion.

B. State and Parameter Estimation

Cells are characterized by the nominal capacity Q,.
It defines the amount of charge that a cell provides at a speci-
fied current and temperature. The effective capacity Q depends
on the load current (C-rate) and is described by Peukert’s law
with I"t = const.,, where n € [1,1.5] is a chemistry-
dependent empirical factor [77], [78]. Although Peukert’s
equation performs well at room temperature, it does not
consider different temperatures and battery aging [78]-[81].
In general, Q depends on temperature, whereby a decrease
in temperature induces a reduction of Q [79]. For Li-ion
cells, a decrease in temperature increases the cell impedance
(increased electrolyte resistance and reduced mass trans-
port) [79], [82]. Above nominal temperature, the capacity
increases only by a limited amount (at increased cell corrosion
and potential safety risks). Increase in cell impedance as
well as loss of active mass are also a result of battery
aging [83], [84], which has been found to increase capacity
fade [85]-[87]. The SOC x € [0, 1] is the normalized charge
of a cell and defines the amount of charge ¢ = Q x that is
stored in a cell.

A modern EMS estimates the SOC of each cell in the
pack [88], [89]. The SOC cannot be directly measured. The
SOC is mapped onto the open circuit voltage (OCV) [90]
and, in general, is a nonlinear function, varying with age
and temperature [82], [91], [92]. In particular, this function
is nonlinear in the case of batteries but is linear in nature
for UCs. OCV-based SOC estimation measures the terminal
voltage after a cell has rested for minutes or hours (dependent
on chemistry) to attain electrochemical equilibrium and recon-
structs SOC with lookup tables. The main limitations of this
approach are that it cannot be used during operation; the
OCV-SOC characteristic is subject to changes when a cell
ages, and some battery chemistries (e.g., Li-ion) have flat
voltage profiles for intermediate charge levels that yields large
uncertainties in SOC estimation. The conceptually opposing
approach is coulomb counting [82], [88], [93]-[97]. This
method integrates the current flowing into or out of each
battery cell. For chemistries with low self-discharge rates,
such as Li-ion, this method can accurately determine small
changes in the stored amount of charge. The main limitation
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(a) (b)

Fig. 2. Lumped parameter cell models with OCV v, (x), ESR Ry, equivalent
series inductance Ly, self-discharge resistance Rj, and series RC element.
(a) Battery model. (b) UC model.

of this approach is the capacity and charge, i.e., discharge
efficiency needs to be known with sufficient precision. In addi-
tion, the method is susceptible to the drifts of the esti-
mates over time due to small measurement or coefficient
offsets. Hence, the SOC needs to be corrected, which is
typically done through the OCV information [82], [88],
[95], [96], [98]-[100]. More sophisticated methods have
been developed to overcome the shortcomings of the above-
mentioned techniques. These methods are based on (adaptive)
cell models and use voltage and current measurements
to correct the estimate. They can be classified with
respect to their estimation principle: Luenberger observer
[571, [88], [101]-[103], adaptive observer [88], [104], [105],
sliding mode observer [57], [88], [100], [106]-[110], and
Kalman Filters [2], [111]-[113].

Accurate SOC estimation requires cell models, e.g., lumped
parameter models and electrochemical models [91],
[92], [114]. Each model relies on experimental data
to render accurate representations [2], [111], [112], [115].
Simple lumped parameter models for battery and
supercapacitor cells are shown in Fig. 2 [82], [116]. Linear
and nonlinear elements can be added to these models for
higher accuracy or to model specific behavior [117], [118].
Electrochemical models offer higher fidelity than lumped
parameter or equivalent circuit-based models; however, they
tend to be much more computationally expensive. The latter
ensues as a result of the extensive amount of parameter fitting
involved in electrochemical models as opposed to lumped
parameter and equivalent circuit models. The properties of
UC and battery cells tend to change due to aging. Hence,
it is beneficial to estimate the main parameters to improve
the model accuracy [119], [120].

Parameter estimation typically focuses on the estimation of
the capacity and/or the impedance [82], [88]. The capacity
is estimated to improve the knowledge of the energy stored
in cells, e.g., using the OCV-SOC relationship [121]-[125],
augmented Kalman filters [126]-[128], or recursive least
squares (RLS) filters [129], [130]. It is worth noting that the
close relationship of SOC and capacity poses numerical and
stability challenges for the estimation of both values [131].
The impedance is estimated to approximate losses during
charging and discharging and predict the available power in
the batteries [82], [88]. The impedance can be measured by
impedance spectroscopy in laboratory conditions. Similar tech-
niques can be employed using auxiliary circuits [132]-[134]
or the impedance can be estimated, e.g., using Kalman fil-
ters [113], [135]-[141] or RLS filters [95], [98], [142]-[144].
The impedance in combination with current and voltage
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measurements can be used to predict the available power,
named state of power [82], [88].

Parameter approximations can also be used to estimate
the state of health (SOH). The fitness of a cell or pack for
a specific application deteriorates over its lifetime due to
aging [82], [88]. The SOH quantifies the condition of a module
or cell compared with its ideal conditions at the time of
manufacturing. It is a figure of merit that does not correspond
to a physical entity and is given in per unit where 1 is the
performance of a new cell (without manufacturer tolerances)
and O indicates the minimum level that is acceptable for
a certain application. If a pack reaches an SOH equal to
zero, the pack needs to be replaced to ensure a minimum
capability, e.g., the range of an EV. However, a pack with
the same characteristics can be perfectly suitable for a less
demanding application, e.g., as an energy storage element in
a smart home, and batteries can be reused in what is known
as the second-life operation [145].

SOH can be determined with respect to energy (SOHE) or
with respect to power (SOHp). Both indices are calculated
while considering one or more battery parameters [82], [88],
[119], [120]. The main parameter for SOHg computation is the
capacity [119], [120] but it can also consider voltage and/or
self-discharge rates [82], [88] to more accurately capture
the energy capabilities. On the other hand, SOHp is mainly
determined based on the resistance or impedance [82], [88],
where it is commonly referred to as SOHR, and can consider
further parameters. The SOHp has priority in an HEV. In EVs,
the ESS needs to ensure sufficient SOHp and SOHEg to be able
to meet the power and range requirements. SOHp and SOHg
become important parameters when considering an HESS,
which couples two or more storage devices together. This
will be discussed in greater detail in Section IV. The SOH
trend can also be extrapolated to estimate the remaining useful
life (RUL) [82], [88] of a cell or pack to predict necessary
maintenance. Alternatively, the RUL can be estimated based
on observation of the battery conditions and a battery lifetime
model [88].

C. Balancing and Redistribution

An unbalanced pack has a low effective capacity and runs
an increased risk to charge/discharge the cells over/under
the safe operating voltages. Thus, modern EMS uses the
techniques to equalize the SOC of the cells. There are two
classes of balancing hardware: dissipative and nondissipative.
In dissipative balancing, excess charge is drawn from the
cells with the highest SOC and is dissipated through a shunt
resistor or transistor. Nondissipative hardware uses power elec-
tronics links, i.e., dc/dc converters, to move charge between
cells [146]-[150]. Nondissipative hardware can be further
distinguished from a functional point of view. Balancing refers
to equalizing the cell SOCs in a string and is typically applied
during charging. The useful capacity of a balanced string is
that of its weakest cell. During discharge, operation has to stop
once the weakest cell is empty even if the stronger cells still
contain energy. Redistribution dynamically moves charge from
the stronger cells to the weaker cells during operation, such
that all of the energy stored in the stack can be used. It can
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be regarded as a form of nondissipative balancing where each
link is capable of handling the required power.

Dissipative balancing can be either passive and active.
Passive balancing relies on system properties, i.e., the cell
voltage, to achieve balanced cells. An example is a variant
of the configuration shown in Fig. 3(a), which connects the
shunt resistors permanently in parallel to the cells during
balancing. Balancing is achieved, since a higher current is
drawn from cells that have a higher cell voltage compared
with cells with lower voltage. However, passive balancing
draws charge from all cells, including the ones with low SOC
(compared with other cells) and requires a significant amount
of time for balancing. These drawbacks are addressed using
active dissipative balancing that is obtained by combining the
same topology with a control system that actively controls the
balancing switches. The controller identifies cells with high
SOC and removes excess charge from these cells dissipating
the energy in a resistor. Nondissipative topologies move charge
between battery cells. They are typically active and use
a control strategy to identify the balancing current in the links.
They can be classified into cell to cell, cell to stack, and stack
to cell topologies. Power electronics converters are used to
move charge across the stack and realize the balancing links.
Examples are shown in Fig. 3.

The performance of SOC balancing hardware can be rated
in terms of time to balance and energy loss to balance [151].
Time to balance defines how much time is required by
a balancing topology to achieve a balanced SOC given a worst
case initial unbalance and link current, i.e., power and rating.
Energy loss to balance defines how much energy is dissipated
in heat while balancing a worst case initial unbalance. The
worst case initial unbalance of a topology is iterated over all
admissible initial unbalances defined by a maximum unbalance
in percentage [151]. In comparison, active dissipative balanc-
ing improves significantly over passive balancing in terms of
both performance metrics, since the energy dissipation is selec-
tive and applied only to cells with excess charge. Also, active
dissipative balancing can be regarded as benchmark reference
in terms of t2b as it requires a constant time for all admissible
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Balancing topologies. (a) Dissipative. (b) Line. (c) Ring. (d) Inductive. (e) Capacitive. (f) Individual. (g) Common.

initial unbalances. Some nondissipative topologies can match
this t2b benchmark and reduce e2b significantly [151]. Exam-
ples are the capacitive storage element topology and the
multiple inductor topology that are generally suitable for large
battery stacks.

Active dissipative balancing is popular in demanding appli-
cations (e.g., HEV and EV), since the packs require monitoring
of cell voltages, temperatures, and so on. Thus, the infrastruc-
ture for SOC estimation and balancing algorithms is available.
Dissipative balancing is generally regarded as more cost effec-
tive than nondissipative balancing, since the latter one requires
links with more elements, i.e., dc/dc converters [69]. However,
nondissipative topologies simplify the cooling of battery packs
as they reduce the waste heat generated within a battery pack.
Also, their ability to implement the redistribution functionality
allows to use the unbalanced energy of a battery stack that
increases the battery life when some cells loose capacity.

IV. HYBRID ENERGY STORAGE SYSTEMS

As outlined earlier, there are no perfect energy storage
devices, which perform ideally when considering factors, such
as specific energy, specific power, affordability, and safety to
name a few. Discharge/charge rates are slower in batteries,
since charge transfer only occurs through reducing and oxi-
dizing reactions. Thus, UCs have the power density to sustain
the dynamic power profile of a vehicle but they do not have
the energy density to propel the vehicle for a sufficiently long
electric-only driving range. UCs have an almost quasi-infinite
cycle life relative to Li-ion batteries, since operationally they
lack the chemical reactions contributing to battery cell degra-
dation [61], [152]. Two or more devices can be coupled to
obtain an HESS, which combines the benefits of the various
available ESSs. Any combination of battery systems, UCs, fuel
cells, or flywheels can be considered for an HESS [60], [153].
UCs can be combined with a fuel cell device in a HESS
to mitigate the slow dynamic response rate of current fuel
cell technology [154], [155]. Flywheels and batteries have
also been coupled in an HESS where peak demand is offset
to the more power dense flywheel [156], [157]. One recent
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Fig. 4. Prominent HESS topologies. In (a), there are no power converters used and that is why this topology is called a passive parallel configuration. Power
electronics are used to interface a battery pack to a UC bank in (b)—(f). These are referred to as active topologies, each one having its respective benefits and

drawbacks.

study proposed the cell level coupling of a battery and UC
in what they define as a hybrid cell [158]. HESSs are also
extensively researched for distributed generation in microgrid
systems. These have included the coupling of two or more
renewable energy sources, such as photovoltaic systems, tidal
energy generators, wind turbine generators, fuel cell systems,
and battery systems to name a few [159]-[162].

For automotive applications, studies have found that inter-
facing a UC bank with a battery pack can have significant
improvements on the driving range of electric drive vehi-
cles [163]-[166]. One study using a fuzzy sliding mode
controller on a battery/UC HESS showed the most promise,
stating an improvement in a driving range of >30% [164].
In addition, the cost of a battery pack in an EV and a PHEV
is by far the most costly component of the vehicle. Thus,
combining a UC bank with a battery pack offers manufacturers
the option of reducing the size and, therefore, the cost of the
battery pack. Some notable HESS used in prototypes include
the combination of lead-acid batteries with NiMH, Li-ion,
or UCs in microhybrids [42]. In addition, lead-acid [60], [152]
and ZEBRA batteries [6], [167]-[169] have also been buffered
with UCs to increase power and battery life in EVs.

Another prominent benefit of an HESS is its ability to
protect battery SOH and, in turn, prolong battery lifetime.
In effect, offsetting the peak load demand at the dc link onto
the UC allows the battery to provide a mostly constant load
profile. As discussed earlier, imposing peak load demands
on Li-ion batteries increases battery wear, which describes
an increase in deposits at the battery’s solid-electrolyte inter-
face (SEI) [158]. The latter is described as one of the more
prevalent factors leading to battery aging [83], [87], [158],
[170]-[173]. A recent study investigates Li-ion battery aging
through the growth of the SEI in the battery of an HESS
using physics-based battery models [158]. For EVs, coupling

a battery and a UC in an HESS, SOHg is calculated based
on the battery as the UC stores a limited amount of energy.
Similarly, the calculation of SOHp is mainly based on the
UG, since this is used to provide peak power. Compared with
a battery-based ESS, an HESS has the potential to significantly
reduce SOH deterioration and improve battery lifetime [158],
[174], [175]. SOHp given by the UCs can be regarded as nearly
constant due to their high cycle life and they can shield the
battery from peak power demands and microcycles, which
limits the deterioration of SOHg [116]. Typically, research
has focused on modeling aging effects of the battery [158],
[174], [175], since the cycle lifes of batteries are the orders
of magnitude smaller than the cycle lifes of UCs.

The battery and the UC are usually modeled separately
using methods discussed in Section III, such as equivalent
circuit models [116], [152], [176]-[178] or electrochemical
models [158]. SOC is estimated for both storage devices
separately using methods discussed in Section III, such as
Coulomb counting [116], [152], [176], [177]. Depending on
the configuration of the HESS under consideration, these
two models can be interfaced with power electronics mod-
els or a power balancing function to mimic the exchange
of energy between both sources performed by a power
converter [116], [176], [177].

HESS systems are classified under two major types of
classes: passive HESS systems, which do not require power
converters and active configurations, which require dc/dc con-
verters. In Section IV-A, some predominant battery-UC HESS
configurations for automotive applications will be reviewed
and are shown in Fig. 4.

A. Passive Parallel Connection

In this topology, also called passive shunt connection,
shown in Fig. 4(a), the UC bank is directly connected to the
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battery bank. The current output from both energy sources
is highly dependent on their internal RC values [179], [180]
given the lack of dc/dc converter. Since impedance is typically
lower for UCs, energy will preferentially flow out of the UC
bank when large burst of power is requested. The advantages
in this configuration lie in the lack of power converter, which
makes for a smaller, lighter, and more affordable HESS.
In addition, the fluctuations in the dc link voltage are much
smaller when the battery is locked on to the dc bus.

In this configuration, the UC bank is acting as a low-pass
filter, which attenuates high peaks and low troughs. Since
the UC is locked to the voltage of the battery pack, the UC
must be sized accordingly. Typically, this size is larger than
is required to gain the convenience of the low-pass filter
characteristics [181]. The terminal voltage at the output of
the HESS will follow the battery’s discharge curve, which
can fluctuate considerably between the battery pack’s fully
charged state and the fully discharged state. Another dis-
advantage of having the UC voltage locked to the voltage
of the battery pack is that the usable voltage range of the
UC is reduced, and therefore, the power being outputted by
the UC is limited [179]-[181]. Furthermore, as soon as the
UC delivers current to the load, its voltage will drop, at which
point the battery begins to supply current to recharge the
UC as well as to supply the load. Therefore, the battery
must either be able to supply the rated power of the electric
drive powertrain or the controls system must not permit the
battery to supply more than its rated power. This is essentially
an RC circuit where the charge/discharge current is solely
dependent on the battery/UC parameters. Although, the passive
parallel configuration is simple, light, less costly, and offers no
additional complexity of power electronics and their controls
systems, it compromises on performance and exposes the
battery to peak power demand [182].

B. Shunt Connection or Parallel Connection
Through a DC/DC Converter

The optimal use of a UC bank requires interfacing the
battery bank with the UC bank through a dc/dc converter.
As mentioned earlier, ideally, a constant battery power output
is preferred, since highly dynamic battery current profiles
observed during highly volatile drive cycles could increase
battery wear and degradation. Also, since UCs are much more
robust and have much higher cycle life, it would be beneficial
to offset the high bursts of power almost entirely onto the UCs
during regenerative breaking and periods of acceleration.

1) Battery/UC Configuration: In this type of active parallel
connection, shown in Fig. 4(b), the battery pack is connected
through the dc/dc converter to the UC bank. This topology
allows for a battery pack to be decoupled from the dc bus,
therefore, allowing the pack to have a lower terminal voltage.
Lower voltage and, hence, smaller battery packs are preferred,
since they are lighter and less costly [181]. In this config-
uration, the UC bank is directly connected to the dc link;
thus, the UC acts like a low-pass filter [183]. Although the
UCs act as a low-pass filter, the entire range of the UC’s
voltage can be utilized, since the UC is not clamped directly
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to the battery [181]. For example, in the case of regenerative
braking, keeping the UC bank at a low voltage relative to
the battery voltage will allow most of the energy to naturally
flow back into the UCs. This will also increase the efficiency
of the system, since the UC pack typically has a smaller
equivalent series resistance (ESR) [61], [72], [182] than the
battery pack, and they can accept most of the power spikes
experienced during regenerative braking. In addition, discharge
and charge rates of the battery and UC packs can be controlled
through the use of a power converter [2], [179]. Allowing
the power converter to make decisions regarding the most
opportune moments to buffer the energy in the UC versus
the battery pack, and the rates at which the battery and UC
can be discharged/charged can have a significant impact on
the efficiency of the system as well as on the longevity of the
battery lifetime [116]. Nevertheless, the added complexity of
the power converter’s control system can be a disadvantage of
this configuration [179], [184].

A new variant of the active battery/UC configuration has
emerged recently and is shown in Fig. 4(c) [185]. Through
the external circuit includes a diode, the dc/dc converter can
be bypassed when transferring energy from the battery to
the dc link. The battery will charge the UC when the UC
voltage is below than that of the battery. The battery can
then be used to supply the average moving power, which the
authors of this paper claim to be typically 10% of the peak
power [183], [185]. Therefore, the dc/dc converter can be sized
to be smaller in this topology than the power converter found
in the previous active battery/UC configuration.

2) UC/Battery Configuration: In this type of active parallel
connection, the UC is placed behind the dc/dc converter,
as shown in Fig. 4(d). Decoupling the UC from the dc bus
through the use of a dc/dc converter is desired in applications
where a smaller UC pack is preferred [183]. The advantage of
this topology is that it allows full utilization of the UC voltage
range by controlling the dc/dc converter [186]. In addition,
connecting the battery directly to the dc bus maintains a stable
dc link voltage. The drawback, however, is seen when we look
at large power burst scenarios where the amount of current
flowing into or out of the battery cannot be fully controlled.
In this type of scenario, it is preferable to connect the UC
directly to the dc link, since it is better at accepting large pulses
of energy. A less obvious but important drawback pertains to
the power rating of the dc/dc converter. Since the UC bank
will be supplying the large power spikes experienced by the
vehicle during vigorous driving scenarios, the power converter
will have to be rated for much higher powers and, therefore,
must be sized to be much larger in this topology [187] than
the converters used in the active battery/UC configuration.

C. Multiple Parallel-Connected Converters Configuration

Both the battery pack and the UC bank can be decou-
pled from the dc bus by interfacing each of them to a
dc/dc converter. The outputs of the dc/dc converters are con-
nected in parallel, as shown in Fig. 4(e). Since the voltages and
the power flow of the two energy sources are also decoupled
from each other, this configuration allows for independent
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control of both UC and battery. A major advantage of this
system is that it can allow for both the battery pack and the
UC bank to have lower voltages than the dc link [183], which
can vastly reduce the cost and size of the two energy sources.
Since the UC pack and the battery pack are decoupled from
the dc bus, this configuration couples the benefits of the active
topologies mentioned above. In particular, this configuration
maximizes the operational voltage range of the UC while
maintaining a stable dc link [186]. Reliability is increased in
this system, since power can continue to be provided to the
dc link even if one of the storage devices fails, which serves as
a great redundancy strategy [69]. It becomes clear, however,
that the main drawbacks of this active topology are the added
complexity of the control system, the larger size required for
two power converters, and the additional cost incurred for the
additional power electronics [179].

D. Series—Parallel Reconfigurable Hybrid
Energy Storage System

A recent innovative HESS topology has been proposed and
is shown in Fig. 4(f) [188]. This configuration utilizes various
bidirectional switches to reconfigure the HESS from a series
connection to a parallel connection. In a parallel configuration,
a lower dc bus voltage is observed, which allows the battery
pack to recharge the UC bank. This functionality is useful
when the vehicle is in standstill operation. In addition, this
configuration is most beneficial during peak demand, which
typically occurs during the periods of acceleration or during
regenerative breaking. If switch S2 is closed, then the UC bank
is connected in series to the battery pack. This configuration
can be useful if a dc bus voltage is required to be equal or
higher than the UC voltage. In most cases, this will allow
the electric motors to sustain peak torque at higher operating
speeds. The addition of a power converter to this topology
would allow either the UC or the battery to be decoupled
form the dc link, affording this HESS configuration the same
benefits enjoyed by the active battery/UC and UC/Battery
topologies [188]. The drawback of such a configuration is
of course the complexity of the controls. Howewer, another
potential and less obvious drawback would be the risks asso-
ciated with the potential failure modes of switches S1, S2,
and S3. Literature on this topology does not specify the nature
of these switches, which are placed along the two dc links of
the system. These dc links are designed to handle hundreds of
volts and amperes. The use of conventional eletromagnetically
driven contactors, which are known to have the possibility
of contacts welding as a failure mode, can compromise the
system. Solid state switches would add to the complexity of
the controls but they are safer in this type of application, since
they eliminate the risk of contact welding.

E. ESS and HESS Summary

Most prominent conventional batteries used in XEVs have
been described in Section I, and a Ragone plot shown in Fig. 5
summarizes the specific energy as a function of the specific
power of all the cell technologies considered in this paper.
Lead-acid batteries are extensively used and will continue to be
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Fig. 5. Ragone plot of specific energy as a function of specific power.
L-A, NiMH, LFP, NMC, NCA, and Li-S refer to Lead-acid, nickel-metal
hydride, LiFePO, LiNiMnCo, LiNiCoAlO, and lithium—sulfur battery tech-
nologies, respectively. The performance of a next generation HESS coupling
Li-S cells with UC cells is also shown.

used for vehicle low voltage systems due to the maturity of the
technology; however, they lack most performance metrics to be
useful for traction-type applications in XEVs. NiMH batteries
generally have double the specific energy as well as better
specific power than lead-acid technology and, therefore, have
found widespread use in HEVs and some PHEVs. ZEBRA
batteries are suitable for PHEV-type applications due to their
high specific energy, which is comparable in value to LiFePO
technology and a multiple of two to three times larger than that
of NiMH. They also have a minimum cycle life of 2500 cycles,
which exceeds any electrochemical storage device considered
in this paper. However, their high self-discharge rate, which
is an order of magnitude larger than the other electrochemical
storage devices, put this technology at a disadvantage. Among
the Li-ion cells considered in Section I, LiFePO cells typi-
cally have the lowest specific energy but can have a specific
power that is higher than most. This makes them a suitable
candidate for all types of XEV applications. In addition,
their higher thermal runaway onset temperature makes them
a safer choice for use in vehicles. The LiNiMnCo (NMC) and
LiNiCoAlO; (NCA) cells have the highest specific energy of
any readily available batteries. NCA cells can have a slightly
larger specific energy than NMC cells, which generally have
a much larger specific power. In either case, these superior
performance metrics makes these cells great candidates for
use in long range EVs. However, the lower thermal runaway
onset temperature of these cells can add to the complexity of
their management systems.

Prominent HESS configuration has been discussed earlier.
The topology that is simplest, lightest, and least complex to
control is clearly the passive parallel configuration. However,
the lack in performance due to the UC being directly clamped
to the battery pack and the lack of controllability are the
shortcomings of such a system. The active configurations
shown in Fig. 4(b)-(e) allow either the battery, the UC,
or both energy sources to be decoupled from the dc link.
This offers the advantage of controllibity. By decoupling the
battery from the dc bus in the active battery/UC configuration,
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shown in Fig. 4(b) and (c), the battery is protected from peak
load demand, and a smaller and less costly battery pack can be
used. The same advantages can be said for the UC in the active
UC/battery topology, shown in Fig. 4(d). However, in this case,
the battery becomes exposed to the peak load demand at the dc
bus, and the much higher charge/discharge capabilities of the
UC require a larger power converter. The multiple parallel-
connected converters topology allows for complete control
over both energy sources and, since they are both decoupled
from the dc link, the sources can be both sized to be smaller.
Complexity of controls can be a disadvantage in this configura-
tion. Finally, the series—parallel reconfigurable HESS topology
is not typical, in that it offers new beneficial functionalities,
which the other active configurations do not offer. In particular,
it can be reconfigured to have the two energy sources to
be either in series or in parallel. These series/parallel modes
can be selected according to which dc bus voltage offers the
best performance and efficiency at different vehicle operating
conditions. The control complexity of this system can also be
a drawback. It becomes clear that the various HESS topologies
each have their own benefits and disadvantages. In general,
simplicity, no power electronics, affordability, and smaller size
comes at the cost of performance while better performance
comes at the price of control complexity, added size, weight,
and cost. In essence, the best HESS topology is difficult to
assess, however, each HESS configuration can be found to be
better suited for a particular set of vehicle requirements.

F. Next Generation HESS and Future Direction

Although an HESS coupling conventional Li-ion battery
cells with UC cells is capable of outperforming any single ESS
technology, it will still fall short of the USABC goals for 2020.
This becomes obvious when the reader attempts to combine
the specifications of any of the Li-ion technologies shown
in Fig. 1 with the specifications of UCs in a way, which max-
imizes the overall system performance. Certain metrics, such
as a specific energy of 350 Wh/Kg, is currently unattainable,
considering that the most energy dense Li-ion cells, which
are commercially available today, are rated at 240 Wh/Kg.
On the other hand, the first readily available Li—S cells
are rated at 350 Wh/Kg; however, presently, this technology
suffers from poor cycle life as can be seen in Fig. 1(g)
and Table II. Therefore, the next generation HESS must
invariably be composed of not only two energy sources but
two energy sources intrinsically designed and manufactured
to span different halves of the augmented USABC spider plot
to meet the 2020 goals. If cell manufacturers can focus more
of their efforts on producing cathode and electrolyte materi-
als, which would allow the battery cells to better dominate
certain performance metrics over others, then a combination
of ESS technologies in an HESS has the possibility to match
and exceed most, if not all, the USABC goals.

One might argue that cell cost can still remain to be
a significant challenge in an HESS as it is with conventional
ESS. However, a recent study, showing that battery cell cost is
dropping faster than previously predicted [22], shows that the
USABC goal for cell cost can be reached. It is anticipated that
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cell cost will be further reduced by 15-20% by 2017 due to
projects, such as Tesla’s Gigafactory, which is increasing the
scale of production infrastructure to drive down manufacturing
costs of battery cells [42].

The greatest advantages offered by HESS are their higher
power density, prolonged battery cycle life, and extension of
driving range. These benefits can still be reaped while main-
taining relatively low production costs if an HESS topology,
such as the active battery/UC topology with a diode or the
passive parallel configuration, is chosen. The latter two HESS
configurations have the possibility of being more affordable,
since they require little to no power electronics, respectively.

Although Li-S cells still have obvious challenges, which
need to be mitigated before, they can be used in mainstream
commercial applications; a combination of the latter with UCs
has the possibility of reaching most of the augmented USABC
goals in a next generation HESS. The Ragone plot shown
in Fig. 5 compares the performance of such an HESS with
other prominent traditional battery technologies considered in
Section I. The area characterizing the HESS performance in
this plot neglects the weight of power electronics, which might
be used to interface the two storage devices. A next generation
HESS can utilize a technology, such as Li-S, since it meets
some of the augmented USABC 2020 goals, such as specific
energy, energy density, and estimated cost, and has a suffi-
ciently high thermal runaway onset temperature. Conventional
UCs or hybrid UCs can meet other USABC goals, such as
specific power and cycle life. The maximum performance,
which can be achieved in such a system, is shown in Fig. 6 and
almost spans the full breadth of the USABC spider plot. This
plot is based on the upper limit of what a potential system
can attain in terms of performance. In the case of specific
energy, energy density, and specific power, a passive parallel
HESS topology is considered whereby no power electronics
are required. Since Li-S cells are still not widely available
commercially, manufacturers can still reap the benefits of
HESS with cell technologies available today. If an HESS is
chosen over conventional ESS, battery cell lifetimes can be
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extended, which, therefore, extends the lifetime of XEVs and
increases costumer satisfaction [116], [158]. This is in addition
to other advantages mentioned earlier, such as higher specific
power.

In the final analysis, looking ahead, better ESS performance,
better efficiency, and longevity of battery life will, unavoid-
able, become increasingly important as the XEV market grows.
In such a case, research efforts should not only be focused
on developing better performing battery cells but on a better
marriage between various readily available energy storage
devices and power electronics. Li-ion battery technology is
currently the mainstream mass produced battery chemistry
used in long range electric drive vehicles. The battery commu-
nity is placing a considerable amount of research efforts and
resources in the development of the next incumbent battery
technology. However, HESSs have the capability to improve
performance and efficiency, no matter the battery technology
used within it. To that end, considerably more resources
should be allocated to developing simpler, smaller, and more
affordable HESSs, which can be better suited for mass
production.

V. CONCLUSION

Alternative energy vehicles are gaining market acceptance
and a race to a cost competitive ESS solution is taking
place among leading vehicle manufacturers. There exist many
battery and UC technologies that can meet the demand of
the various flavors of XEV. An overview of readily available
battery and UC technologies is given along with a descrip-
tion of current advances in Li-based battery technologies.
BMSs and battery pack design are also reviewed. Conven-
tional protection mechanisms, such as under/over voltage, over
charge/discharge, and over-temperature protection schemes,
were discussed. Battery and UC cell models, state, and para-
meter estimation as well as cell balancing and redistribution
are also reviewed. HESS topologies found in the literature
were discussed where the benefits as well as the drawbacks
of each configuration were discussed. Finally, an assessment
of how HESS compares to current electrochemical and elec-
trostatic storage devices as well as how they can fit into
the modern landscape of electric drive vehicles is performed.
In this assessment, coupling UCs with Li—S cell technology
was investigated as an example of the next generation HESS
that can meet the augmented USABC 2020 goals almost
entirely. While the research community mitigates many short-
comings of commercial and prototypical ESS technologies,
HESSs through their superior performance have the abil-
ity to increase driving range, increase the electric drive’s
specific power, and prolong battery lifetimes. Looking for-
ward, a greater collaboration between the research community,
cell manufacturers, and vehicle manufacturers can lend to
various types of battery cells produced to dominate certain
performance metrics. Moreover, additional research efforts to
create a better marriage between battery/UC technologies and
power electronics can spawn new, innovative, and afford-
able HESS topologies, which improve upon traditional ESS
technology.
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