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Introduction

The research activity described in this dissertation is related to
the design and prototyping of advanced battery management systems
(BMSs) for maximizing the performance of lithium-ion battery packs
while ensuring their safe operating conditions. In particular, this re-
search activity consists of three main tasks. The first one deals with
the development of optimized control algorithms that allow for extend-
ing the lifetime of the battery pack, correctly evaluating its state of
charge (SoC) and state of health (SoH) as well as properly managing
the cell equalization processes and the charging/discharging proce-
dures. The second task includes the definition of design strategies for
passive and active equalization circuits, taking into account for the
real parameters of the components involved as well. On the other
hand, the third task concerns the sizing and the implementation of
modular architectures for BMSs that allow for managing high-voltage
battery packs or hybrid systems, which are composed by different tech-
nologies of batteries (second life applications). Despite the presented
technologies and devices can be adopted in all the fields of application
that require battery storage systems, automotive applications have
been considered as reference for the development of the BMSs due
to the higher performance required in terms of charging/discharging
currents, size, cost, reliability and modularity of the architecture.

Motivation

Over the last few decades, concerns over the dependence and price
instability of limited fossil fuels as well as environmental pollution and
global warming have encouraged researchers, scientists and engineers
to conduct more proactive research activities on vehicles with alter-
native energy sources. Currently, electric vehicles (EV) represent an
economical and technically sustainable driver for future transporta-
tion systems. The European Union (EU) and other public authori-

xi



Introduction

ties worldwide are defining increasingly strong regulations in terms of
greenhouse gas (GHG) and pollutant emissions, including the ambi-
tion of overcoming the dependence to fossil fuels as well as accelerating
the adoption of renewable energy sources (RESs). In detail, the tar-
gets defined by the EU for 2030 include a 40% reduction in GHG
emissions with respect to 1990 levels, a 27% integration of RESs and
27% improvement in energy efficiency.

However, according to the data from the International Energy Agency,
it results that the transport system is responsible for approximate 20%
of total CO2 emissions from fossil-fuel combustion. Moreover, the ma-
jority of these emissions comes from road transportation. Therefore,
relevant fuel economy improvements in road transportation sector are
required to stabilize and reduce GHG and pollutant emissions.

In this context, vehicle electrification can significantly contribute to
the decarbonisation and emission reduction of the road transport.
However, taking into account the Energy Technology Perspective re-
port illustrated by the International Energy Agency, a complete elec-
trification of the road transport will be achieved only by 2070 in a
Sustainable Development Scenario. Therefore, novel concepts and in-
novations need to be developed for making transportation systems
more energy-efficient, reliable and safe with zero or reduced emissions
at an affordable cost. This would allow for accelerating the decarbon-
isation of the road transport and a large-scale adoption of EVs.

Currently, considering the three main components of the electric propul-
sion system of an EV (battery pack, traction inverter and electric
motor), the battery storage system is limiting the overall vehicle per-
formance in terms of size, cost, weight and driving range. Hence,
advanced battery technologies need to be developed for improving
their energy and power densities, cycle life, operating temperatures
and high charging/discharging currents capability. The performance
increase of battery technologies leads to remarkable developments in
Battery Management System (BMS) as well.

The main motivations of the research described in this dissertation
regards the development of cost-effective BMS solutions for lithium-
ion battery packs. These solutions have to be capable of increasing the
efficiency, performance and lifetime of the battery pack while ensuring
the operation within the safe voltage, current and temperature ranges.
In addition, a cell voltage equalization circuit needs to be included in
the BMS architecture in order to compensate the cell-to-cell parameter
variations, which leads to voltage imbalance conditions in the battery
pack, limiting its operability with a reduction of the usable capacity.

xii



Introduction

Original Contribute

High-performance equalization circuits have to satisfy different re-
quirements, including modularity, scalability, weight and volume, reli-
ability, cost, hardware and software complexity. Currently, the design
targets are mainly focused on minimizing the equalization time and
the overall size of the circuit. This also implies the definition of a
proper thermal management for dissipating the heat generated due to
the high balancing currents that may be needed.
However, literature and industry standards do not address the problem
of the optimal sizing of the equalization circuits, which is strongly
affected by the operating conditions of the battery pack as well as the
parameter variations of the components adopted.
The original contribute proposed in this dissertation regards the defi-
nition of design methodologies for passive and active equalization cir-
cuits that take into account for relevant aspects of both battery pack
and power electronics components. Firstly, the real operating condi-
tions of both individual cells and the overall battery pack have been
considered in terms of cell technology, temperature, model calibration
and voltage imbalances among the cells. Secondly, the real behav-
ior of the components used for the specific equalization circuit and
their parameter variations have be taken into account. In this way, a
proper evaluation of the performance of the equalization circuits can
be achieved by considering their functionalities in real operating con-
ditions. In particular, design strategies have been proposed for four
BMS architectures, one for each main equalization type, including
passive, capacitor-based, inductor-based and transformed-based solu-
tions. Moreover, a novel architecture for an active equalization circuit
has been developed for the transformer-based equalizer, which allows
for achieving a cells-to-cells energy transfer.
Besides the development of design strategies for passive and active
equalization circuits, real prototypes have been sized and implemented
as well. In detail, a modular architecture for the passive equalizer of
a 50HP electric kart and the novel active equalizer have been pro-
totyped with the aim of validating their performance in real-world
environments. These prototypes also allow for managing high-voltage
battery packs or hybrid systems, which are composed by different tech-
nologies of batteries (second life applications). Moreover, a detailed
comparison between the prototypes developed has been carried out in
order to highlight their main features in different operating conditions,
including charging, discharging and idle state.
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Figure 1: Flowchart of the methodological approach.

Methodological Approach

The methodology approach is crucial for the research activity to
define a systematic procedure for a specific topic. According to the
flowchart shown in figure 1, an experimental-research based model has
been adopted in this dissertation, which consists of four main steps:

− Problem Review

To gain familiarity with the specific topic,the state of the art
and a bibliographic analysis of the background is needed. There-
fore, all the functionalities of a BMS and the main architectures
of the equalization circuits have been investigated. In addition,
related research topics have been taken into account for ex-
tending the knowledge of the main research activity and thus
further improving the overall performance of the BMS. These
related research topics include the development of either bat-
tery models at both cell-level (electrical, thermal and aging)
and pack-level (series-parallel and parallel-series architectures)
or algorithms for estimating the SoC and SoH as well as the
evaluation of hazard conditions for lithium-ion battery packs.

− Theoretical Analysis

This represents an important step to provide an explanation of
the system by means of mathematical models. The parameters
of these models can be achieved mathematically or by experi-
mental testing. A novel structure and/or control concept can
be carried out by the state of art analysis matched with future
improvement.
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− Numerical Analysis

This has been adopted for investigating the behavior of the
equalization circuits and the related control algorithm as well
as testing the proposed design methodologies. The numerical
results can also demonstrate the no-accuracy of the models con-
sidered. Thus, an improvement of the proposed system can be
necessary.

− Experimental Analysis

In case of positive feedback from the numerical analysis, an
experimental set-up is designed and implemented to fully val-
idate the performance and the functionalities of the proposed
prototypes of equalization circuits.

Summary

The dissertation is organized in five chapters. The first one reports
the fundamentals of electric propulsion for road transportation, while
the main features of lithium-ion battery packs are illustrated in the
second one. The third chapter provides a detailed overview of the BMS
functionality as well as all the architectures presented in literature for
the equalization circuits. The last two chapters highlight the origi-
nal contribute of the proposed research activity, including the design
methodologies for different equalization circuits and the prototypes
developed and implemented in real-world applications.
In detail, the dissertation is organized as following:

− Chapter 1: a detailed section regarding expectations, bene-
fits and challenges for vehicle electrification as well as market
trends is reported. Then, the main components of the elec-
tric propulsion system are illustrated, including energy stor-
age systems, electric motors and power electronics converters.
Moreover, different architectures for vehicle technology are dis-
cussed, highlighting advantages and disadvantages of each so-
lution.

− Chapter 2: after an introduction related to the main battery
terminology, the architecture and the operating principles of
lithium-ion cells are illustrated, highlighting the most adopted
materials and future trends. Then, major components of the
battery pack architecture for automotive applications are dis-
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cussed. A brief overview regarding the battery modeling ap-
proaches, safety and aging conditions is reported as well.

− Chapter 3: a description of the main BMS architectures, the
requirements and functions are discussed, including details re-
lated to sensing and measurement, safety and protection, in-
terface and communication, diagnostics and performance man-
agement. An overview of the SoC and SoH estimation methods
is reported in the diagnostics section, while the main charging
techniques are illustrated in the performance management sec-
tion. Moreover, a wide description of the equalization circuits
is discussed with the aim of evaluating and comparing the bal-
ancing performance of each architecture.

− Chapter 4: the design strategies for different balancing cir-
cuits are illustrated with the aim of achieving the desired per-
formance in terms of equalization time, efficiency and maxi-
mum balancing current. In particular, four architectures have
been considered, one for each main equalization type, includ-
ing passive, capacitor-based, inductor-based and transformed-
based solutions. A novel architecture for an active equalization
circuit has been proposed for the transformer-based equalizer.
The impact of parameter variations and the operating condi-
tions of the battery pack on the overall performance of the BMS
has been evaluated as well.

− Chapter 5: the details related to the development, sizing
and implementation of real prototypes of equalization circuits
are reported. In particular, a modular architecture for passive
equalizer and the novel active equalizer have been prototyped
with the aim of validating their performance in real-world en-
vironments. These prototypes also allow for managing high-
voltage battery packs or hybrid systems, which are composed
by different technologies of batteries (second life applications).
Automotive applications have been considered as reference for
the development of the BMSs due to the high performance re-
quired in terms of charging/discharging currents, size, cost, re-
liability and modularity of the architecture. Moreover, a de-
tailed comparison between the prototypes developed has been
carried out in order to highlight their main features in different
operating conditions, including charging, discharging and idle
state.
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Chapter 1

Fundamentals of Electric
Propulsion for Road
Transportation

Decarbonisation and emission reduction from road transportation
are the main drivers for the electrification of vehicles. However, elec-
tric propulsion systems require technological achievements and im-
provements for enabling a large-scale adoption of electric vehicles.
In this chapter, a detailed introduction regarding expectations, bene-
fits and challenges for vehicle electrification as well as market trends is
reported. Then, the main components of the electric propulsion sys-
tem are illustrated, including energy storage systems, electric motors
and power electronics converters. Moreover, different architectures for
vehicle technology are discussed, highlighting advantages and disad-
vantages of each solution.

1.1 Motivations for Vehicle Electrification

Nowadays, electric vehicles (EV) represent an economical and tech-
nically sustainable driver for future transportation systems. The Euro-
pean Union (EU) and other public authorities worldwide are defining
increasingly strong regulations in terms of greenhouse gas (GHG) and
pollutant emissions, including the ambition of overcoming the depen-
dence to fossil fuels as well as accelerating the adoption of renewable
energy sources (RESs).

1



Fundamentals of Electric Propulsion for Road
Transportation

Figure 1.1: Global CO2 emissions by sector, including a detailed distribu-
tion of the emissions for transport. Data from International Energy Agency

In detail, the targets defined by the EU for 2030 can be summarized
as follows:

− 40% reduction in GHG emissions with respect to 1990 levels;

− 27% integration of RESs;

− 27% improvement in energy efficiency.

Figure 1.1 reports the CO2 emissions worldwide divided by sector.
It results that the transport system is responsible for approximate
20% of total CO2 emissions from fossil-fuel combustion. Moreover,
the majority of these emissions comes from road transportation. In-
deed, passenger vehicles (cars and buses) and heavy vehicles (trucks
and lorries) contribute 45% and 29%, respectively. While, the rest of
the transport systems accounts for an overall 26%, including aviation,
shipping, rail and transport for the movement of water, oil and gas
via pipelines. As matter of fact, since the road transport impacts for
three-quarters of transport emissions, it is responsible for 15% of total
CO2 emissions. In addition, considering that world population will
increase from the existing 7.8 billion to around 10 billion in the next
30 years, an increase of the number of road vehicles is expected with
further negative consequences in terms of CO2 emissions. Therefore,
relevant fuel economy improvements in road transportation sector are
required to stabilize and reduce GHG and pollutant emissions.
Vehicle electrification can significantly contribute to the decarboni-
sation and emission reduction of the road transport. However, novel
concepts and innovations need to be developed for making transporta-
tion systems more energy-efficient, reliable and safe with zero or re-
duced emissions at an affordable cost. This is reflected in the Energy
Technology Perspective report illustrated by the International Energy

2



1.1 Motivations for Vehicle Electrification

Figure 1.2: Global CO2 emissions for the different transport modes in the
Sustainable Development Scenario. Source: International Energy Agency

Agency. It shows a Sustainable Development Scenario for achieving
net-zero CO2 emissions from global energy by 2070. The results for the
different transport modes in this optimistic scenario are reported in
the figure 1.2. Dotted lines indicate the year in which various trans-
port modes have stopped consuming fossil fuels and thus no longer
contribute to CO2 emissions. The Sustainable Development Scenario
includes a roadmap for meeting international climate and energy tar-
gets and incorporates aspects of behavioral change alongside an intense
transformation in energy system technology and infrastructure. As re-
sult, a complete electrification of the road transport will be achieved
by 2070. While, it will be more difficult to decarbonize other trans-
port modes, such as aviation and shipping. This scenario highlights
the importance of a rapid deployment of low-carbon power generation
as well as faster and consistent innovations in the vehicle electrification
process in order to gain quicker progress towards net-zero emissions.
Currently, there are different vehicle solutions that can be adopted for
fully or partially replacing the conventional vehicles, which are based
on internal combustion engine (ICE) and use petroleum products for
propulsion:

− Battery electric vehicles (BEVs);

− Hybrid electric vehicles (HEVs);

− Plug-in hybrid electric vehicles (PHEVs);

− Fuel cell vehicles (FCVs).

3



Fundamentals of Electric Propulsion for Road
Transportation

Typically, BEVs and FCEVs are named as fully-electric vehicles. BEVs
adopt electrochemical energy storage systems for providing the electric
propulsion to the vehicle, whereas FCEVs use hydrogen as fuel. HEVs
result as an integration between BEVs and ICE vehicles (ICEVs), since
they include both electric motor and engine. The aim of this hybridiza-
tion is to combine the advantages of both vehicle solutions. However,
the additional electric and mechanical components make the HEVs
more complex, bulkier and expensive. PHEVs represent a more elec-
trified hybrid solution, which allow for extending the electric driving
range of the vehicles and thus achieving higher efficiency and reduced
emission. More details about architectures and features of these vehi-
cle will be provided in section 1.2.

1.1.1 Expectations

Currently, EVs are considered as main competitor and sustain-
able alternative of conventional ICEVs. Efforts and substantial re-
sources are directed to meet market requirements for high perfor-
mance, energy-efficient, durable, safe and affordable electrified vehi-
cles. The expectations of the consumers and fleet operators regarding
EVs can be summarized as follows:

− Similar prices or total cost of ownership competitive to current
ICEVs;

− Range, reliability, durability and re-sale value of EVs similar
to conventional ones;

− Range adapted to specific use cases;

− Usage comfort as good as the state of the art ICEvs in terms of
availability, refilling time and possibilities, passenger comfort
and transport volume;

− Safe parking and infrastructure also for two-wheeler fleets;

It is important to highlight that the current state of the art of
EVs does not allow for replacing conventional vehicles maintaining
the same universality with driving ranges and refilling times less than
5 minutes. There are still several technological limitations that need
to be accomodated for a large-scale adoption of EVs. These drawbacks
can be compensate by additional advantages, including the access to
zero-emission zones or preferential parking for EVs, ease of charging
and driving comfort. Common EU legislation may accelerate market
take up as well. Other advantages may also be achieved through syn-
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ergies of the electrification with the connectivity and automation of ve-
hicles. Connectivity would certainly provide particular benefits for the
users in terms of easy access to charging infrastructure, optimization
of driving routes and minimization of energy consumption. Whereas,
the integration of automated EVs into sharing systems would allow
to better match mobility supply and demand as well as manage the
charging process.
Charging represents a crucial topic for the success of vehicle electri-
fication. Regulatory efforts for the recharging of EVs have already
been initiated. Indeed, the EU has made steps towards the creation of
recharging infrastructures for EVs, providing an obligation on mem-
ber state governments to expand the network of charging points, as
the number of vehicles in service grows. National governments are
responsible of ensuring a public networks of charging points suitable
with respect to the EVs sales trends. In addition, it is expected that in-
frastructures combined with fast and high-power charging capabilities
will represent an important solution for serving longer range needs.
The European Roadmap Electrification of Road Transport has pub-
lished an interesting report in which the expected performance goals
for different EV categories are illustrated [1].

Full Electric Vehicle

It is expected that relevant technological developments will impact on
EVs by 2030, concerning:

− vehicle technologies, including battery, drivetrain components
and energy management;

− industrialization (dedicated platforms, standardization, high
volumes);

− charging infrastructures (availability, connectivity, high-power
capabilities);

− additional features such as trip planning, car sharing and au-
tonomous drive.

Table 1.1 shows the expected performance goals for EVs for 2020 and
2030. It is possible to divide the EVs marketed in two different types.
The first one includes user friendly affordable EVs with more opti-
mized range/cost solution. This category allows for enabling a better
market penetration and thus an important impact on urban pollu-
tion and GHG reduction. The range of 250 km results suitable for
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EV 2020 EV 2030

Hypothesis User-friendly
High

User-friendly
High

performance performance

Energy
130 135 115 120consumption

(Wh/km)

Range (km) 250 500 250 700

Battery capacity
33 68 29 84

(kWh)

Battery energy
> 180 300 > 330 500

density (Wh/kg)

Table 1.1: Expected performance goals for EVs. [1]

urban/suburban use. Such vehicles would need to have an expected
retail cost similar to ICEVs. The major challenge will be to achieve
significant cost reduction of the battery and propulsion systems.

Plug-in Hybrid Electric Vehicle (PHEV)

PHEVs will represent a key solution for a more electrified road trans-
portation thanks to their low fuel consumption and GHG emission.
They can be considered as one of the market responses to potential
city center driving bans. Furthermore, an increase of the full electric
range up to 150 km and a further reduction of the fuel consumptions
are expected by 2030, as shown in table 1.2. The reduction of retail
extra cost of PHEVs will require massive progress in significantly re-
ducing the cost of battery cells and systems as well.

Electrified L-Category Vehicles

L-category vehicles include two/three wheelers and light quadricycles,
which are very suitable for electrification because of their small dimen-
sions and lightweight, thus low energy consumption and lower battery
cost. They can play an important role in urban areas in contributing
to decongestion of traffic and relief for pressure on parking. Range
and cost are main open issues for technology development and market
penetration. Even if real autonomy is less important in urban area
usage, customers are more inclined to EVs that do not need to be
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PHEV2020 PHEV2030

Allelectric
Upto100 Upto150

range(km)

Dynamic
Urban/suburban Fullperformance

inEVmode

Retailextra
∼3000to6000 ∼2000to3000

cost()

Consumption
0.8to1.0 0.45to0.65understandard

procedure(L/100km)

CO2emission
25to25 10to20understandard

procedure(g/100km)

Batterycapacity
∼15 ∼20

(kWh)

Table1.2: ExpectedperformancegoalsforPHEVs.[1]

constantlyrecharged.However,batterysizesadoptedspecificallyfor
urbanorprivateusecasescanleadtoattractivetotalcostofown-
ershipvalues.Therefore,thegoalistoincreasetheattractivenessof
L-categoryvehiclesbyreducingcostsandimprovingthefunctionality
intermsofappropriaterangeandshorterrechargingtime.

ElectrifiedCommercialVehicles

Commercialvehiclesaretypicallycustom-builttomeetspecificneeds
concerningloadandoperation,leadingtoalargevarietyandlowpro-
ductionvolumeofdifferentvehicleconfigurations.Plug-inhybridsand
fullelectricvehiclescanbeadoptedforurbanandregionaloperation,
wherecharginganddynamicpowertransferinfrastructurescanbede-
velopedtoanintegratedtransportsystem.Ontheotherhand,longer
distanceandheaviertransportsaremoresuitableforconventionalhy-
brids,plug-inhybridsandpossiblydynamicpowertransferduetothe
physicallimitationsofon-boardelectricenergystorage.
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In detail, commercial vehicles can be classified in four categories:

− Trucks and vans for urban transport

These vehicles are characterized by transient loads with high-
power peaks for acceleration with low loads in slow traffic and
at standstill. The electric urban trucks will contribute to energy
efficient, emission free and low-noise goods transport solution
through full electric drive. The size of the battery pack will
be dependent on both the size of the vehicle and the charg-
ing strategy, ranging from overnight charging to opportunity
charging at logistic centers. While, plug-in distribution trucks
will include both an electric energy storage and ICE, thus less
dependence on charging infrastructure and lower charging time.
They will provide higher energy efficiency compared with con-
ventional distribution trucks and the possibility of limited emis-
sion free and low-noise transport through partially full electric
drive. Moreover, higher voltage (up to 1500 V) on-board ve-
hicle power networks may provide advantages to fulfill the re-
quirements on these vehicles in terms of low-speed torque and
efficiency.

− Trucks for long-haul transport

Heavy trucks for long-haul transport (40 tons, 80 km/h) are
characterized mainly by steady-state operation for longer peri-
ods combined with peak power demand during acceleration and
uphill with low-speed operation through urban areas, in termi-
nals and in highway congestion situations. The introduction
of electric hybrids could strongly reduce the impact of these
vehicles in terms of CO2 and pollutant emissions. However,
although battery technology holds great promise for passen-
ger cars and light vehicles, additional improvements need to be
achieved for a full electrification of long-haul transports. Hence,
the target is to adopt hybrid vehicles and then also PHEVs us-
ing static fast charging and/or dynamic power transfer. Indeed,
these solutions have the potential to shift energy supply, energy
efficiency and decrease emissions for long-haul road transport.
In addition, research activities in the area of heavy-duty vehicle
powertrains will need to tackle the challenge of demonstrating
electrification solutions in combination with range-extending
technologies that show achievable improvements in cost and ef-
ficiency without significantly increasing packing dimensions or
the weight of the overall powertrain.
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− City buses

Bus fleets are ideal for electrification since buses are normally
in operation up to 18 h/day and energy charging infrastructure
can be installed in a very cost-efficient way in existing bus de-
pots or at dedicated bus stops. The operation is characterized
by many stops and relatively low average speeds, resulting in
transient loads with high power peaks for low-speed accelera-
tion and wide use of breaking energy recovery. The electric bus
will contribute to energy-efficient, emission-free and low-noise
passenger transport solution through full electric drive. The
size of battery pack will be dependent on the charging strat-
egy, ranging from large storage for only overnight charging up
to small storage when charging is performed at end stations,
bus stops or by dynamic charging.

− Inter-urban buses

These vehicles are characterized by few stops at a constant av-
erage speed higher than city buses. Full electric solutions are
suitable considering a larger energy storage if the charging is
performed at the end station or a smaller one in case of charging
at bus stops and and/or dynamic power transfer. Hybrid solu-
tions can be adopted as well, providing higher energy efficiency
compared with conventional buses and the possibility of lim-
ited emission-free and low-noise passenger transport through
partially full electric drive.

1.1.2 Benefits and Challenges

Beyond the global warming and climate change issues, one of the
most important driver for electric mobility is the ability to operate lo-
cally emissions free, contributing to the air quality in cities and with
less noise. However, there are different challenges that need to be
matched for speeding up the electrification process of road transport.

Emissions and Integration of Renewable Energy Sources

It is necessary to point out that a real climate benefit from BEVs can
be achieved only by increasing the use of RESs. Indeed, GHG emis-
sions need to be evaluated in three different stages: production, uti-
lization and end-of-life of vehicles. Figure 1.3 shows all causes of GHG
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Figure 1.3: All causes of GHG emissions during the vehicle life stages.

emissions during the vehicle life stages. The emissions related to the
vehicle production include those involved in raw material extraction
and transportation. From a life cycle perspective, GHG and air pollu-
tant emissions from BEVs production are generally higher than those
from ICEVs production. This is largely due to the energy-intensive
process of battery manufacture. Therefore, the impacts vary accord-
ing to the battery chemistry and size, and the energy mix used in the
production processes. Indeed, the negative environmental impacts of
vehicle production can be minimized by increasing the adoption of
RESs in providing energy for BEVs production.
On the other hand, the end-of-life stage is related to the possibility to
recycle, recovery or reuse any vehicle component that results no longer
able to meet the performance requirements. The end-of-life stage has
the smallest impact in terms of total life cycle emissions. However,
the reuse of lithium-ion batteries adopted for road transportation sys-
tems is becoming a relevant task for limiting the environmental impact
of their end-of-life stages, leading to the second-life batteries. They
can be used for stationary applications, where lower performance are
required with respect to automotive standards.
For what concerns the utilization stage, the environmental impacts
are typically described in terms of well-to-tank (WTT), tank-to-wheel
(TTW) and well-to-wheel (WTW), in order to correctly compare im-
pacts occurring from different stages of the fuel cycle. In detail, con-
sidering ICEVs, WTT refers to the processes needed to transform
crude oil from wells into the fuel tank as useable petrol or diesel, and
TTW refers to combustion in the engine. Whereas, considering BEVs,
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(a) (b)

Figure 1.4: CO2 emissions for both BEVs and ICEVs during the production
(a) and utilization (b) stages, including different car segments. [2]

WTT is related to any impacts from electricity production occurring
upstream of vehicle charging, and TTW refers to the direct impacts of
driving the vehicle. In the utilization stage, WTW emissions of GHG
for BEVs tend to be lower than those for ICEVs. In addition, an in-
tensive exploitation of RESs may strongly improve the environmental
impacts in the utilization stage as well. Figure 1.4 shows the amount
of CO2 emissions for both BEVs and ICEVs during the production and
utilization stages. These results provided by the European Environ-
ment Agency also include different car segments (mini, medium, large,
luxury) depending on either the battery pack weight for BEVs or the
total vehicle weight for ICEVs and BEVs [2]. Impacts are evaluated
over a lifetime mileage of 180 000 km. As previously mentioned, the
emissions due to BEVs production are higher with respect to ICEVs,
especially for the contribution of battery manufacturers. While, BEVs
allow for achieving lower environmental impacts than ICEVs thanks
to their zero-emission TTW stage. Hence, it results clear that RESs
can significantly help in reducing the CO2 emissions in both produc-
tion and WTT stages.
This is also confirmed by evaluating the WTW efficiency, which in-
cludes fuel production, distribution, retail and vehicle efficiencies, as
illustrated in figure 1.5. The comparison is performed starting to
different primary sources and fuels and by considering three vehicle
categories (ICEV, BEV and FCEV). It results that higher WTW ef-
ficiencies can be achieved with the adoption of BEVs for all primary
sources. However, only the integration of the RESs in the total life
cycle of BEVs provides the highest WTW efficiency.
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Figure 1.5: WTW efficiency starting to different primary sources and fuels
and by considering three vehicle categories (ICEV, BEV and FCEV) [3].

Range and Cost

In order to increase consumer acceptance and enable a large-scale ve-
hicle electrification, range capability improvements are fundamental
for EVs. This will strongly depend on technological achievements in
electro-chemical energy storage systems. Currently, the driving range
for EVs can be extended only by increasing the energy capacity of the
battery pack, leading to an increase of cost, size and weight as well. Ef-
forts in improving the overall efficiency of the electric powertrain would
also contribute to extend the range capability. However, considering
the high efficiency already achieved from the current enhancements
in EVs, an additional improvement would require much more effort
to make modest increases in the driving range. On the other hand,
battery cost is expected to fall in the next year, with increasing pro-
duction numbers according to scale economies. These savings may be
used by vehicle manufacturers for two different strategies: extending
the range capability (higher performance EVs) or reducing cost of the
vehicle, maintaining the existing driving range (user-friendly EVs).
Therefore, there are three points that need to be evaluated for match-
ing the current range and cost issues of EVs:

− maintaining the driving range low may slow market uptake but
it results an effective solution for lowering the costs;
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− lower range could be compensated by improving charging com-
fort;

− vehicle manufactures may be forced by the market pressure to
favor increases in driving range.

Charging Technology and Infrastructure

Improvements in charging technology and infrastructure represent one
of the most important challenge for ensuring convenient and reliable
recharging to urban dwellers and thus increasing the consumer accep-
tance of EVs. In particular, the following aspects are of particular
interest from the user’s perspective:

− Wireless charging

Unlike ICEVs in which refueling can be operated typically once
a week, EVs may require charging more frequently. Therefore,
since there could be the possibility of picking up a little bit of
a charge whenever the vehicle is not used, the charging infras-
tructures need to be as convenient as possible. Wireless charg-
ing is a promising complementary charge solution to be added
to the conventional conductive one. It allows for recharging
EVs easily thanks to the possibility to transfer energy without
physical connection between charger and vehicle. The energy
can also be transferred dynamically, with advantages in extend-
ing driving range and/or reducing the size of the battery pack.
Moreover, wireless charging represents an ideal solution for ur-
ban transportation, where a high number of short stops are
required. However, high control complexity and manufacturing
cost is limiting the widespread of this technology for charging
infrastructures.

− Fast charging

High-power charging infrastructures represent an important so-
lution for reducing the refilling time and thus partially overcom-
ing driving range issues for EVs. Currently, these infrastruc-
tures include AC charging up to a 43 kW and DC connection
for power levels up to 300 kW. Nevertheless, there are still sev-
eral disadvantages that need to be better investigated. Firstly,
considering the high power levels, a proper standardization of
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cables and connectors involved is required. Secondly, impact on
the vehicle electrical architecture would have to be considered
as well as the effects on battery pack lifetime. In addition, as-
suming a large-scale adoption of fast charging infrastructures,
a major revision of the current electric grid needs to be oper-
ated for avoiding issues due to the peak power requested from
simultaneous EVs in charging.

− Vehicle-to-Grid

An interesting solution that has the potential to support the
widespread use of standard low-power connecting points to the
grid includes the vehicle-to-grid (V2G) technology. The idea
is to share the energy stored in the battery packs of EVs con-
nected to CP with the aim of providing locally grid support.
V2G is very attractive for smart grid applications, since it can
strongly contribute to the integration of RESs. It may suit long
stay car parks at workplace or at transport hubs, such as air-
ports and train stations. However, there are different barriers
that limit the development of this technology. It is unclear how
power would be monitored to allow accurate billing and power
management. Indeed, charging and discharging processes im-
pact on the battery pack lifetime. Therefore, the degradation
cost of V2G service needs to be taken into account as well, de-
pending on the number of cycles and power levels requested. In
addition, the charging and discharging process is characterized
by low efficiency due to the presence of two power converters:
AC-DC for charging the battery pack and DC-AC for providing
energy to the grid. There are also uncertainties related to the
availability of a proper number of EVs when the peak power
is required from the grid. High costs for the management and
commissioning of V2G processes need to be considered as well.

1.1.3 Milestones for Electrified Road Transport

On the basis of the expectations, challenges and potential bene-
fits of electric mobility previously described, the following ambitious
milestones can be set for a more electrified road transport:

− mass production of passenger cars and scaling up of high duty
vehicles electrification by 2020;

− fully revised EVs concept by 2025, including innovative zero
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emission powertrain systems integrated with improved energy
recovery and batteries as well as V2G and fast charging capa-
bilities;

− redesigned electrified road transport meeting the requirements
of the future connected and automated society by 2030.

The success and the rate of market penetration of EVs will strongly de-
pend on the degree of usage of these vehicles in urban areas. Several
cities have launched programs towards zero emission passenger cars
and commercial vehicles. Despite the final target results a full pure
electric inner city transport, a ramp-up phase is needed and meaning-
ful. This could be achieved through HEVs with rather limited electric
range and PHEVs, which could already cover most of electric driving
range requirements towards BEVs or FCEVs. Easy-to-handle charg-
ing technology will certainly contribute to the electrification process,
including high-power charging and V2G capabilities. Moreover, a rel-
evant increase of acceptance of EVs can only be achieved by reducing
significantly cost and eliminating or limiting driving range issues com-
pared to ICEVs. Hence, major research efforts are needed in battery
technology with the aim of improving the performance in terms of
energy and power densities. Improvements of all other components of
electric powertrains are also important for achievement of high market
penetrations.

1.1.4 Market Trends

The future market penetration of EVs and PHEVs depends on
a multitude of factors including technological developments, policy
support, deployment of charging infrastructures, production capacity,
future customer needs for mobility and their acceptance of new tech-
nologies, and economic parameters (vehicle production cost, vehicle
total cost of ownership and energy prices). Bloomberg has provided
a long-term forecast of how electrification, shared mobility and au-
tonomous driving will impact road transport up to 2040 in [4]. Figure
1.6 reports a summary of the main interesting results, including EVs
market trends from different perspectives.
Automakers are accelerating their EV launch plans, partly to comply
with increasingly stringent regulations in Europe and China. COVID-
19 will impact on the original timeline, leading to delays in production.
However, it is still expected that there will be over 500 different EV
models available globally by 2022.
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Figure 1.6: Market trends for passenger EVs in different countries. [4]

Passenger EVs sales will continue to rise up to 54 million units by 2040
as battery prices fall, energy density improves, more charging infras-
tructures are built, and sales spread to new markets. Moreover, despite
the electric share of total vehicle sales is still small, it is estimated that
over half of all passenger vehicles sold will be electric by 2040. Mar-
kets like China and parts of Europe achieve much higher penetrations,
but lower adoption in emerging markets reduces the global average.
Indeed, China will account for the largest share of global EV sales as
it looks to reduce energy imports, clean up urban air quality, build its
domestic auto industry, and attract manufacturing investment.
For what concern other road transportation categories, table 1.3 shows
the expected electric share for two-wheeled vehicles (scooters, mopeds,
motorcycles), urban buses and light commercial vehicles as well. Ur-
ban buses and two-wheelers result to be the most electrified vehicles.
Heavy trucks are not included because they represent a more difficult
category to be electrified, as highlighted in the previous sections.

2020 2030

Urban buses 33% 58%
Two wheelers 30% 40%

Light commercial vehicles 2% 28%
Passenger vehicles 2.7% 28 %

Table 1.3: Expected electric share for different road transportation cate-
gories by 2030. [4]
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Figure 1.7: EVs penetration rate by considering market brands. [5]

In conclusion, it is important to mention the current key players op-
erating in the EVs market. In particular, Tesla, BMW Group, Nis-
san Motor Corporation, Toyota Motor Corporation, Volkswagen AG,
General Motors, Daimler AG, Energica Motor Company S.p.A, BYD
Company Motors, and Ford Motor Company account for a major elec-
tric vehicle market share. However, Tesla results to be currently the
market leader among EVs manufacturers, as illustrated in figure 1.7.

1.2 Vehicle Technology Architecture

As previously mentioned, depending on the architecture and the
energy sources adopted, vehicles can be divided in conventional ICEVs,
BEVs, HEVs, PHEVs and FCEVs. Each vehicle has its own capabil-
ity and limitation in terms of emission rate, energy/power density,
performance, fuel efficiency, size, weight, cost and safety. More details
related to the architectures and operating modes are illustrated in the
following sections.

1.2.1 Internal Combustion Engine Vehicle

Conventional ICEVs produce power by burning a petroleum fuel
(gasoline/diesel) in their combustion chamber to propel the vehicle
by means of mechanical transmission. Figure 1.8 shows the main
components of ICEVs architecture. It consists of a fuel tank that pro-
vides the onboard energy source, the internal combustion engine and
a mechanical transmission to transfer power from engine to wheels.
Advantages of ICEVs include higher driving range due to the high en-
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Figure 1.8: Architecture and main components of ICEV.

ergy density of liquid hydrocarbon fuels and lower refueling time with
respect to EVs. The main drawbacks are low efficiency to convert the
fuels into useful power and excessive tailpipe emission, which produces
relevant impact on the environment in terms of GHG and pollutant
emissions. The inefficiency of ICEVs strongly depends on the mis-
match of engine power characteristic with the real load characteristic
of the vehicles (high torque required at low speed). The impact of me-
chanical transmission efficiency and the waste of kinetic energy during
braking contribute to further reduce the efficiency of ICEVs as well.
Currently, improvements for ICEVs are focused on increasing energy
efficiency and adopting more eco-friendly fuels [6], such as biodiesel
and alcohol fuels (methanol and ethanol).

1.2.2 Battery Electric Vehicle

The architecture of BEV includes three main components: electric
motor, power electronic converter and a battery pack as energy storage
system. It is characterized by zero emission, high efficiency, indepen-
dence of petroleum fuels, low noise pollutant, safe and smooth opera-
tion. Moreover, BEVs have the capability to recover the waste energy
through regenerative braking. Disadvantages include high charging
time and limited driving range. Therefore, advanced battery technol-
ogy and intelligent energy management system are needed for strongly
improving BEVs performance.
From what concerns the powertrain architecture of BEVs, figure 1.9
reports different configuration that can be selected depending on size,
applications and cost constraints. The architectures shown in figures
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(a) (b) (c)

(d) (e) (f)

Figure 1.9: Different configuration for the powertrain architecture of BEV
(C: clutch; D: differential; FG: fixed gear; GB: gearbox; M: electric motor).

1.9a, 1.9b and 1.9c adopt a mechanical differential, whereas those in
figures 1.9d, 1.9e and 1.9f implement the electrical differential. In
standard vehicles, the differential is a mechanical structure used dur-
ing the cornering to transmit different speeds to the wheels. Indeed,
the outer wheels need a higher speed to tread the curve compared
to the inner ones. Figure 1.9a represents the typical solution imple-
mented in a ICEV and used for replacing the engine with an electrical
motor in an BEV. This topology of BEV has been adopted in the past
years to maximize the utilization of the existing mechanical structures.
Both wheels are connected to the same electric motor by means of a
wide and heavy mechanical section (clutch, gearbox and differential).
As result, this configuration has a huge mechanical transmission and
it needs maintenance as for ICEVs.
However, considering the wide torque-speed range of an electric mo-
tor, the mechanical transmission of BEVs can be reduced by replacing
clutch and gearbox with a fixed-gear, as illustrated in figure 1.9b.
Moreover, including the differential in the fixed-gear transmission and
using a double-motor architecture, it is possible to obtain the solution
reported in figure 1.9c, which is usually adopted in modern BEVs.
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Hence, the differential action can be provided using a double-motor
structure with independent axis. In particular, electric motors can be
connected to the wheels by means of a fixed-gear or directly, as shown
in figures 1.9d and 1.9e, respectively. Gearless architecture (figure
1.9f) can also be considered for motor-wheels by adopting low-speed
electrical motors. These architectures allows for maximizing the ad-
vantages of BEVs with respect to ICEVs in terms of cost, maintenance
and efficiency. Indeed, they have a very poor mechanical transmission,
leading to mechanical losses reduction.

1.2.3 Hybrid Electric Vehicle

An HEV aims to combine BEV and ICEV characteristics in order
to achieve a sustainable solution in terms of driving range, cost, size,
weight, GHG and pollutant emissions. It adopts two different energy
sources to propel the vehicle, including a fuel (gasoline, diesel or hy-
drogen) and a stored energy (battery, ultracapacitor and flywheel).
Hence, both electric motor and engine are needed.
The major advantages of HEVs are extended electric driving range,
good fuel economy and sufficient onboard energy and power to meet
the vehicle requirements in all driving profiles. Moreover, the presence
of both electric motor and engine allows for achieving higher efficiency
than ICEVs thanks to the possibility for the engine to operate at the
minimum consumption operating point. The main concern is related
to the management and control of power flows to properly coordinate
the dynamics of the energy systems without compromising the vehicle
performance. Indeed, combining BEV and ICEV technologies adds
complexity in controls and makes the system heavier and costly. In
addition, it is important to point out that the power flows from the
fuel tank are unidirectional, while those from the energy storage sys-
tem can be bidirectional. In particular, considering gasoline as fuel
and battery as energy storage system, the following operating modes
can be performed for a HEV:

1. Only gasoline provides to propel the vehicle (ICEV mode).

2. Only battery provides to propel the vehicle (BEV mode).

3. Both energy sources provide to propel the vehicle (HEV mode).

4. Gasoline supplies power to the battery.

5. Battery draws power from vehicle during regenerative braking.
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Figure 1.10: Architecture and main components of S-HEV.

6. Gasoline supplies power to both vehicle and battery.

7. Battery draws power from both vehicle and gasoline.

8. Gasoline supplies power to the battery, which provides to propel
the vehicle.

Depending on the usage of the energy sources, HEVs can be classified
into five categories: series, parallel, series-parallel, complex and plug-
in configurations. Moreover, a hybridization factor is typically defined
for HEVs, which represents the ratio between the rated power of the
electric motor and the overall rated power of the vehicle. Based on this
factor, two additional categories can be identified: Micro-HEV and
Mild-HEV. The hybridization factor is very low for these two solutions.
Micro-HEV is equipped with an electric motor with a rated power
up to 2 kW, only for enabling the start-and-stop operation during a
temporary stop of the vehicle. While, Mild-HEV also allows for the
energy recovery during regenerative braking thanks to the integration
of a low-capacity battery pack.

1.2.3.1 Series Configuration

A series hybrid electric vehicle (S-HEV) represent the simplest ar-
chitecture for HEVs. It uses the two energy sources for empowering
the electric motor, which provides to propel the vehicle. The ICE is
mechanically coupled with an electric generator that is connected to
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both electric motor and battery pack through a power electronic con-
verter, as illustrated in figure 1.10. Therefore, S-HEVs can also be
considered as an ICEV without direct mechanical link between ICE
and wheels.
All possible operating modes (1-8) of the two energy sources are appli-
cable for S-HEVs. The operation of the ICE is controlled on the basis
of the state of charge (SoC) of the battery. In particular, when the
battery reaches the minimum SoC allowable, the ICE starts in order
to charge the battery. While, the ICE stops when the battery reaches
a desirable maximum SoC, which should be maintained in the range
of 65%-75% of full charge in order to allow the battery to recovery
energy during regenerative braking. In addition, a suitable control
algorithm can be considered for ensuring the optimal operation of the
engine, having high efficiency and low fuel consumption.
However, power flows from energy sources to wheels include two stages
of power conversion (mechanical to electric and electric to mechanical),
leading to increased energy losses and reduction in overall efficiency
of the vehicle. The mechanical decoupling between the engine and
wheels increases the degree of flexibility and reduces the complexity
of the S-HEVs architecture. Moreover, since the electric motor pro-
vides a wide torque-speed range, multi-gear mechanical transmission
system can be eliminated.
The main advantages include simplified construction, easy control
strategy and reduced costs. While, the major concerns are related
to the sizing of ICE, generator and electric motor due to weight and
performance constraints. Reliability and versatility of this architecture
also represent additional limitations due to the possibility to propel
the vehicle only by the electric motor. The S-HEVs are suitable for
city driving applications, where frequent starts and stops occur.

1.2.3.2 Parallel Configuration

In a parallel hybrid electric vehicle (PA-HEV), ICE and electric
motor are connected in parallel to deliver power to the wheels, as
illustrated in figure 1.11. The power split is operated by means of me-
chanical coupling, which increases the complexity of the control algo-
rithm for PA-HEVs. All operating modes can be performed for better
utilization of energy sources and reliable operation, except modes 7
and 8. Typically, the control strategy for PA-HEVs is based on en-
abling only the electric motor at low speed and only the ICE at high
speed. In this way, ICE can operate at most efficient point, leading
to better fuel consumption and reduced tailpipe emission. In case of
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Figure 1.11: Architecture and main components of PA-HEV.

acceleration or hill climbing, both the power sources are activated to
fulfill the desired power demand. The electric motor can operate as a
generator to charge the battery when only ICE is enabled or in case
of regenerative braking.
As compared with S-HEVs, a single-stage power conversion is needed
for PA-HEVs. This increases the efficiency and reduces the weight
and cost of the vehicle. Moreover, the possibility to split the power
requested among ICE and electric motor allows for reducing their size.
The main concern includes the optimal management of the mechanical
coupling in order to achieve the best performance of the vehicle.

1.2.3.3 Series-Parallel Configuration

Series-parallel hybrid electric vehicle (SP-HEV) is an integration
of the S-HEV and P-HEV. This configuration introduces an additional
mechanical link with respect to the S-HEV and an additional gener-
ator with respect to the P-HEV, as shown in figure 1.12. SP-HEVs
can be divided in electric-intensive and engine-intensive if the major
contribution to the vehicle propulsion is provided by the electric motor
and the ICE, respectively. Therefore, depending on the entity of this
contribution, all the electric and mechanical components can be prop-
erly sized. The operating modes of both configurations are usually
performed in the same way, including start, acceleration, decelera-
tion, braking and battery charging. On the other hand, regarding the
normal driving mode, the aim is to operate the engine at its most effi-
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Figure 1.12: Architecture and main components of SP-HEV.

cient point. Despite the SP-HEV incorporates the advantages of both
S-HEV and P-HEV, the adoption of additional electric and mechani-
cal components (generator and planetary gear arrangement) increases
complexity, weight and costs of this architecture.

1.2.3.4 Other Configuration

All the configurations previously discussed implement a single-axle
propulsion for both front and rear wheels. However, complex hybrid
electric vehicle (C-HEV) can also be adopted for implementing a dual-
axle propulsion, as shown in figure 1.13.
In this way, both front and rear wheels contribute to propel the vehi-
cle. Front-wheel and rear-wheel axles are decoupled from each other
and there is no mechanical link between them. Therefore, both the
axles are driven independently.
Unlike the SP-HEV in which the electric generator provides only an
unidirectional power flow, C-HEV also allows for a bidirectional one,
leading to additional flexibility and reliability. Both power flow con-
figurations involve ICE, electric motor and generator to propel the
vehicle. In particular, front wheels and can be propelled by hybrid
propulsion system and rear wheels by electric propulsion system or
vice-versa. A planetary gear arrangement is adopted for coupling ICE,
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Figure 1.13: Architecture and main components of C-HEV.

front electric motor and front axle. The main advantage of C-HEVs
includes the possibility to achieve an independent control of front and
rear wheels, providing smooth vehicle operation and flexibility. More-
over, This, regenerative braking in all four wheels can significantly im-
prove the overall efficiency of the system and thus fuel economy. Nev-
ertheless, the large number of component needed strongly increases
complexity, costs and weight of C-HEV.

1.2.4 Plug-in Hybrid Electric Vehicle

Plug-in hybrid electric vehicle (PHEV) is a transitional technology
between BEVs and HEVs. Basically, PHEV is a HEV with large bat-
tery pack that can be recharged from an external source, such as the
utility grid or RES, to extend the electric driving range of the vehicle.
Therefore, all the configurations previously described for HEVs can be
also adopted for PHEVs by integrating a recharging system, which in-
cludes a plug and eventually an on-board charger. More details about
recharging systems for EVs will be provided in section 1.3.3.1.
PHEVs are also named as extended-range electric vehicles (E-REVs)
because of their typical operation, reported in figure 1.14. In partic-
ular, there are three different operating modes. The first one is the
electric-vehicle mode, also known as charge depletion phase, in which
only the battery contribute to propel the vehicle. The battery is partly
recharged with each regenerative braking event. Then, when the bat-
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Figure 1.14: Battery SoC during the typical operation of a PHEV. [7]

tery is depleted to a defined minimum SoC, the vehicle switches to
extended-range mode. Hence, the ICE is switched on with the aim of
maintaining the battery within the SoC range marked by the green
and red dashed lines in figure 1.14. After this phase named charge
sustaining, the battery pack is recharged by means of the external
source. In this way, PHEVs allows for extending the driving range of
the vehicle while reducing the environmental impact. Furthermore,
PHEVs represent an important solution for effectively enabling the
V2G technology.

1.2.5 Fuel Cell Vehicle

Fuel cell vehicle (FCV) represents an alternative solution to EVs
for meeting the requirements in terms of GHG and pollutant emis-
sions. Indeed, unlike ICE, a fuel cell directly converts chemical energy
into electric energy without internal combustion and pollution. On
the other hand, unlike the battery, it can only generate electric energy
and thus continue to supply energy as long as fuel is fed.
FCVs can be fueled with pure hydrogen gas stored on board in high-
pressure tanks. They can also be fueled with hydrogen-rich fuels
including methanol, natural gas, or even gasoline. In this case, an
onboard component, named reformer, is needed to convert these fu-
els into hydrogen gas, leading to an increase of cost, complexity and
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Figure 1.15: Architecture and main components of FCV.

weight of the vehicle. Moreover, zero emission can be achieved by
considering FCVs fueled with pure hydrogen, only water and heat are
produced as result of the fuel cell reactions. While, using hydrogen-
rich fuels and a reformer, a small amounts of air pollutants is produced.
Figure 1.15 shows the architecture of FCVs. The pure hydrogen com-
ing from the reformer is fed to fuel cell stack where a chemical reaction
occurs directly with the oxygen of the atmosphere, producing electric
energy. In addition, since the power flow from the fuel cell to propul-
sion unit is unidirectional, low-capacity battery pack or ultracapacitor
can be included in the architecture in order to allow energy recovery
from regenerative braking. In this way, the energy stored can be pro-
vided to propulsion system during acceleration to assist the fuel cells.
All the configurations and advantages of HEVs can be utilized by in-
tegrating ICE and battery pack with fuel-cell system. Furthermore,
enabling bidirectional power flows between the battery pack and the
grid, FCVs can also be operated as plug-in fuel-cell vehicles (PFCVs).
The main advantages of this architecture include high efficiency, re-
liability and quiet operation with negligible emissions. While, major
concerns are related to fuel cell cost and infrastructure issues for hy-
drogen conditioning, storage and refilling system.
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1.2.6 Final Remarks

Among different types of electrified vehicles, HEV is the only one
that currently has the potential to compete with ICEV in terms of
performance and driving range. It offers advantages such as extended
electric range of operation, good fuel economy, higher efficiency, suf-
ficient onboard power, and better dynamic response. However, the
integration of electric and mechanical components increases control
complexity and makes HEVs comparatively bulky and costly. Nowa-
days, HEV technology is growing rapidly and capturing significant
market space at a fast growth rate. Plug-in HEVs are currently at
the commercialization stage. The efficiency analysis from WTW, the
V2G technology and the impact of charging station on the grid are
the major issues that need to be better investigated for a successful
commercialization.
On the other hand, large-scale adoption of BEVs requires signifi-
cant improvements in battery technology and charging infrastructures.
FCVs are considered an alternative solution for vehicle technology.
However, it is necessary to demonstrate that they have the ability
to compete with ICEVs on cost, weight, onboard energy density and
driving performance while ensuring benefits of BEVs, such as zero
emission and high efficiency.

1.3 Electric Propulsion System

The sustainability of EVs is relying on maturity, which depends
on technological advancement and development of its components. In
detail, the architecture of an EV can be divided in three different
section, as illustrated in figure 1.16:

− powertrain subsystem;

− energy source subsystem;

− auxiliary subsystem.

The powertrain subsystem consists of the electric motor and the power
converter as well as the mechanical part of the vehicle, such as driving
wheels, clutch, gear box, differential. Starting from the control signals
of the user (brake and accelerator pedals, steering angle), this section
is controlled by means of the electronic controller unit (ECU), named
vehicle controller in figure 1.16. In particular, it generates the switch-
ing signals for the power converter to manage the power flow between
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Figure 1.16: Architecture of an EV divided in three main subsystems. [8]

the electric motor and the energy sources and thus propel the vehi-
cle. Moreover, since the energy flow can be bidirectional, the energy
flows from the storage to the motor up to the wheels during traction,
whereas the energy stored in the inertial masses is conveyed to the
energy source through the power converter if regenerative braking is
allowable. Otherwise, this stored energy is dissipated in the friction
brakes.
The energy source subsystem includes the refueling and the manage-
ment units. The first one is necessary to allow the recharging of the
energy source. The energy management unit cooperates with the ECU
in managing the power flows to and from the energy source in order
to maximize the driving range and to ensure its safe operating condi-
tions safeguard the energy sources. The auxiliary system consists of
the power steering unit, temperature control unit and auxiliary power
supply for the additional electric loads, such as heater, air conditioner,
radio, indicators and other accessories.
Considering the strong connection between powertrain and energy
source subsystems, they are usually grouped, leading to the electric
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propulsion system (EPS) of the EV. Therefore, the main components
of the EPS include the energy storage system, the electric motor and
the electronic power converter. More details about the features of
these components are provided in the following sections.
It is important to highlight that EPS plays a key role for the perfor-
mance of an EV. The required characteristics of electrical drive for EV
applications can be summarized as follows:

− high instant power and high power density;

− high torque at low speed;

− fast torque response;

− high efficiency over wide torque-speed range and during regen-
erative braking;

− high reliability and robustness;

− reasonable costs.

Moreover, EPS has to be sized on the basis of the desired accelerations,
maximum speed, climbing capability, braking action, driving range
and mission of the vehicle.

1.3.1 Energy Storage Systems

Energy storage system (ESS) represents a crucial aspect for vehicle
electrification. Indeed, the efficiency, fuel economy and electric driv-
ing range of EVs strongly depend on the onboard ESS of the vehicles.
It needs to be properly sized in order to ensure sufficient energy ca-
pability (kWh) and provide adequate peak power (kW) for achieving
desired driving performance. In particular, the major factors that af-
fect the design of ESSs for vehicular application include energy and
power densities, life cycle, size, safety, maintenance and recyclability
at projected cost.
The following four technologies of ESS are currently taken into account
for EVs and HEVs:

− electrochemical batteries, including lead-acid, nickel-based and
lithium-ion technologies;

− ultracapacitors;

− flywheels;

− fuel cells.
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Figure 1.17: Ragone plot of different ESSs for vehicle technology. [9]

In addition, hybrid solutions based on the integration of these ESSs
can be adopted as well. Figure 1.17 shows the Ragone plot for the
ESSs considered, which highlights their basic characteristics in terms
of power and energy densities. As result, ICE still remains the most
desiderable solution due to the high specific power and energy of fossil
fuels. Ultracapacitors are characterized by high power density, thus
they are suitable for providing a high peak power in a very short period
(milliseconds). On the other hand, fuel cells have high energy density
and require long time period (hours) to be charged or discharged. This
limits their applications in vehicle technology since both high power
and energy densities are needed. While, among the electrochemicals
batteries, Lithium-ion technology provides a reasonable compromise
between energy and power densities. Indeed, it is currently considered
as an attractive solution for HEVs and BEVs.

1.3.1.1 Battery Technology

Electrochemical batteries consist of positive (cathode) and nega-
tive (anode) electrodes immersed in an electrolyte and then inserted
in a sealed container. They can convert chemical energy in electric en-
ergy bidirectionally. In discharging, electrons migrate from the anode
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to the cathode thanks to a reduction-oxidation reaction. In charging,
the electrochemical reaction is reversed through the ionization of the
electrolyte. The overall performance of batteries strongly depends on
the electrochemical properties of each battery component. Therefore,
numerous materials for electrodes and electrolytes are being selected
for achieving the best performance depending on the application re-
quirements [10]. Indeed, high-energy-density batteries are required
for BEVs, whereas high-power-density batteries are suitable for HEVs
and FCVs. Currently, among all the different battery technologies,
the most common solutions for EVs include lead-acid, nickel-based
and lithium-ion batteries [11].

Lead-acid batteries

Lead-acid batteries are based on a lead dust as anode (Pb) and a diox-
ide lead as cathode (PbO2), which are immersed in a solution of sulfu-
ric acid (H2SO4). These represent the most mature and cheapest bat-
tery technology available. However, they are characterized by several
disadvantages, including low specific energy density (30-40 Wh/kg)
and power density (180 W/kg), short lifetime (500-800 cycles), high
dependence on temperature, high self-discharge rate and high main-
tenance requirements.
Lead-acid batteries can be classified in two categories:

− Shallow cycle batteries

Designed to provide high current for a very short period of time
and capable of withstanding light overloads without electrolyte
loss. These batteries are widely adopted as engine actuators
in automotive applications, especially for ICEVs and micro-
hybrid vehicles due their strong compatibility with alternators,
longevity and reliability.

− Deep cycle batteries

Designed to be frequently discharged up to 80% of their capac-
ity with low discharging currents. These batteries are generally
used in Uninterruptible Power Supply (UPS).

Nickel-based batteries

These batteries have a positive nickel electrode and a negative one
that can be made with different solutions, including cadmium, zinc,
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hydrogen, iron or a metal halide. The two electrodes are separated by
a partition, which is selected according to the chemistry of the nega-
tive electrode material. After cell construction and packaging, liquid
electrolyte is circulated into the porous electrodes. The classical struc-
ture of a nickel electrode cell is cylindrical.
The main nickel-based batteries are nickel-cadmium (NiCd) and nickel-
metal-hydride (NiMH). However, only NiMH batteries are adopted
for automotive applications due to their robustness and reliability.
Advantages include very high power density (300-1000 W/kg) and a
higher energy density (40-120 Wh/kg) with respect to lead-acid bat-
teries. In addition, since NiMH are characterized by a low internal
resistance, they result suitable for performing the charge sustaining
mode in HEVs. On the other hand, NiCd batteries are typically used
only for stationary applications since they have been prohibited for
consumer usage due to the high toxicity of cadmium.

Lithium-ion batteries

Li-ion cell consists of a graphite negative electrode, a metal-oxide pos-
itive electrode, an organic electrolyte with dissolved lithium ions and
a micro-porous polymer separator. In charging, lithium ions flow from
the positive electrode to the negative one, whereas in discharging the
reverse flow of ions occurs. The potential of lithium-ion batteries is
still not fully explored and maturity level is yet to be achieved. There-
fore, this technology is currently considered a very promising solution
to enable the electrification of transport. In particular, there are two
main aspects that make lithium-ion batteries such interesting for au-
tomotive industries:

− high design flexibility, since different cell shapes can be adopted,
including cylindrical, prismatic and pouch solutions;

− possibility to achieve high-energy-density or high-power-density
cells and high charging/discharging currents depending on the
materiales used for electrodes and electrolyte.

Moreover, lithium-ion batteries are characterized by the highest cell
voltage among the battery technologies, approximately of 3.7V. This
allows for reducing the number of cells to be connected in series for
meeting the voltage requirement. However, safety represents the ma-
jor concern for this battery technology. In particular, most of the
metal oxide electrodes are thermally unstable and can decompose at
elevated temperatures, releasing oxygen and leading to potential ther-
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mal runaway. Therefore, a battery management system is needed for
monitoring the operating conditions of the cells and preventing any
safety issues. This increases the overall cost of the battery system.
Currently, the main task remains to achieve a significant cost reduc-
tion with acceptable lifetime and safety.

1.3.1.2 Ultracapacitors

Generally, a capacitor consists of two electrical conductors sep-
arated by a non-conducting material, known as dielectric. When a
voltage is applied across the conductors, it occurs an electric field in
which the energy is statically stored. The capability of the capacitor
to store energy is determined by the surface area of the conductors
and the distance between them.
Ultracapacitors, also known as supercapacitors, are designed to have
a very high capacitance by increasing the surface area of the elec-
trodes. This leads to high specific power and low energy density.
Moreover, compared to batteries, ultracapacitors have the advantage
of large number of cycles to be charged and discharged with high cur-
rent without loss in their performance.
Ultracapacitors have been used for ICEVs and submarines starting
due to their ability of burst power delivery. In vehicle technology,
they can be adopted as energy source for power delivery during start-
ing, acceleration and hill climbing as well as for providing the energy
recovery during regenerative braking. Ultracapacitors can also be in-
tegrated with batteries for improving the energy performance of EVs.
This allows for downsizing and extending the life of a battery, reduc-
ing maintenance and replacement costs. The major concern includes
the possibility to achieve a desired energy density at reasonable weight
and cost.

1.3.1.3 Flywheel

A flywheel is a rotating mechanical device that allows for stor-
ing electric energy in form of rotational kinetic energy. In charging,
electric energy is used to power a motor/generator that spins a shaft
connected to the rotor in order to store energy. In discharging, the ki-
netic energy stored is extracted and converted back in electric energy
thanks to a generator driven by the inertia of the flywheel. The en-
ergy is maintained in the flywheel by keeping its rotation at a constant
speed. While, a speed increase results in a higher amount of energy
stored. Moreover, flywheel rim rotates in an evacuated containment
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that reduces frictional losses and ensures safety in case of failure.
Flywheel could represent a potential candidate as ESS in EVs for per-
forming the energy recovery during regenerative braking. However, its
implementation in vehicle technology has been limited due to heavy
weight and high cost. Moreover, since high rotational speed is required
for increasing the energy stored, the mechanical coupling between EV
and flywheel becomes very difficult.

1.3.1.4 Fuel cells

A fuel cell is an electrochemical device that uses hydrogen (H2) as
fuel and oxygen (OH2) from air to produce electricity with water and
heat as by-products. It combines the best features of ICE (they can
operate as long as fuel is supplied) and batteries (they can produce
electricity directly from fuel, without combustion), thus reducing pol-
lutant emissions and noise while increasing the efficiency. The specific
energy of a fuel cell is similar to gasoline, whereas the specific power
is very low. Therefore, battery or ultracapacitor needs to be used in
conjunction with the fuel cell for improving the performance of FCVs.
The main drawbacks of this energy technology include the availabil-
ity of hydrogen, manufacturing cost, fuel generation and distribution
as well as system complexity. In addition, fuel cell only allows for
achieving a bidirectional power flow.

1.3.2 Electric Motors

The design of an electric motor (EM) for EVs needs to take into ac-
count different requirements with respect to industrial motors, which
are usually operated at rated speed under common operating condi-
tions. Indeed, EMs used for EPS should be able to provide:

− high torque for starting and low-speed hill climbing operation;

− high power density for acceleration and high-speed cruising for
highway;

− high efficiency over wide torque and speed ranges;

− suitability for regenerative braking;

− overload capability during certain period of time;

− controllability, high reliability and robustness at affordable costs.
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Moreover, fault-tolerant capability, minimum torque ripple, temper-
ature management and low acoustic noise represent other important
issues for the design.
The commonly used EMs for EPS include dc machine (DCM), induc-
tion machine (IM), permanent magnet synchronous machine (PMSM)
and switched reluctance machine (SRM). While, EM control strategies
can be divided in two categories on the basis of the number of control
variables:

− Scalar control

They are based on the steady-state model of the EM and allows
for regulating a scalar quantity, such as the rotor speed. This
control topology has usually a simple structure and it is used
when high performance and high precision are not required.
This category includes V/f and sω controls.

− Vectorial controls

These controls are more complex since they are based on the
vectorial model of EM, thus two scalar quantities are controlled
in the entire machine operating range. This control topologies
allows for achieving high accuracy and high dynamics perfor-
mance. Relevant vectorial controls are the Direct Torque Con-
trol (DTC) and the Field Oriented Control (FOC).

DC machine

DCMs have been used prominently for EPS due to its high starting
torque and simple speed control. Their torque-speed characteristics
exhibits good compliance for automotive applications. However, there
are relevant disadvantages that make DCMs unsuitable for EVs, in-
cluding high costs, high maintenance, low efficiency, problems in dusty
areas, low power density and low reliability due to the presence of
mechanical commutators and brushes. In addition, technological ad-
vancements in power electronic converters and switches have strongly
contributed to replace DCMs with commutatorless motors, such as
IMs, PMSMs and SRMs. On the other hand, due to simple speed
control and technical maturity, DCMs still remains a prominent solu-
tion for low-power EPS.
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Induction machine

IM-based vehicles are considered as dominating candidate for EPS
among various commutatorless motors. Advantages include simplic-
ity, high reliability, robustness, wide speed range, low maintenance,
low torque ripple/noise, low cost and ability to operate in hostile en-
vironment. However, there are also several concerns that need to be
taken into account, such as high losses, poor power factor and low
efficiency. Moreover, considering the same power rating, weight and
volume of IMs are greater than PMSMs. Efforts are being made to
resolve these issues either at design level or by proposing new control
schemes and/or converter topologies.

Permanent magnet synchronous machine

In recent times, PMSMs are widely accepted by the leading vehicle
manufacturers for designing the existing and upcoming EPS due to
their high power density and reduced weight and volume for a speci-
fied power rating. This allows for a compact packaging of the machine
with advantages in terms of reliability and on-board space saving for
the EV. The reduced size of PMSMs enables an efficient cooling as well.
Higher efficiency can be also achieved for PMSMs with respect to a
IMs. However, PMSMs have several limitations due to the adoption of
permanent magnets, which lead to high costs, short constant power re-
gion due to limited field weakening capability and fault-tolerant issues.

Switched reluctance machine

SRM is gaining more attention for EPS in automotive applications,
especially for HEVs and FCVs. It is characterized by a rotor without
magnet and windings, which offers simple and robust construction
that is desirable for very-high-speed and high-temperature operation.
Other advantages include excellent torque-speed characteristics, fault-
tolerant capability, smooth and hazard-free operation, and a larger
constant power region with respect to PMSM. The major limitations of
SRMs are high acoustic noise, vibrations, high torque ripple, complex
control mechanism, and requirement of specified converter topology
for the measurement of the air gap field. However, despite the cost
of SRMs is relatively high, their mass production is expected to make
them as cost-effective as IMs.
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Figure 1.18: Architecture of EPS for EVs.

1.3.3 Power Electronics Converters

Power converters are responsible of controlling, managing and op-
timizing the power flow among energy sources and vehicle loads, repre-
senting a fundamental component in the EPS. In detail, they perform
the following critical tasks:

− switching of actuators, valves and equipments;

− power conditioning and voltage/current modulation to create
compatibility among the energy sources;

− control of traction motors in order to meet the vehicle require-
ments in terms of torque and speed;

− manage of auxiliary loads, such as air conditioner, head lamp
and power steering.

Figure 1.18 shows the typical architecture of EPS for EVs, including
interconnection among electric power system, ESS, powertrain system
as well as control and protection system. The main components of the
power conversion stage comprise an AC-DC charger, a bidirectional
DC-DC converter and a DC-AC traction inverter.
The AC-DC charger with power factor correction (PFC) is needed for
recharging the battery pack of BEVs or PHEVs from the electrical
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grid. This can be also designed for bidirectional power flows in order
to enable V2G technology. A proper charging-discharging profile for
transferring energy between ESS and the powertrain system can be
achieved by means of a bidirectional DC-DC converter. This also
allows for improving ESS performance in terms of SoC and efficiency.
The DC-AC traction inverter converts the DC power from the ESS to
power the electric traction motor, which provides to propel the vehicle.
Furthermore, the traction inverter is usually bidirectional to provide
the possibility of recharging the battery pack thanks to the energy
recovery during the regenerative breaking. In particular, depending
on the electrical characteristics of the EM, four major topologies of
traction inverter can be considered:

− H-bridge converter;

− Voltage Source Inverter (VSI);

− multilevel converter;

− resonant converter.

H-bridge converter is used for EPS equipped with DCMs, while VSI
results suitable for EVs that adopt three-phase AC machines. Multi-
level converters represent a proper solution for EVs as well, especially
for high-power and high-voltage motor drives.
On the other hand, the DC-DC converter architectures can be classi-
fied as isolated or non-isolated on the basis of the presence of the trans-
former. Isolated DC-DC converters usually include high-frequency
transformer and are used especially in case of hybrid ESS. In detail,
it can be necessary when the energy sources cannot be grounded to-
gether or when it is necessary a ratio between the sources and the
dc-link. The adoption of power transformer causes additional losses
and costs. The DC-DC converters adopted for EVs are:

− buck converter;

− buck-boost converter;

− H-bridge converter;

− push-pull converter;

− resonant dc-dc converter.

Moreover, different solutions for the DC-DC conversion stage can be
considered when hybrid ESSs need to be integrated. Indeed, the volt-
age levels and the dynamics are different for each ESS, thus a proper
converter architecture is required. In particular, power conversion sys-
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(a) (b) (c)

(d) (e)

Figure 1.19: Topologies of hybrid ESSs: (a) direct parallel connection;
(b) parallel connection with one converter; (c) parallel connection with
two converters; (d) multiple-input converter configuration; (e) cascaded
connection.

tems for hybrid ESSs can be grouped in five topologies, as illustrated
in figure 1.19. A direct parallel connection topology is shown in figure
1.19a. This solution is used when the voltage levels of the two energy
sources are equal to the dc-link voltage of the traction inverter. In
this case, the power flow sharing is regulated by means of different
impedances of the sources. As example, in case of hybrid battery-
ultracapacitor ESS, ultracapacitor has low impedance and provides
the power peak, while battery supplies energy.
Other topologies adopt power converters for regulating the power flows
coming from the different energy sources with the aim of achieving
a more flexible solution. In detail, figure 1.19b shows a topology in
which one conversion unit PEU1 regulates the power flow coming from
the energy source ESS1. Figure 1.19c reports a solution in which a
converter for each ESS is considered and both energy sources are con-
nected in parallel to the same dc-link. Despite this solution is more
expensive than the previous ones, it ensures the best performance in
terms of efficiency and control of the two ESSs. A multiple-input
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Figure 1.20: Simplified architecture for a battery charger.

converter configuration is shown in figure 1.19d, where both energy
sources are controlled by means of an unique and more complex power
converter. Moreover, starting from the solution shown in figure 1.19b,
a cascaded connection can be performed by adding a DC-DC converter
on the dc-link.

1.3.3.1 Battery Charger

Among the power converters for vehicle technology, AC/DC charg-
ers play a critical role in the sustainable development of BEVs and
PHEVs. A battery charger should be reliable and efficient with high
power delivery capacity at low cost and weight. The availability of
charging infrastructures can certainly contribute to reduce the size
and capacity of onboard ESS with advantages in terms of cost and
driving performance.
Currently, three types of charging stations can be identified on the ba-
sis of power-handling capacity, charging time and location of CP. Type-
I is the slowest method of charging, designed for home or business sites
with readily available power outlet and no additional infrastructure is
required. While, dedicated infrastructure and charging equipments
are needed for type-II method. However, BEVs and PHEVs owners
are likely to prefer type-II charging technology due to its lower charg-
ing time and standardized vehicle-to-charger connection. Type-III is a
commercialized fast charging method and offers high-power charging
capability. It can be installed in highway and city refueling points,
similar to conventional fuel stations. Type-I and type-II charging in-
frastructures are usually equipped on-board, whereas type-III charg-
ers are installed off-board. Figure 1.20 shows a simplified architecture
for a battery charger, highlighting the typical on-board and off-board
components.
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In detail, three different solutions can be considered for a battery
charger:

− On-board and off-board charger

The on-board charger is installed in the vehicle and designed for
slow charging rate, leading to high charging times. In addition,
it needs to be light and compact in design due to limitation in
available space in vehicle and payload. The advantage of on-
board charger include the possibility to recharge the battery
at anyplace where an electric outlet is available. On the other
hand, an off-board charger is less constrained by size and weight
and provides redundancy in power converters, which adds flex-
ibility in the system. Moreover, both on-board and off-board
chargers can be designed for allowing unidirectional or bidirec-
tional power flow. This results fundamental for enabling the
V2G technology.

− Integrated charger

This charger can be adopted for overcoming the disadvantages
of on-board chargers related to weight, volume cost and space
over specific power capacity of the battery. It is based on the
possibility to integrate the battery charger with the propul-
sion inverter-motor drive. In particular, integrated chargers
adopt the traction inverter as a bidirectional ac/dc converter
and the motor windings as filter inductors. Therefore, this so-
lution results feasible only if the vehicle is at rest. The main
advantages of integrated chargers include low cost, high-power-
density bidirectional power flow and fast charging with unity
power factor. However, extra component requirement, control
complexity and specified design for both traction inverter and
EM represent the major concerns for its successful implemen-
tation.

− Inductive charger

In conductive charging systems, since the battery pack is di-
rectly connected to the power outlet through charger connect-
ing cable, vehicles need to be parked and plugged into CP.
As alternative, inductive or wireless power charging allows for
transferring energy from power outlet to the on-board battery
pack magnetically. Figure 1.21 shows a simplified architecture
for an inductive charging system.
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Figure 1.21: Simplified architecture for an inductive charging system.

The working principle is based on the magnetic coupling be-
tween two coils of a very-high-frequency transformer. The first
coil, known as transmitter, is mounted off-board in the charg-
ing station, whereas the second one, named receiver, is installed
on-board in the vehicle. Different power conversion stages are
needed for converting the low-frequency power from the electric
grid in a very high-frequency one. Then, this high-frequency
power received from the vehicle coil is converted to DC in order
to recharge the battery pack on-board.
The main advantages of inductive charger include the disposal
of cable connectors, user convenience and galvanic isolation.
Moreover, this solution allows for enabling the charging of the
battery pack while driving, leading to a dynamic wireless charg-
ing technology. However, relatively low power density and ef-
ficiency, high control complexity and manufacturing cost rep-
resent several concerns that are limiting a large adoption of
inductive chargers.
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Chapter 2

Lithium-ion Battery Packs

Currently, lithium-ion battery packs represent a crucial component
for the EPS of EVs, since they strongly impact on the performance
and the overall cost of vehicles. Therefore, a detailed knowledge of
battery features is needed at both cell and pack levels in order to bet-
ter understanding the limitations of the current technology.
In this chapter, after an introduction related to the main battery ter-
minology, the architecture and the operating principles of lithium-ion
cells are illustrated, highlighting the most adopted materials and fu-
ture trends. Then, major components of the battery pack architecture
for automotive applications are discussed. A brief overview regarding
the battery modeling approaches, safety and aging conditions is re-
ported as well.

2.1 Terminology

In this section, the key characteristics of batteries are reported,
since they will be widely used in the following paragraphs. These are
generally referenced to assess the performance of batteries as well.

Open circuit voltage

The open circuit voltage (OCV) is the difference in potential be-
tween the battery terminals when there are no current flows for a
substantial period of time and thus the battery is fully rested. High-
accuracy and specific instruments are requested for measuring the
OCV since the majority of voltage meters introduce a low-amplitude
current for the measurement, leading to issues in detecting the OCV.
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On the other hand, a typical experimental-based approach consists in
assuming the OCV equal to the voltage difference between the battery
terminals after a suitable rest period to extinguish the electrochemical
dynamics. However, depending on the chemistry of the battery and
the charging/discharging current profile applied, a different rest pe-
riod is needed for measuring the OCV, ranging from several minutes
to hours. Moreover, the OCV usually depends on temperature and
state of charge of the battery.

Terminal voltage

This represents the voltage measurable between the battery termi-
nals when a load or a charger is applied. It varies with the operating
conditions of the battery.

Internal resistance

This is the overall resistance measurable between the battery ter-
minals. It strongly depends on current sign (charging or discharging),
temperature and state of charge of the battery. As the internal resis-
tance increases, the battery efficiency decreases and thermal stability
is reduced since a larger amount of charging/discharging energy is con-
verted into heat. In addition, a higher voltage drop occurs, leading to
lower discharging time.

Capacity

The capacity of a battery is the amount of electric charge expressed
in Coulomb or Ampere per hour (Ah) that can be stored under speci-
fied conditions. Because of the chemical reactions within the battery,
the capacity strongly depends on the charging/discharging conditions,
such as the magnitude of the current profile, the allowable terminal
voltage of the battery and temperature. Indeed, if a battery is charged
or discharged at a relatively high rate, the available capacity will be
lower than expected. The rated value of the battery capacity is usu-
ally defined as the amount of charge that the battery can deliver from
fully charged to fully discharged conditions at a very low constant
current and an operating temperature of 25◦C. Therefore, the capac-
ity is obtained by integrating the current in time, while the battery
voltage drops from the maximum to the minimum values prescribed
by the manufacturer. Furthermore, the nominal capacity can also be
expressed in terms of energy (kJ or kWh) by multiplying for the nom-
inal voltage, which roughly corresponds to the voltage at mid-charge
conditions.
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C-rate

The C-rate describes the rate of charge or discharge current ex-
pressed in a normalized form. Indeed, it is calculated as the ratio
between the nominal capacity of the battery and the specific ampli-
tude of the current. The C-rate is typically defined with the expression
C/x, where x represents the number of hours to completely discharge
the battery at a constant current. The battery manufacturers usually
report the impact of C-rates on the battery capacity.

State of Charge

The state of charge (SoC) is a dimensionless value that indicates
the amount of usable charge in the battery at a given time. It is
usually expressed as a percentage of the rated capacity and it can be
measured by integrating the charging/discharging current. However,
since this approach (known as Coulomb counting method) results af-
fected by measurement errors, state observers are needed for correctly
estimating the SoC. More details related to the estimation methods
for the SoC of batteries will be illustrated in section 3.2.4.1. It is
important to highlight that batteries are never utilized in their entire
SoC range in order to avoid undesired aging and safety conditions. In
particular, regarding automotive applications, the usable range of SoC
for PHEVs or BEVs is about 75-80%, from 10-15% to 95%. While, a
lower usable range (10-20%) is considered for HEVs. For this reason,
the battery pack of EVs are usually oversized for meeting the capacity
requirement and compensating the reduced usable range of SoC.

Depth of discharge

The depth of discharge (DoD) represents the complement of the
SoC and expresses the amount of battery capacity that has been dis-
charged as a percentage of the nominal capacity.

State of energy

The state of energy (SoE) is used in replacement of the SoC to
indicate the effective battery capacity in terms of energy content (kJ
or kWh). Despite the similarity of these two parameters, the SoE is
different from the SoC because it partially takes into account for the
effect of the internal resistance and the efficiency of the battery as
well. The SoE is generally used in PHEVs and EVs, where a large
fraction of the nominal capacity of the battery is used.
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Energy density

This represents the amount of energy contained in a specific quan-
tity of battery material. It can be normalized based on the mass
(Wh/kg) or the volume (Wh/L) of the battery, leading to the gravi-
metric or volumetric energy densities, respectively. Energy density
strongly influences the design of EVs in terms of weight and handling
of the vehicle, including its drivability, stability and overall fuel con-
sumption. Moreover, it is responsible of the electric driving range in
BEVs or PHEVs.

Power density

This designates the maximum electrical power available from and
to the battery per unit weight. As for the energy density, it can be ex-
pressed as gravimetric (W/kg) or volumetric (W/L) power density. It
is responsible of the vehicle performance for BEVs or PHEVs. While,
it results very important for HEVs since it influences the amount of
energy stored during regenerative braking as well as short bursts of
drive assist, such as start-and-stop operation and vehicle acceleration.

Self-discharge and Calendar life

This indicates the rate of discharge of batteries when no current
flows occur, thus neither charger nor load are connected to the bat-
tery. This undesired discharge is governed by chemical reactions that
depend on the construction of the battery as well as impurities in the
electrodes and electrolyte. Lithium-ion batteries are characterized by
the lowest self-discharge rate compared to other battery technologies.
The self-discharge rate is also related to the calendar life of batteries,
which represents the life expectancy during storage.

Cycle life

The cycle life or Useful Life (UL) represents the life expectancy of a
battery when subjected to cycling. It is usually defined as the number
of complete charge/discharge cycles that a battery can perform before
its nominal capacity falls below 80% of its initial rated capacity. An
alternative measure of cycle life is based on the internal resistance of
the battery. In detail, it is defined as the number of cycles that the
battery can perform before a 50% increase of its internal resistance
occurs with respect to the initial value. The measure of the usable life
of a battery results fundamental for correctly defining the end-of-life
(EoL) condition and thus when a replacement is needed due to per-
formance reduction. However, this is a very difficult parameter to be
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evaluated since it strongly depends on the operating conditions of the
battery during its life in terms of current profiles and temperature.
For this reason, the cycle life represents a key issue in the production
of EVs, where certain driving range and life expectancy are required.

State of health

The state of health (SoH) is an indication of the condition of a
battery compared to its ideal conditions. The battery SoH decreases
over time and depending on the operating conditions of the battery.
However, unlike the SoC, it does not correspond to particular physical
quantity. Therefore, there is not uniformity in the SoH estimation
methods adopted for real-world applications. More details related
to the SoH estimation methods will be illustrated in section 3.2.4.2.
Conventionally, SoH accounts for three indicators: capacity, internal
resistance and self-discharge. For what concerns lithium-ion batteries,
the SoH generally refers to the capacity since internal resistance and
self-discharge remain low under normal usage conditions.

2.2 Cell Architecture

Cells represent the smallest individual electrochemical unit for bat-
tery technology. Therefore, the performance characteristics of large
battery pack are determined by the basic electrochemistry that occurs
at the interfaces of the system components at the cell level. Currently,
there are two main advantages that make lithium-ion cells the most
promising technology for the EPS of automotive applications. The
first one includes the wide design flexibility for the cells, which allows
for a better distribution of the battery pack on-board. The second
one is related to the possibility of selecting a large variety of materi-
als for the cell components. This leads to specific design of the cells
in terms of energy and power densities depending on the application
requirements. However, further improvements are required for achiev-
ing a successful mass introduction of electrified mobility with market
competitive performance. Therefore, advanced lithium-ion cells need
to be developed by improving electrochemistry and battery materials.

2.2.1 Construction and Design

The lithium-ion cells are available on the market in four different
formats, illustrated in figure 2.1.
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Figure 2.1: Cell formats available on the market: (a) button/coin, (b)
cylindrical, (c) prismatic and (d) pouch.

Button/coin

These are very small size cells with a compact design, which are
mostly adopted for powering small devices, such as watches, phones,
car keys, security wands, medical aids, remote controls, and even small
LED flashlights. Indeed, their capacity is very limited, thus they can-
not be used for applications that require more power. However, de-
spite they are not expensive, the button design leads to two main
drawbacks. Firstly, there is not a safety vent to let out any gases that
might be produced in the cell. Secondly, the battery can swell if sub-
jected to high charging C-rates.

Cylindrical

This represents the most widely used packaging style. The cylin-
drical design has good cycling capabilities, offers a long cell lifespan
and it is economical. Other advantages include an easy manufacturing
process and mechanical stability since the cylindrical shape can with-
stand high pressure. However, this cell format tends to be heavy and
has a low packaging density due to its space cavities. The majority of
the cylindrical cells is characterized by a pressure relief mechanism in
which a membrane rupture occurs at high pressures. Since leakages
and dry outs may occur once the membrane breaks, these cells have
resealable vents with a spring-loaded valve, which opens to relieve the
pressure. In addition, many lithium-ion and nickel-based cylindrical
cells have a positive thermal coefficient (PTC) switch, which heats
up and becomes resistive when high currents passes through it, act-
ing as a short circuit protection. Then, when the PTC cools down,
conductivity returns and current can flow. Other lithium-ion cells are
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characterized by a charge interruption device that causes physical and
irreversible disconnection of the cell when unsafe pressure builds up.
Cylindrical cells are mainly used for power tools, electric bicycles and
medical equipment. Manufacturers provide different cell lengths in
order to increase their adoption. The 18650 is the most popular cylin-
drical lithium-ion cell-package available. Other formats include the
20700, 21700, 22700 and 26650 cells, which provide higher capacity
with respect to the 18650 format.

Prismatic

This format has been developed in response to the need for thinner
cells. Prismatic cells are wrapped in thin cases and make optimal
use of space inside the cell by using a layered approach. In detail,
they are constructed in a wound or flat plate configuration, leading to
different manufacturing process. The first configuration is generally
based on wrapping the layers around a bobbin or mandrel, similar
to that of a cylindrical cell. While, discrete layers are stacked side
by side and pressed together or folded in a flat plate cell. In both
configurations, the layers are contained in a rigid case that provides
terminal connections and includes a vent plug. Some swelling can
occur due to gases building up, which may causes the cell to press
against the battery compartment.
Standards are not uniform for this cell format, thus each manufac-
turer develops prismatic cells on the basis of their specifications and
needs. They are mainly adopted in smartphones, tablets and low-level
laptops. On the other hand, prismatic cells can also be used in large
formats packaged in welded aluminum or steel housings for achieving
higher cell capacity compared to the cylindrical format. These large
format cells are usually designed for EVs. In particular, despite the
lower energy density due to the packaging, they are suitable for heavy-
duty vehicles thanks to their high robustness and reliability.

Pouch

These cells use conductive foil tabs that are welded to the elec-
trodes and sealed shut. These tabs or conductors are typically at-
tached in either an axial or radial position, as shown in figure 2.2.
Axial placement allows the tabs to be wider, lowering the total series
resistance and increasing the ability to conduct heat from the package.
Pouch cells offer simple, flexible, and lightweight solutions to battery
form factors. Moreover, they can deliver high current loads and rep-
resent the most space-efficient cells, achieving about 90% packaging
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Figure 2.2: Pouch cell with tabs attached in radial (a) or axial (b) position.

efficiency, which is the highest among batteries.
However, improvements to the design need to be performed to solve
the excess swelling due to gassing. Indeed, if overcharging or overheat-
ing occur, the pouch cell releases gases and may expand, causing the
layers to separate. In addition, the pouch material offers little physi-
cal protection, thus an external structure is required for the module or
battery housing to support, restrain, and protect the pouch cell. As
for the prismatic format, no standard size exists for the pouch cells.
Typical applications for this cell format include equipment that needs
high current loads, resulting very suitable for EVs.

2.2.2 Components

Regardless of form factor, lithium-ion cells consist of four main
components:

1. Cathode - positive electrode based on an aluminum foil coated
with the active cathode material.

2. Anode - negative electrode based on a copper foil coated with
the active anode material.

3. Separator - usually made of some type of polypropylene or polyethy-
lene plastic and divides the two coated foils material, preventing
short circuits.
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4. Electrolyte - is a solution of lithium salts contained in an organic
liquid solvent.

Both electrodes are composed by a mixture of three different elements,
also known as slurry. The first one is the active material, which is re-
sponsible of storing lithium ions during the charge and discharge pro-
cesses. The second element is the graphite that allows for improving
the low conductivity of active materials due to the presence of oxygen.
While, the third element is a polymeric binder with good elastic prop-
erties. Since several active materials change volume when they accept
or emit lithium ions, this polymeric binder results fundamental for
avoiding undesired crack propagation during charging and discharg-
ing cycles, which would substantially cause a reduction in the amount
of material inside the cell or degradation/aging and thus performance
reduction in terms of capacity or internal resistance.
The cathode active material is typically metal oxide with layered or
tunneled structures on an aluminum current collector. While, the
anode active material is typically graphitic carbon with layered struc-
ture on a copper current collector. The set of separator and coated
electrodes constitutes the basic assembly element of the cells, called
jellyroll, which is equal for all lithium-ion cells regardless of shape.
Depending on the cell format desired, different assembly procedures
need to be performed starting from the jellyroll. Figure 2.3 shows the
cell structures for three representative commercial formats.
For a cylindrical cell, a rolled portion of jellyroll will be inserted inside
a cylindrical metal container and immersed in the liquid electrolyte.
Then, the cylindrical cell is sealed on both sides with plugs, which also
allow for connecting electrically the jellyroll current collectors with the
external terminals.
For pouch and prismatic cells, an additional intermediate process is
needed, which consists in cutting the jellyroll into appropriate sizes
and stacked on several layers in order to increase the cell capacity.
Then, all the anode and cathode layers are connected and welded
together in two different sides of the cells, forming the external cur-
rent collector tabs. High accuracy are requested for the production
of pouch cells since a misalignment among the jellyrolls may cause
short circuit conditions or increase the self-discharge rate of the cells.
Moreover, for this cell format, the jellyrolls are placed in a package,
consisting of plastic inside and metal outside, which is sealed on the
sides through the application of pressure and heat. This process must
be carried out carefully for avoiding the loss of electrolyte through
evaporation during the lifetime of the cell. These production difficul-
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Figure 2.3: Assembly procedures for three representative commercial cell
formats: (a) cylindrical, (b) prismatic and (c) pouch. [12]

ties make the pouch cells currently more expensive than the other cell
formats.
It is important to highlight that pure lithium oxides instantly when
exposed to air. Therefore, during the cell assembly procedure, cathode
and anode are completely free of lithium, which is only present in the
electrolyte salt. Then, several formation cycles are needed in order
to force the salt to release the lithium ions and enable the correct
functionalities of the cell.

2.2.3 Operating Principles

Basically, the charging and discharging processes occur in a lithium-
ion cell thanks to the movement of lithium ions between the elec-
trodes, as illustrated in figure 2.4. In particular, during the discharge,
the anode, initially in the form of lithiated graphite, decomposes into
graphite and lithium ions, generating an electron for each mole of
reactants, which is transferred into the electrolytic solution. Then,
considering the effect of the electric field, the lithium ions will move
inside the electrolyte, crossing the separator and thus reaching the
cathode. Hence, the lithium ions that have passed through the solu-
tion recombine with the electron at cathode to form a lithium metal
oxide. The process of extracting lithium ions from a solid material
is known as deintarcalation or extraction, while the reverse process is
known as intercalation or insertion, which consists in inserting lithium
ions into the crystalline structure of a material. On the other hand,
during charge, the lithium ions migrate from the cathode to the an-
ode. Therefore, the intercalation and extraction processes occur at
the anode and the cathode, respectively.
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Figure 2.4: Schematic diagram of lithium-ion cell. Source: TDK

The nominal OCV associated to the electrochemical reactions and the
energy density of a cell strongly depend on the cathode and anode
materials. Tables 2.1 and 2.2 report the most adopted materials for
the cathode and the anode of lithium-ion cells, where the average
potential is defined with respect to the pure lithium potential. Cur-
rently, different solution are considered for cathode materials, whereas
graphite represents the most common anode material for the major-
ity of the cells commercially available due to its low average potential
difference. Indeed, the OCV of a cell results equal to the difference
between cathode and anode potentials. Therefore, despite the lower
specific capacity, graphite allows for achieving a nominal OCV higher
with respect to other anode materials.

Considering that anode and cathode materials often exhibits contrast-
ing properties in terms of specific capacity or energy and average po-
tential difference, it results fundamental to achieve an optimal trade-
off for meeting both energy density and voltage requirements.

An important property for the electrolyte solvent is the potential tol-
erance, since it is subjected to the potential difference between the
electrodes. This may cause a highly destabilizing condition for the
electrolyte in a specific region of the solution with consequences in
terms of electrolytic decomposition and serious aging issues for the
cell. In detail, since the products of the decomposition reactions of the
electrolyte are highly unstable, they recombine quickly with lithium
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Cathode Material
Average Potential Specific Specific

Difference Capacity Energy

LiCoO2 3.7V 140 mAh/g 0.518 kWh/g
LiMn2O4 4.0V 100 mAh/g 0.400 kWh/g
LiNiO2 3.5V 180 mAh/g 0.630 kWh/g
LiFePO4 3.3V 150 mAh/g 0.495 kWh/g

LiCo1/3Ni1/3Mn1/3O2 3.6V 160 mAh/g 0.576 kWh/g
Li(LiaNixMnyCoz)O2 4.2V 220 mAh/g 0.920 kWh/g

Table 2.1: Most adopted materials for the cathode of lithium-ion cells.

Anode Material
Average Potential Specific Specific

Difference Capacity Energy

Graphite (LiC6) 0.1-0.2V 372 mAh/g 0.0372-0.0744 kWh/g
Titanate (Li4Ti5O12) 1-2V 160 mAh/g 0.16-0.32 kWh/g

Li4.4Si 0.5-1V 4212 mAh/g 2.106-4.212 kWh/g
Li4.4Ge 0.7-1.2V 1624 mAh/g 1.137-1.949 kWh/g

Table 2.2: Most adopted materials for the anode of lithium-ion cells.

to form stable compounds, leading to a layer of material on the surface
of the anode known as Solid-Electrolyte-Interphase (SEI).
The SEI formation has two main drawbacks:

− reduction of the cell capacity due to the decrease of the ionic
concentration of lithium ions in the solution, since they are
trapped in the SEI;

− increase of the overall internal resistance of the cell due to the
lower conductivity of SEI layer with respect to graphite.

2.2.4 Materials

As previously mentioned, the energy density and the nominal OCV
strongly depend on the features of the active materials for the elec-
trodes. Figure 2.5 shows the average electrode potential against ex-
perimentally accessible (for anodes and intercalation cathodes) or the-
oretical (for conversion cathodes) capacity. An intercalation electrode
is a solid host network into and from which guest ions can be in-
serted (lithiation) and removed (delithiation) reversibly, whereas the
crystalline structure physically changes during lithiation and delithi-
ation in a conversion electrodes. Conversion cathodes and anodes are
a highly active area of research for their high theoretical capacity.
However, several practical issues related to cyclability and aging are
currently delaying their commercial deployment.
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Figure 2.5: Approximate range of average discharge potentials and specific
capacity of some of the most common (a) intercalation-type cathodes (ex-
perimental), (b) conversion-type cathodes (theoretical), (c) conversion type
anodes (experimental) and (d) all types of electrodes. [13]

The most common cathode materials are based on lithiated transition
metal oxides and their main features are illustrated as follows [13,14].

− Lithium Cobalt Oxide (LCO)

LCO cells have been presented as the first lithium-ion technol-
ogy able to replace the oldest nickel-cadmium one. Therefore,
this cathode material offers the greatest technological maturity.
It is characterized by high energy density and moderate cycle
life (500-1000 cycles). Therefore, LCO cells have been largely
adopted for most consumer electronics with the 18650 cylindri-
cal format. However, they suffer from poor thermal stability
and can experience thermal runaway at temperatures as low
as 150◦C. Other disadvantages include low specific power and
issues with cobalt in terms of limited availability and high toxi-
city, which make these cells very expensive and not suitable for
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EVs. Nevertheless, the high-energy dense LCO cells have been
adopted for powering the Tesla Roadster and Smart Fortwo
electric drive.

− Lithium Manganese Oxide (LMO)

Power capability of LMO-based cells is very high due to the
extremely low resistance of this material. Manganese is more
abundant and less toxic than cobalt, it has high thermal stabil-
ity with thermal runaway occurring around 250◦C. LMO cath-
odes have low specific energy and suffer from poor calendar and
cycle life due to capacity loss, especially at elevated tempera-
tures. The capacity loss occurs due to the dissolution of the
active material into the electrolyte.

− Lithium Iron Phosphate (LFP)

LFP cell offers good electrochemical performance with low re-
sistance, besides high current rating and long cycle life. It is
characterized by the highest power density among the lithium-
ion cells, but moderate specific capacity. Indeed, its energy
storage capability suffers further from a relatively low poten-
tial, resulting in a very low energy-dense cell. However, despite
the potential is low, LFP cells feature a relatively flat discharge
curve, which enables consistent performance across a wide SoC
range. While, the reduced energy density of LFP cells leads
to larger and heavier battery pack with respect to other cath-
ode materials. The phosphate helps to stabilize the electrode
against overcharging and provides a higher tolerance to heat
which limits the breakdown of the material. LFP cells have a
wide temperature range and can operate between -30◦C to 60◦C
and are much less likely to suffer from a thermal runaway.

− Lithium Nickel Manganese Cobalt Oxide (NMC)

NMC cathode material is a combination of nickel, manganese
and cobalt oxides. This allows for designing cells with differ-
ent features in terms of energy and power densities by properly
mixing a certain amount of each material. In particular, nickel-
rich and manganese-rich cathodes are used for increasing the
energy and power densities, respectively. While, the reduction
of cobalt is needed for lowering the costs. The mix of the various
materials varies by manufacturer. Combining nickel and man-
ganese enhances each other’s strengths, making NMC the most
successful lithium-ion cells and suitable for EVs. Indeed, differ-
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ent EV models adopts NMC cells, such as Nissan Leaf, Chevy
Volt and BMW i3. Other advantages include respectable cycle
and calendar life, better safety than pure cobalt cathodes and
good performance at extreme temperatures.

− Lithium Nickel Cobalt Aluminum Oxide (NCA)

This cathode material shares similarities with NMC by offering
high specific energy and power as well as a long life span. Safety
and manufacture cost issues are limiting their adoption for EVs.
So far, Tesla is known as the only EV manufacturer who uses
NCA chemistry. Indeed, NCA cells are adopted for the Tesla
Model 3 and the first Model S by limiting the cobalt content
for reducing the cost.

Different active materials can be mixed together to achieve better per-
formance. This leads to composite electrodes that allow manufacturers
for improving the balance among energy and power densities, cycle life
and cost. As example, composite LMO-NMC cells yield good energy
and power densities with improved cycle life and are widely used for
PHEVs and BEVs [15].

Figure 2.6 highlights the main features for all the cathodes materials
described, including also one of the most adopted solution as anode
material. In particular, conventional anodes are based on intercalation
reactions, with most important materials being graphite and lithium
titanate.

− Graphite

This is a layered intercalation compound and represent one of
the most widely used lithium anodes due to its relatively high
specific capacity and low average potential difference. Other
advantages include large availability, low cost and no-toxicity.
However, under specific conditions, graphite reacts with atmo-
spheric oxygen, leading to thermal runaway. Moreover, it still
remains the issues related to the formation of SEI since the
intercalation in graphite occurs at potentials beyond the elec-
trochemical stability window of common electrolytes.

− Lithium Titanate (LTO)

Lithium titanate cells have a very high charge/discharge rate
but low energy density and high average potential difference,
which leads to very low voltage cells. Since the volume change
of LTO material during charge and discharge is small compared
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Figure 2.6: Comparisons of different types of Lithium-ion cells used in EVs
(the outer hexagon is most desirable). Data from [16]

with graphite, less internal stresses result and the cycle life ca-
pability of LTO cells is very high, while the cost is significantly
higher than most other cell types. Many LTO cells are capable
of more than 10,000 cycles at 80% DoD. This anode material
is very attractive due to the possibility to achieve very high
charging/discharging and a wide operating temperature range.
This also allows for rapid recharging without risk of lithium
plating [17] and formation of the SEI, enabling the use of elec-
trolytes with higher conductivities. This results in an extremely
high power density for LTO cells.

For what concerns the electrolyte, it is an essential element of the cell,
since it provides ionic conductivity enabling lithium ions to shuttle
between the two electrodes, while not being electronically conductive.
Two major categories of electrolytes can be identified, including liquid
(aqueous and organic) and solid (polymer and ceramic) solutions [16].

2.2.5 Future Trends

Currently, the predominant technology in the market consists of
high voltage/energy layered metal oxide materials for the cathode,
lithiated graphite materials for the anode and lithium salt in organic
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Figure 2.7: Main R&D directions for lithium-ion technology.
Source: US Department of Energy Vehicle Technology Office Annual Merit
Review (2016)

liquid solvent for the electrolyte. However, there are still five major
concerns that affect the cell materials, limiting the performance.

1. Low energy density and flammability of graphite-based anodes.

2. Contrasting features for conventional cathode materials in terms
of energy density and average potential difference. The main
task regards the possibility to adopt materials that allows both
features to increase.

3. Low potential tolerance of liquid organic electrolyte, which leads
to decomposition phenomena and SEI formation.

4. Fast charging tolerance, which requires an increase of power den-
sity for the materials.

Some of the main research and development directions for lithium-ion
technology are summarized in figure 2.7. Advanced anode materi-
als to overcome the limitation of conventional graphite will include
alloy-based (Si, Sn, Al) and metallic lithium (for Li-S and Li-air cells)
anodes. Indeed, silicon anodes are considered the primary candidate

61



Lithium-ion Battery Packs

Advanced Technology Companies

Silicon-based anodes
3M (Silicon alloy), Enevate (Silicon composite)

Amprius (Silicon graphite composite)

Li-S Sion Power, OXIS Energy

Li-Air IBM, Bosch

Solid-State Electrolyte Sakti3, Toyota, Fisher Inc.

Table 2.3: Advanced technologies commercially available.

for the next-gen lithium-ion cells due to high gravimetric energy den-
sity, easiness of manufacturing and large availability of this material.
Disadvantages include poor cyclability and high-rate capability due to
significant volume change (∼300%) of active material, slow reaction
kinetics, low value of diffusivity of lithium in silicon and low electronic
conductivity [18].
For what concern cathode materials, sulfur is considered a viable can-
didate to replace the high voltage cathodes of metal oxides thanks to
the possibility to increase energy density while reducing the cost. How-
ever, there are still several major concerns that need to be properly
addressed, including low coulombic efficiency, short cycle life, severe
corrosion effects and high self-discharge rate [19].
On the other hand, safety issues and limitations on the operating
voltage range associated with the use of liquid electrolytes have led
to the introduction of all-solid state cells, where the liquid electrolyte
is replaced by a solid-state conductor. Higher operating voltage and
less safety concerns represent the main advantages compared to liquid
electrolyte. While, disadvantages include instability at low voltages
and large grain-boundary resistance [20].
Table 2.3 reports the advanced technologies that have reached cur-
rently an interesting stage of development [21].

2.3 Battery Pack Architecture

The design and the architecture of a battery pack strongly depends
on the application requirements. HEVs and BEVs have different re-
quirements in terms of power demand and energy content. Moreover,
the vehicle concept defines the size and shape as well as the mechan-
ical, electrical and thermal interfaces of the battery pack. Figure 2.8
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Figure 2.8: Battery pack and its main components. [22]

shows a schematic illustration of a battery pack and its components,
which are necessary to fulfill the vehicle requirements.

The battery modules represent the primary components in a battery
pack architecture. They are composed of several cells properly con-
nected in series and/or in parallel in order to meet the voltage and
capacity requirements. In particular, cells have to be connected in
series to achieve the required voltage, whereas they have to be paral-
lelized to increase the available capacity. Typically, two main battery
pack architectures can be identified depending on the connection be-
tween cells or modules, as illustrated in figure 2.9. Accordingly to the
standard IEC60050, the series-parallel (SP) configuration is based on
connecting the cells/modules in series first and then in parallel, while
the parallel-series (PS) configuration vice versa. It is important to
highlight that the selection of the battery pack architecture strongly
impacts on the system cost, size and weight. Moreover, different cell-
to-cell variations can occur in terms of current and voltage imbalances
among the cells [23], leading to different aging and temperature con-
ditions. Currently, for both architectures, high voltage battery packs
result to be a suitable solution for EVs due to the possibility to re-
duce the charging/discharging currents, minimizing the power loss of
the system and thus increasing the efficiency. This also allows for
reducing cost and weight of the vehicle.
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Figure 2.9: Typical battery pack architectures (standard IEC60050).

The individual modules are supervised by a battery management sys-
tem (BMS), which ensures each cell to operate in safe operating con-
ditions by monitoring cell terminal voltage, battery pack current and
temperatures. In addition, it eventually disconnects the battery pack
from the vehicle to prevent dangerous failures by means of protection
components contained in a switch box, including switches, isolation
monitor and current sensor.

The cooling system of the battery pack is responsible for maintaining
the cells in a defined temperature range to prevent aging and overtem-
perature conditions. All these components are enclosed in the battery
pack housing and is tightly fixed in order to withstand even the harsh-
est conditions over the whole lifetime of the vehicle. The housing of
a battery pack also contains all interfaces to the vehicle, such as the
plugs, communication and cooling interfaces. As example, Figure 2.10
shows a battery pack of an EV. It consists of 18 battery modules that
are separated by seven cooling plates. The internal components are
enclosed in a battery housing made out of carbon-fiber-reinforced plas-
tics (CFRP). The BMS, the switch box and both the electrical and
thermal vehicle interfaces are located in the front.

More details about each component of the battery pack are illustrated
in the following subsections.
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Figure 2.10: Example of a battery pack for EVs based on pouch cells. [22]

2.3.1 Battery Module

The modular approach of a battery pack design results in battery
modules containing a fraction of the lithium-ion cells. Typically, it is
preferable to maintain the module terminal voltage below 60V (limit
for low voltage battery pack) in order to better handle the module dur-
ing production and transportation without additional and expensive
safety precautions.
The cells are grouped in a mechanically stable module and then en-
closed in a proper housing. The cell interconnection system is needed
for correctly achieved the series and parallel connection among the
cells in a module. In particular, the system electrically connects the
individual cells and provides the interfaces for the module connec-
tors to the neighboring modules as well. The cells are supervised by
means of a module control unit, which monitors the voltages of all
series-connected cells and also temperatures at specific locations of
the module.
An example of this modular approach for a pouch-based module is
reported in figure 2.11. The cells are stacked on top of each other and
enclosed in aluminum trays, which allows for fixing the soft pouch cells
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Figure 2.11: Example of a battery module based on pouch cells. [22]

mechanically as well as providing the mounting interfaces to the cool-
ing system and the battery housing. The cell interconnection system
located in front of the module connects the individual cells and also
provides the electrical interface to the neighboring modules in terms of
screw terminals. In detail, it is composed by three major components:
cell connectors, the wiring harness, and the housing. The cell con-
nectors are required to electrically connect the cells in series and/or
in parallel. While, the wiring harness consists of temperature sensors
and voltage sense wires that are connected to the cell connectors as
well as a plug or header for interfacing the cell interconnection system
to the module control unit.
For what concerns the module housing, it is designed to absorb the
forces generated by the cells during operation. Indeed, expansion and
contraction of the cells occur during charging and discharging due to
temperature, SoC and SoH variations [24]. Moreover, different design
of the module housing needs to be developed depending on the cell
format selected.

2.3.2 Safety and Control Unit

Lithium-ion cells are very susceptible to abnormal operating con-
ditions that can lead to thermal runaway, including overtemperature,
overvoltage/overcharge, undervoltage/overdischarge and extremely high
C-rates. Safety and control unit result fundamental for ensuring the
battery pack to operate in safe operating conditions and providing
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Figure 2.12: Safety and control unit and its individual components. [22]

proper actions for disconnecting it from the vehicle in case of failure.
It includes a BMS, the module control units and the switch box. The
BMS gathers information from the module control units and controls
the high-voltage components of the switch box on the basis on the
measured input data. Figure 2.12 shows a schematic illustration of
the safety and control unit and its individual components. In this
case, the BMS is designed according to a master-slave architecture.
Therefore, the central BMS is referred as master and the module con-
trol units as slaves. More details regarding different BMS architectures
will be illustrated in section 3.1. The module control unit or BMS slave
is usually located very near to the battery modules and measures all
the cell voltages and the temperature at sufficient measuring points to
provide a suitable approximation and estimation of the temperatures
of each single cell. Other main functions and characteristics of BMS
will be reported in chapter 3, since it represents a crucial component
for a battery pack.

The switch box includes two high-voltage relays, which are used to
safely disconnect the battery pack from the vehicle, and a mechanical
fuse in case of external short circuit. Moreover, a current sensor al-
lows for measuring the battery pack current by evaluating the voltage
drop across a high-precision resistor or adopting a current transducer.
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Then, since the battery pack needs to be isolated from the ground of
the vehicle, an isolation monitor is used for measuring the isolation
resistance between ground and the pack terminals.

2.3.3 Cooling and Heating System

There are different sources of heat generation inside a battery pack,
mainly due to the internal resistances of the components, including
cells, connectors and electronic units. This heat generated has a ma-
jor impact on the performance and cycle life of a battery pack. Indeed,
cells have to operate in a defined temperature range in order to in-
crease lifetime and avoid dangerous issues. High temperatures also
accelerate the aging of the cells, influencing the driving range of the
EV. Therefore, an efficient thermal management system (TMS) of the
battery pack results crucial for the operation of the EV, especially in
extreme climate conditions (tropical or arctic regions).
The cooling system allows for dissipating the heat generated during
driving and charging operations. On the other hand, the heating sys-
tem provides the additional heat required in case of cold environment.
The cooling and heating of a battery pack are usually operated by air-
cooled, liquid-cooled or direct refrigerant-based systems. The main
features and design aspects for the TMS of EVs are detailed provided
in [25,26].

2.3.4 Battery Housing

The design of the battery housing depends on several mechanical,
safety, service and cost requirements. It is a highly customized com-
ponent, which is tailormade for the specific application. There are two
main aspects that affect the size and the shape of the battery housing.
The first one is related to the design space and the mounting points
given by the vehicle, whereas the second aspect regards the internal
components that have to fit in the housing.
The battery pack is usually positioned at the underbody and the cen-
ter tunnel of the vehicle for BEVs in order to achieve an optimal bal-
ance for the driving dynamics of the vehicle. While, the battery pack
of PHEVs is located at different positions depending on the vehicle
concept.
Generally, the housing consists of an upper and lower sections, which
are separated by a sealing gasket. The seal prevents the ingress of
particles and liquids and is designed according to a defined ingress
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Figure 2.13: Market shares of the leading materials for lithium-ion cells in
2016 and forecasted to 2025. Data from International Energy Agency

protection (IP) class. The main class for EVs is the IP 67, which re-
quires the housing to be dust tight and to prevent water ingress. Other
components integrated into the battery housing include the pressure
equalization element and a device for condensate handling [22].
It needs also to provide power, signal, thermal and mechanical in-
terfaces to the vehicle. Moreover, lightweight design for the battery
housing are required for reducing the overall weight of the vehicle and
thus reducing its energy consumption and improving vehicle dynam-
ics. Considering the size and the weight of battery packs for EVs,
the battery housing can be designed as an integral part of the whole
vehicle structure. Therefore, there are challenging requirements con-
cerning stiffness and strength of the casing. Typically, the battery
casing is made of CFRP and glass-fiber-reinforced plastics (GFRP).

2.3.5 Battery Pack for Automotive

In this section, an overview of the different battery packs and cell
chemistries considered for EVs is reported. Nowadays, LMO, LFP,
NCA, and NMC battery technologies have been successfully adopted
by many automakers, including Tesla, BMW, BYD, Chevrolet, Mer-
cedes Benz-Daimler, Volkswagen and Nissan. Detailed features for
all the main EVs commercially available on the market are reported
in [27, 28]. In 2016, NMC, LFP and LCO accounted for 83% of the
whole market share, as illustrated in figure 2.13. This value is mainly
related to EV applications, except for LCO cells that are largely used
for electronic devices (smartphones, tablets, and laptops). By 2025,
NMC battery technology is expected to increase its market share from
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26% to 41% due to its higher energy density than LFP, whereas NCA
and LMO will maintain stable occupancy of the total market.
NCA cells are mainly used by Tesla, while most other automakers
adopt LFP, NMC, LMO or blended NMC and LMO chemistries. Con-
sidering their relatively mature technologies, these cells will still dom-
inate the EV market in the foreseeable future before advanced battery
technologies become mature enough for automotive applications.

2.4 Battery Modeling

Nowadays, the development of an accurate battery model repre-
sents a fundamental key for predicting the battery runtime and I-V
characteristic in cases of different load profiles as well as improving its
performance and cycle life. In addition, numerical results from bat-
tery models allows for sizing powertrain components and developing
optimized energy management algorithms. This also enables the pos-
sibility to achieve reliable information about the SoC and the SoH of
the battery, which are not directly measurable. Indeed, battery mod-
els are considered as a starting point for developing and testing SoC
and SoH estimators.
In recent years, a large variety of battery models with different levels
of complexity and accuracy have been proposed in literature [29–32].
They can be classified in four categories: electrochemical, mathemati-
cal or analytical, black-box and electrical or equivalent circuit models.
Considering the same input current profile for the cell to be modeled,
each solution adopts different approaches and parameters for describ-
ing the same voltage response, as illustrated in fig. 2.14.
Models can also be combined for achieving optimal accuracy in the
results, but this can leads to rather complex models.

2.4.1 Electrochemical Models

Electrochemical models provide a highly accurate description of
electrochemical processes inside a cell. Therefore, detailed informa-
tion on local conditions and performance, such as temperature, volt-
age, current and electrolyte concentration can be achieved. They rely
on first principles, such as Fick’s law of diffusion for lithium concen-
trations and Ohm’s law for potentials, to describe the transport, ther-
modynamic and kinetic phenomena throughout the cell, resulting in
a set of coupled, non-linear partial differential equations (PDEs) [33].
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Figure 2.14: Battery model response using different approaches. [32]

The electrochemical models are mainly used to optimize the physical
design aspects of the cell and relate its design parameters with macro-
scopic and microscopic information. However, detailed knowledge of
the battery cell chemistry, material structures and other physical char-
acteristics, such as porosity of the active materials or electrolyte vol-
ume and density, are essential to achieve high accuracy. Moreover,
memory and computing requirements are large, either for model eval-
uation or parameter identification. Hence, these models are impracti-
cal for high-dimensional design and control optimization problems as
well as in real-time state estimation applications. They are more suit-
able for research in the fabrication of the battery components, such as
electrodes and electrolyte.

2.4.2 Mathematical Models

These models adopt analytical or stochastic approaches to predict
the cell behavior and its characteristics, such as the battery runtime,
efficiency or capacity. In particular, all mathematical models are char-
acterized by few equations for describing the cell properties. Kinetic
battery model (KiBaM) represents one of the most common analytical
model [34], which is developed from an understanding of the chemical
process kinetics of the cell.
Stochastic cell models [35] are fast compared to high-fidelity electro-
chemical models but are still accurate. This type of model works on

71



Lithium-ion Battery Packs

the principle of the discrete-time Markov chain, which consists of pre-
dicting the future of the process based on its present state without
knowing its full history. In this way, the changes of the model states
only depends on the current state of the system.
Mathematical models can reduce the computational complexity due
to the possibility to adopt models that consider a few equations. Nev-
ertheless, they do not provide an overall representation of the elec-
trochemical processes that occur inside cell, resulting abstract. In
addition, they are used for specific application and can be inaccurate
in predicting the parameters variations of the cell.

2.4.3 Black-Box Models

Black-box models apply artificial intelligence (AI) techniques to
capture the relationship between the selected inputs and outputs of
cells without the prior knowledge of electrochemical processes inside
batteries. AI techniques include neural network (NN) [36], fuzzy logic
(FL) [37] and support vector machine (SVM) [38], which adopt train-
ing approaches to establish the models based on testing data. To
achieve high model accuracy and good generalization ability, testing
data should cover sufficient cell operation ranges. Moreover, the pa-
rameters in the training approaches need to be effectively tuned.
A large amount of experimental data is required for the training pro-
cess in order to achieve accurate black-box models. However, under
the influence of uncertain operating conditions, such as temperature
and driving cycles of EVs, it is difficult to collect a sufficient experi-
mental data in advance to train black box models.

2.4.4 Equivalent Circuit Models

Equivalent circuit models (ECMs) describe cell behaviors using a
combination of the lumped circuit parameters, such as resistances, ca-
pacitances and voltage or current sources. This modeling technique
reflects cell performance macroscopically, resulting highly adaptable.
The same model structure can be used to represent different cell tech-
nologies with the same accuracy by using appropriate parameter val-
ues. Moreover, parameter variation can be included to capture envi-
ronmental and aging effects [39]. Complexity can easily be added to
the model structure to more accurately reproduce cell performance.
This increases the computational cost but allows for better fulfilling
the model requirements of a specific application.
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Figure 2.15: (a) Zero order ECM and (b) n-order ECM for k = 1..n.

ECMs are particularly attractive due to their simplicity, computa-
tional speed and flexibility in capturing voltage dynamics, heat gener-
ation and aging characteristics [40]. Different ECMs can be adopted
depending on the cell technologies and the level of accuracy desired,
as reported in figure 2.15. The voltage source is considered as the
OCV of the cell. In particular, OCV and nominal capacity of the cell
represent the static part of the model. The zero-order ECM includes
only a series resistor for reproducing the cell dynamics, whereas ad-
ditional parallel branches of resistors and capacitors are commonly
included in the n-order ECMs in order to better capture the trans-
port, thermodynamic and kinetic aspects. Despite there is no limit on
the number of RC branches, first or second-order ECMs are typically
necessary to accurately capture the polarization characteristics, i.e.
the nonlinear regions in figure 2.14. Considering a positive current
in discharging, the model equations for either zero-order or n-order
ECMs are reported as follows:

Vt = Voc −R0 · IL (2.1)
dVk
dt

=
IL
Ck
− Vk
Rk · Ck

∀k = 1..n

Vt = Voc −R0 · IL −
k∑
j=1

Vj

(2.2)

where Vt is the terminal voltage, IL is the load current, R0 is the
series resistance, Voc is the open-circuit voltage, Rk and Ck are the
effective resistances and capacitances values of the generalized n-order
ECM. R0 takes into account the ohmic losses related to the physical
nature of the electrodes and the electrolyte. It is responsible for power
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capability, because it causes the biggest share of the total voltage drop
at high currents.
ECMs are relatively simple mathematically and numerically such that
complicated and intensive computation is minimized or even avoided.
Furthermore, cell performance is commonly extrapolated to the pack
level for system simulation, design, and control applications. In this
case, it is assumed all the cells to be equal and that no temperature
gradient occurs in the battery pack, which could induce significant cell-
to-cell imbalances in voltage or charge. Therefore, such the battery
pack behavior can be scaled from that predicted by the model of an
individual cell.
It is important to highlight that despite the accuracy of ECMs gener-
ally improves with increasing model order, their performance strongly
depends on the parameter identification process.

2.4.4.1 Parameter Identification

ECMs are typically developed starting from test data, since model
parameters do not explicitly depend on the physical design or states
of the cell. An identification procedure consists of three main parts:

− model structure selection;

− experimental tests design;

− fitness criterion and identification error minimization algorithm
selection.

Model parameters are identified from experimental test data during
which the selected cell is generally kept in a thermal chamber and
connected to a cell cycler (programmable load/supply). Since cell
parameters are highly dependent from SoC and temperature values,
the thermal chamber maintains a constant temperature and current
measurements from the cycler are used for estimating the SoC of the
cell by means of the coulomb counting method. In detail, SoC is
evaluated considering the amount of charge added to or removed from
the cell and the real cell capacity as well.
Typically, testing begins with an individual capacity test, which con-
sists of a complete discharge process starting from a fully charged cell
that aims to correctly define the real cell capacity in different operat-
ing conditions. Indeed, the capacity strongly depends on the charg-
ing/discharging C-rate and temperature. In addition, it can also vary
between samples of the same cell technology, leading to the need of
performing multiple capacity tests. Low C-rates (≤ C/3) are used to
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Figure 2.16: (a) Pulse current of HPPC test and (b) cell voltage response
at SoC = 0.8; (c) complete HPPC test, (d) cell voltage and SoC response
for the complete HPPC test. [44]

measure the fully usable capacity, but the reference nominal capacity
adopted in the model can vary depending on the specific application.

Low C-rate, constant-current cycles can also be used to approximate
the OCV of the cell. Indeed, it can be assumed the terminal voltage
measured during a charging/discharging process at very low C-rates
(≤ C/20) to be equal to the OCV of the cell. On the other hand,
there are several experimental tests that can be carried out for identi-
fying the OCV of a cell when there is not access to the cell electrodes.
The Galvanostatic Intermittent Titration Technique (GITT) [41] rep-
resents a very accurate experimental test for capturing both thermo-
dynamic and kinetic parameters of the cell. Calibration methods also
include dynamic pulse testing, such as the Hybrid Pulse Power Char-
acterization (HPPC) [42] or the RC-Identification test (RCID) [43], in
which the OCV is measured at different SoC after one hour rest.

Figure 2.16 shows the standard HPPC. The parameters introduced in
section 2.4.4 are calibrated considering the experimental data from a
HPPC test or similar dynamic profile. Pulse power tests are segmented
by incremental and fixed changes in SoC. High-power, short-duration
pulses enable the assumption of constant SoC, and thus constant pa-
rameters, while also generating sufficient dynamic behavior for esti-
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mating parameter values either in charge or in discharge. A long rest
between SoC steps allows the battery for reaching electrochemical and
thermal equilibrium, at which the OCV can be measured. More details
related to the static and dynamic tests are outlined in [42].
Once the experimental tests are concluded, the model parameters are
determined wiht the aim of reducing error between experimental data
and model output, avoiding to overfit the data. Given the nominal
capacity (Cn) from a capacity test, the SoC is tracked by means of
coulomb counting method and updated at each time step:

SoC(t+ ∆t) = SoC(t)− IL
Cn

(2.3)

Starting from a fully charged cell, once the cell has reached equilibrium
after a long rest and while under no load, the terminal voltage is closely
representative of the OCV at each SoC step j:

Voc(SoCj) = Vt(t) (2.4)

The series resistance R0 is calculated from the instantaneous voltage
drop that occurs before and after the start of a discharge or charge
pulse. For a zero-order ECM, this estimation of the terminal voltage
results optimistic because the current is applied for a time interval
greater than the data-logging frequency. A more conservative model
is to consider the terminal voltage at the end of the pulse, underes-
timating its value in pulses with duration less than that of the test
and overestimating otherwise. Considering the pulse being applied at
time t + ∆t and ended at T , the ohmic resistance can be computed
generally as follows:

R0(SoCj) =
Vt(T )− Vt(t)
IL(T )− IL(t)

(2.5)

In this way, a higher estimation of R0 is achieved for the zero-order
ECM. This allows for partially compensating the absence of the RC
parallel branches for reproducing the dynamic transient. On the other
hand, R0 is calculated considering the voltage and current values at t
and t+ ∆t for a n-order ECM.
A minimization algorithm is typically employed to determine the val-
ues of the equivalent resistance and capacitance of the RC branches
with the aim of maximizing the accuracy or minimizing root mean
square error (RMSE). In detail, the time constant of each RC branch
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Figure 2.17: Classification of the abuse conditions for lithium-ion cells.

is identified (τk = Rk · Ck ∀k = 1..n) and the parameter values are
determined through regression [45,46].
The model calibration generally involves a large amount of experi-
mental tests considering multiple samples, C-rates and temperatures.
The end-user should consider the application to determine which rate
and temperature are most appropriate or if multiple tests need to be
evaluated. At a minimum, parameters are solely functions of SoC.
The most complex ECMs consider each parameter to be dependent
from SoC, temperature, C-rate and SoH. The parameters are usually
stored in lookup tables and interpolated or extrapolated linearly. It
is important to point out that these values may be known exactly in
a modeling environment, but it is infeasible to have measures of each
one in a practical application. Indeed, all of these parameters must
be estimated in a real battery system.

2.5 Abuse Conditions

Safety and reliability still remain the major issues to be overcome
in order to allow the large-scale application of lithium-ion batteries
(LIBs). Indeed, there are several abuse conditions that can induce
hazard conditions, such as thermal runaway (TR) of one or more cells
in a battery pack, which essentially consists in a series of exothermic
reactions inside the cell that generate a large amount of heat, leading
to fire and risk of explosion [47]. As illustrated in figure 2.17, the abuse
conditions can be mainly classified into three categories: mechanical,
electrical and thermal. Most of cases, all these abuse scenarios are fol-
lowed by an internal short circuit (ISC) of the cell, which is currently
considered the main cause of the TR of LIBs.
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Mechanical abuse

Destructive deformation and displacement caused by applied force
are the two common features of the mechanical abuse. Vehicle colli-
sion and consequent crush or penetration of the battery pack are the
typical conditions for mechanical abuse. Deformation of the battery
pack is quite possible during car collision and may result in two main
dangerous consequences:

− the battery separator breaks and the ISC occurs;

− the flammable electrolyte leaks and potentially causes conse-
quent fire.

Penetration is a common phenomenon that may occur during the ve-
hicle collision as well. Comparing with the crush conditions, severe
ISC can be instantaneously triggered when penetration starts. There-
fore, mechanical destruction and electrical short occur simultaneously,
resulting more severe than crush conditions. More details related to
the state-of-art techniques for safety-focused mechanical modeling of
LIBs from cell to pack level are reported in [48].

Electrical abuse

These abuse conditions include overcharge, overdischarge and ex-
ternal short circuit. The overcharge-induced TR can be harsher than
other abuse conditions, since excessive energy is filled into the cell. The
heat and gas generation are the two common consequences, which are
related to ohmic heat and side reactions [49].
The mechanism of the overdischarge abuse is different from others and
the potential hazard may be underestimated. Indeed, the over delithi-
ation of the anode during overdischarge causes the decomposition of
SEI, which will produce gases, resulting in the cell swell. This can also
lead to capacity degradation and power fade of the cell due to changes
of the electrochemical properties of anode [50]. Both overcharge and
overdischarge abuse conditions are mainly caused by failure of BMS.
The external short circuit forms when the electrodes with voltage dif-
ference are connected by conductors. The external short circuit of the
battery pack can be caused by deformation during car collision, water
immersion, contamination with conductors or electric shock during
maintenance. Generally, unlike the penetration, the heat released on
the circuit of external short does not heat the cell. It is more like a fast
discharging process, in which the severity of the short current depends
on the value of the short resistance and is limited by the highest mass
transfer speed of lithium-ion [51].
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Thermal abuse

Local overheat represents a typical thermal abuse condition that
can occur in a battery pack. Besides the overheat caused by mechani-
cal/electrical abuse, the overheat can be caused by contact loose of the
cell connector. In particular, the resistance increases due to this con-
tact loose, which usually originates from manufacturing defect. The
connection became loose under vehicle vibration condition. Then, in-
tensive heat generation occurred when high current passed through
the particular area, resulting in local overheat and consequent TR.
In addition, thermal abuse conditions can also occur due to external
overheating.

2.5.1 Internal Short Circuit

Among all the possible causes for TR, the ISC represents the most
common one. The probability of inducing the TR strongly depends
on the electrical and thermal conduction properties of the materials
involved in the ISC. In addition, the severity of the ISC is affected by
the cell characteristics and the operating conditions, including chem-
istry, capacity and size as well as state of charge, initial temperature
and aging [52]. Latent manufacturing defects can gradually evolve and
develop into a spontaneous ISC during the cell lifetime as well.
The main effects due to the ISC include the increase in self-discharge
rate and heat generation. The severity of these effects highly varies
depending on the active materials that may come in contact inside the
cell, leading to different levels of hazard.
Typically, the ISCs can be classified in four categories, as shows in
figure 2.18(a). The Copper-Aluminum short is similar to an external
short circuit and involves the largest amount of energy due to the
low ISC resistance between the tabs of the cell. While, the Anode-
Aluminum short is considered the worst scenario of ISC. Indeed, it has
high possibility of inducing thermal runaway due to the low electrical
resistivity and the inadequate heat transfer on the anode [52]. On the
other hand, because of the poor conductivity of the cathode active ma-
terial, the other two ISC types (Copper-Cathode and Anode-Cathode)
are characterized by a low ISC current.
These ISC scenarios, especially the Anode-Cathode one that is the
most common short, need to be properly analyzed because the effect
is similar to an increase of the self-discharge of the cell, but it can
rapidly evolve in thermal runaway during the cell lifetime. In par-
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Figure 2.18: (a) Classification of the ISC depending on the nature of short;
(b) the three levels of hazard of ISC.

ticular, there are three levels of hazard, which can be defined on the
basis of the self-discharge rate and the severity of the heat genera-
tion [47], as illustrated in figure 2.18(b). The first level of hazard is
characterized by a slow self-discharge rate and a very low impact on
the temperature of the cell, whereas a faster drop of the cell voltage
and a quicker rise of temperature can be observed in the second level
of hazard. The third one leads to unstoppable thermal runaway with
a large amount of heat generation. Therefore, it becomes fundamental
to model the ISC in order to potentially detect it before reaching criti-
cal safety conditions as well as understanding the interaction between
cell-to-cell in a pack configuration.

2.6 Aging Conditions

Currently, increasing the cycle life represents one of the major
challenges for lithium-ion cells. Therefore, a detailed understanding
of the degradation mechanisms is required. The reduction of the cell
performance overtime is related to aging conditions and is evaluated
with respect to the Beginning of Life (BoL) characteristics of the cell.
This refers to the condition of a pristine cell, which comes directly
from the manufacturer. In particular, aging is defined as reduction in
performance, cycle life and reliability of a cell. The main effects include
capacity decrease and power fading due to internal resistance increase.
Moreover, since battery packs can be composed by a large number
of cells, aging conditions for a single cell can lead to performance
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Figure 2.19: Degradation mechanisms in lithium-ion cells. [53]

reduction of the overall system.
An overview of major degradation mechanisms and their interactions
has been represented in figure 2.19, highlighting the complexity of
aging in lithium-ion cells. In detail, aging mechanisms can be classified
in two main categories, which are closely correlated:

− Chemical degradation

These mechanisms can mostly be traced to the electrolyte de-
composition and reduction, SEI formation, binder decomposi-
tion, solvent co-intercalation, active material dissolution, gas
evolution, and loss of lithium. Hence, they are strongly de-
pendent on the side reactions that occur inside the cell during
abnormal operating conditions, such as overvoltage or overtem-
perature.

− Mechanical degradation

They are mainly concerned to the volume changes and subse-
quent stress generated in the active material particles of an-
ode or cathode within lithium intercalation and extraction. As
a consequence of tensile stress, active particles may undergo
cracks, loss of contact between each other or from the current
collector, leading to isolation issues. Moreover, stress induced
over cycling of a cell changes the structure of pores in the sep-
arator and leads to lower lithium-ion mobility.

More details related to aging mechanisms as well as different chemical
and mechanical modes of degradation are illustrated in [53,54].
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Chapter 3

Battery Management
Systems

Nowadays, the increasing interest in lithium-ion battery packs has
led to remarkable developments in Battery Management System (BMS)
technology, which are progressively pushing their application in EVs
with improved driving range. However, as the cell performance in-
creases, advanced BMS are required, leading to targeting cost-effective
solutions capable of increasing the pack efficiency, performance and
lifetime while enforcing the operation within the safe voltage, current
and temperature ranges.
In this chapter, after a description of the main BMS architectures, the
requirements and functions are discussed, including details related to
sensing and measurement, safety and protection, interface and com-
munication, diagnostics and performance management. An overview
of the SoC and SoH estimation methods is reported in the diagnos-
tics section, while the main charging techniques are illustrated in the
performance management section. Moreover, a wide description of
the equalization circuits is discussed with the aim of evaluating and
comparing the balancing performance of each architecture.

3.1 Architectures

On the basis of the application, the BMS design is a complex task
since it has to take into account specific needs, the system context as
well as the characteristics of the adopted cell technology. The BMS
can be realized through the use of general-purpose microcontrollers
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implemented with the supporting measurement, power and control
circuitry. It may be possible to implement the simplest systems using
a selection of definite-purpose integrated circuits (ICs), but this archi-
tecture is mainly used for consumer electronics applications, which are
characterized by smaller systems operating at low voltages. While, the
integration of different embedded systems is considered for the BMS of
large or high-voltage battery packs. In particular, two different boards
can be identified for a BMS architecture, which are the cell/module
monitoring unit (CMU) and the battery pack control unit (BCU). De-
pending on the integration of these boards, the BMS architectures can
be classified in two main categories: centralized and distributed con-
figurations. The architecture selection strongly affects cost, reliability,
ease of installation and maintenance as well as measurement accuracy
of the BMS.

3.1.1 Centralized

Centralized or monolithic BMS architecture represents the simplest
solution, in which CMU and BCU are integrated on a single printed
circuit board (PCB) to realize all of the functionality. Therefore, cen-
tralized systems reduce the need for the design, definition and cost of
interfaces between different boards. Figure 3.1(a) shows a centralized
BMS architecture for a battery pack composed by n series-connected
modules. Monolithic architectures offer the lowest cost and complex-
ity at the expense of flexibility and scalability. Indeed, scalability is
limited since the number of cells which can be monitored is bounded
by the number of cell-monitoring circuits installed. In several cases it
may not be possible to monitor any arbitrary lower number of cells.
Moreover, there are no cost savings realized for smaller batteries be-
cause the number of BMS components cannot be reduced.
The centralized BMS is typically used in low-capacity and low-voltage
applications or small battery systems. Centralized BMSs require a
single controller to support the entire pack voltage and all the cell
measurement connections. Therefore, proper creepage and clearance
distances need to be taken into account for high-voltage battery pack.
Connector and component ratings must also be appropriate and the
number of possible component choices for a given application may be
restricted. Despite a good monolithic design will attempt to reduce the
potential difference between adjacent component choices and establish
adequate isolation barriers, higher voltages and fault energy may occur
in case of fault conditions. Moreover, since the measurement signals of
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Figure 3.1: (a) Centralized and (b) distributed BMS architectures for a
battery pack composed by n series-connected modules.

each cell are transmitted to a single PCB, a large number of complex
wires and connectors is required.

3.1.2 Distributed

Distributed BMS, also known as master-slave architecture, allows
for achieving a high degree of modularity. The most common design
incorporates a single master BCU and, depending on the application,
a number of similar or identical slave CMUs that are connected to the
battery cells/modules, as illustrated in figure 3.1(b). The master is
responsible for fault detection, battery state estimation, switch man-
agement, charge and discharge control as well as communication with
the slaves and the vehicle controller. While, the slave modules are pri-
marily responsible for measurement of cell voltages and temperatures.
In a distributed architecture, there is usually a strict correspondence
between the number of battery modules and slave devices. Systems
with a high degree of integration may have the sensing slave circuit
incorporated directly into the battery module. Different protocols
can be adopted for the communication between master and slaves, in-
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cluding proprietary or a commonly available protocol such as CAN,
RS-232, or Ethernet.
This architecture is characterized by three main advantages. First,
since the function of data collection and calculation functions are sep-
arated, the fault is easy to check and the calculation efficiency is high.
Second, the structure of the system is simplified, ensuring flexibil-
ity and applicability to this BMS solution. Third, modularity and
scalability allow for easily extending the battery pack while better dis-
tributing master and slaves in application with high space constraints,
such as EVs.
On the other hand, distributed BMS are very expensive due to the
large number of distributed systems, including communications cir-
cuits and support circuits, such as microprocessors, power supplies
and isolation. These extra circuits also increase the weight, size and
parasitic power consumption of the BMS, compared to a similar imple-
mentation of a monolithic architecture. Moreover, the design require-
ments of the communication network are very challenging because
delay can occur, affecting the synchronization of the collected data.

3.2 Requirements and Functions

The complexity of a battery management system (BMS) strongly
depends on the individual application. In simple cases, including just
a single cell (mobile phones or e-book readers), a fuel gauge IC can be
sufficient. These ICs usually are able to measure voltage, temperature
and current as well as to perform simple estimation methods for the
SoC of the cell. In more complex devices, such as large battery pack for
EVs, the BMS has to fulfill more advanced tasks. In detail, regardless
of the architecture or application, BMS functional requirements can
be classified in five main categories:

− Sensing and measurement

The BMS has to measure cell voltages, module temperatures
and battery pack current as well as to detect isolation faults.

− Safety and protection

It includes electronics and logic to protect the operator of the
battery-powered system and the battery pack itself against ab-
normal operating conditions, such as overcharge, overdischarge,
overcurrent, cell short circuits and extreme temperatures.
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Figure 3.2: Main functional requirements for a BMS in an EV. [55]

− Interface and communication

The BMS has to communicate regularly with the application
that the battery pack powers, reporting available energy/power
and desired information related to the battery pack status. An
additional feature can be represented by recording unusual er-
ror or abuse events in permanent memory for technician diag-
nostics via occasional on-demand download.

− Diagnostics

It is required to estimate relevant cell/pack parameters, such as
SoC and SoH, as well as to detect and foresee fault conditions.

− Performance management

The BMS has to compute battery pack available energy and
power limits. Moreover, an equalization circuit is needed for
maximizing the pack performance by means of balancing strate-
gies for the cells.

In addition, depending on the application, specific functions can be
required. As example, the main functional requirements for a BMS in
an EV are summarized in figure 3.2.
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3.2.1 Sensing and Measurement

This functionality results fundamental for the BMS in order to
correctly monitor the operating conditions of the battery pack and its
main components. Voltage, current and temperature are the measure-
ments required for ensuring the battery pack to perform in the safe
operating area (SOA). Typical requirements to be considered can be
costs, bandwidth, precision, measurement range or size.

3.2.1.1 Voltage acquisition

A classical BMS for lithium-ion battery pack needs to have at least
one voltage acquisition channel per serially connected cell. Indeed, cell
terminal voltages provide a measure of the relative balance of cells in
the battery pack and represent a critical input for SoC and SoH estima-
tion algorithms. Out-of-bounds cell voltage can lead to undesired cycle
life and safety issue, starting from overcharging/overdischargings up
to thermal runaway with possible fire and/or explosion consequences.

Automotive applications require voltage measurements with high ac-
curacy, high common-mode rejection and fast response in difficult en-
vironments in terms of electromagnetic interference (EMI), tempera-
ture and vibration. Usually, commonly available BMS front-end chips
have an absolute accuracy of 1mV and a full range scale of 12 to 16
bits, which leads to a resolution of about 380µV. This can be criti-
cal if estimation algorithms are used on cell chemistries characterized
by a very flat SoC-OCV curve, such as LFP technology. Figure 3.3
shows the effect of a limited voltage accuracy and its impact on SoC
accuracy for LFP and NMC technologies. It results a larger SoC esti-
mation error for LFP due to its flat OCV curve. This highlights that
a better voltage accuracy allows for achieving a better SoC estima-
tion, but considering only a voltage acquisition may not be sufficient.
Moreover, higher voltage accuracy can be achieved at the expense of
higher costs.

A pack voltage acquisition is usually considered as well. This can be
defined as the sum of the individual cell voltages or evaluated by a sep-
arate measurement unit, consisting of a voltage divider, an impedance
converter, a filter and an Analog Digital Converter (ADC). The volt-
age divider is necessary for scaling down the pack voltage to an ad-
equate measuring voltage, which is in the range of the ADC. It is
designed to be highly resistive in order to lower the power losses.
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Figure 3.3: Comparison of SoC uncertainty depending on a ±1mV voltage
accuracy for LFP and NMC technologies. [56]

3.2.1.2 Temperature acquisition

The definition of the optimal number and location of temperature
sensors in a battery pack represents a very challenging task. The
knowledge of the temperature distribution among the cells allows for
predicting the pack performance as well as managing the TMS in or-
der to maintain the cell temperatures in the SOA. The measurement
of the internal temperature of each cell would be the ideal solution.
However, since not all the cells commercially available are produced
with temperature sensors built in, measurements of cell external tem-
peratures need to be considered.
The main target is to minimize the total number of sensors required
and thus reduce the cost. This can be achieved with an accurate
pack thermal model, which allows for placing a limited number of
temperature sensors external to one or more cells per module and
then estimate internal temperatures of all cells. Generally, it can also
be important to acquire peripheral temperatures, such as those of
the contactors, fuses or even the electric busbars that carry the main
current of the battery pack.
Common temperature sensors used for BMS applications are the neg-
ative temperature coefficient (NTC) or the positive temperature co-
efficient (PTC) thermistors, which are based on resistance variations
with respect to temperature. In detail, the resistance varies inversely
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and directly with temperature in NTC and PTC thermistors, respec-
tively. The measurement is realized by capturing the voltage drop
while a constant current is flowing through the resistor. Thermistors
are relatively cheap, easily applicable and are linear in a certain range,
but behave nonlinearly for very low and high temperatures.
A different solution for temperature measurement include the adoption
of sensors that are based on digital interface and provide a readily
calculated temperature value. These sensors are robust and can be
easily connected to a microcontroller environment. However, their
performance are strongly affected by EMI induced failures.
Despite other solutions such as PT100, thermocouple or metal-based
PTC, could provide higher accuracies and a wider temperature range,
they involve higher complexity in terms of electronics.

3.2.1.3 Current acquisition

The current measurement represents a critical input to most SoC
and SoH estimation algorithms. It is also needed for detecting any
overcurrent conditions and thus providing safety. As reported in figure
3.3, depending on the battery technology, the cell voltage only shows
a low dependence on the SoC, leading to estimation errors even in case
of high voltage accuracy. While, a precise measurement of the total
current allows for determining the SoC by integrating the current.
There are two basic sensor technologies used for measuring the current
in a battery pack: galvanically connected and isolated. The first cat-
egory include the shunt resistor current sensing, which is the widely
adopted solution. While, hall-effect sensors are used as isolated cur-
rent acquisition by evaluating the magnetic field strength due to the
current flow.

− Shunt resistor

A current shunt is a low-value and high-precision resistor placed
in series with the battery pack. It can be implemented between
the positive terminal of the battery pack and the load (high-
side measuring) or between the load and ground or the negative
terminal of the battery (low-side measuring). The voltage drop
across the shunt resistance is measured using a standard ADC
converter and the current is computed. The low value of the
shunt resistance for maintaining power dissipation low leads to
the needed of a voltage amplifier before sensing and calculating
the current.
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Figure 3.4: (a) Shunt resistor and (b) hall-effect sensor. [57]

The primary advantage of shunt resistors, compared to the
Hall-effect sensors, is that they have no offset at zero current,
regardless of temperature. However, the amplification and mea-
surement electronics can still introduce an offset, which has to
be properly addressed. Moreover, shunt resistors need to be
electrically isolated from the low-voltage BMS circuitry, adding
complexity to the design. The resistance of the current shunt
also changes with temperature, thus additional calibration is
needed. Then, the shunt itself introduces some energy losses
and the heat generated has to be dissipated via the TMS.

− Hall-effect sensor

Considering a coil wrapped around a primary current-carrying
conductor, the electromagnetic field produced by the conductor
induces a secondary current in the coil. Hall-effect sensors mea-
sure this induced current to infer the primary current. Since
there is no direct electrical connection between the sensor and
the high-voltage battery pack, they are also named as contact-
less current sensors.

Therefore, no additional isolation circuitry is needed. Never-
theless, signal-conditioning circuitry is required for compensat-
ing the magnetic hysteresis of the Hall-effect sensor. Generally,
several sensors come prepackaged with such circuitry. More-
over, they suffer from measurement offset at zero current, which
drifts over time and changes with temperature. Hence, a proper
calibration has to be developed and implemented in the BMS.

Figure 3.4 shows a photograph and a block diagram for both shunt
resistor and Hall-effect sensors. Besides the sensor technology, the
position in the battery pack has to be considered as well. Indeed,
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in case of nSmP configurations, it can be important to implement a
current sensor for each string of series-connected cells and not only
for the main battery pack current. In this way, imbalance conditions
among the string can be traced during operation.

3.2.1.4 Isolation Sensing

In a standard automobile, the negative terminal of the 12V lead-
acid battery can be connected directly to the vehicle frame or chassis
because there are not significant safety risks due to the low voltage.
This also allows for saving wiring costs since only the positive voltage
requires separate wires to distribute power throughout the vehicle.

On the other hand, relevant safety issues may occur in case of isolation
lost for high-voltage battery pack. Therefore, all wiring needs to be
fully insulated and a proper design of the EPS is required in order to
eliminate any direct connection between the high-voltage battery pack
and the vehicle chassis. However, despite this greatly enhances safety,
mechanical issues (accident, vibration) may break the insulation on
the high-voltage wiring, leading the terminals of the battery pack to
come in contact with the vehicle chassis through a low-resistance path.
This poses a safety hazard, which has to be detected and highlighted
for the vehicle operator.

It is important to point out that also an electric insulation or rather an
electrically insulating material is generally characterized by its electric
resistance. This insulation resistance is distributed over the whole
electric circuit. Figure 3.5(a) shows a model of the isolation issues
in EVs, where Rp and Rn are the concentrated insulation resistances
between the positive and the negative terminals of the high-voltage
battery pack and the vehicle chassis. While, Cp and Cn represent the
sum of parasitic cable and possibly placed EMC filter capacitances.

A common technique for measuring the insulation resistance is shown
in figure 3.5(b). Only two additional switches and two resistors are
needed to determine the insulation resistances Rp and Rn while the
capacitances Cp and Cn are contributing as disturbances. In detail,
when switch Sp is closed, a current Isp flows through Rsp and Rn

as well. This leads the voltage Vn to increase and consequently Vp
to decrease. Therefore, the chassis potential will result shifted with
respect to the high-voltage battery pack. In this way, the insulation
resistance can be calculated by measuring the different potential at its
terminals.
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Figure 3.5: (a) Insulation model considering concentrated parameters; (b)
scheme of a common technique for measuring the insulation resistance. [56]

3.2.2 Safety and Protection

One of the main purposes of BMSs is to minimize the likelihood of
occurrence and severity of the hazard conditions associated with the
operation of lithium-ion battery packs. Therefore, the BMS needs to
properly control electrical/electronic devices in order to prevent fault
conditions for the battery pack. In particular, there is a set of elec-
tronics hardware that is widely used for both low and high-voltage
systems, which includes main and precharge contactors, manual ser-
vice disconnect (MSD), high-voltage interlock loop (HVIL) and fuses.
In addition, bus bars, cell interconnect boards and wiring harness can
be adopted for safety concerns as well. Figure 3.6(a) shows an exam-
ple of a safety and communication battery box, which interconnects
the battery pack with the rest of the system. This highlights the BMS
and all the main safety components needed. It is designed for both
stationary or automotive applications. The target system has a volt-
age range between 315V and 567V, while being capable to provide
a continuous current of up to 320A. The battery pack consists of 14
series-connected modules, each one in a 15S2P configuration of 2.3V
20Ah lithium-ion NMC/LTO prismatic cells. Figure 3.6(b) reports
the schematic architecture of this battery box as well. More details
related to the safety and communication functions of the BMS are
discussed in the following sections.

3.2.2.1 Contactors Control

As discussed in section 3.2.1.4, high-voltage battery packs are de-
signed to be isolated electrically from chassis ground. Moreover, iso-
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Figure 3.6: (a) Example of a safety and communication battery box and
(b) related scheme. Source: Fraunhofer

lation sensing allows for detecting isolation fault or ground fault. For
similar safety concerns, the internal high-voltage bus of the battery
pack is completely disconnected from the load at both pack external
terminals when not in use. This requires two high-current capable
relays known as main contactors.
The main contactors used in battery packs are normally-open devices
in order to ensure the battery pack to be disconnected from the load in
case of BMS fault conditions. Moreover, considering that the motor-
driving circuitry in EVs requires large capacitor to filter the transients
caused by switching power to the EM, a severe in-rush current can
occur by simultaneously closing the contactors, potentially welding
the contactors closed or blowing a fuse. Hence, a third precharge
contactor is needed.
Figure 3.7 shows the overall startup process for connecting the battery
pack to the rest of the EPS. Starting from a complete disconnection of
the battery pack, the negative contactor is activated first. Then, the
precharge contactor is actived, which limits the current flow by means
of a precharge resistor and allows the battery pack for charging up the
capacitive load at a controlled and safe rate. Typically, the tempera-
ture of the precharge resistor is monitored because the load may have
a short circuit fault if it becomes too high. This fault condition can
also be detected by evaluating if there is a difference between the pack
and the filter capacitor voltages. In both cases, the startup process is
aborted and the pack is disconnected from the load. Otherwise, the
connection procedure of the battery pack proceeds the BMS can be
concluded by closing the positive contactor and then openining the
precharge contactor. There is not a standard procedure for discon-
necting the battery pack since the danger of contactor fusing/welding
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Figure 3.7: Startup procedure for connecting the battery pack to the rest
of the EPS. [57]

is not as severe. Generally, if the inductance of the load is small, sim-
ply opening the main contactors results sufficient. If not, the startup
procedure could be used in reverse to drain the inductive energy prior
to complete disconnect the battery pack.

3.2.2.2 High-voltage Interlock Loop

Most of the high-voltage energy storage system (ESS) include HVIL
safety features, which essentially creates a closed circuit when the bat-
tery pack is sealed. If one part of the pack is opened, the high-voltage
bus is compromised and the main contactors remain opened in order
to prevent undesired flowing current.
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It is important to highlight that the HVIL is not a single component
that can be installed in the battery system, but rather a series of
components, software and controls that do not allow the opening of
the battery pack until the HVIL is disengaged. The aim is to ensure
safety conditions during service or maintenance operations.
Two main solutions can be adopted for operating the HVIL. The first
one consists in connecting the high-voltage cables to to an interlock
circuit that reports the status to the BMS. As soon as one of the
interlock circuits is opened, the BMS will send an opening command
to the main contactors. The second solution regards the possibility to
connect the high-voltage cables through an MSD, which is a manual
connector with an integrated fuse. This is also named as mid-pack
service disconnect since it is usually placed at or near the middle of
the pack. In this way, once the MSD is removed, the voltage or energy
of the battery pack will be split in half, resulting in the opening of the
HVIL circuit and consequently the opening of the main contactors.
These solution are important to protect the high-voltage battery pack
from external short circuit as well.

3.2.2.3 Fuses

Generally, depending on the size of the battery pack, fuses are
included into the overall design along with the MSD. In particular,
only fuses are considered for low-voltage packs, while the MSD results
unecessary. Additionally, several manufacturers integrate small fuses
directly into the control boards that interconnect the cells. In this
way, safety improvements can be achieved in case of failure of any
individual cell, limiting the impact on the battery pack. Large ESSs
may not include an MSD-type fuse, but usually include a fuse as a
safety feature due to the less restrictive constraint in terms of size
and volume. Moreover, the fuse may be integrated into a battery
disconnect unit (BDU) for very large ESSs. Therefore, fuses need
to be properly selected depending on the requirements of the specific
application.

3.2.2.4 Battery Disconnect Unit

Most of these safety electronics coponents and subsystem can also
be packaged together, leading to the a single physical unit named
as BDU. While the BMS is typically mounted separately, the BDU
serves as the interface to the EM, vehicle controllers and any com-
munications outside of the vehicle. Several manufacturers have de-
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Figure 3.8: Off-the-shelf high-voltage unit provided by Delphi Electronics.

signed these BDUs in standard off-the-shelf units, which consist of
main contactors, precharge contactor, fuses, HVIL circuitry and other
electronics hardware. Figure 3.8 shows an off-the-shelf high-voltage
unit provided by Delphi Electronics.

3.2.2.5 Standard ISO 26262

Defining the risk as the the probability of occurrence of damage
and its impact on people, equipments and the environment, the main
task of functional safety is to minimize the risk to an acceptable level.
The measures that can be employed to reduce risk are classified as
fault avoidance, fault detection or fault handling measures. A wide
variety of safety standards are available for providing a guidance on
required and recommended measures for most of industry sectors, with
IEC 61508 focusing on electrical/electronic/programmable electronic
safety-related systems. The standard ISO 26262 has been introduced
as an adaption of the IEC 61508 to cover the special conditions en-
countered by electronic systems in series-produced road vehicles with a
mass of up to 3500 kg (excluding special-purpose vehicles). Therefore,
BMSs developed for EVs need to be compliant with this standard.
The ISO 26262 consists of 10 parts, with parts 1 and 2 introducing
the vocabulary and the general principles of the standard, part 3 de-
scribing the concept phase of the development process, parts 4-6 and
7 focusing on the product development and the production and op-
eration of the system, respectively. Parts 8-10 provide a guidance on
the application of the standard. The ISO 26262 also includes a safety
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Figure 3.9: Simplified safety cycle life of a system defined by ISO 26262. [58]

cycle life part, which encompasses the entire cycle life of a system
from concept to decommissioning. A simplified version of the safety
life cycle is illustrated in figure 3.9 a more details about the standard
ISO 26262 are illustrated in [58].

3.2.3 Interface and Communication

Suitable protocol standards need to be considered for the commu-
nication of the BMS with battery modules and all components of the
battery pack. Currently, the control-area network (CAN) bus is one
of the most prominent buses used for automotive applications because
it is very flexible regarding the number of bus members with a good
noise resistance. The simpler Local Interconnect Network (LIN)-bus
is also widely adopted since it is less expensive due to reduced hard-
ware efforts at the expense of resulting slower, less flexible and non-
differential. Other buses that are mostly used on short distances, such
as chip to chip communication, include the SPI interface, I2C inter-
face or the Onewire bus. Due to their non-differential signals, they are
not robust against disturbances on a longer, more exposed line, such
as inter-module buses. This is the major concern that leads to select
CAN bus as reference communication protocol for automotive applica-
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tions. Despite its very high speed of 1Mbps, the CAN nus may result
unsuitable in applications where real-time deterministic capability is
required. In this case, the FlexRay bus can be adopted. Otherwise, an
Ethernet connection can also be used for connecting the battery sys-
tem with the application, especially when high communication speed
and large data volumes are required.
Automotive applications use the CAN bus almost exclusively for on-
board vehicle messaging. It is designed to provide robust communica-
tions in the very harsh automotive operating environments with high
levels of electrical noise. CAN bus has an electrical specification and
a packet protocol. Electrically, it comprises a differential two-wire
serial bus designed to network intelligent sensors and actuators. Mes-
saging can operate at two rates: high-priority messages are sent at a
higher baud rate, whereas low-priority messages are sent at a lower
rate. High-rate messaging is used for critical operations, including en-
gine management, vehicle stability and motion control. On the other
hand, low-rate messaging is used for simple switching and control of
lighting, windows, mirror adjustments and instrument displays.
The communication protocol defines:

− method of addressing the devices connected to the bus;

− transmission speed and priority settings;

− error detection and handling;

− control signals.

Figure 3.10 shows the data frames that are transmitted sequentially
over the bus. They include a 1-bit start-of-frame (SOF) marker,
an 11 or 29-bit address for the intended recipient of the message,
a 1-bit remote-transmit request (RTR) flag indicating whether this
is a data frame or a remote frame, a 6-bit control field, a 16-bit
cyclical-redundancy-check (CRC) for transmission error detection, a
2-bit acknowledgment (ACK) field and a 7-bit end-of-frame (EOF)
marker. In particular, a CAN buses with 11 or 29-bit identifiers are
named as CAN 2.0A and CAN 2.0B, respectively. Generally, most of
automotive-grade microcontrollers have built-in CAN communications
hardware that properly manage the data frames.

3.2.4 Diagnostics

This represents an important function to be operated by the BMS
since it provides an overall performance and state evaluation of the
battery pack. In detail, the BMS has to compute diagnostics and re-
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Figure 3.10: CAN2.0 data frames. [58]

port a quantified information on the SoC and the SoH of the battery
pack. Accurate estimation of battery states allows for achieving rel-
evant details about the current performance of the battery pack as
well as providing assurance of a reliable and safe operation of the EV.
This is a very difficult task because currently there are not standards
for correctly estimating these parameters. Hence, a combination of
mathematical, algorithmic and battery models is performed in order
to achieve a suitable estimation depending on the application. A brief
overview of the main SoC and SoH estimation approaches is illustrated
in the following subsections.

3.2.4.1 SoC Estimation Method

This is one of the main challenges for the successful operation of
EVs. Due to non-linear, time-varying characteristics and electrochem-
ical reactions, SoC cannot be observed directly. Moreover, since the
performance of the battery pack is highly affected by aging, temper-
ature variation and charge-discharge cycles, the task of estimating an
accurate SoC results very challenging. Currently, the existing SoC
estimation techniques can be classified into five categories: conven-
tional method, the adaptive filter algorithm, the learning algorithm,
the nonlinear observer and the hybrid algorithm.

Conventional Method

This category includes different approaches for estimating the SoC,
based on Coulomb counting, OCV, impedance and internal resistance,
electrochemical models and ECMs.

− Coulomb Counting Method

This is the simplest method to be implemented for SoC estima-
tion due to its low computational complexity. It is based on the
integration of the charging/discharging current for calculating
the remaining charge of an individual cell or the overall battery
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pack as follows:

SoC(t) = SoC(0)− 1

Cn

∫ t

0

i(t)dτ (3.1)

where SoC(0) is the initial SoC, Cn is the nominal capacity of
the cell and i(t) is the charging/discharging current. A more
detailed definition of the Coulomb counting method is reported
in [59], which also introduces the coulombic efficiency η and the
self-discharge rate Sd:

SoC(t) = SoC(0)− T

Cn

∫ t

0

(η · i(t)− Sd)dτ (3.2)

where T is the sampling time.

This method allows achieving accurate results if the initial value
SoC(0) is correctly defined. However, this is not easy, thus
an estimation is needed. It may be defined by using a look-
up table based on the SoC-OCV characteristic of the cell or
considering conditions where the SoC is known, such as fully
charged or discharged cell. Nevertheless, these two conditions
are not always reached, especially for automotive applications,
where the battery pack is fully charged and discharged rarely.

Moreover, Coulomb counting method is very sensitive to mea-
surement errors. Indeed, a constant error in measuring charg-
ing/discharging current is integrated over time producing a
drift of the estimated value, which increasingly moves away
from the real value of SoC. This error may be reduced by a
proper calibration of the measurement. However, the operat-
ing conditions strongly affect the current acquisition, resulting
in calibration complexity of the Coulomb counting method. In
addition, the capacity fade of the cell due to aging needs to be
taken into account as well.

− Open Circuit Voltage

This method adopts the SoC-OCV characteristic for estimating
the SoC of the cell. Therefore, its performance highly depends
on the shape of the OCV and thus on the cell technology con-
sidered, as previously illustrated in section 3.2.1.1. As example,
since LFP cells have a very flat SoC-OCV characteristic and a
significant OCV hysteresis phenomenon, OCV method as SoC
estimator results unsuitable.
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Moreover, despite the SoC-OCV curve of lithium-ion technol-
ogy is relatively stable, it varies depending on the environmen-
tal temperature and cycle life of the cells. Hence, massive ex-
perimental tests in different operating conditions are required
for capturing the variations of the OCV curves for a specific cell
technology. It is important to highlight that the terminal volt-
age of the cell is closely representative of the OCV only after a
long rest and while under no load. Therefore, depending on the
cell technology, a proper rest time is needed for measuring the
OCV. This makes the OCV method not suited for estimating
SoC in real-time. It may be used for very low power applica-
tions, in which low current are required and thus the OCV can
be assumed equal to the voltage at cell terminals.

− Impedance and Internal Resistance

This method is similar to the OCV one since it estimates the
SoC by measuring the internal resistance or impedance of the
cell. In particular, the resistance is calculated by the ratio be-
tween the cell voltage and the current variations in DC, while
the Electrochemical Impedance Spectroscopy (EIS) is consid-
ered for estimating the internal impedance of the cell using
inductances and capacitances over a wide range of frequen-
cies [60]. However, the characteristic curve between the SoC
and the internal resistance/impedance is not stable as the SoC-
OCV one. Indeed, the resistance/impedance value is not sen-
sitive to SoC variations since it could be a nonmonotonic char-
acteristic curve. While, it is very sensitive to temperature vari-
ations, aging conditions. Therefore, as for the OCV method,
impedance and internal resistance approach results unsuitable
in estimating the SoC for EV applications.

− Electrochemical Model

The SoC can also be estimated by evaluating the amount of
lithium concentration in the positive or negative electrodes.
This involves the adoption of an electrochemical model with
partial differential equations. Theoretically, this allows for achiev-
ing the most accurate SoC estimation. However, electrochemi-
cal models result complex and characterized by a large amount
of parameters needed for their implementation. Therefore, they
are suitable for off-line design and performance analysis of lithium-
ion cells, but not proper for online SoC estimation.
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Reduced-order electrochemical models can certainly represent a
good trade-off between complexity and accuracy in estimating
the SoC [61].

− Equivalent Circuit Model

Currently, ECMs are the most widely used solution for on-
line SoC estimation in automotive applications. An ideal ECM
should be able to simulate the real electrical behavior of the
cell under any current profiles. Actually, several aspects of a
lithium-ion cell cannot be fully represented by circuit elements,
including hysteresis or Warburg effects [62].

The most common ECM parameter for SoC estimation is the
OCV. Therefore, it inherits all the disadvantages related to
the SoC-OCV characteristic previously illustrated for the OCV
method. Compared to electrochemical models, ECMs result
more suitable for real-time SoC estimation due to the lower
implementation complexity.

However, there are two major concerns that need to be prop-
erly addressed. The first one regards the optimal calibration of
the ECM parameters. In detail, time-consuming experimental
tests are required considering different operating conditions in
terms of current profile, aging and temperature. Secondly, the
voltage accuracy from the conventional ECMs in the low SoC
range is relatively low [63].

Other SoC Estimation Methods

An overview of the SoC estimation methods for the remaining four
categories is reported in figure 3.11. Currently, there is a large amount
of techniques that allow for achieving different trade-off between com-
putational cost and accuracy of the SoC estimation [64–66].

Adaptive filter algorithms include Kalman Filter (KF), Particle Fil-
ter (PF), Unscented Particle Filter (UPF), H∞ Filter and Recursive
Least Square (RLS). Among these methods, Kalman filter represents
a promising solution for estimating the SoC. It is a well-designed
method, which filters parameters from uncertain, inaccurate obser-
vations. It is commonly used in many applications such as EVs,
aerospace technologies, radar and navigator tracking. Despite its high
computational cost, Kalman filters result attractive also for automo-
tive applications due to their self-correcting nature, which allows for
tolerating high variation of current. In detail, they are based on a set
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Figure 3.11: Other SoC estimation methods.

of mathematical equations, which predicts and corrects a new state
comparing the measured input data and output data from an ECM
to calculate the minimum mean squared deviation of the true state.
The algorithm provides a recursive solution through a linear optimal
filtering for estimating state variables. The equations are operated
in state-space form and consider a discrete-time version of the cell
dynamics. Starting from the basic Kalman filter that operates with
linear systems, different solutions have been proposed in literature
for extending its functionality to nonlinear systems, including the Ex-
tended Kalman Filter (EKF), the Unscented Kalman Filter (UKF)
and the Sigma Point Kalman Filter (SPKF).
Learning algorithms have adaptability and self-learning skills to demon-
strate a complex nonlinear model. However, they require a large
amount of training data and heavy computation to describe the non-
linear characteristics of lithium-ion cells and thus estimate the SoC.
The main methods include Neural Network (NN), Fuzzy Logic (FL),
Support Vector Machine (SVM) and Genetic Algorithm (GA).
Nonlinear Observers are designed to handle highly nonlinear systems.
Three main categories can be identified: Sliding Mode Observer (SMO),
Proportional-integral Observer (PIO) and Nonlinear Observers (NLO).
Other alternative methods include Multivibrate Adaptive Regression
Splines (MARS), Bi-linear interpolation (BI), Impulse Response (IR)
and Hybrid solutions. MARS, BI and IR adopt extended linear model,
two linear interpolations and linear time invariant system, respectively.
While, hybrid methods combines different solution for estimating the
SoC in order to take the advantages of each method and thus achieve
higher performance.
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Figure 3.12: Overview of SoH estimation methods.

3.2.4.2 SoH Estimation Method

Generally, SoH estimation refers to a process whereby cell-model
internal parameters are estimated and tracked as the cell ages. Since
there is no universally agreed-upon definition of SoH, it is common
to estimate two measurable indicators of aging: current cell capacity
and series resistance. In particular, considering the EVs requirements,
a capacity decrease of 20%-30% and/or a resistance increase of 50%-
100% highlights the needed for replacing the battery pack. Capacity
decrease is also known as capacity fade, whereas resistance increase
leads to power fade.
As for the SoC, the SoH can be estimated by means of experimen-
tal and model-based methods. The first ones collect relevant data
from experimental tests in different operating conditions in order to
directly determine the SoH. The model-based methods define the SoH
by estimating cell parameters that are sensitive to degradation, thus
capacity and internal resistance. Different experimental and model-
based approaches can be adopted, as summarized in figure 3.12 and
widely illustrated in [67].
For what concern experimental tests, most cell manufacturers usu-
ally provide calendar and cycle aging data conducted by applying
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consecutive charging/discharging cycles at one or multiple temper-
atures. However, these tests differ significantly from real-world use
of cells as part of battery packs. Therefore, experimental methods
for characterizing cell degradation need to be performed considering
the representative current profiles required from the specific applica-
tion. These methods have to be optimized in order to achieve easily
implementable and repeatable tests with shorter time than real-world
for practical reasons. Moreover, most significant factors responsible
for cell aging need to be taken into account, including current dis-
tribution, SoC, temperature and DoD. Therefore, the main challenge
consists in extracting the most important aging characteristics associ-
ated with real-world driving and determining a duty cycle that causes
the cell aging comparably.
To characterize the degradation processes in lithium-ion cells, an ap-
propriate experimental campaign should be designed, which requires
a duration of months or years. In detail, the aging campaign can be
split into two main sections [68]:

− Calendar Aging

In this experimental test, the cells are stored at different SoC
and temperature conditions. In particular, no load current is
applied, SoC is monitored and kept constant using external cir-
cuitry and cell temperature is maintained constant by means
of thermoelectric cooler or environmental chamber. SoH is as-
sessed periodically via capacity and dynamic tests.

− Cycle Aging

In this case, depending on the specific application, cells are
cycled with a pre-designed charging/discharging current cycle,
repeated for sufficient number of times to induce degradation.
As for the calendar aging test, cell temperature has to be kept
fixed and SoH is evaluated by means of periodic assessment
with capacity and dynamic tests.

3.2.5 Performance Management

This represents a crucial task for a BMS because it has to maximize
the performance of lithium-ion battery packs while ensuring their safe
operating conditions. Hence, it has to define proper power limits ac-
cordingly with relevant aspects, including SoC and SoH of the battery
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Figure 3.13: Standard charging protocol CCCV.

pack, cell temperatures, maximum charging/discharging C-rates and
overvoltage/undervoltage thresholds due to the cell technology [44,57].
Moreover, the performance management involves two main topics that
allow for maximizing the usable capacity of a battery pack and extend-
ing its cycle life: charging techniques and balancing strategies.

3.2.5.1 Charging Techniques

Nowadays, the adoption of a proper battery charging technique
results fundamental for enabling fast charging technology and thus re-
ducing the charging time of EVs. However, overcharging and overtem-
perature issues need to be carefully taken into account in order to avoid
hazard conditions as well as reduction of the cycle life of the battery
pack. Therefore, the development of optimal charging strategies rep-
resents an essential part of the BMS.
The most common charging technique for lithium-ion cells is the CCCV
standard, which it is based on two phases, as illustrated in figure 3.13.
In the first phase, the cell is charged with a constant current (CC) until
reaching the maximum cell voltage depending on the cell technology.
This stage usually provides 60-80% of the nominal capacity. Then, the
cell voltage is kept constant and the current starts to decrease, lead-
ing to the costant voltage (CV) phase. The complete charge occurs
when the charging current drops below a predefined threshold value
(usually 3% of the rated capacity) or when a predefined maximum
charging time is exceeded.
The charging time is mainly influenced by the constant current value.
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Figure 3.14: MSC charging protocol in case of five stages. [69]

Indeed, higher C-rates allow for achieving lower charging time, which
result an important task for enabling large-scale adoption of EVs.
However, the maximum C-rate allowable depends on the cell tech-
nology and the cooling system considered. Moreover, high C-rate
strongly affects aging, leading to lithium plating and possibility of
thermal runaway. It also reduces the CC stage because the cell will
reach the maximum voltage sooner with consequently increase of the
CV stage and thus of the charging time. Therefore, a proper control
algorithm is needed for maximizing the energy storable in the battery
pack of an EV while minimizing the charging time.
An alternative solution includes the multistage constant current (MSC)
charging, in which the CV phase of the CCCV protocol is replaced by a
series of CC periods with monotonic decreasing charging currents [69],
as shown in figure 3.14. In particular, each time the maximum cell
voltage is reached, the C-rate is reduced to a lower value. Then, the
charging process is stopped when the maximum cell voltage is reached
at the lowest current stage. This charging technique allows for achiev-
ing a lower charging time with respect to the CCCV protocol.
Additional charging techniques and more details related to the CCCV
and MSC protocols are discussed in [70].

3.3 Equalization Circuits

Depending on the application, a certain number of series and par-
allel connections of cells are needed to build a battery pack in order
to fulfill the voltage and capacity requirements. The inhomogeneity
of cell parameters due to manufacturing tolerances, cell degradation,
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Figure 3.15: Classification of the equalization circuits.

temperature gradients and abuse conditions (electrical, mechanical
and thermal), can result in an unbalanced voltage distribution in the
series-connected cells. Moreover, if only one cell goes outside of the
allowed voltage range, the operability of the battery pack is lost with
a reduction of the usable capacity.
To overcome these issues, the BMS includes a cell voltage equaliza-
tion circuit, with the aim of maximizing the performance of the battery
pack by limiting the cell-to-cell voltage variation. In particular, dif-
ferent architectures for cell equalization circuits have been proposed
in literature. They are mainly divided in passive and active depend-
ing on the strategy used for dissipating or transferring energy among
the cells, as illustrated in figure 3.15. The comparison of their perfor-
mance is usually operated in terms of efficiency, equalization speed,
voltage and current stresses on components, hardware and software
complexity, size and cost [71–75].

3.3.1 Passive

Passive equalization circuits, also known as energy-consuming, are
based on dissipating the excess energy of the most charged cells on
a power resistor placed in parallel with every cell. They represent
the most common solution adopted in industrial and vehicular ap-
plications due to its reliability and low cost [76]. Nevertheless, this
architecture has several disadvantages, including low equalization ef-
ficiency, unidirectionality of the power flow and thermal issues due to
heat generation. Indeed, the Joule’s effect on the balancing resistors
are relevant when high equalization speed is desired, requiring a spec-
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Figure 3.16: (a) Fixed shunting resistor and (b) switched shunting resistor
architectures for a generalized battery pack composed by n series-connected
cells.

ified design of the circuit [77, 78] as well as a proper control strategy
for the thermal management [79].

Typically, passive equalization circuits can be classified in two cat-
egories: fixed shunting resistor and switched or controlled shunting
resistor. Figure 3.16 shows the architectures of both passive solutions
for a generalized battery pack composed by n series-connected cells.
The main difference is related to the management of the bypass path
with the balancing resistor. In detail, the fixed shunting resistor al-
lows for continuous current flows through the balancing resistors for
all the cells. Different balancing currents will occur for the cells de-
pending on their terminal voltages. Due to its simplicity and low cost,
this architecture is widely used for lead-acid, Ni-Cd and Ni-MH tech-
nologies in low power application to avoid overcharging conditions for
the cells. The main disadvantages include the continuous energy dis-
sipated as heat for all the cells. This makes the fixed shunting resistor
architecture unsuitable for high-performance applications.

On the other hand, power switches are included in the balancing path
for a controlled shunting resistor equalization circuit. This allows for
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operating the balancing process to the most charged cells only, re-
sulting more effective and reliable than the fixed shunting resistor
architecture. Therefore, an optimal control of the switches can be
performed with respect to the cell operating conditions and depend-
ing on the performance required or desired. Moreover, despite the heat
dissipation issues still remain, a proper thermal management can be
achieved with the controlled shunting resistor architecture by limiting
the number of cells in balancing simultaneously.

3.3.2 Active

Active equalization circuits allow for achieving high performance
in terms of energy efficiency and equalization speed due to the capa-
bility of transferring energy among the cells. Compared to the pas-
sive architecture, higher balancing current can be achieved without
encountering relevant thermal management issues, resulting in lower
equalization time.
Active equalization circuits can be classified with respect to either the
storage component adopted or the equalization energy path. For what
concerns the storage component, capacitors, inductors and transform-
ers can be adopted. There is also an additional category that can be
identified, which includes the converter-based equalizer. In this cat-
egory, classical power electronics converters are considered as energy
transfer method among the cells. Table 3.1 reports all the main archi-
tectures presented in literature for each category of active equalization
circuit, highlighting the related equalization energy path as well.
In detail, four possible energy transfer techniques can be achieved by
means of the active equalization circuits: direct cell-to-cell (DC2C),
adjacent cell-to-cell (AC2C), pack-to-cell (P2C) and cell-to-pack (C2P).
The DC2C can be performed with both capacitor-based and inductor-
based architectures and allows for directly transferring energy between
the most and the least charged cells of the battery pack. While, the
energy transfers occur only between adjacent cells for the AC2C con-
figuration, which is mainly operated by converter-based architectures.
In this case, it results low equalization speed and high implementa-
tion cost for large battery packs. Then, transformer-based architec-
tures and flyback converters allow for achieving C2P and P2C energy
transfers.
Currently, the active equalization circuits represent a promising solu-
tion for increasing the battery pack performance thanks to the possi-
bility of transferring energy among the cells and thus avoiding energy
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Equalizer type DC2C AC2C P2C C2P

Capacitor
Switched x

based
Single switched x
Double tiered switched x

Inductor Single x x x
based Coupled x

Transformer Single winding x x
based Multi-windings x x

Converter

Cuk x

based

Ramp x
Full bridge x
Quasi resonant x
Flyback x x

Table 3.1: Classification of the active equalization circuits with respect
to the storage component adopted and the energy transfer technique.
DC2C: Direct Cell-to-Cell, AC2C: Adjacent Cell-to-Cell, P2C: Pack-
to-Cell, C2P : Cell-to-Pack.

dissipation as for the passive equalizers. Moreover, active equalization
strategies can also be performed during charging and discharging pro-
cess, providing a significant contribute in maximizing the energy from
and to the battery pack. However, the major concerns that are limit-
ing a large adoption of the active equalization circuits mainly include
the number of components needed for the hardware implementation,
which leads to size and cost issues. In addition, more complex control
algorithms have to be developed for the management of the active ar-
chitectures with respect to the simplicity of the passive equalization
circuits.

3.3.2.1 Capacitor-based

These architectures use capacitors as storage components for trans-
ferring energy among the series-connected cells in a battery pack.
Three main categories can be identified, including switched capaci-
tor [80,81], single switched capacitor [82,83] and double tiered switched
capacitor [84, 85] configurations. There is also another architecture
based on the modularization approach [86, 87], which is primarily
adopted for large battery packs.
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− Switched Capacitor (SC)

In this architecture, a capacitor is connected between each two
adjacent cells, as shown in figure 3.17(a). It requires n−1 capac-
itors and 2n switches for a generalized battery pack composed
by n series-connected cells. The control strategy is very simple
since all the switches can be controlled by a common control
signal with a fixed duty cycle. The equalization process results
to be self-limiting because the amount of energy transferred de-
creases as the voltage imbalance among the cells lowers. There-
fore, ideally no energy transfers occur for a fully balanced bat-
tery pack. This also allows for avoiding floating voltage sensing
and closed-loop control, resulting in cost-savings for the equal-
ization circuit. The main disadvantages include high number
of components and low equalization time, especially for large
battery packs. In particular, the worst condition in terms of
equalization time occurs when the most charged cell and the
least charged one are on the opposite ends of the battery pack.
In addition, since all the cells participate to the equalization
process, the overall efficiency of this active equalization circuit
is affected by high losses as well.

− Single Switched Capacitor (SSC)

The SSC allows for a DC2C equalization among the cells, thus
the energy can be transfer directly from the most charged cell
to the least charged one in the battery pack. It is characterized
by a reduced number of components with respect to the SC
architecture, since it only needs 1 capacitor and n+5 switches,
as illustrated in figure 3.17(b). In this case, a control strategies
is required for performing the equalization process. Indeed, the
most and the least charged cells need to be identified and the
corresponding switches have to be enabled. This also includes
the possibility to develop advanced control algorithms that al-
low for improving the equalization speed. Moreover, short en-
ergy transfer paths are achieved due to the DC2C equalization,
resulting in a higher efficiency than the SC architecture.

− Double Tiered Switched Capacitor (DTSC)

A derivation of the SC is considered for the DTSC, where two
additional capacitor tiers are used for reducing the equaliza-
tion time to one-fourth with respect to that achievable for the
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Figure 3.17: (a) Switched capacitor and (b) single switched capacitor ar-
chitectures for a generalized battery pack composed by n series-connected
cells.

SC. Indeed, these capacitor tiers provide additional paths for
the energy transfers among the cells. Therefore, cells that are
not adjacent can transfer energy through the additional capac-
itors. Likewise for SSC, a DC2C can be performed with the
DTSC, but a large number of components is needed, includ-
ing n capacitor and 2n switches, as shown in figure 3.18(a).
Hence, compared to the SC, the DTSC represents a more ex-
pensive architecture. However, it allows for increasing both the
equalization speed and the overall efficiency of the equalization
circuit.

− Modularized Switched Capacitor

The modularization approach allows for achieving an easier and
more flexible architecture for the equalization circuits. In par-
ticular, the modularized system takes into account to control
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Figure 3.18: (a) Double tiered switched capacitor architecture for a gener-
alized battery pack composed by n series-connected cells; (b) modularized
switched capacitor architecture considering two series-connected modules.

the equalization process of the modules in a battery pack.

Figure 3.18(b) shows an example of a modularized SC by con-
sidering two series-connected modules. The cells of each module
are balanced by means of a SC equalization circuit, whereas a
master equalization controller based on a SSC is adopted for
balancing the modules. This leads to a faster equalization of the
overall battery pack as well as low voltage and current stresses
on switches at the expense of complex control algorithms to be
developed.

3.3.2.2 Inductor-based

These architectures use inductors as storage components for trans-
ferring energy among the series-connected cells in a battery pack. Two
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Figure 3.19: (a) Single inductor and (b) coupled inductor architectures for
a generalized battery pack composed by n series-connected cells.

main categories can be identified, including single inductor [88] and
coupled or multi-inductor [89,90]. Very high balancing current can be
achieved with the inductor-based architectures and thus potentially
high equalization speed. In this case, diodes are required in order to
avoid instantaneous interruptions and undesired paths for the induc-
tive current. Therefore, since these architectures usually operate at
high switching frequency, the internal body diodes of MOSFETs can
be adopted. The main concern regards the high current stresses on
switches due to hard switching operations.

− Single Inductor

Considering a generalized battery pack composed by n series-
connected cells, this architecture needs 1 inductor and 2n switches
for the equalization process, as shown in figure 3.19(a). It
allows for achieving different energy transfer paths, such as
DC2C, P2C and C2P. Therefore, advanced control strategies
are requested for balancing the cells with the lowest equal-
ization time. Despite the similarity to the SSC architecture,
2n external freewheeling diodes are needed for single inductor
equalization circuits.
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− Coupled Inductor

As for the SC architecture, the coupled inductor equalization
circuits allow for a AC2C balancing among the cells. It is char-
acterized by a lower number of components with respect to
the single inductor architecture, since it needs 2n− 2 switches
and n − 1 inductors, as illustrated in figure 3.19(b). In this
case, only the internal body diodes of MOSFETs are needed
for ensuring the correct and safe functionalities of the coupled
inductor architecture. Moreover, unlike the SC architecture, it
is not self-limiting, thus a control algorithm is required, which
senses the cell voltages and disables the equalization process
when the battery pack is balanced. Then, since all the cells
participate to the equalization process, the overall efficiency of
this active equalization circuit is affected by higher magnetizing
losses compared to the single inductor architecture.

3.3.2.3 Transformer-based

These architectures use transformers as storage components for
transferring energy among the series-connected cells in a battery pack.
Two main categories can be identified, including single winding trans-
former [91, 92] and multi-windings transformer [93–96]. They allow
for performing P2C and C2P energy transfer techniques. In the first
one, the energy from the whole battery pack is transferred to the least
charged cell. While, the energy from the most charged cell is trans-
ferred into the battery pack for a C2P operation. In addition, likewise
for the capacitor-based equalization circuits, a modularized approach
has been considered for transformer-based architectures as well [87].

− Single Winding Transformer (SWT)

This architecture adopts the switching configuration of the SSC
equalizer and replaces the capacitor with a transformer, as il-
lustrated in figure 3.20. For this reason, it is also known as
switched transformer. Unlike the SSC architecture, it needs two
additional switches, leading to an overall number of switches
equal to n + 7 for a generalized battery pack composed by n
series-connected cells. The main disadvantage is related to the
high cost of this solution due to the large number of switches
and the needed of a specific design for the transformer.
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Figure 3.20: Single winding transformer architecture for a generalized bat-
tery pack composed by n series-connected cells.

− Multi-windings Transformer (MWT)

The equalization circuits based on MWTs can be further di-
vided in two main categories, which are shown in figure 3.21.
In both architectures, n + 1 switches are needed. The first
one is known as shared transformer, which consists of a sin-
gle magnetic core with one primary winding connected to the
overall battery pack and multi-secondary windings, one for each
series-connected cell. While, the second architecture is named
as multiple transformer and adopts several multiple core trans-
formers, one core for each cell. The working principles of both
MWT equalization circuits are the same. In particular, two op-
erating modes can be performed depending on the desired en-
ergy transfer technique. In flyback mode, the switch connected
to the primary side is turned on, thus the energy is stored in
the transformer. Then, when it is turned off, the energy is
transferred to the cells by means of the internal body diodes
of the MOSFETs. In forward mode, when a voltage difference
among the cells is detected, the switch of the most charged cell
is turned on and the energy is transferred to the battery pack
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Figure 3.21: (a) Shared transformer and (b) multiple transformer architec-
tures for a generalized battery pack composed by n series-connected cells.

by means of the transformer and the internal body diode of the
MOSFET at the primary side. It is important to point out that
the reactances of the secondary windings are directly related to
the associated cell voltages. In detail, a higher cell voltage will
result in a larger reactance and thus a lower balancing current.

The shared transformer architecture suffers from complex mag-
netic design with increasing number of windings, which limits
the flexibility of this equalizer. While, the number of cells is
no longer limited and it is simple to connect additional cells for
the multiple transformer architecture, resulting a better solu-
tion as modular design for equalization circuits. However, size
and cost represent the main concerns for both architectures.
In addition, a specific design of these transformers is required,
especially for large battery packs.
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Figure 3.22: Example of possible modularized multi-windings transformer
architectures considering two series-connected modules. (a) Shared trans-
former at cell level and SSC at module level; (b) shared transformer at both
cell and module levels.

− Modularized Multi-windings Transformer

As previously discussed for the capacitor-based, a modulariza-
tion approach represents an interesting solution for more flex-
ible, efficient and reliable equalization circuits. Two example
of possible modularized MWT architectures considering two
series-connected modules are reported in figure 3.22. The first
one adopts shared transformer solutions for the cells and a SSC
architecture for transferring energy among the modules. While,
the second one uses shared transformer equalization circuits at
either cell or module levels. Both modularized MWT solutions
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are characterized by higher efficiency than other equalization
circuits. Moreover, they result suitable for automotive applica-
tion thanks to the possibility to achieve high power and high
equalization speed. However, they are bulky and costly.

3.3.2.4 Converter-based

These architectures use power converters for transferring energy
among the series-connected cells in a battery pack. Five main cate-
gories can be identified, including cúk [97, 98], ramp [99], full-bridge
[100], resonant [101–103] and flyback converters [104,105]. The buck-
boost is not considered among the converter-based equalization cir-
cuits because its architecture is equal to the coupled inductor one.
These types of equalization circuits have efficient features with com-
pletely control of the balancing. However, the design and implemen-
tation are quite costly and complex. In addition, intelligent control
algorithms need to be developed for optimally managing each archi-
tecture.

− Cuk Converter

This is a bidirectional equalization circuits that allows for achiev-
ing AC2C energy transfers. It needs 2n − 2 switches, 2n − 2
inductors and n − 1 capacitors for a generalized battery pack
composed by n series-connected cells, as shown in figure 3.23(a).
Major disadvantages include large number of components and
low equalization speed due to AC2C balancing.

− Ramp Converter

This converter represents an improved version of the MWT
equalization circuit. As illustrated in figure 3.23(b), it only re-
quires one secondary winding for each pair of cells, resulting in
a reduced number of secondary windings for the multi-windings
transformer. In addition, n switches, n capacitors and n diodes
are needed. The ramp converter architecture operates in two
phases. During the first half cycle, the odd numbered cells pro-
vide energy for charging the capacitors. Then, during the sec-
ond half cycle, this energy is transferred to the even numbered
cells. The opposite operation of the ramp converter can be
achieved depending on the direction of the current in primary
side of the transformer. Compared to the MTW architecture,
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Figure 3.23: (a) Cuk converter and (b) ramp converter architectures for a
generalized battery pack composed by n series-connected cells.

this equalization circuit results to be less expensive and bulky
due to the winding reduction. However, design and control still
remain quite complex.

− Full-bridge Converter

This architecture can be considered as a fully controlled energy
converter. It consists of a switch bridged network in parallel
with each cell or module of the battery pack. In particular, 4n
switches and n capacitors are needed. The control operations
of switches and cell selection are executed by automated intel-
ligent control algorithm. This configuration is more effective in
modularized architectures and high-power application, such as
PHEVs and EVs. However, major concerns include high costs
and large number of components, especially when full-bridges
are adopted at a cell level. In addition, high-power applications
lead to high voltage and current stresses on switches.
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Figure 3.24: Resonant converter architecture for a generalized battery pack
composed by n series-connected cells.

− Resonant Converter

This converter uses a resonant circuit for driving the switches
and transferring the energy between adjacent cells. It needs
2n − 2 switches, 4n − 4 inductors and n − 1 capacitors, as
shown in figure 3.24. Moreover, two categories can be identi-
fied depending on the control strategy, including zero-current
quasi-resonant (ZCQR) or zero-voltage quasi-resonant (ZVQR)
converters. The resonant tank Lr-Cr is used to achieve zero
current switching, while the inductor L is required to store the
energy to be transferred between adjacent cells. The resonant
converter has a high equalization efficiency due to the negligible
switching losses. Nevertheless, the main disadvantages include
design cost and implementation complexity.

− Flyback Converter

These converters are adopted in application where isolation is
needed. They can be unidirectional or bidirectional for pro-
viding P2C and C2P energy transfers. The flyback converter
equalization circuits are developed using single winding trans-
former or multi-windings transformer for centralized, modular,
individual or distributed control of the balancing process. The
discontinuous conduction mode of switching can be used for
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efficient balancing with reduced losses and stresses. However,
it inherits the disadvantages related to the transformer-based
architectures, including complex design of the transformer, cost
and size issues.

3.3.2.5 Final Remarks

The equalization circuits plays an important role in maximizing
the cell performance as well as improving its efficiency and durabil-
ity. The development of novel architectures and the improvements
of the existing balancing solutions represent the main tasks for high-
performance storage systems. The study and research are holding in
advanced power electronics areas to produce smart technologies for
cell equalization circuits.
Currently, passive equalizers are the most common solution due to low
cost and low complexity in design, implementation and control. How-
ever, despite high balancing current may be performed, the excessive
heat dissipation limits the equalization speed and require a proper
thermal management.
Active equalization circuits are characterized by excellent efficiency
with negligible power losses. Nevertheless, they suffer in balancing
time and control difficulties. Inductor-based architectures are efficient
and allows for achieving high balancing current with moderate size
at the expense of control complexities. Transformer-based equaliza-
tion circuits are costly and bulky, thus they are more suitable for high
power applications or modularized architectures. Power converters an
interesting viable for EVs due to their excellent efficiency and flexibil-
ity in different configurations. The resonant converter is very efficient
due to the possibility to achieve soft switching operation. The bidi-
rectional flyback converter represents an important solution due to
its isolation properties and low magnetizing losses at the expense of
high design cost. The full-bridge converter has an excellent efficiency
with negligible power losses, very high speed equalization property
and medium design difficulty. However, it needs complex control and
it has high voltage and current stresses on switches.
Future trends will also include hybrid solutions, which are based on
the integration of different equalization circuits. Therefore, optimized
balancing architectures will be developed in order to meet the desired
performance in terms of size, weight, modularity, efficiency and equal-
ization speed. This integration will take into account for passive-active
equalizer as well [106].
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3.4 Commercial Available BMS

Nowadays, the distributed BMS architecture is widely adopted in
EVs, including Tesla Model S, BMW i3, Roewe eRX5 and BYD Qin.
To implement the basic monitoring functionality needed for a safe op-
eration of the cells, several off-the-shelf application-specific integrated
circuits (ASICs) are offered by well-known semiconductor manufac-
turers. An overview of the main BMS ICs currently available on the
market is reported in table 3.2, including manufacturers, ICs name,
number of voltage and temperature channels, balancing type and cur-
rent as well as communication interface. The majority of the BMS ICs
provide an internal passive balancing (PB) with a maximum balanc-
ing current of 300 mA. Higher balancing current can be carried out by
adopting external switches. While, Analog Devices and Texas Instru-
ments also introduce commercial solutions for active balancing (AB),
mainly based on flyback architectures. Moreover, the ICs by Analog
Devices can be combined with the LTC5800 chipset for achieving a
wireless BMS, which represents an interesting solution for distributed
BMS architectures [107].
In addition, four real-world examples of the application of these ICs
in EVs are illustrated as follows.

Mitsubishi i-MiEV

The first example is the battery pack of a Mitsubishi i-MiEV,
shown in figure 3.25. It consists of 12 series-connected modules, 10
composed by eight cells and 2 by four cells, which leads to a total
amount of 88 prismatic cells. A PCB based on LTC6802G-2 BMS
ICs, called as Cell Management Unit (CMU), is mounted on the top
of each module. This IC is designed to monitor up to 12 lithium-ion
cells. In addition to voltage measurement, each PCB contains three
temperature sensors, which are connected to a controller located next
to the Linear Technology BMS IC. On the other hand, the battery
housing includes contactors needed for either connection to the in-
verter or to the DC charging, fuses, a service plug, a LEM current
transducer and an insulation monitor. Moreover, a thermal manage-
ment based on air cooling is considered. The service plug splits up the
pack into two sections when it is removed. The main fuse also splits
the pack in the middle.
The BMS master, called Battery Management Unit (BMU), communi-
cates to the rest of the vehicle. The contactors, the current transducer
and the insulation monitor are connected directly to the BMU.
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Figure 3.25: Picture of the battery pack of Mitsubishi i-MiEV.

While, the CMUs are connected to each other and to the BMU via an
internal CAN bus.

Smart Fortwo Electric Drive

The battery pack of a Smart Fortwo Electric Drive is considered as
second example and shown in figure 3.26. It consists of 90 pouch cells
connected in series by welded connections. The cells are mounted
in plastic frames, organized in three rows and located side by side
with cooling plates for providing a liquid cooling system. The basic
monitoring tasks are performed by ICs of Texas Instruments with
anonymized product code, but very similar to bq76PL536A. Three
BMS PCBs have been adopted, each one containing six monitoring ICs
and one microcontroller with a galvanically isolated connection to the
rest of the system. For what concerns the cell voltage measurement,
there are connections of flexible PCB between the cell terminals and
the nearest BMS PCB. In addition, several temperature sensors are
included. The main contactors and a fuse are placed next to the
power connector. The whole BMS is located in the battery housing, it
is built very space efficient and uses few cables, resulting in an optimal
integrated battery pack design.
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Figure 3.26: Picture of the battery pack of Smart Fortwo Electric Drive.

Volkswagen e-Up

The third example regards the battery pack of a VW e-Up, shown
in figure 3.27(a). It is composed by 17 modules, each consisting of six
series-connected pairs of two prismatic cells. The e-Up battery pack
does not have a cooling system or a service disconnect. The BMS
modules are centralized and the white box on the left side of figure
3.27(a) includes the measurement ICs (or BMS slaves) for the whole
battery pack. On the right side, contactors, fuse and current measure-
ment can be found as well as an additional white box that contains the
BMS master. A large amount of voltage measurement wires connects
the individual cells to the slave modules, where MAX11068 IC is used
for the measurement and balancing tasks and MAX11081 IC as a sec-
ondary protection device. The BMS slave includes nine MAX11068,
which are daisy-chained via I2C. This communication protocol is also
used for connecting the BMS slaves to the rest of the system. Then,
a large amount of balancing resistors takes up most of the space for
the BMS slaves.

Tesla Model-S

The last example includes the Tesla Model-S battery pack, shown
in figure 3.27(b). It consists of 7104 cylindrical 18650 cells, divided
into 16 modules in a 96S74P configuration. This means that each
module contains a series connection of 6 x 74 parallel cells. The in-
dividual cells are connected via bond-wires, which also act as fuses.
The nominal voltage is 355 V and a liquid cooling system is consid-
ered. The bq76PL536A-Q1 ICs is used for cell-monitoring functions.
The cell voltage measurement is performed using wires welded to the
connecting plates of the parallel connections.
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Figure 3.27: Picture of the battery pack of Volkswagen e-Up.

Figure 3.28: Picture of the battery pack of Tesla Model-S.
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Chapter 4

Design Methodology for
Equalization Circuits

[Original contribute]

The development of design methodologies for the equalization cir-
cuits represents a fundamental aspect to be investigated in order to
maximize and optimize the performance of lithium-ion battery packs.
Moreover, it enables the possibility to correctly select and size the ar-
chitecture of the equalization circuit depending on the requirements
of the specific application.
In this chapter, design strategies for different balancing circuits are
illustrated with the aim of achieving the desired performance in terms
of equalization time, efficiency and maximum balancing current. In
particular, four architectures have been considered, one for each main
equalization type, including passive, capacitor-based, inductor-based
and transformed-based solutions. A novel architecture for an ac-
tive equalization circuit has been proposed for the transformer-based
equalizer. The impact of parameter variations and the operating con-
ditions of the battery pack on the overall performance of the BMS has
been evaluated as well.

4.1 Introduction

As previously discussed in section 3.3, high-performance equaliza-
tion circuits have to satisfy different requirements, including modu-
larity, scalability, weight and volume, reliability, cost, hardware and
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software complexity. Currently, the design targets are mainly focused
on minimizing the equalization time and the overall size of the circuit.
This also implies the definition of a proper thermal management for
dissipating the heat generated due to the high balancing currents that
may be needed.
However, despite literature and industry standards do not address the
problem of the optimal sizing of the equalization circuits, there are
relevant aspects that can strongly impact on the design strategies.
Firstly, the real operating conditions of both individual cells and the
overall battery pack need to be considered in terms of cell technol-
ogy, temperature, model calibration and voltage imbalances among
the cells. Secondly, the real behavior of the components used for the
specific equalization circuit and their parameter variations should be
taken into account as well.
In the following sections, design methodologies for sizing different
equalization circuits are illustrated and the impact of both operat-
ing conditions and parameter variations is evaluated.

4.2 Passive Equalizer

The passive balancing (PB) circuits are still the most common
solution for the voltage equalization of series-connected cells due to
the higher reliability, lower cost and control simplicity compared to the
active balancing (AB) ones. However, despite the architecture and the
control are very simple, PB circuit hides the need of a proper design
to ensure the desired equalization speed and a proper dissipation of
the extracted energy [78, 79]. The sizing of the balancing resistor
is usually operated with the aim of reducing the equalization time
[77, 108] without considering relevant aspects in the design of a PB
circuit, such as the cell technology and capacity as well as the cell
operating conditions in terms of SoC, SoH and voltage imbalance.
Therefore, a systematic approach for the design of PB circuits for
lithium-ion battery packs that takes into account for real cell operating
conditions is presented.

4.2.1 Model Equations

As previously illustrated in section 3.3.1, a switched PB circuit is
composed by a switch T and a resistor in parallel with each series-
connected cell in the battery pack. A schematic representation of the
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Figure 4.1: Zero order ECM and PB circuit model adopted.

circuit model is reported in fig 4.1. Since the cells do not affect each
other during PB, just a single cell can be considered instead of a string
of cells. The cell is modeled with a zero-order ECM since a higher
order does not add any relevant contribution to the results achieved
with the zero-order one due to the slow dynamic of the equalization
process [109]. Therefore, the zero-order ECM represents a suitable
solution for validating the proposed design methodology with good
accuracy. The equations that describe both the cell and the PB circuit
models are illustrated as follows:

V = OCV −R0 · IB (4.1)

IB =


0 T = 0

V

RB

T = 1

(4.2)

SoC(t) = SoC(0)− 1

Cr

∫ t

0

IBdτ (4.3)

where V is the cell terminal voltage, OCV is the open circuit voltage
of the cell, R0 is the internal resistance of the cell, IB is the balancing
current, RB is the balancing resistor and Cr is the real cell capacity.
A positive current is considered in discharging. The SoC of the cell is
calculated by using the coulomb counting method.
For what concerns the control algorithm, the PB is usually operated in
idle state, when neither charger nor load are connected to the battery
pack, but it can be performed during charging as well.
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Figure 4.2: Control strategy considered for the PB in idle state. (a) Ter-
minal voltage, (b) open circuit voltage, (c) state of charge and (d) current
of four series-connected cells.

Figure 4.2 shows the PB in idle state for a battery pack composed
by four series-connected cells, highlighting the main parameters of
the control strategy considered. Starting from an initial rest period,
considering the most charged cell at SoCmax, a random distribution
of the SoC in the battery pack and a maximum voltage imbalance
∆Vmax, all the cells with a higher voltage than the minimum one
are discharged on their own balancing resistor. The PB is stopped
when all the cell voltages are within a desired voltage band ∆Vband.
It is important to point out that the adoption of ECMs allows for
performing the control strategy by evaluating the OCV of the cells and
not the terminal voltages, thus more accurate results can be achieved.
Indeed, the voltage drop in the terminal voltage measurement due to
the internal resistance of the cell strongly impacts on the accuracy of
the PB process, especially for equalization circuits designed for high
balancing currents. However, it is not always possible to implement
an ECM in the BMS, thus the PB is usually operated depending on
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the cell terminal voltages in real-world applications.
The performance of the PB in terms of equalization time are mainly
defined by the most charged cell, since it takes more time to be bal-
anced. Therefore, according to the parameters reported in figure 4.2,
the balancing resistor can be sized depending on the values of SoCmax
and SoCfinal. In detail, considering a constant value for R0, the model
equations 4.1, 4.2 and 4.3 can be combined and RB can be calculated
as follows:

RB(Tcell) =

∫ t
0
OCV (SoC, Tcell)dτ

Cr(Tcell) · [SoCmax − SoCfinal]
−R0 (4.4)

RB is proportional to the integral of OCV with respect to the time
and inversely proportional to the energy to be removed during the
equalization process. R0 has low impact on the RB, since it is usually
an order of magnitude smaller than RB. All parameters also depend
on the cell temperature (Tcell), which plays an important role in the
RB selection, especially due to the capacity dependence. Since the
OCV is a non-linear function of SoC and temperature, eq. 4.4 cannot
be unequivocally solved. Thus, it can be used for the design of a PB
circuit if an iterative process or a piecewise approximation is applied.

4.2.2 Design Strategy

According to eq. 4.4, two design strategies have been proposed
for sizing the PB circuit. The first one aims to determine the value
of RB for achieving a desired equalization time in specific operating
conditions in terms of SoCmax, ∆Vmax and Tcell. While, a different
approach is considered for the second design strategy. In particular,
the target is to evaluate the equalization time achieved in different
operating conditions by fixing RB. The first design strategy is mainly
focused on sizing of the equalization circuit, whereas the second one
allows for defining optimized control algorithms for maximizing the
performance of the balancing process. More details will be provided
in the following subsections.

4.2.2.1 Balancing Resistor Sizing

The methodology proposed for sizing the PB circuit is based on an
iterative solving process that allows for defining the correct value of
RB for achieving a desired equalization time (t∗B) in different operating
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Figure 4.3: Block diagram of the proposed iterative process.

conditions. The block diagram of the proposed iterative process is
reported in figure 4.3. Firstly, the parameters of the simulation are set,
which include the number of cell in series connection (NS), SoCmax,
∆Vmax and Tcell. Then, the parameters for the iterative algorithm are
defined. These parameters include the minimum cell voltage (V ∗) in
the battery pack, ∆Vband, t

∗
B, the maximum time error allowable (∆t)

with respect to t∗B, the balancing resistor step (∆RB) used for the
iteration process and the time step (ts) with which the PB process is
performed.

The value of RB for the first iteration is considered equal to the ratio
of the absolute maximum voltage of the cell technology adopted and
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the desired maximum balancing current (Imax). At the first iteration,
the cells to be balanced are identified and discharged until reaching
V ∗ + ∆Vband. Hence, the eqs. 4.1, 4.2 and 4.3 are used for calculating
the voltages and the SoC of the cells at each ts during the iteration.
At the end of the first iteration, when all cell voltages are within a
voltage band equal to ∆Vband, the equalization time obtained tB is
evaluated. If the difference between tB and t∗B is lower than ∆t, the
PB process is stopped and RB is achieved. Otherwise, the value of RB

is increased or decreased of ∆RB depending on the value of tB and a
new iteration is processed. An adaptive method is implemented for
∆RB definition. In particular, ∆RB is adjusted on the basis of the
difference between tB and t∗B in order to speed up the research of RB.

The proposed design methodology has been implemented in MATLAB©

with the aim of demonstrating the validity of the PB sizing as well as
describing the impact of system parameters on the RB selection. In
particular, different aspects and operating conditions have been con-
sidered, including the cell technology, the ECM calibration method,
SoCmax, ∆Vmax and Tcell.
In order to better understand the dependency of RB with the cell
parameters, two different cell technologies have been considered for
the analysis, the 3-Ah EFEST IMR18650 and the 3-Ah SONY VTC6.
Table 4.1 reports the main features of both cell technologies.
Numerous experimental tests have been performed for characterizing
the electro-thermal behaviour of these two cells as well as experimen-
tally calibrating the zero order ECMs, in which all the cell parameters
depend on SoC, Tcell and charging/discharging C-rate. Since Imax has
been set equal to 1 A for the sizing iterative process, the ECM param-
eters have been calibrated at a C-rate equal to C/3. These cell models
also include temperature effects on either the ECM parameters or the
capacity of the cells, as shown in table 4.1.

Impact of ECM calibration

According to eq. 4.4, the OCV represents an important parameter
for the sizing of the PB circuit. However, as illustrated in section
2.4.4.1, there are several experimental tests that can be carried out for
identifying the cell OCV when there is not access to the cell electrodes.
In this case, two methods for the estimation of the OCV are used to
show the impact on the RB evaluation. In detail, the RCID and the
depurated capacity tests at C/3 and 23◦C have been carried out for
the 3-Ah SONY VTC6 cell. The depurated capacity test can be used
to estimate the OCV by depurating the cell terminal voltage of the
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EFEST SONY

Chemistry LMO NMC

Nominal Capacity 3 Ah 3 Ah

Max. Charging Current 4 A (1.33C) 6 A (2C)

Max. Discharging Current 35 A (11.67C) 30 A (10C)

Temp. Range Charge 0 - 45◦C 0 - 60◦C

Temp. Range Discharge -20 - 75◦C -20 - 60◦C

Real Capacity

2.5257 Ah (0◦C) 2.8243 (0◦C)
2.8356 Ah (23◦C) 3.0029 (23◦C)
2.9016 Ah (45◦C) 3.0114 (45◦C)

Internal Resistance

209÷320 mΩ (0◦C) 63÷130 mΩ (0◦C)
56÷92 mΩ (23◦C) 35÷67 mΩ (23◦C)
35÷68 mΩ (45◦C) 27÷57 mΩ (45◦C)

Table 4.1: Main features of EFEST and SONY cells, including capacity
and internal resistance variability with respect to Tcell.

related voltage drop due to the internal resistance. Compared to the
OCV acquired after long rest time, as for the RCID calibration, the
capacity test is less accurate, but it provides a continuous OCV curve,
as shown in figure 4.4(a).

The results of the iterative process are shown in figure 4.4(b), where
∆Vmax = 100 mV, Tcell = 23◦C, ∆Vband = 10 mV, ts = 1s and t∗B =
1h are adopted. Since RB strongly varies depending on the SoC, the
iterative process is performed considering different SoCmax conditions,
ranging from 20% to 100% with a fixed SoC step. In detail, SoC steps
equal to 10% and 1% are used when the OCV curves achieved with the
RCID test and the depurated capacity one are considered, respectively.
The possibility to adopt different SoC steps is related to the shape of
OCV curves. Indeed, as previously discussed, the RCID test provides
a very accurate estimation of the OCV, but the resolution of the OCV
curve is usually limited by the number of points, while the depurated
capacity test allows providing a continuous OCV curve. This also
results in achieving additional details about the shape of the RB size,
as shown in figure 4.4(b).

The error in estimating RB ranges from ±5% to ±20%. While, a
larger error equal to ±60% is observed for SoCmax = 100% due to the
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Figure 4.4: (a) Comparison between the OCV curves of the SONY cell
achieved with RCID and depurated capacity tests (Tcell = 23◦C); (b) nu-
merical results from the iterative process by considering the cell parameters
calibrated with RCID and depurated capacity tests (∆Vmax = 100mV, Tcell
= 23◦C and t∗B = 1h)

different resolution of the OCV curves from the RCID and the depu-
rated capacity tests. Nevertheless, since the proposed design strategy
is mainly focused on evaluating the impact of different parameters on
the sizing of a PB circuit rather than the investigation of the optimal
method for calibrating the OCV curve, the ECM parameters from the
RCID test will be adopted in the following design analyses.

Impact of ∆Vmax and Tcell

The variability of RB with respect to SoCmax, ∆Vmax and Tcell has
been evaluated for the 3-Ah SONY VTC6. The iterative process has
been performed for ∆Vmax ranging from 50 mV to 200 mV as well as
for three different Tcell (0◦C, 23◦C, 45◦C). SoCmax starting from 20%
to 100% with SoC steps of 10% has been considered and t∗B = 1h has
been set for all operating conditions.
Moreover, it is important to point out that V ∗ is calculated on the
basis of SoCmax and ∆Vmax, thus there may be operating conditions for
which V ∗ becomes lower than the minimum OCV point available. This
issue mainly includes the operating conditions in which low SoCmax
and high ∆Vmax are set. In these cases, the iterative process cannot
be operated and no results are reported.
Figure 4.5(a) shows the variability of RB with respect to SoCmax and
∆Vmax at 23◦C, whereas figure 4.5(b) reports the RB dependency from
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Figure 4.5: (a) Variability of RB with respect to SoCmax and ∆Vmax con-
sidering the SONY cell (Tcell = 23◦C and t∗B = 1h); (b) variability of RB
with respect to SoCmax and Tcell considering the SONY cell (∆Vmax = 100
mV and t∗B = 1h).

SoCmax and Tcell when ∆Vmax = 100 mV. These results highlight a
strong dependency of the RB from ∆Vmax. Indeed, considering a fixed
desired t∗B, a higher value of RB (thus a lower balancing current) is
needed for lower ∆Vmax due to the reduced amount of energy to be
dissipated during PB process. On the other hand, a low impact of the
Tcell for the SONY cell technology is observed in figure 4.5(b). There-
fore, since both the OCV curve and the cell capacity depend on the
Tcell, this result demonstrates that their contributions to the sizing of
the PB circuit are equivalent.

Impact of cell technology

The impact of the cell technology on the sizing of the PB circuit
has been taken into account as well. Figure 4.6 reports the compar-
ison results considering the EFEST and SONY cells. As previously
illustrated, Tcell has low impact on the RB variability, thus just one
temperature condition (23◦C) has been evaluated and compared for
both cell technologies. While, different ∆Vmax conditions have been
performed, starting from 50 mV to 200 mV. A strong impact of the
battery cell technology on the RB variability is observed. This high-
lights the needed of a specific design of the PB circuit depending on
the technology adopted for maximizing the performance of the equal-
ization process.
In addition, considering all the results achieved, different design strate-
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Figure 4.6: (a) Variability of RB with respect to the cell technology (SONY
and EFEST) and SoCmax considering ∆Vmax equal to (a) 50 mV, (b) 100
mV, (c) 150 mV and (d) 200 mV (Tcell = 23◦C and t∗B = 1h).

gies can be adopted for sizing the PB circuit. The first one aims to
select the lower value of RB at the maximum ∆Vmax allowable, leading
to higher balancing currents. In this way, a lower equalization time
than t∗B can be achieved in all the operating conditions. However, this
design solution involves severe heat dissipation on the balancing resis-
tors, thus a proper thermal management needs to be considered with
cost and size concerns. On the other hand, a more conservative ap-
proach consists in selecting the higher value of RB, which corresponds
to the lowest ∆Vmax condition considered for the sizing process. In
this case, a higher equalization time than t∗B is achieved in all the op-
erating conditions, but the thermal issues result limited. These two
design methodologies represent the limit cases for sizing the PB cir-
cuit. However, as an alternative solution, a suitable trade-off between
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the maximum and the minimum values of RB can be considered de-
pending on the requirements of the specific application.

4.2.2.2 Equalization Time Evaluation

This design strategy aims to evaluate the equalization times achieved
considering a fixed RB and different operating conditions. Therefore,
it can be adopted as an evaluation tool for the design methodology
previously described. Indeed, starting from the RB selection, quanti-
tative results of the equalization times in each operating condition can
be obtained a priori. Alternatively, this design strategy can be used
for maximizing the performance of the balancing process by evaluat-
ing the operating conditions in which lower equalization times can be
performed.
In this case, unlike the iterative solution used for sizing RB, an ana-
lytical approach has been adopted. This increases the computational
cost, but it allows for directly solving the eq. 4.4 and extracting the
equalization time. In detail, considering the mean value theorem for
integrals, it can be yield:

teq =
Cr · [SoCmax − SoCfinal]

OCV
(RB +R0) (4.5)

where teq is the equalization time and OCV is the mean value of the
OCV calculated at SoCmax and SoCfinal. It is important to highlight
that the accuracy of the teq results strongly depends on the definition
of OCV . Indeed, considering the nonlinear SoC-OCV curve of lithium-
ion cells, high accuracy errors may occur, especially when large ∆Vmax
are adopted. As shown in the example in figure 4.7, the best solution
is to consider a piecewise approximation and calculate the overall teq
as the sum of the equalization times achieved for smaller SoC intervals
between the SoCmax-SoCfinal range. Analytically, dividing the ∆Vmax
interval in m sub-ranges, it results as follows:

teq(∆Vmax, SoCmax) =
m−1∑
j=1

teq

(
∆Vmax
m

,SoCj

)
=

=
m−1∑
j=1

Cr · [SoCj − SoCj+1]
OCVj +OCVj+1

2

(RB +R0)

(4.6)
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Figure 4.7: Example of the piecewise approximation considered for calcu-
lating the overall teq while minimizing the accuracy errors.

Therefore, the overall teq for a specific ∆Vmax and SoCmax is calculated
by the sum of the equalization times achieved at voltage imbalance
steps equal to ∆Vmax/m and for a decreasing SoCmax equal to SoCj.
The number of sub-ranges m needs to be properly set depending on
the accuracy desired for the results and the shape of the SoC-OCV
curve of the cell technology considered.

Cell Type Chemistry Capacity
Power Energy

Density Density

A123 26650 LFP 2.5 Ah 2600 W/kg 108 Wh/kg
SONY VTC6 NMC 3 Ah 1582 W/kg 237 Wh/kg
SAMSUNG 30T NMC 3 Ah 1826 W/kg 157 Wh/kg
EFEST18650 LMO 3 Ah 1574 W/kg 257 Wh/kg
EFEST26650 LMO 4.2 Ah 1439 W/kg 200 Wh/kg
KOKAM NMC 12 Ah 522 W/kg 260 Wh/kg

Table 4.2: Main features of the cell technologies considered for testing the
design methodology based on the evaluation of teq.

Unlike the iterative process for sizing the PB circuit, an extended
number of cell technologies has been considered for testing this de-
sign methodology based on the evaluation of teq. Table 4.2 reports
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Figure 4.8: The SoC-OCV characteristics of the cells considered (a) with
and (b) without A123.

their main features, including type, chemistry, nominal capacity and
energy/power characteristics. Likewise for the analyses previously il-
lustrated in section 4.2.2.1, numerous experimental tests have been
performed for characterizing the electro-thermal behavior of these cells
as well as experimentally calibrating the zero-order ECMs, in which
all the cell parameters depend on SoC, Tcell and charging/discharging
C-rate. This calibration also includes the temperature dependency of
the capacity of the cells. Moreover, it is important to point out that
the ECM parameters of each cell technology, such as capacity and in-
ternal resistance, have been calculated with the aim of achieving an
equivalent 3-Ah cell. In this way, a proper comparison of the teq re-
sults can be operated. The SoC-OCV curves of the cells, shown in
figure 4.8, have been carried out by means of depurated capacity tests
in order to capture additional details on the variability of teq.
Figure 4.9 shows the teq achieved for all the cell technologies adopted.
Different operating conditions have been considered in terms of ∆Vmax
and SoCmax steps, whereas fixed values for Tcell and RB have been set
equal to 23◦C and 10 Ω, respectively. In particular, ∆Vmax ranges
from 50 mV to 200 mV and steps of 1% for SoCmax are used.
The results allow for highlighting two main aspects. The first one is
that the same PB circuit performs differently depending on the cell
technology. Indeed, considering the same operating conditions for all
the cells, the balancing process requires different teq. In addition,
while the range of variability for KOKAM, SAMSUNG, EFEST18650
and SONY is similar, A123 and EFEST26650 are characterized by
higher teq, mainly due to the flat SoC-OCV curves of these two cell
technologies.
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Figure 4.9: Variability of teq with respect to cell technology considering
different operating conditions in terms of ∆Vmax and SoCmax (Tcell = 23◦C
and RB = 10 Ω).

145



Design Methodology for Equalization Circuits

The second aspect to be highlighted is that an optimal SoC range can
be identified to minimize teq depending on the cell technology.
Indeed, as possible to notice in figure 4.9, there are several local min-
imum points in the SoCmax-teq curves in which performing the PB
process results more convenient. This enables the possibility to de-
sign the PB circuit for high balancing current and to perform the
equalization process only in specific operating conditions, leading to a
good trade-off between the equalization speed and the thermal man-
agement issues. Furthermore, these results represent a relevant aspect
to be taken into account for the development of optimized charging
strategies.
The variability of the energy dissipated (Ediss) on RB in different op-
erating conditions has been evaluated as well. Considering the model
equations 4.1, 4.2 and 4.3 of the PB circuit, it can be calculated as
follows:

Ediss = Pdiss · teq =

= OCV · RB

RB +R0

· Cr · [SoCmax − SoCfinal]
(4.7)

where the power dissipated (Pdiss) on RB is expressed as:

Pdiss = OCV
2 · RB

(RB +R0)2
(4.8)

It is important to point out that Pdiss does not take into account
for the power dissipated on the internal resistance of the cells for the
proposed analysis. Indeed, from the perspective of the design of a
PB circuit, only the variability of the power dissipated on RB is rele-
vant. Moreover, the contribution of R0 to the power dissipation is very
low compared to that of RB due to the different order of magnitude.
Hence, considering also that the balancing current has to be limited
due to thermal management issues, it can be neglected.
Figure 4.10 shows the energy dissipated on the RB for all the cell tech-
nologies adopted. As for the teq results, different operating conditions
have been considered in terms of ∆Vmax and SoCmax steps, whereas
fixed values for Tcell and RB have been set equal to 23◦C and 10 Ω,
respectively.
As result, the shape of the SoCmax-Ediss curves are similar to that
related to the SoCmax-teq ones. Therefore, most of cases, a lower Ediss
corresponds to a lower teq. However, according to figures 4.9 and 4.10,
it is also possible to identify operating points in which low teq requires
large amount of Ediss or vice versa.
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Figure 4.10: Variability of Ediss with respect to cell technology considering
different operating conditions in terms of ∆Vmax and SoCmax (Tcell = 23◦C
and RB = 10 Ω).
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As example, considering the EFEST18650 cell, a large teq and a low
Ediss occur for SoCmax ranging from 40% to 50%.
Hence, on the basis of these results, the control strategy for the PB cir-
cuit can be optimized by performing the balancing process in operating
conditions that allow for minimizing either teq or Ediss. Nevertheless,
since there are several operating points characterized by low teq and
large Ediss for each cell technology, this can lead to a reduction of
the possible SoCmax ranges in which the equalization process can be
operated. Therefore, depending on the application requirements, an
alternative solution consists in performing the balancing process with
the aim of minimizing only one parameter between teq and Ediss. As
example, it may be more convenient to minimize Ediss in applications
that require low cost and size for the thermal management system.
Regarding the variability of teq with respect to Tcell, figure 4.11 shows
the results achieved with the SONY cell in different operating con-
ditions in terms of ∆Vmax and SoCmax. It is possible to notice that
different local maximum and minimum points can be achieved depend-
ing on Tcell. Therefore, Tcell also needs to be taken into account for
optimizing the control strategy of the PB circuit.

4.3 Capacitor-based Equalizer

Among the capacitor-based equalization circuits, a design method-
ology has been proposed for the switched capacitor architecture. This
active solution has been previously illustrated in 3.3.2.1 for a general-
ized battery pack composed by n series-connected cells. However, all
the operating conditions involve just two cells and one capacitor, thus
a simplified architecture can be adopted for defining design strategies
as well as evaluating the performance of the SC equalization circuit.
This also allows for extending the proposed design methodology to
the other capacitor-based architectures since the energy transfers oc-
cur between two cells and one capacitor for both AC2C and DC2C
techniques.
Analytical models have been developed for the SC architecture consid-
ering either ideal or real conditions. These also include an efficiency
model that takes into account for conduction and switching losses of
the switches. Then, a proposed design methodology has been pre-
sented, which allows for sizing the capacitor in order to achieve the
desired performance. On the basis of this design strategy, the im-
pact of both parameter variations of the circuit components and the
operating conditions of the cells has been evaluated as well.
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Figure 4.11: Variability of teq with respect to SoCmax and Tcell considering
the SONY cell and a fixed RB equal to 10 Ω. (a) ∆Vmax = 50 mV, (b)
∆Vmax = 100 mV, (c) ∆Vmax = 150 mV and (d) ∆Vmax = 200 mV.

The models developed have been implemented in MATLAB© in order
to validate the correct functionality of the proposed design strategy.

4.3.1 Model Equations

Figure 4.12 shows the simplified architecture of the SC equalization
circuit for two cells and the related control algorithm in both ideal
and real conditions. Only the series resistance of the capacitor (RC)
has been considered in ideal condition, whereas the real condition also
includes the internal resistance (R0) of the zero-order ECM adopted for
the cells as well as the static and dynamic parameters of the switches.
It is important to point out that a fully ideal condition should not
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Figure 4.12: (a) Simplified architecture of the SC equalization circuit for
two cells and (b) the control algorithm in both ideal and real conditions.

include RC either. However, this would lead to a pulse charging and
discharging of the capacitor, making the SC architecture infeasible.

For what concern the static parameters, considering MOSFETs as
switches, they are represented by the drain-source on-state resistance
(Rds) and the forward voltage of the internal body diode (Vd). On
the other hand, the dynamic parameters are mainly related to the
switching characteristics, such as rise and fall times. In order to take
into account for these dynamic parameters, a dead time (ρ) has been
considered for the control strategy of the SC equalization circuit.

According to the SC architecture and the control algorithm illus-
trated in figure 4.12, the same pulse-width modulation (PWM) signal
is adopted for the switches, considering a specific switching period
(Ts) and duty cycle (D). In detail, assuming the voltage of the top
cell (VB1) greater than that of the bottom one (VB2), the switches
S1-S3 are turned on and S2-S4 are turned off during the ton period.
Therefore, the energy is transferred from the most charged cell to the
capacitor. Then, during the toff period, the opposite configuration of
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the switches is operated, leading to the charging of the least charged
cell by means of the energy previously stored in the capacitor.
The model equations that describe the voltage across the capacitor vc
in ideal conditions can be yield as follows:

vc(t) =

{
VB1 + (V1 − VB1)e

− t
τc 0 ≤ t ≤ DTs

VB2 − (VB2 − V2)e−
t−DTs
τc DTs ≤ t ≤ Ts

(4.9)

where τc is the time constant of the voltage transient due to Rc, V1 and
V2 represent the initial values of the capacitor voltage at the beginning
of the ton and toff periods, respectively.
However, considering the real conditions for the SC architecture and
the related control algorithm, the model equations that describe Vc
become:

Vc(t) =


V1 0 ≤ t ≤ ρ

VB1 + (V1 − VB1)e
− t−ρ
τtot ρ ≤ t ≤ DTs

V2 DTs ≤ t ≤ DTs + ρ

VB2 − (VB2 − V2)e−
t−DTs−ρ
τtot DTs + ρ ≤ t ≤ Ts

(4.10)

where τtot 6= τc is the time constant of the voltage transient due to
the overall circuit resistance Rtot, which includes R0, Rds and Rc. In
particular, since two switches are involved in the balancing current
path during both ton and toff periods, it results:

Rtot = R0 + 2Rds +Rc (4.11)

As shown in figure 4.12(b), a dead time is included in real conditions
for taking into account for the dynamic characteristics of the switches.
It mainly consists in introducing a delay time between the opening of
S1-S3 and the closing S2-S4 or vice versa. The dead time is always
adopted in real-world applications since it allows for avoiding unde-
sired short circuit conditions for the cells. However, this leads to ad-
ditional time intervals with respect to the ideal condition in which the
balancing current stops to flow and the Vc remains constant, resulting
in a reduction of the effective duty cycle.
Figure 4.13 shows the capacitor voltage and current waveforms during
steady-state in both ideal and real conditions. Fixing the size of the
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Figure 4.13: (a) Voltage and (b) current waveforms for the capacitor during
steady-state in both ideal and real conditions (VB1 = 4.2V and VB2 = 3.8V).

capacitor, it results τc < τtot, thus faster voltage and current transients
occur for the ideal condition with respect to the real one.
In addition, a lower voltage ripple is achieved in real conditions due to
the higher time constant and the larger overall circuit resistance. On
the other hand, a higher in-rush current is observed in ideal conditions,
which allows for achieving a higher charge/discharge current for the
capacitor at the expense of oversizing the switches. In real conditions,
the reduction of this charge/discharge current depends on either the
dead time or the Rtot. Indeed, the first one limits the time interval for
which the balancing current can flow, whereas the amplitude of Rtot

affects the in-rush current as well as the voltage and current transients.

4.3.1.1 Mean Balancing Current

In both ideal and real conditions, it results that the mean value
of the charge current during the ton is equal to the mean value of the
discharge current during the toff . In particular, the mean current of
the capacitor (Īc) can be expressed as the amount of charge transferred
(∆Q) in a specific time interval (∆t):

Īc =
∆Q

∆t
=
C ·∆Vc

∆t
(4.12)

where C is the capacitor size and ∆Vc is the voltage ripple. Hence,
the maximum value of Īc can be achieved by identifying the maximum
∆Vc condition for the SC architecture. It is possible to analytically
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demonstrate that the highest ∆Vc occurs when D = 0.5 is adopted for
the PWM signal. Indeed, according to the model equations 4.10, the
∆Vc can be yield as follows:

∆Vc =
VB1 − VB2

1− e−
Ts−2ρ
τtot

[
1− e−

DTs−ρ
τtot − e−

Ts−DTs−ρ
τtot − e−

Ts−2ρ
τtot

]
(4.13)

Therefore, the demonstration of D = 0.5 is carried out by imposing
the derivative of ∆Vc with respect to D equal to zero. This result
allows for achieving a more compact equation for ∆Vc:

∆Vc = (VB1 − VB2) · tanh
(

0.5Ts − ρ
2τtot

)
(4.14)

Consequently, according to eq. 4.12 and considering ∆t = Ts/2:

Īc =
2C

Ts
(VB1 − VB2) · tanh

(
0.5Ts − ρ

2τtot

)
(4.15)

This represents a fundamental equation because it correlates Īc to all
the main static and dynamic parameters that affect the performance of
the SC architecture. It also includes the contribution of the operating
conditions of the system in terms of voltage imbalance among the
cells and switching frequency. Moreover, eq. 4.15 can be adopted for
defining the mean balancing current of the cells (Ī). In this case, it is
necessary to evaluate the mean value over the entire switching period,
resulting as follows:

Ī =
Īc
2

=
C

Ts
(VB1 − VB2) · tanh

(
0.5Ts − ρ

2τtot

)
(4.16)

4.3.1.2 Efficiency

A detailed efficiency model has been also developed for the SC ar-
chitecture, including conduction and switching losses for the switches.
In particular, it has been defined on the basis of the mean values of
the input and output powers:

η =
Pout

Pin
= 1− 2Rtot · Ī

VB1

− Psw
VB1 · Ī

(4.17)
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Figure 4.14: Example of the circuits adopted for calculating the Psw of the
switch S1 that occur during (a) the turning on and (b) the turning off.

where Psw represents the switching losses, whereas the conduction
losses for the switches are included in Rtot. In this way, Pin corresponds
to the power provided by the most charged cell and Pout is defined as
the power received by the least charged cell depurated of all the power
losses of the equalization circuit. Hence, it takes into account of the
power losses that occur during both ton and toff .
For what concerns Psw, the contribution of each switch for turning on
and off operations has been considered. Figure 4.14 shows an example
of the circuits adopted for calculating the Psw of the switch S1. In this
case, the model equations can be yield as follows:

PS1,on =
1

2
[VB1 −Rds · Imin] · Imax · Trise · fs (4.18)

PS1,off =
1

2
[VB1 −Rds · Imax] · Imin · Tfall · fs (4.19)

where PS1,on and PS1,off are the switching losses of S1 that occur dur-
ing the turning on and the turning off, respectively; fs is the switching
frequency, Trise and Tfall are the rise and fall times of the switches;
Imax and Imin are the current values at the beginning and the ending
of ton, respectively. These current values can also be evaluated during
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the toff due to the symmetry of the capacitor current for D = 0.5.
Moreover, Imax corresponds to the in-rush current that occurs at each
half period (Ts/2). It is important to highlight that Imin may be dif-
ferent from zero depending on the ratio between the time constant of
the circuit and the switching period. In this case, the switches operate
in hard switching mode.
According to model equations 4.10, Imax and Imin can be analyti-
cally calculated considering the constitutive correlation between cur-
rent and voltage for a capacitor:

Imin =
C

τtot
(VB1 − VB2) ·

[
1

1 + e
DTs−ρ
τtot

]
(4.20)

Imax =
C

τtot
(VB1 − VB2) ·

[
e
DTs−ρ
τtot

1 + e
DTs−ρ
τtot

]
(4.21)

Then, Psw has been achieved by the sum of the contributions to the
power losses of all the switches:

Psw =
4∑
j=1

PSj,on + PSj,off =

= [VB1 − (R0 + 2Rds) · Imin + VB2] · Imax · Trise · fs+
+ [VB1 − (R0 + 2Rds) · Imax + VB2] · Imin · Tfall · fs

(4.22)

4.3.2 Design Strategy

A design strategy has been defined for the SC architecture, which
can be adopted for all the capacitor-based equalization circuits. The
capacitor has been sized in real conditions in order to directly com-
pensate the performance reduction due to the presence of the static
and dynamic parameters. Table 4.3 summarizes the values selected
for the design of the capacitor. On the basis of the data available
from components manufacturer, the lowest values have been consid-
ered for R0, Rds and Rs. In addition, a minimal value for ρ has been
adopted with respect to the Trise and Tfall. The control algorithm has
been operated with D = 0.5 in order to exploit the compact equations
previously described.
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Internal resistance of the cells R0 = 20mΩ
Drain-source on resistance for the switches Rds = 5mΩ
Forward voltage of the internal body diodes Vd = 0.7V
Series resistance of the capacitor Rc = 10mΩ
Rise time Trise = 50ns
Fall time Tfall = 75ns
Dead time ρ = 250ns

Table 4.3: Summary of the values selected for the design of the capacitor.

Figure 4.15: Results of the design strategy for the capacitor.

Then, according to eq. 4.16, the design strategy has been performed
with the aim of achieving a desired mean balancing current equal to
2A for a maximum imbalance among the cells (∆V = VB1 − VB2) of
400mV. Figure 4.15 shows the results of the sizing procedure for the
capacitor. As possible to notice, different combination of C and fs can
be selected for carrying out the desired performance. Therefore, the
selection has been operated by considering the combination charac-
terized by the highest efficiency. Moreover, for each combination, dif-
ferent aspects have been investigated for a switching frequency range
between 10kHz and 100kHz, as illustrated in table 4.4. According to
eq. 4.17, the worst conditions for the efficiency have been considered,
including the lowest value for the most charged cell (VB1 = 3V) and
the maximum voltage imbalance allowable (∆V = 400mV).
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C fs η Pcond Psw In-rush energy
(µF) (kHz) (%) (mW) (mW) (mAs)

709.7 10 94.2

199.6

29.6 2.50
357.9 20 93.7 59.3 1.20
240.7 30 93.2 89.0 0.83
182.2 40 92.7 118.9 0.62
147.2 50 92.2 148.7 0.50
123.9 60 91.7 178.7 0.42
107.3 70 91.2 208.8 0.36
94.9 80 90.7 238.9 0.32
85.3 90 90.2 269.2 0.28
77.7 100 89.7 299.5 0.26

Table 4.4: Main results of the design strategy for the different combinations
of capacitor and switching frequency.

As result, higher C and lower fs allows for achieving higher efficiency
for the SC architecture. This is mainly due to the impact of the
switching losses, which strongly increase as the fs rises. On the other
hand, the conduction losses (Pcond) are equal for all the operating
conditions evaluated since each combination C-fs provides the same
mean balancing current as for design requirements.

It is important to point out the high in-rush currents that occur in
capacitor-based equalization circuits. The in-rush current is propor-
tional to the imbalance between the voltage of the most charged cell
(VB1) and the residual voltage across the capacitor, whereas it is in-
versely proportional to the overall circuit resistance. There are two
main in-rush currents to be considered. The first one occurs during
the initialization of the circuit, when the capacitor is fully discharged
and VB1 is directly applied to its terminals. In this case, an in-rush
current equal to 105A is achieved by considering the circuit param-
eters defined in table 4.3 and VB1 = 4.2V . The second one occurs
during the normal operating conditions of the circuit, when the ca-
pacitor is being charged by the most charged cell or discharged to the
least charged one. In this case, the higher voltage imbalance across the
capacitor results to be equal to ∆V and a maximum in-rush current
of 10A is achieved.

Therefore, considering the high amplitude of the in-rush currents, they
need to be properly taken into account for the design of capacitor-
based architectures. Typical solutions can be the oversizing of the
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switches and the protection devices or the adoption of precharge re-
sistors for limiting the most severe in-rush current at the initial stage
of operation. However, this increases both size and cost of the SC
architecture as well as adds complexity to the control algorithm. An
additional aspect to be evaluated includes the in-rush energy, which
represents the energy associated with the capacitor current profile dur-
ing the first ton of the circuit, thus when the most sever in-rush cur-
rent occurs. This is an important parameters because the majority of
switches allow for tolerating high in-rush currents for a certain amount
of time. Hence, the switches can be properly selected by evaluating
the in-rush energy due to the specific design of the SC architecture.

4.3.3 Sensitivity Analysis

As previously discussed, the design strategy for the SC architec-
ture has been operated in real conditions. In detail, the lowest values
available on the market have been selected for each component of the
equalization circuit. This allows for sizing the capacitor in the best
condition in terms of real components and then evaluating the perfor-
mance reduction of the balancing circuit due to potential increasing
parameter variations.
In this section, a sensitivity analysis is illustrated for quantitatively
defining the impact of the operating conditions and parameter varia-
tions on the performance of the SC architecture, including efficiency,
mean balancing current and amount of charge transferred among the
cells. According to the sizing results achieved from the design strat-
egy, a switching frequency of 10kHz and a capacitor of 709.7µF have
been adopted.
Figure 4.16 shows the impact of the operating conditions and the
parameters variations on the overall efficiency of the SC architecture.
It is important to highlight that each η point is characterized by a
different mean input/output power since both operating conditions
and parameter variations affect the amplitude of the mean balancing
current. Therefore, an effective evaluation cannot be achieved and the
results shown in figure 4.16 only provide a qualitative indication of
the variability of η. In particular, figure 4.16(a) reports its variability
with respect to the maximum voltage imbalance among the cells ∆V ,
the voltage of the most charged cell VB1 and the mean output power
Pout, which corresponds to the mean input power depurated of all the
circuit losses. The design parameters have been considered, including
a dead time ρ of 250ns and an overall resistance Rtot of 40mΩ.
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Figure 4.16: Variability of the efficiency of the SC architecture with respect
to mean output power considering the impact of (a) the operating condi-
tions (∆V , VB1) and (b) the parameter variations (ρ, Rtot).

It results that the balancing circuit operates at higher η for larger VB1

and lower ∆V . This also confirms the worst conditions for η, which
have been adopted for carrying out the results in table 4.4. On the
other hand, figure 4.16(b) shows the variability of η with respect to
Pout and the parameter variations (ρ and Rtot). The worst conditions
for η have been set (VB1 = 3V and ∆V = 400mV), while ρ ranges from
250ns to 2µs and a maximum 100% increase of Rtot has been consid-
ered. A reduction of both η and Pout is observed as Rtot increases.
This highlights a lower reduction of the mean input power with re-
spect to Pout. In addition, considering the same Rtot, an increase of ρ
leads to a reduction of the mean balancing current and consequently
to a small increase of η.
For what concerns the reduction of the mean balancing current, a
performance parameter has been defined as follows:

∆Ī =
Ī − Īdes
Īdes

(4.23)

where Īdes is the desired mean balancing current (equal to 2A from
the design strategy) and Ī is the actual one, which varies based on the
operating conditions and the parameter variations. Hence, negative
∆Ī represents a reduction of the mean balancing current with respect
to the desired one. Figure 4.17 shows the performance reduction of
the SC architecture in terms of mean balancing current with respect
to different operating conditions and parameter variations.
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Figure 4.17: Performance reduction in terms of mean balancing current
with respect to different operating conditions and parameter variations.

A strong impact of ∆V and Rtot on the variability of ∆Ī expressed in
percentage is highlighted in figure 4.17. It results a higher performance
reduction as Rtot increases and ∆V decrease.
According to the design strategy, Ī=Īdes only for ∆V = 400mV and
Rtot = 40mΩ. In this condition, the severity of the performance re-
duction has been also evaluated with respect to ρ and the switching
frequency. In detail, on the basis of the design results reported in table
4.4, the correct size of the capacitor has been set for each fs value. In
this way, a proper comparison can be performed since all the different
combinations C-fs allow for achieving Īdes for ρ = 250ns. As possible
to notice in figure 4.17(b), a larger impact of ρ on ∆Ī is achieved for
higher fs. Indeed, higher ρ leads to severe reduction of the effective
duty cycle of the PWM signal and thus lower mean balancing current,
especially for smaller switching period.
An additional aspect to be evaluated is represented by the amount of
charge transferred among the cells. According to eq. 4.16, it can be
analytically defined as follows:

AhTs =
C ·∆V

3600
· tanh

(
0.5Ts − ρ

2τtot

)
(4.24)

where AhTs represents the amount of charge transferred among the
cells in Ah over the switching period. Hence, it strongly depends on
the fs considered for the PWM control signal. However, this does not
allow for properly comparing different architectures of equalization
circuits since different fs may be adopted for each one.
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Figure 4.18: Sensitivity analysis for Ah1s over ∆V with respect to param-
eter variations (Rtot and ρ).

Therefore, a more suitable definition of the amount of charge trans-
ferred among the cells can be performed by multiplying eq. 4.24 for the
fs considered. In this way, the indication of the Ah transferred over
one second Ah1s can be achieved, enabling the possibility to correctly
evaluate the differences in the charge transfers among the equalization
circuits. Moreover, both AhTs and Ah1s can be also defined over ∆V
in order to obtain a more generalized result.
Figure 4.18 shows a sensitivity analysis for Ah1s over ∆V with respect
to the parameter variations. Both increases of Rtot and ρ result in a
reduction of charge transferred among the cells, since both affect the
amplitude of the mean balancing current. However, a larger impact
of Rtot is observed compared to ρ. In addition, Ah1s is proportional
to ∆V , thus larger charge transfers among the cells occur for higher
voltage imbalances.

4.3.4 Equalization Time Evaluation

The model equations have been implemented in MATLAB© with
the aim of demonstrating the validity of the design strategy as well
as evaluating the performance of the SC architecture. The design pa-
rameters reported in table 4.3 have been considered, including C =
709.7µF and fs = 10kHz. The functionality of the equalization circuit
have been tested for two series-connected cells in the worst efficiency
condition, thus VB1 = 3V and ∆V = 400mV. The experimentally cali-

161



Design Methodology for Equalization Circuits

Figure 4.19: Functionality of the SC architecture in terms of (a) terminal
voltage and OCV of the cells, (b) mean current, (c) SoC and (d) ∆V .

brated zero-order ECM of EFEST18650 technology has been adopted
for the cells. The control algorithm has been developed in order to
stop the equalization process when ∆V is equal or lower than a desired
voltage imbalance ∆Vdes of 5mV.

Figure 4.19 shows the functionality of the SC architecture in terms
of terminal voltage and OCV of the cells, mean balancing current,
SoC and ∆V . Starting from an initial ∆V of 400mV, the equaliza-
tion process allows for transferring the energy between the most and
the least charged cells until reaching ∆Vdes. As previously discussed,
considering D = 0.5, the mean current values during the ton and toff
periods are equal. Therefore, the discharging of the most charged cell
and the charging of the least charged one occur with the same C-rate.
In addition, according to eq. 4.16, the amplitude of the mean balanc-
ing current decreases as ∆V lowers. As possible to notice, the worst
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Figure 4.20: Variability of the equalization time and the amount of charge
transferred among the cells with respect to ∆V and VB1 (a,b) and for
different SoCmax (c,d).

efficiency condition corresponds to a very low SoC for the cells.

As for the passive equalizer, the impact of the operating conditions on
the equalization time and the amount of charge transferred among the
cells has been evaluated. In particular, figures 4.20(a) and (b) shows
the variability with respect to ∆V and VB1, while figures 4.20(c) and
(d) reports the variability for different SoCmax, which represents the
SoC of the most charged cell. A lower impact of ∆V on the equaliza-
tion time is observed for VB1 < 3.4V , mainly related to the shape of
the OCV curve in this voltage range. Indeed, since it corresponds to
the exponential region of the OCV curve, a fast increase or decrease
of the cell voltages occurs for a charging or discharging, leading to
low equalization time and low impact of ∆V . This can also be ob-
served in figure 4.20(c), where the equalization times are not highly
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affected by ∆V for SoCmax < 40%. On the other hand, a strong
variability of the equalization times is achieved depending on the op-
erating conditions for VB1 > 3.4V and SoCmax > 40%. Likewise for
the passive equalizer, these results highlight the possibility to develop
a proper balancing strategy for minimizing the equalization time and
thus increasing the performance of the SC architecture.

Similar considerations can be made for what concerns the charge trans-
ferred. In detail, two main results can be highlighted. The first one
regards the higher amount of charge transferred for a lower cell voltage
(VB1 = 3.8V ) than the maximum one (VB1 = 4.2V ). Then, because of
the strong variability of the charge transferred shown in figure 4.20(d),
the second main result includes the possibility to enable the balancing
process in specific operating conditions that allow for minimizing both
the equalization time and the charge transferred.

4.4 Inductor-based Equalizer

Among the inductor-based equalization circuits, a design method-
ology has been proposed for the coupled or multi-inductor architec-
ture, which also corresponds to a buck-boost converter configuration.
This active solution has been previously illustrated in 3.3.2.2 for a
generalized battery pack composed by n series-connected cells. How-
ever, all the operating conditions involve just two cells and one induc-
tor, thus a simplified architecture can be adopted for defining design
strategies as well as evaluating the performance of the multi-inductor
equalization circuit. This also allows for extending the proposed de-
sign methodology to the other inductor-based architectures since the
energy transfers occur between two cells and one inductor for all the
techniques, including AC2C, DC2C, P2C and C2P.

Analytical models have been developed for the multi-inductor archi-
tecture considering either ideal or real conditions. These also include
an efficiency model that takes into account for conduction and switch-
ing losses of the switches. Then, a proposed design methodology has
been presented, which allows for sizing the inductor in order to achieve
the desired performance. On the basis of this design strategy, the im-
pact of both parameter variations of the circuit components and the
operating conditions of the cells has been evaluated as well.

The models developed have been implemented in MATLAB© in order
to validate the correct functionality of the proposed design strategy.
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Figure 4.21: (a) Simplified architecture of the multi-inductor equalization
circuit for two cells and (b) the control algorithm in both ideal and real
conditions.

4.4.1 Model Equations

Figure 4.21 shows the simplified architecture of the multi-inductor
equalization circuit for two cells and the related control algorithm in
both ideal and real conditions. In this case, unlike the capacitor-
based architectures, a fully ideal condition can be achieved since no
pulse charging or discharge can occur due to the characteristic rela-
tionship between voltage and current of the inductor. Therefore, only
the inductor (L) has been considered in ideal condition, whereas the
real condition includes the internal resistance (R0) of the zero-order
ECM adopted for the cells, the series resistance of the inductor (RL)
as well as the static and dynamic parameters of the switches.
For what concern the static parameters, considering MOSFETs as
switches, they are represented by the drain-source on-state resistance
(Rds) and the forward voltage of the internal body diode (Vd). On
the other hand, the dynamic parameters are mainly related to the
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switching characteristics, such as rise and fall times. In order to take
into account for these dynamic parameters, a dead time (ρ) has been
considered for the control strategy of the multi-inductor equalization
circuit.
According to the multi-inductor architecture and the control algorithm
illustrated in figure 4.21, the same pulse-width modulation (PWM)
signal is adopted for the switches, considering a specific switching
period (Ts) and duty cycle (D). In detail, assuming the voltage of the
top cell (VB1) greater than that of the bottom one (VB2), the switch S1

is turned on and S2 is turned off during the ton period. Therefore, the
energy is transferred from the most charged cell to the inductor. Then,
during the toff period, the opposite configuration of the switches is
operated, leading to the charging of the least charged cell by means
of the energy previously stored in the inductor.
The model equations that describe the inductor current iL in ideal
conditions can be yield as follows:

iL(t) =


VB1

L
t 0 ≤ t ≤ DTs

Imax,id −
VB2

L
(t−DTs) DTs ≤ t ≤ Ts

(4.25)

where Imax,id represents the peak value of the inductor current calcu-
lated at t = DTs in ideal condition. However, considering the real
conditions for the multi-inductor architecture and the related control
algorithm, the model equations that describe iL become:

iL(t) =



0 0 ≤ t ≤ ρ

VB1

Rtot

[
1− e−

t−ρ
τtot

]
ρ ≤ t ≤ DTs

Imax,r · e−
t−DTs
τr +

VB2 + Vd
Rr

[
e−

t−DTs
τr − 1

]
DTs ≤ t ≤ DTs + ρ

Imin,1 · e−
t−DTs−ρ
τtot +

VB2

Rtot

[
e−

t−DTs−ρ
τtot − 1

]
DTs + ρ ≤ t ≤ Ts

(4.26)

where Rtot is the overall circuit resistance; Rr is a portion of Rtot,
equal to the sum of R0 and Rds; τtot and τr are the time constant of
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the current transient due to Rtot and Rr, respectively; Imax,r is the
peak inductor current calculated at t = DTs in real condition, while
Imin,1 represents the current value at t = DTs + ρ. In particular, since
only one switch is involved in the balancing current path during both
ton and toff periods for the multi-inductor architecture, it results:

Rtot = R0 +Rds +RL (4.27)

Rr = R0 +RL (4.28)

It is important to highlight that, unlike the capacitor-based equal-
izer, the duty cycle of the PWM signal needs to be modified in both
ideal and real conditions depending on the voltage difference between
the two cells (∆V ) for ensuring the correct functionality of the multi-
inductor equalization circuit. In particular, it is preferable to operate
at the limit of the continuous conduction mode (LCCM) for the spe-
cific application of the cell balancing. Figure 4.22 shows the issues re-
lated to the adoption of duty cycle greater or lower thanDLCCM , which
represents the value that allows the circuit for operating at LCCM.
In ideal conditions, the inductor current rises and decreases without
reaching the steady-state condition for D>DLCCM and D<DLCCM ,
respectively. Therefore, the equalization circuit can operate only at
LCCM. In real conditions, a dead time is also included for taking into
account for the dynamic characteristics of the switches. It mainly
consists in introducing a delay time between the opening of S1 and
the closing S2 or vice versa. The dead time is always adopted in real-
world applications since it allows for avoiding undesired short circuit
conditions for the cells. However, this introduces additional time in-
tervals with respect to the ideal condition, in which the equalization
circuit performs differently depending on the duty cycle, as illustrated
in figures 4.22(c) and (d).
When D>DLCCM , the inductor current rises during the transient until
reaching a specific positive mean value in steady-state. This condition
allows for achieving a higher mean balancing current with respect
to the LCCM operation. Moreover, the two additional dead time
intervals contribute to further recharge the least charged cell. Indeed,
because of the current sign, the internal body diode of the switch S2

results positively polarized in both intervals after ton and toff , acting as
a viable path for the freewheeling current. This allows for transferring
the energy stored in the inductor also during the dead time intervals.
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Figure 4.22: Voltage and current of the inductor for duty cycle greater or
lower than DLCCM in both ideal (a) and real conditions (b).

Nevertheless, despite the benefits of this operating condition, it is
still preferable to perform the balancing process at LCCM due to the
possibility to better control the energy flows among the cells. In this
way, the equalization process can be interrupted easily after each Ts
and the issues related to the freewheeling currents can be avoided.

On the other hand, when D<DLCCM , the inductor current decreases
during the transient until reaching a specific negative mean value in
steady-state. This condition has to be avoided because it causes the
incorrect functionality of the multi-inductor equalization circuit. In-
deed, due to the negative sign of the inductor current, it results the
most charged cell to be recharged by the least charged one.

Figure 4.23 shows the steady-state voltage and current waveforms for
the multi-inductor architecture operating at LCCM in both ideal and
real conditions. The DLCCM can be analytically defined by imposing
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Figure 4.23: Voltage and current waveforms for the multi-inductor equal-
ization circuit operating at LCCM in both (a) ideal and (b) real conditions
(VB1 = 4.2V and VB2 = 3.8V).

iL(t = Ts) = 0. According to eq. 4.25, it results in ideal condition:

DLCCM =
VB2

VB1 + VB2

(4.29)

Therefore, the duty cycle can be directly calculated on the basis of
the voltage imbalance among the cells. On the other hand, a direct
relationship between the DLCCM and the circuit parameters cannot
be achieved in real conditions due to the complexity of the model.
Indeed, by imposing iL(t = Ts) = 0 in eq. 4.26, it is not possible
to extrapolate the duty cycle without using a Taylor approximation.
Alternatively, an iterative process can be adopted for defining DLCCM

in real conditions.

4.4.1.1 Mean Balancing Current

Unlike the capacitor-based architectures, the mean value of the
charge current during the ton is not equal to the mean value of the
discharge current during the toff in both ideal and real conditions
for an inductor-based equalization circuit. Considering the analytical
definition, the mean value of the cell currents in ideal condition can
be yield as follows:

Ī1,id =
VB1

2L
D2Ts (4.30)
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Ī2,id = (1−D) · Ts ·
[
VB1 + VB2

L
D − VB2

2L
(1 +D)

]
(4.31)

where Ī1,id and Ī2,id are the mean currents of the most and least charged
cells, respectively. In order to simplify the notation, the duty cycle at
LCCM is reported as D. Likewise, the mean currents can be defined
in real conditions, leading to more complex expressions:

Ī1,r =
VB1

Rtot

[
DTs − ρ

Ts
+
τtot
Ts

(
e
− t−ρ
τtot − 1

)]
(4.32)

Ī2,r =Imax,r ·
τr
Ts

(
1− e−

ρ
τr

)
+
VB2 + Vd

Rr

[
τr
Ts

(
1− e−

ρ
τr

)
− ρ

Ts

]
+

+ Imin,1 ·
τtot
Ts

(
1− e−

Ts−DTs−ρ
τtot

)
+

+
VB2

Rtot

[
τtot
Ts

(
1− e−

Ts−DTs−ρ
τtot

)
− Ts −DTs − ρ

Ts

]
(4.33)

These equations are certainly more complete with respect to the ideal
ones, since they include all the main static and dynamic parameters
of the equalization circuit. However, as previously discussed for the
duty cycle in real conditions, eqs. 4.32 and 4.33 do not allow for
directly defining the size of the inductor. Hence, they cannot be used
for a design purpose, but only for providing accurate details of the
performance of the multi-inductor architecture in terms of balancing
current. In addition, the size of the inductor and the duty cycle are
closely related to each other, thus the DLCCM needs to be calculated
based on L and vice versa.
As matter of the fact, eqs. 4.30 and 4.31 are adopted for defining
the design strategy of the inductor-based equalizer. In particular, the
sizing of the inductor can be performed by considering a desired Ī1,id
or Ī2,id. However, since the multi-inductor architecture inherits the
properties of a buck-boost converter, it results:

VB1

VB2

=
Ī2,id
Ī1,id

(4.34)
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A higher mean balancing current occurs for the least charged cell due
to the lower voltage. Hence, a proper design strategy considers Ī2,id
for sizing the inductor-based equalization circuit.

4.4.1.2 Efficiency

A detailed efficiency model has been also developed for the multi-
inductor architecture, including conduction and switching losses for
the switches. In particular, considering the real conditions, it has
been defined on the basis of the mean values of the input and output
powers:

η =
Pout

Pin
=
VB1 · Ī1,r −Rtot · (Ī1,r + Ī2,r)− Psw

VB1 · Ī1,r
(4.35)

where Psw represents the switching losses, whereas the conduction
losses for the switches are included in Rtot. In this way, Pin corresponds
to the power provided by the most charged cell and Pout is defined as
the power received by the least charged cell depurated of all the power
losses of the equalization circuit. Hence, it takes into account of the
power losses that occur during both ton and toff .
For what concerns Psw, the contribution of each switch for turning
on and off operations has been considered. In this case, unlike the
capacitor-based equalizer, the turning on of the switch S1 and the
turning off of the switch S2 occur at zero current since the LCCM
operations are performed. Therefore, only two contributions can be
taken into account for Psw. Figure 4.24 shows the circuits adopted for
calculating these two contributions, while the model equations can be
yield as follows:

PS1,off =
1

2
[VB1 + VB2 +R0 · Imax,r + Vd] · Imax,r · Tfall · fs (4.36)

PS2,on =
1

2
[VB1 + VB2 − (R0 +Rds) · Imax,r] · Imax,r · Trise · fs (4.37)

where PS1,off and PS2,on are the switching losses related to the turning
off of the switch S1 and the turning on of the switch S2, respectively;
fs is the switching frequency, Trise and Tfall are the rise and fall times
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Figure 4.24: Circuits adopted for calculating the contributions to Psw re-
lated to (a) the turning off of the switch S1 and (b) the turning on of the
switch S2.

of the switches. In this case, both switching operations occur at the
peak current Imax,r, leading to hard switching conditions especially
when high mean balancing currents are required.
Then, the overall Psw has been achieved by the sum of these two
contributions:

Psw = PS1,off + PS2,on (4.38)

4.4.2 Design Strategy

A design strategy has been defined for the multi-inductor archi-
tecture, which can be adopted for all the inductor-based equalization
circuits. The inductor has been sized in ideal conditions since the
model equations developed in real conditions cannot be adopted for a
design purpose, as discussed in the previous section. The control algo-
rithm has been operated with a variable duty cycle in order to ensure
the LCCM in all the operating conditions. In particular, according to
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Figure 4.25: Results of the design strategy for the inductor.

eqs. 4.29 and 4.31, the inductor size can be expressed as a function of
VB1 and the voltage imbalance among the cells ∆V as follows:

L =
VB1 · (VB1 −∆V )

2VB1 −∆V

Ts
Ī2,r

[
1− 3VB1 − 2∆V

4VB1 − 2∆V

]
(4.39)

The design strategy has been performed with the aim of achieving a
desired mean balancing current Ī2,r equal to 2A for specific operating
conditions, including VB1 = 4.2V and a maximum ∆V of 400mV.
Figure 4.25 shows the results of the sizing procedure for the inductor.
As possible to notice, different combination of L and fs can be selected
for carrying out the desired performance. Therefore, the selection
has been operated by considering the combination characterized by
the highest efficiency. It is important to point out that while all the
combinations have been achieved in ideal conditions, the efficiency
for each one has been evaluated in real conditions. In detail, table
4.5 summarizes the parameters selected. On the basis of the data
available from components manufacturer, the lowest values have been
considered for R0, Rds and Rs. In addition, a minimal value for ρ has
been adopted with respect to the Trise and Tfall.
Moreover, for each combination L-fs, different aspects have been in-
vestigated for a switching frequency range between 10kHz and 100kHz,
as illustrated in table 4.6.
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Internal resistance of the cells R0 = 20mΩ
Drain-source on resistance for the switches Rds = 5mΩ
Forward voltage of the internal body diodes Vd = 0.7V
Series resistance of the capacitor RL = 10mΩ
Rise time Trise = 50ns
Fall time Tfall = 75ns
Dead time ρ = 250ns

Table 4.5: Summary of the parameters selected for calculating the effi-
ciency in real conditions for each combination L-fs.

L fs η Pcond Psw DLCCM

(µH) (kHz) (%) (mW) (mW) (%)

26.2 10 96.2 123.2 25.6 48.25
13.1 20 95.2 122.0 51.1 48.41
8.7 30 94.9 120.8 76.5 48.56
6.5 40 94.2 119.6 101.8 48.72
5.2 50 93.6 118.4 127.0 48.87
4.4 60 92.9 117.2 151.1 49.03
3.7 70 92.3 116.0 177.1 49.19
3.3 80 91.6 114.8 201.2 49.34
2.9 90 90.9 113.7 226.8 49.50
2.6 100 90.3 112.5 251.5 49.65

Table 4.6: Main results of the design strategy for the different combinations
of inductor and switching frequency.

According to eq. 4.35, the worst conditions for the efficiency have
been considered, including the lowest value for the most charged cell
(VB1 = 3V) and ∆V = 400mV.
As result, likewise for the SC architecture, higher L and lower fs al-
lows for achieving higher efficiency for the multi-inductor equalization
circuit. This is mainly due to the impact of the switching losses,
which strongly increase as the fs rises. In this case, the conduction
losses (Pcond) are not equal for all the operating conditions evaluated
since different mean balancing current occur for both the most and
the least charged cells in real operating conditions. Indeed, the de-
sired performance in terms of mean balancing current can only be
achieved in ideal conditions. In particular, as fs increases, a reduction
of the Pcond is observed, which is primarily due to the reduction of
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Figure 4.26: Variability of the efficiency of the multi-inductor architecture
with respect to the mean output power considering the impact of the pa-
rameter variations (ρ, Rtot).

the mean values of either the input or output powers. This is related
to the fact that the multi-inductor architecture operates as a buck-
boost converter. Therefore, since the circuit needs to operate at the
LCCM, an increase of fs leads to a reduction of the current ripple and
consequently of Imax,r, Ī1,r and Ī2,r.
Table 4.6 also reports the variability of the duty cycle required for
ensuring the LCCM operations for all the design combinations L-fs.

4.4.3 Sensitivity Analysis

As for the capacitor-based equalizer, a sensitivity analysis is il-
lustrated in this section for quantitatively defining the impact of the
operating conditions and parameter variations on the performance of
the multi-inductor architecture, including efficiency, mean balancing
current and amount of charge transferred among the cells. According
to the sizing results achieved from the design strategy, a switching
frequency of 10kHz and an inductor of 26.2µH have been adopted.
Figure 4.26 shows the impact of the parameter variations on the overall
efficiency of the multi-inductor architecture. Unlike the capacitor-
based equalizer, the operating conditions (∆V , VB1) do not provide
any relevant contribution to the variability of η in the inductor-based
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equalization circuit, thus these results have not been reported in the
sensitivity analysis.
It is important to highlight that each η point is characterized by a dif-
ferent mean input/output power since the parameter variations affect
the amplitude of the mean balancing current. Therefore, an effective
evaluation cannot be achieved and the results shown in figure 4.26
only provide a qualitative indication of the variability of η. In partic-
ular, it reports its variability with respect to Pout and the parameter
variations (ρ and Rtot). The worst conditions for η have been set (VB1

= 3V and ∆V = 400mV), while ρ ranges from 250ns to 2µs and a
maximum 100% increase of Rtot has been considered. In addition,
according to the specific parameter variation, a proper duty cycle for
the PWM signal has been adopted in order to allow the equalization
circuit for operating at LCCM. A reduction of η and an increase of
Pout are observed for higher Rtot. This highlights a larger increase of
the mean input power with respect to Pout. In addition, considering
the same Rtot, an increase of ρ leads to a reduction of Pout, which
results in a lower mean balancing current and consequently to a small
increase of η.
For what concerns the reduction of the mean balancing current, Ī2,r
has been considered and a performance parameter has been defined
as follows:

∆Ī =
Ī2,r − Īdes

Īdes
(4.40)

where Īdes is the desired mean balancing current (equal to 2A from
the design strategy) and Ī2,r is the actual one, which varies based on
the operating conditions and the parameter variations. Hence, ∆Ī
represents the reduction of the mean balancing current corresponding
to the least charged cell with respect to the desired one. Figure 4.27
shows the performance reduction of the multi-inductor architecture in
terms of mean balancing current with respect to different operating
conditions and parameter variations.
In this case, since the design strategy has been performed in ideal
conditions, Ī2,r will result always lower than Īdes. Considering a fixed
ρ = 250ns, the impact of ∆V and Rtot on the variability of ∆Ī ex-
pressed in percentage is highlighted in figure 4.17. A reduction of the
performance is observed for higher Rtot and ∆V .
However, compared to the SC architecture, a lower impact is observed.
Hence, higher balancing currents can be achieved by means of an
inductor-based equalizer. An additional difference includes the rela-
tionship between ∆Ī and ∆V . Indeed, the multi-inductor architecture
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Figure 4.27: Performance reduction in terms of mean balancing current
with respect to different operating conditions and parameter variations.

performs higher balancing currents as ∆V decrease, while the opposite
operation occurs for the capacitor-based equalizer.
On the other hand, considering ∆V = 400mV and Rtot = 35mΩ, the
severity of the performance reduction has been also evaluated with
respect to ρ and the switching frequency. In detail, on the basis of the
design results reported in table 4.6, the correct size of both the induc-
tor and DLCCM have been set for each fs value. In this way, a proper
comparison can be performed since all the different combinations L-fs
allow for achieving Īdes in ideal conditions. As possible to notice in
figure 4.27(b), a larger impact of ρ on ∆Ī is achieved for higher fs.
Indeed, higher ρ leads to severe reduction of the effective duty cycle
of the PWM signal and thus lower mean balancing current, especially
for smaller switching period. Moreover, a higher impact is observed
in the multi-inductor architecture with respect to the SC one.
An additional aspect to be evaluated is represented by the amount of
charge transferred among the cells. As previously discussed for the
capacitor-based equalizer, it is more convenient to define this perfor-
mance parameter by considering the Ah transferred over the switching
period. This allows for properly comparing different architectures of
equalization circuits that operate at different fs. Moreover, according
to eqs. 4.32 and 4.33, two different contributes can be evaluated, in-
cluding the Ah transferred by the most charged cell (Ahtr,1s) and the
Ah provided to the least charged cell (Ahpr,1s).
Figure 4.28 shows a sensitivity analysis for both Ahtr and Ahpr with
respect to the parameter variations. The worst efficiency conditions
have been considered (VB1 = 3V and ∆V = 400 mV). Both increases
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Figure 4.28: Sensitivity analysis for (a) Ahtr,1s and (b) Ahpr,1s with respect
to parameter variations (Rtot and ρ).

of Rtot and ρ lead to a reduction of Ahpr,1s, whereas a different result
is observed for Ahtr,1s. In particular, an increase of Ahtr,1s occurs for
higher Rtot and lower ρ.

4.4.4 Equalization Time Evaluation

The model equations have been implemented in MATLAB© with
the aim of demonstrating the validity of the design strategy as well
as evaluating the performance of the multi-inductor architecture. The
design parameters reported in table 4.5 have been considered, includ-
ing L = 26.2µH and fs = 10kHz. The functionality of the equaliza-
tion circuit have been tested for two series-connected cells in the worst
efficiency condition, thus VB1 = 3V and ∆V = 400mV. The experi-
mentally calibrated zero-order ECM of EFEST18650 technology has
been adopted for the cells. The control algorithm has been developed
in order to stop the equalization process when ∆V is equal or lower
than a desired voltage imbalance ∆Vdes of 5mV.
Figure 4.29 shows the functionality of the multi-inductor architecture
in terms of terminal voltage and OCV of the cells, mean balancing
currents, SoC and ∆V . Starting from an initial ∆V of 400mV, the
equalization process allows for transferring the energy between the
most and the least charged cells until reaching ∆Vdes. As the operating
conditions vary, the duty cycle is calculated over time for ensuring the
circuit to operate at LCCM. Compared to the SC architecture, higher
mean balancing currents can be observed, leading to low equalization
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Figure 4.29: Functionality of the multi-inductor architecture in terms of
(a) terminal voltage and OCV of the cells, (b) mean balancing currents, (c)
SoC and (d) ∆V .

time. This also affect the terminal voltages of the cells since a higher
voltage drop occurs. In particular, as shown in figure 4.29(a), the
terminal voltage of the least charged cell results higher than the most
charged one after a certain amount of time. However, it is important to
highlight that this condition occurs only because an ECM is adopted
and the balancing algorithm is performed based on the OCV of the
cells. In real-world applications, this condition is not encountered
since the equalization process is usually operated by evaluating the
terminal voltages of the cells. Moreover, a slight increase of the mean
balancing currents is observed in figure 4.29(b), which is in line with
the results previously shown in the sensitivity analysis.
As possible to notice in figure 4.29(c), the worst efficiency condition
corresponds to a very low SoC for the cells.
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Figure 4.30: Variability of the equalization time and the amount of charge
transferred among the cells with respect to ∆V and VB1 (a,b) and for
different SoCmax (c,d).

As for the passive and the capacitor-based equalizers, the impact of
the operating conditions on the equalization time and the amount of
charge transferred among the cells has been evaluated as well. In
detail, the charge provided to the least charged cell Ahpr has been
considered. Figures 4.30(a) and (b) shows the variability with respect
to ∆V and VB1, while figures 4.30(c) and (d) reports the variability for
different SoCmax, which represents the SoC of the most charged cell.
It results a lower equalization time than that achieved with the SC
architecture for all the operating conditions due to the higher mean
balancing current. Moreover, the equalization time and the charge
provided are equally affected by ∆V , VB1 and SoCmax variations.
In particular, a lower impact of ∆V is observed for VB1 < 3.4V , mainly
related to the shape of the OCV curve in this voltage range. Indeed,
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Figure 4.31: Comparison between the results achieved with both SC and
multi-inductor architectures considering the same operating conditions.
(a) Different mean SoC values at the end of the equalization process and
(b) different amount of energy transferred among the cells.

since it corresponds to the exponential region of the OCV curve, a
fast increase or decrease of the cell voltages occurs for a charging
or discharging, leading to low equalization time and Ahpr, thus low
impact of ∆V .
Likewise for the passive and the capacitor-based equalizers, these re-
sults highlight the possibility to develop a proper balancing strategy
for minimizing the equalization time and thus increasing the perfor-
mance of the multi-inductor architecture.
For what concerns the amount of energy transferred among the cells,
according to figures 4.20(b,d) and 4.30(b,d), very similar results can
be noticed for both SC and multi-inductor architectures. This is rea-
sonable because the same amount of energy needs to be transferred
among the cells starting from the same initial conditions.
However, while the mean balancing currents for the cells are equal for
the capacitor-based architecture, different amplitudes occur for the
most and the least charged cells in the multi-inductor equalizer, lead-
ing to a slight variation of the results, as illustrated in figure 4.31.
In particular, according to the functionality of both architectures,
4.31(a) shows the SoC of the cells during the equalization process,
starting from the same operating conditions. Since the equalization
time achieved with the capacitor-based equalizer is larger than that
obtained with the inductor-based equalizer, the time axis has been
normalized on the basis of the specific equalization time (teq). In this
case, a slight reduction of the mean SoC value at the end of the equal-
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ization process is observed for the multi-inductor equalizer.
On the other hand, 4.31(b) reports the differences in the amount of en-
ergy transferred among the cells for both architectures with respect to
SoCmax. The Ahpr has been considered for the multi-inductor equal-
izer. In this case, a small reduction of the Ah transferred can be
noticed for the inductior-based architecture as well.

4.5 Transformer-based Equalizer

When comparing these equalization circuits, the transformer-based
architectures result more convenient since they can achieve high equal-
ization speed and good control of the equalization dynamic, at the
expenses of increasing complexity and cost of hardware and software.
The multi-winding transformer (MWT) for active balancing has the
capability of enabling the simultaneous equalization of the cells in a
pack. However, the equalization efficiency and speed can be limited by
the losses of the power converters as well as not proper design of the
transformer. Therefore, more architectures need to be investigated as
well as proper design strategies those can reduce cost while increasing
performance.
In this section, a novel architecture and control of an active equaliza-
tion circuit based on MWT is proposed. A self-balancing of the cells
can be performed with the proposed topology thanks to the possibility
to simultaneously transfer energy among the cells. Therefore, it allows
for achieving a cells-to-cells energy transfer technique, which currently
has not been discussed in literature. Moreover, a control strategy is
proposed for reducing the complexity of the implementation as well as
for improving the performance of the equalization process. A model of
the MWT is defined with the specific aim of analyzing the performance
of the equalization circuit and defining design strategies.

4.5.1 Architecture and Control

The architecture of the proposed active equalization circuit is based
on a Multiple Active Bridge (MAB), in which every cell is equipped
with a H-bridge converter and then connected to a medium-frequency
MWT, as reported in fig. 4.32. This circuit topology has been previ-
ously proposed for medium-voltage grid-connected system [110], while
it is here exploited for cell equalization purpose since it allows for a
modular and flexible cells-to-cells operation, with the potential of in-
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Figure 4.32: Architecture of the proposed transformer-based equalizer.

creasing the equalization speed and efficiency if a proper design strat-
egy is considered.

Assuming a battery pack composed of n series-connected cells, the pro-
posed balancing circuit requires n inductor filters (Lf ), n H-bridges
with snubber capacitors (Cf ) and a transformer with n windings hav-
ing the same number of turns. Moreover, the model parameters of the
MWT are reported in figure 4.32, including the winding resistances
(Rk) and leakage inductances (Lσk) as well as the magnetization in-
ductance (Lm) and the resistance that takes into account for the iron
losses (R0).

Despite the hardware complexity due to the presence of a MWT and
the H-bridges, the proposed structure has several advantages, includ-
ing short and bi-directional energy transfer path between cells, modu-
larity, scalability, and the capability of limiting the balancing currents
by means of the transformer leakage inductance. High equalization
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speed can be achieved by simultaneously transferring energy among a
desired number of cells of the battery pack (cells-to-cells balancing).
The issue of managing a large number of switches is solved thanks to a
proper control algorithm based on a phase-shift modulation technique
using a common PWM signal (S). A fixed phase shift (equal to π) is
implemented between two legs of each H-bridge, allowing for the gen-
eration of a single PWM signal for controlling the n power conversion
units. The PWM signal is characterized by a duty cycle equal to 50%
and a constant frequency.
The control algorithm requires the measurement of the cell voltages
{VBk ∀k = 1..n} to verify if the cells are within the desired voltage
band ∆Vband (e.g. voltage difference between the highest and lowest
cell voltages) or to apply the balancing action. In detail, if the cells
are unbalanced, the PWM signal S is provided to all the drivers of the
n H-bridges. Therefore, depending on the cell voltage levels, a current
flow will be established from the cells with higher voltages to the ones
with lower voltages.
In principle, the control of the rectification stage could be disabled
taking advantages of the freewheeling diodes. However, to reduce the
losses due to the diode forward voltages and to minimize the volt-
age drop, the rectification stage has been controlled as a synchronous
rectifier through the same PWM signal S. The balancing action is
stopped when the cell voltages are all contained in the desired ∆Vband.
It is important to mention that this balancing architecture can operate
even when the battery pack is in charge or discharge mode. This also
allows for minimizing the equalization time required in idle state, when
neither load nor charger is connected to the battery pack. Moreover,
it does not require a very accurate estimation of the SoC, since the
equalization of the cells is automatically and dynamically guaranteed
by the voltage-controlled energy transfer across the transformer and
by the unique control signal S. However, the selection and design
of both the electronic components and the transformer have a great
impact on the accuracy of the voltage balancing as well as on the
equalization efficiency.

4.5.2 Model of the Multi-winding Transformer

The design of the MWT results fundamental for increasing the
performance of the equalization process of the proposed BMS archi-
tecture. Indeed, high balancing current, thus high equalization speed,
can be achieved by properly sizing the transformer parameters, such
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as Lm and Lσk. The generalized model of a n-winding transformer
can be represented by the following system of equations:

vk(t) = e(t) +Rk·ik(t) + Lσk
dik(t)

dt

+
n∑
j=1
j 6=k

Mk,j
dij(t)

dt
∀k = 1..n

(4.41)

where vk(t) are the winding voltages, ik(t) are the winding currents,
e(t) is the electromotive force (EMF) and Mk,j are the mutual leakage
inductances. In addition, the following equations need to be consid-
ered for achieving the overall MTW model:

e(t) = Lm
dim(t)

dt
(4.42)

im(t) + i0(t) =
n∑
k=1

Nk

N1

ik(t) (4.43)

i0(t) =
e(t)

R0

(4.44)

where im is the magnetization current, i0 is the current related to the
iron losses and Nk are the winding turns.
The system of equations include [n(n + 1) + 2]/2 unknown variables
and n + 3 equations, resulting an under-determined system. Several
assumptions can be made with the aim of achieving a reduced-order
system that allows for defining physic-based relations between the
transformer design parameters (Lm, Lσk):

1. The iron losses are neglected:

R0 →∞

2. The winding resistances are neglected:

Rk → 0 ∀k = 1..n
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3. There are no losses in the inductive coupling among the windings
due to mutual leakage inductances:

Mk,j → 0 ∀k = 1..n,∀j 6= k

4. All the self-leakage inductances are typically equal due to the
symmetrical structure of the MWT:

Lσk = Lσ ∀k = 1..n

5. In the specific application the turn ratio is unitary:

Nk

N1

= 1 ∀k = 1..n

6. All the winding voltages are in phase because of the control
strategy adopted for the proposed BMS architecture, illustrated
in section 4.5.1.

7. The model equations are evaluated in steady-state condition us-
ing a phasors representation X̄(h), where X is a generic variable
and h is the harmonic order. This allows for taking into ac-
count the harmonic contribution introduced by the voltages of
the H-bridge converters.

Note that in the specific application of the cell equalization circuit,
these assumptions result reasonable because of the low values of volt-
age and current for each winding. In this way, the reduced-order
system of equations can be achieved:

V̄
(h)
k = Ē(h) + jhωLσ Ī

(h)
k ∀k = 1..n

Ē(h) = jhωLmĪ
(h)
m

Ī
(h)
m =

∑n
k=1 Ī

(h)
k

(4.45)

Therefore, a compact expression can be yield for the EMF:

Ē(h) =
1

n

n∑
k=1

V̄
(h)
k

(
1

1 + Lσ
nLm

)
= γV̄ (h)

mean (4.46)
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Figure 4.33: The factor γ with respect to the ratio Lσ/Lm and the number
of windings n.

In detail, the EMF results proportional to the mean value of the wind-

ing voltage (V̄
(h)
mean) and a factor γ which depends on Lσ/Lm. γ is equal

to 1 in case of ideal transformer, while it represents a quality factor
for a real transformer. Fig. 4.33 shows the impact of the ratio Lσ/Lm
and the number of windings n on the γ factor. In most of the tradi-
tional grid-connected applications, a high γ value is preferred, since
Lσ is directly correlated to the transformer efficiency. As matter of
fact, for the specific application of the battery equalizer, γ = 1 would
correspond to the impossibility of transferring energy among the cells.
Hence, Lσ needs to be properly sized considering the allowed voltage
imbalance among the cells while minimizing the transformer losses.

4.5.3 Design of the Multiple Active Bridge

In this section, relevant aspects related to the design of the MAB
are illustrated. This primarily includes the sizing of the main pa-
rameters of the MWT (Lσ,Lm) with reference to specific performance
metrics, such as equalization speed. It is clear that the equalization
time can be reduced by increasing the balancing current for the spec-
ified voltage imbalance among the cells. However, the condition that
generates the maximum current among the cells will correspond to the
fastest equalization, while representing the worst case scenario for the
equalization circuit components, including switches and transformer.
Therefore, the proposed sizing approach of the MWT aims at defining
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the Lσ and Lm those enable the maximum current condition. Eq. 4.45
and the assumptions reported in section 4.5.2 allow for calculating the
module of each winding current:

|Ī(h)k | =
|V (h)
k − E(h)|
hωLσ

=
δV

(h)
k

hωLσ
∀k = 1..n (4.47)

where δV
(h)
k represents the voltage difference between the kth winding

and the EMF. The worst case scenario can be related to the operating
conditions in which the windings of the transformer are subject to the

maximum δV
(h)
k . Therefore, two limit case scenarios can be identi-

fied and investigated with the aim of formally defining the worst case
scenario:

Case (a) :


V

(h)
1 = V

(h)
M

V
(h)
k = V

(h)
m ∀k = 2..n

δV
(h)
a = V

(h)
M − E(h)

(4.48)

Case (b) :


V

(h)
1 = V

(h)
m

V
(h)
k = V

(h)
M ∀k = 2..n

δV
(h)
b = E(h) − V (h)

m

(4.49)

where the subscript M and m represent the winding connected to
the cells with the maximum and minimum voltages, respectively. By

combining eq.s 4.46 and 4.47, δV
(h)
a and δV

(h)
b can be yield as follows:

δV (h)
a = V

(h)
M −

[
V

(h)
M + (n− 1)V

(h)
m

n

]
· γ (4.50)

δV
(h)
b =

[
V

(h)
m + (n− 1)V

(h)
M

n

]
· γ − V (h)

m (4.51)

In this way, the worst condition can be defined by evaluating the

difference between δV
(h)
a and δV

(h)
b :

δV (h)
a − δV (h)

b =
[
V

(h)
M + V (h)

m

]
· (1− γ) > 1 (4.52)
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Figure 4.34: Example of the two limit case scenarios corresponding to

the maximum current operation for the MWT. In both cases, V
(h)
M = 4V ,

V
(h)
m = 3V , n = 3, Lσ = 180nH and Lm = 3.4µH are considered.

Since 0 < γ < 1, δV
(h)
a is always greater than δV

(h)
b , resulting case (a)

as the worst condition. Figure 4.34 shows a numerical example of case

(a) and case (b) scenarios considering V
(h)
M = 4V and V

(h)
m = 3V , which

validates the proposed analysis. Therefore, this operating condition is
adopted for the design of the MWT.

In particular, in the worst case scenario, the system of equations 4.45
results:


V̄

(h)
1 = V̄

(h)
M = Ē(h) + jωhLσ Ī

(h)
M

V̄
(h)
k = V̄

(h)
m = Ē(h) + jωhLσ Ī

(h)
m ∀k = 2..n

Ē(h) = jωhLm
[
Ī
(h)
M + (n− 1)Ī

(h)
m

] (4.53)

where Ī
(h)
M and Ī

(h)
m represent the winding currents related to the wind-

ings with the highest and the lowest voltages, respectively. This sys-
tem of equations includes three equations and four unknown variables

(Lσ, Lm, Ē(h), Ī
(h)
m ), resulting under-determined.
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Hence, two different design solutions can be adopted:

1. The first one is based on fixing the magnetization inductance
Lm and calculating Lσ as a result.

2. The second solution is based on fixing Ī
(h)
m .

In the following analysis, the second design solution has been consid-
ered. Hence, the sizing of Lσ and Lm can be performed by evaluating
the overall RMS value of both winding voltage and current in order to
take into account for the harmonic contribution. In detail, since each
cell is connected to the MWT by means of an H-bridge converter, the
RMS value of each winding voltage can be obtained as follows:

V
(h)
k =

1

h
V

(1)
k =

1

h

4VBk

π
√

2
∀k = 1..n

VRMS,k =
√∑∞

h=1

[
V

(h)
k

]2
= VBk

(4.54)

As results, the overall RMS value of each winding voltage VRMS,k is
equal to the voltage of the cell VBk connected to that specific winding.
Likewise, the RMS value of the winding current can be achieved as
follows: 

I
(h)
k =

1

h2
I
(1)
k

IRMS,k =
√∑∞

h=1

[
I
(h)
k

]2
= βhI

(1)
k ∀k = 1..n

βh =

√∑∞
h=1

1

h4

(4.55)

Therefore, considering the RMS values, the size of both Lm and Lσ
can be yield from the system of equations 4.53:

Lσ =
4

π
√

2

βh(VB,max − VB,min)

ω(IRMS,max + IRMS,min)
(4.56)
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Figure 4.35: Sensitivity analysis for Lm (a) and Lσ (b) with respect to α and
IRMS,max by fixing VB,max = 4.2V , VB,min = 3.8V , frequency = 80kHz,
h = 1, .., 11 and n = 4.

Lm =
4βh

π
√

2ω

[
VB,max

IRMS,max(1− α)

− (n− 1)(VB,max − VB,min)

IRMS,max(1− α)[(n− 1) + α]

] (4.57)

with

α =
(n− 1)IRMS,min

IRMS,max

(4.58)

where α represents a performance parameter of the MWT, while VB,max
and VB,min are the maximum and the minimum cell voltages, respec-
tively. Figure 4.35 shows a sensitivity analysis for Lm and Lσ with
respect to α and IRMS,max by fixing VB,max, VB,min, ω, h and n. In par-
ticular, the maximum cell voltage (VB,max = 4.2V) and the maximum
allowable voltage imbalance among the cells (∆V = VB,max − VB,min
= 400 mV) have been set.
As result, specified values of Lσ and Lm need to be considered for
achieving the desired performance in terms of α and IRMS,max. In
detail, lower values allow for increasing the balancing current and thus
reducing the equalization time. Moreover, for a specified IRMS,max, a
further reduction of Lσ as well as a strong increase of the Lm need
to be considered for improving the performance of the equalization
circuit (α→ 1).

191



Design Methodology for Equalization Circuits

192



Chapter 5

Prototyping of Equalization
Circuits

[Original contribute]

Besides the development of design strategies for passive and active
equalization circuits, real prototypes have been sized and implemented
as well. In particular, a modular architecture for passive equalizer
and the novel active equalizer have been prototyped with the aim of
validating their performance in real-world environments. These pro-
totypes also allow for managing high-voltage battery packs or hybrid
systems, which are composed by different technologies of batteries
(second life applications). Automotive applications have been consid-
ered as reference for the development of the BMSs due to the high
performance required in terms of charging/discharging currents, size,
cost, reliability and modularity of the architecture. Moreover, a de-
tailed comparison between the prototypes developed has been carried
out in order to highlight their main features in different operating
conditions, including charging, discharging and idle state.

5.1 Prototype of Passive Equalizer

This section deals with the implementation of a passive equalizer
for high-power battery packs, designed for meeting the restricted spec-
ifications of automotive applications. In detail, the battery pack of a
high-performance 50HP electric kart has been considered. A modular
architecture has been developed for the passive equalizer, including
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one BMS master and several BMS slave units depending on the num-
ber of cells or modules that compose the battery pack. A proper
control algorithm has been also proposed, which allows for managing
the passive balancing in all the operating conditions while providing
safety and low equalization time.
Moreover, a thermal model of the BMS slave unit has been calibrated
for taking into account the heat dissipation issues due to high balanc-
ing currents. Then, on the basis of the temperatures reached by the
BMS slave units, a further improvement of the balancing algorithm
has been proposed, which allows for defining the optimal number of
cells to be balanced for minimizing the equalization time of the whole
battery pack. Numerical and experimental analyses have been carried
out for validating the performance of the proposed modular architec-
ture for passive equalizer.

5.1.1 Design of the Battery Pack

The battery pack of a 50HP electric kart, FIA regulations com-
pliant, has been designed and assembled. It is composed of a series
connection of 40-Ah high-power NMC cells, model SLPB100216216H.
These cells by KOKAM are suitable for automotive applications due to
their high charge/discharge C-rates, long cycle and calendar life, high
gravimetric and volumetric power density as well as low impedance
and heat generation for improved safety. Indeed, the pouch shape of
these NMC cells allows for a more efficient thermal transfer than pris-
matic or cylindrical types due to their very large surface area. This also
enables the ability to operate in extreme temperatures without safety
issues. In addition, these cells are characterized by high efficiency and
good energy density. Table 5.1 summarizes the main specifications of
the 40-Ah NMC cells adopted.
In detail, the overall battery pack is composed by 24 series-connected
cells, which are distributed in four modules. It is important to high-
light that the weights have to be properly distributed on the chassis of
the electric kart in order to ensure stability and optimal driving per-
formance. Therefore, the battery pack has been divided in two equal
sections, each one composed by two modules and inserted in an alu-
minum case opportunely sized for providing compactness and safety
during operations.
Figure 5.1 shows the design of one section of the overall battery pack
drawn by means of a 3D designer software. Each module consists of
six series-connected cells directly packaged in a single unit and coated
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Parameter Specification

Nominal Capacity 40 Ah

Energy Density 159 Wh/kg

Power Density 1260 W/kg

Weight 940 g

Voltage
Nominal 3.7 V
Lower Limit 2.7 V
Upper Limit 4.2 V

Current
Continuous Charging 120 A (@3C)
Continuous Discharging 320 A (@8C)
Peak Discharging (≤10s) 480 A (@12C)

Cycle Life at 90% DoD @1C - 25◦C ≤6000

Temperature
Charging 0◦C - 45◦C
Discharging -20◦C - 55◦C

Table 5.1: Main specifications of the 40-Ah NMC cells adopted.

with a green material casing that ensures flexibility and robustness.
All the positive or the negative current collectors of the cells are weld-
ing together, leading to unique positive (red) and negative (black)
terminals for each module. Moreover, two connectors for cell voltage
and temperature measurements are available. Each section of the bat-
tery pack also includes a high-current fuse, the positive/negative main
contactor and the master-slave BMS configuration. In detail, since the
BMS slave units have been designed for meeting the requirements of
a single module, two units need to be implemented in each battery
pack section. On the other hand, only one BMS master is required
for managing and communicating with all the four BMS slave units
of the battery pack. Therefore, depending on the design strategies, it
can be included in one of the battery pack section or located outside
in a specific part of the electric kart chassis. Furthermore, two con-
nectors are needed for separating the communication wiring and the
power cables, for which a MSD is considered. In this way, the external
short circuit of the modules can be avoided when the battery pack is
disconnected. Both the aluminum case and the connectors have been
designed or selected in order to achieve a battery pack compliant with
the safety standard IP67.
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Figure 5.1: 3D design of one section of the overall battery pack.

5.1.2 Modular Architecture

According to the design of the battery pack previously illustrated,
the passive equalization circuit has been designed for a single module
of six series-connected 40-Ah cells. Figure 5.2 shows the prototype
developed as BMS slave. It consists of two boards optimally integrated
with the aim of minimizing the size of the BMS and distributing the
heat dissipation over a scalar structure.
The bottom one is defined as power board, where all the dissipative
components are located, including resistors and switches. Indeed, de-
spite different commercially-available BMS ICs provides internal pas-
sive balancing (section 3.4), external power resistors and switches have
been adopted for the proposed passive equalizer with the aim of achiev-
ing high equalization speed. In particular, balancing resistors of 3.3Ω
have been selected, which ensure a maximum balancing current higher
than 1A. Considering the high capacity of the cells used, this balancing
current amplitude represents a good trade-off between the equalization
speed and the heat dissipation.
Moreover, an insulated metal substrate (IMS) has been adopted for the
bottom layer of the power board in order to further reduce the thermal
issues due to the passive balancing of the cells. The IMS consists of an
aluminum baseplate covered by a thin layer of dielectric and a layer
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Figure 5.2: Prototype of the proposed passive equalizer (BMS slave) for six
series-connected cells.

of copper. Compared to a classical PCB, this solution provides an
effective cooling of the surface-mount components located on the top
layer of the power board. In addition, a properly sized heatsink can be
attached to the aluminum baseplate for improving the heat transfer.
Two temperature sensors have been also distributed on the top layer
of the power board in order to evaluate the temperature distribution.

The control board on the top is based on the BQ76PL455A-Q1 BMS
IC by Texas Instruments©, which is an integrated battery monitoring
and protection device, designed for high-reliability automotive appli-
cations. It allows for acquiring all the cell voltages and temperatures
coming from each module as well as performing the balancing action
by providing control signals for the switches. In particular, despite
the proposed passive equalizer has been designed only for six cells,
this BMS IC is able to manage up to 16 series-connected cells. More-
over, the management of high-voltage battery packs can be achieved by
means of just one microcontroller thanks to the possibility to control a
maximum of 16 BQ76PL455-Q1 BMS ICs in daisy-chain, leading to an
overall nominal voltage about 1kV. An integrated high-speed, differen-
tial, capacitor-isolated Universal Asynchronous Receiver/Transmitter
(UART) interface allows the microcontroller for communicating with
all the BMS slave units.

In addition, the BQ76PL455A-Q1 BMS IC monitors and detects sev-
eral different fault conditions, including overvoltage, undervoltage,
overtemperature and communication faults. It also provides six GPIO
ports and eight analog ADC inputs, which are adopted for temperature
measurements. Among the different BMS ICs commercially available
on the market, the BQ76PL455A-Q1 one has been selected due to the
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possibility to potentially perform active balancing and thus enable
future developments.
According to the battery pack of the 50HP electric kart, four BMS
slave units have been connected in daisy-chain in order to meet the
voltage requirement of 88.8V. Figure 5.3 shows the block diagram of
the proposed modular BMS architecture for the overall battery pack.
The microcontroller unit, known as BMS master, receives the data
from all the BMS slave units and enables the balancing process on
the basis of the voltage imbalance intra-module and outer-module.
The data includes the cell voltages (Vk ∀k = 0..6) and temperatures
(Tk ∀k = 1..6) as well as two temperature measurements for each BMS
slaves (Tpb1, Tpb2). This is necessary to control the maximum tempera-
ture reached by the power boards and thus properly enable/disable the
passive balancing. Moreover, a safety signal is available for disabling
the equalization process or the charging/discharging of the battery
pack in case of any type of faults, which provides a further improve-
ment of the reliability of the overall BMS architecture.

5.1.3 Control Algorithm

Since the BQ76PL455-Q1 BMS IC provides only the elementary
balancing functions, the control algorithm needs to be developed and
implemented in an external microcontroller (BMS master). In this
section, an optimized algorithm is proposed, which allows for cor-
rectly managing either charging/discharging processes or faults that
can occur during normal operation. In particular, system faults, de-
vice faults and communication faults are monitored with the aim to
achieve a complete supervision of the overall BMS architecture.
Moreover, considering the reduction of the equalization time during
the charging process as an important target, the proposed control al-
gorithm provides a proper management of the balancing process of
the cells in all the operating conditions, including charging, discharg-
ing and idle state, when neither charger nor load is connected to the
battery pack. In this way, the cell voltage imbalance can be reduced
before the charging process starts with advantage in terms of equal-
ization time.
The flowchart of the proposed control algorithm is reported in figure
5.4. Firstly, the battery pack parameters, such as overvoltage and
undervoltage thresholds, are set and both charger and load connec-
tions with the battery pack are enabled in order to ensure the desired
charging or discharging.
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Figure 5.3: Block diagram of the proposed modular BMS architecture for
the battery pack of the 50HP electric kart.
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Figure 5.4: Flowchart of the proposed control algorithm for the BMS.
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Then, the presence of fault conditions is verified. In case of fault, both
charger and load are disconnected from the battery pack and the fault
type is identified. A clear command is used for verifying if the fault
condition still occurs. Therefore, this fault loop remains active until
no fault condition is detected. On the other hand, in case of no fault,
the cell voltages and temperatures as well as the battery pack current
are acquired.

The proposed balancing algorithm can be divided in three different
cases depending on the sign of the current.

In discharging, when the load is connected to the battery pack and a
negative current flows (i < 0), the minimum cell voltage is evaluated.
If a lower value than the desired undervoltage threshold occurs, the
load is disconnected from the battery pack and thus the discharging
process is disabled. After this condition, since the battery pack re-
sults fully discharged, a charging process needs to be operated before
starting with an other discharging process. In particular, two main ref-
erence parameters can be considered for defining when the discharging
process can be enabled again, including a specific charging time or a
certain amount of Ah stored in the battery pack. It is important to
highlight that no balancing algorithm is operated in discharging due
to the dissipative nature of the passive equalizer.

In idle state, when no current flows occur (i = 0), the cell balancing
is performed with the aim of reducing the voltage imbalance among
the cells up to a desired voltage band (Vband). In particular, consid-
ering the maximum (Vmax) and the minimum (Vmin) cell voltages in
the battery pack, the balancing process is enabled for all the cells
with voltages greater than Vmin + Vband. The cell balancing results
terminated and thus disabled when all the cell voltages are within the
desired Vband.

In charging, when the charger is connected to the battery pack and
a positive current flows (i > 0), the maximum cell voltage is evalu-
ated. If a higher value than the desired overvoltage threshold occurs,
the charger is disconnected from the battery pack and thus the charg-
ing process is disabled. Therefore, the passive balancing process is
operated only for the most charged cell until Vmax reaches a specific
voltage threshold (Vthr). In this case, Vthr needs to properly define
depending on the balancing current and the related voltage drop due
to the internal resistance. Indeed, if the difference between Vmax and
Vthr is lower than the voltage drop, undesired repetitive enabling and
disabling of the charging process occur. When the most charged cell is
discharged up to Vthr, the passive balancing for the most charged cell

201



Prototyping of Equalization Circuits

is disabled and the charging process of the overall battery pack starts
again. It is important to highlight that only one cell is discharged,
whereas the remaining cells maintain their charge during the time in-
terval in which the balancing process is performed. In this way, it is
possible to achieve a cell balancing even during the charging processes.

5.1.4 Thermal Model of BMS Slave

According to the prototype of the passive equalizer shown in figure
5.2, a thermal model of the BMS slave unit has been calibrated for
improving the balancing algorithm taking into account the maximum
temperature allowable for the power boards.

In detail, only the IMS of the power board has been considered as
heatsink of the BMS slave unit. Indeed, considering the reduced space
available in the battery pack of the electric kart (figure 5.1), any ad-
ditional heatsink cannot be added in the design due to volume and
weight constraints. Moreover, despite the aluminum cases can be cer-
tainly used as heatsink, it is preferable to calibrate the thermal model
of the BMS slave unit in the worst condition, thus when no additional
heatsinks are adopted.

Considering only convection as heat transmission, the thermal behav-
ior of the BMS slave unit can be modeled by means of the following
differential equation:

C
df(θ(t))

dt
= Ploss − Aθ (5.1)

where θ(t) is the overtemperature of the IMS with respect of the am-
bient one, C is the thermal capacity of IMS, Ploss represents the power
losses of the equalization process and A is a constant coefficient, which
can be expressed as a function of the convection factor and the surface
of IMS.

An experimental characterization has been performed in order to de-
termine the parameters of the thermal model. In detail, figure 5.5
shows the θ(t) of IMS during the warming and the cooling transients.
The power losses has been set equal to 5.3W, which corresponds to
the discharging of one fully charged cell (V = 4.2V ) on the balanc-
ing resistor of 3.3Ω. Table 5.2 reports the thermal model parameters
achieved from the experimental results.
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Figure 5.5: Warming and cooling transients for the IMS of the power board
considering a balancing power of one fully charged cell.

Parameter Value

C 22.9 J/◦C
A 0.14 W/◦C

Table 5.2: Thermal model parameters for the BMS slave unit.

5.1.5 Thermal Management Optimization

Besides the passive equalization of the cells, the control algorithm
has been further improved taking into account the thermal manage-
ment of each BMS slave unit. Hence, an optimized control algorithm
has been proposed, which allows for correctly enabling and disabling
the passive balancing of each battery module depending on the maxi-
mum temperature reached by the power board of the BMS slave unit
connected to that battery module.
In detail, considering the overtemperature with respect to the environ-
mental temperature, two threshold values are defined, including the
maximum allowable (θmax) and the minimum (θmin) overtemperatures
for the power board of the BMS slave units. The balancing process is
operated in order to maintain the overtemperature for the power board
of all the BMS slave units lower than θmax. If the overtemperature of
the power board becomes higher than θmax, the equalization process
is stopped for the related BMS slave unit until the cooling transient
reaches θmin. Therefore, the overtemperature ranges between θmax
and θmin, as illustrated in figure 5.6. In particular, figure 5.6(b) shows
the comparison among the thermal transients achieved with differ-
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Figure 5.6: (a) Overtemperature thresholds for Ncell = 2; (b) comparison
among the thermal transients achieved with different Ncell and the same
overtemperature thresholds.

ent values for the maximum number of cells in balance at the same
time (Ncell) by considering the same overtemperature thresholds. This
comparison does not include the case with Ncell = 1 since θmax is not
reached for this condition due to the lower energy dissipated. It is
important to point out that a larger Ncell causes higher heat dissipa-
tions and thus faster warming transients. This leads to higher number
of interruptions for the balancing process depending on the θmax and
θmin considered. Hence, it results fundamental to identify the optimal
value of the Ncell, defined as Nscell, that allows for minimizing the
equalization time for specific θmax and θmin values.

The proposed control algorithm for optimizing both the thermal man-
agement and the balancing process of the passive equalizer can operate
in two different configurations. The first one, named as single state
configuration, is based on fixing an unique and equal Ncell for all the
BMS slave units during the entire balancing process. In this configu-
ration, the Nscell can be determined by means of numerical analysis
thanks to the adoption of the calibrated thermal model of the BMS
slave unit.

The second configuration is based on a proposed adaptive control,
which dynamically changes Ncell for further minimizing the equaliza-
tion time achieved with Nscell under the same thermal constraints.
The idea is to find a combination of Ncell for each battery module
that allows for maximizing the energy dissipated with respect to that
obtained in the optimal single state configuration (Nscell).
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Figure 5.7: Block diagram of the proposed adaptive algorithm.

The block diagram of the proposed adaptive algorithm is illustrated
in Figure 5.7. Firstly, the configuration parameters are set, including
the overvoltage and undervoltage thresholds, θmax and θmin values.
Then, after measuring all the cell voltages, a maximum to minimum
sorting of these values is performed for each battery module in order to
correctly select the cells to be balanced for meeting the requirement of
the desired maximum Ncell. Considering a fixed value of the balancing
resistor (3Ω) for each cell, the power dissipation Pdiss and thus the
maximum overtemperature reached by the power boards without any
control of the temperature (θ∞) can be calculated by means of the
thermal model of the BMS slave unit. Therefore, both Pdiss and θ∞
are related to Ncell.
Considering the Nscell for a single state configuration and fixing the
θmax and θmin values, it is possible to analytically predict the time t∗

needed for reaching θmax as follows:

θmax = (θmin − θ∞)e(−
t*
τ
) + θ∞ (5.2)

where τ is the time constant representative of the thermal behavior of
the BMS slave unit. In this way, the energy dissipated Wh∗ during the
warming transient considering the Nscell can be calculated by means
of time integration. Then, the research of an optimal combination
of Ncell starts, which allows for dissipating an amount of energy Wh
greater than Wh∗ during t∗. In detail, a combination of two possible
configuration of Ncell is considered during t∗. Therefore, starting with
the initial configuration of Ncell, the following system of equations
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Figure 5.8: Example of the possible combinations considering θmax = 35◦C
and θmin = 30◦C compared to the single state configuration (Nscell = 3).

needs to be solved for defining the time step toff for which the second
configuration has to be applied according to the selected combination:{

θ1 = (θmin − θ∞1)e
(−

toff
τ

) + θ∞1

θmax = (θ1 − θ∞2)e
(−

t*−toff
τ

) + θ∞2

(5.3)

where θ∞1 and θ∞2 represent the maximum overtemperature reached
by the power boards without any control of the temperature when the
first and the second configuration of Ncell are applied, respectively; θ1
is the overtemperature reached by the power boards at the end of the
time interval for which the first configuration is applied.
Figure 5.8 shows the possible combinations of Ncell considering θmax =
35◦C and θmin = 30◦C. In this case, the optimization is performed con-
sidering the Nscell = 3 for the single state configuration. As possible
to notice, the toff is correctly defined in all the possible combinations.
Furthermore, only the combinations of Ncell that allows for meeting
the requirements in terms of θmax and t∗ can be taken into account.
It is important to highlight that the proposed adaptive algorithm per-
forms the optimization strategy during each cooling transient of the
power boards due to the needed of measuring the cell voltages when
the passive balancing is disabled. In this way, an effective and more
accurate equalization of the cells can be achieved. In addition, a sin-
gle state configuration with the Nscell is performed by the proposed
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∆V (mV)
Ncell

#1 #2 #3 #4 #5

200 26.4 h 24.4 h 24.5 h 24.7 h 24.7 h
300 40.7 h 36.2 h 36.4 h 37.1 h 37.1 h
400 51.1 h 44.4 h 45.1 h 45.6 h 45.6 h
500 99.8 h 81.8 h 82.2 h 83.8 h 84.0 h

Table 5.3: Average equalization time for different operating conditions in
terms of ∆V and Ncell; 20 random distributions for the SoC of the cells are
considered for each operating condition.

adaptive algorithm when there are not possibilities of maximizing the
energy dissipated in t∗.

5.1.6 Numerical Results

The overall architecture of the BMS for the battery pack of the
50HP electric kart and the related control algorithm have been imple-
mented in Simulink-MATLAB© with the aim of validating the pro-
posed thermal management optimization. Firstly, the numerical anal-
ysis has been mainly focused on the identification of the Nscell that
allows minimizing the equalization time of the single module. Then,
this analysis has been extended to the overall battery pack and the
optimized control algorithm.
Starting from the initial approach, different operating conditions have
been considered in terms of maximum voltage imbalance between the
most and the least charged cells (∆V ). Moreover, for each ∆V se-
lected, different distributions for the SoC of the cells have been consid-
ered. In detail, 20 different random distributions of the SoC have been
selected and table 5.3 reports the average equalization time achieved
for ∆V ranging from 200 mV to 500 mV when θmax = 35◦C and θmin
= 30◦C are adopted. As result, Nscell = 2 allows for carrying out the
minimum equalization at the module-level in all the operating condi-
tions. Generally, high equalization times (hours) can be observed in
each condition due to the low balancing current of the passive equal-
izer compared to the high capacity of the cells used for the battery
pack of the 50HP electric kart. However, higher balancing currents
are not advisable since they cause severe thermal management issues
related to the heat dissipations.
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Figure 5.9: (a) Variability of the Nscell achieved with the single state con-
figuration and (b) average equalization time achieved with Nscell = 3 by
considering different values of ∆V and θmax.

Numerical analyses have been also performed with the aim of evaluat-
ing the Nscell at a pack-level as well as validating the proposed control
algorithm for the thermal management optimization. In this case, the
Nscell corresponds to the optimal value of the maximum number of
cells in balance at the same time for all the BMS slave units that al-
lows for minimizing the equalization time of the overall battery pack.
Likewise for the previous results, different operating conditions have
been considered in terms of ∆V and θmax, while random distributions
have been selected for the SoC of the cells. In detail, the same ∆V
range has been adopted, from 200mV to 500mV, whereas θmax varies
from 20◦C up to 65◦C.

Figure 5.9(a) shows the variability of the Nscell achieved with the
single state configuration when different values of ∆V and θmax are
adopted. As possible to notice, the results for ∆V ≥ 400mV are very
similar to those for ∆V < 400mV . The only difference is referred to
θmax = 35◦C, where Nscell is equal to 1 or 3 depending on the ∆V
value. This is mainly due to the thermal behavior of the BMS slave
unit. Indeed, the maximum overtemperature of 32◦C is reached by
the power boards when Ncell = 1, thus there are not cooling transients
for θmax = 35◦C. This results convenient for ∆V < 400mV , while a
lower equalization time is achieved for larger ∆V .

However, considering θmax higher than 35◦C, Nscell = 3 represents the
best solution for minimizing the equalization time in all the operat-
ing conditions. Hence, according to the results reported in table 5.3,
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Figure 5.10: (a) Comparison between the warming and the cooling tran-
sients of both the single state configuration withNscell = 3 and the adaptive
algorithm; (b) percentage reduction of the average equalization time thanks
to the adaptive algorithm.

different Nscell are required for minimizing the equalization time at
a module-level or a pack-level. Detailed results of the average equal-
ization time achieved with Nscell = 3 by considering different ranges
of θmax and ∆V are shown in figure 5.9(b). In this case, ten random
distributions have been selected for the SoC of all the 24 cells. It re-
sults that higher θmax allows for reducing the equalization time, but
the contribute to the reduction lowers as θmax increases. Indeed, as
example, the reduction of the equalization time that occurs between
20◦C and 25◦C is higher than that between 60◦C and 65◦C.

The performance of the single state configuration has been compared
with the one of the proposed adaptive algorithm as well. Figure 5.10(a)
shows a comparison between the warming and the cooling transients
of both the single state configuration with Nscell = 3 and the adaptive
algorithm. In detail, θmax = 40◦C and θmin = 35◦C have been adopted,
whereas a 5-2 combination of Ncell has been selected by the proposed
adaptive algorithm, as it is possible to notice from the different slopes
of the red line.

Numerical analysis has been carried out with the aim of evaluating the
improvement in terms of equalization time achievable thanks to the
proposed adaptive algorithm. In detail, all the operating conditions
considered for the research of the Nscell have been implemented in
order to compare the results. The proposed adaptive algorithm allows
for achieving a percentage reduction from 2% up to 3.5%, as illustrated
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in figure 5.10(b). It is important to highlight that the optimization
cannot be performed when the Nscell = 1 since there are not possible
configurations to solve the system of equations 5.3. Hence, the positive
effects regarding the reduction of the equalization time can be achieved
only for θmax higher than 35◦C.

5.1.7 Experimental Results

The modular architecture proposed for the passive BMS has been
designed and experimentally implemented in order to its performance
as well as validate the numerical results. Firstly, experimental tests
have been carried out with the aim of verifying if the Nscell = 2 rep-
resents the best configuration for minimizing the equalization time at
a module-level. The test conditions include ∆V = 400mV, θmax =
40◦C and θmin = 35◦C. In particular, the SoC of the cells has been
distributed in order to achieve the following initial condition for the
voltages: 

V1 = 4.020V

V2 = 3.949V

V3 = 3.913V

V4 = 3.739V

V5 = 3.685V

V6 = 3.620V

(5.4)

Figure 5.11(a) shows the equalization time achieved considering dif-
ferent Ncell. As possible to notice, Ncell = 2 is the configuration that
allows for minimizing the equalization time, confirming the numerical
results. Then, the overall BMS architecture proposed has been set up
and properly connected with the battery pack of the 50HP electric
kart, as illustrated in figure 5.11(b). Therefore, only one BMS master
and four passive equalizer prototypes (BMS slave units), one for each
module of the battery pack, have been adopted. The BMS master is
based on a dsPIC30F4011 Microchip© microcontroller, which allows
for communicating with all the BMS slave units as well as perform-
ing the proposed balancing algorithm. On the other hand, the four
KOKAM modules are interfaced to the BMS slave units, which are
connected by daisy-chain to the BMS master.
The results achieved from both numerical and experimental analyses
have been used for testing the performance of the passive balancing
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Figure 5.11: (a) Equalization time achieved for ∆V equal to 400 mV con-
sidering different Ncell; (b) experimental set-up of the overall BMS archi-
tecture for the battery pack of the 50HP electric kart.

and the correct functionality of the overall BMS architecture. Figure
5.12 shows the equalization process for each module by performing
the balancing algorithm with Ncell = 2. All the cells with a voltage
higher than the minimum one (located in the module 3) need to be dis-
charged. However, since Ncell = 2 is set, only two cell can be balanced
at the same time for each module. Hence, when more cells reach the
same voltage level, the passive balancing is performed alternatively
among these cells in order to meet the Ncell constraint. The results
highlight the correct functionality of the passive balancing, validating
the proposed control algorithm.
The overall BMS architecture has been integrated in the battery pack
of the 50HP electric kart as well. Indeed, according to the design
discussed in section 5.1.1 and shown in figure 5.1, the battery pack
has been assembled and the passive equalizers have been integrated
inside the aluminum cases. Figure 5.13(a) reports one half of the
overall battery pack, while the 50HP electric kart is depicted in figure
5.13(b). As possible to notice, a specific design of the passive equalizer
has been required due to the high space constraints.

5.2 Prototype of Novel Active Equalizer

The novel active equalizer illustrated in section 4.5.1 has been de-
signed and implemented in order to validate its functionality. It is
based on a Multiple Active Bridge (MAB), in which every cell is con-
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Figure 5.12: Terminal voltages of all the cells that compose the battery
pack, divided in the four modules.

nected to a medium-frequency multi-winding transformer (MWT) by
means of a H-bridge converter. While traditional equalization circuits
based on MWT perform cell-to-pack or pack-to-cell energy transfer
techniques, the proposed active equalizer has the innovative charac-
teristic of allowing cells-to-cells equalization. The energy transfer is
automatically achieved depending on the voltage imbalance among
the cells. Two prototypes have been developed. In particular, the
first one has been designed for four series-connected cells with the aim
of demonstrating the effectiveness and the potentiality of the proposed
solution. On the other hand, the second prototype has been designed
for six series-connected cells. Different improvements have been in-
cluded in order to reduce both size and hardware complexity. In this
way, it has been properly compared with the prototype of the passive
equalizer developed.
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Figure 5.13: (a) One half of the overall battery pack in which the BMS
master and two BMS slave units are integrated; (b) 50HP electric kart.

5.2.1 First Prototype

The first prototype, shown in figure 5.14 has been designed for four
series-connected cells. The H-bridge converters are based on Infineon
MOSFET IRLB8721PBF1 with bootstrap driver IR2104STRPBF. For
each PWM signal, the isolation between the control unit and each H-
bridge converter has been achieved by an optocoupler (HCPL-3120).
The Wurth Elektronik 749196547 MWT has been selected and oper-
ated at 80 kHz. More details related to the parameters of components
adopted are reported in table 5.4.
The battery pack used is composed by a string of four LG 18650HG2
cylindrical cells. Through hole MOSFETs have been considered, dis-
tributed on the board in order to enable the possibility to adopt
heatsinks is needed. Indeed, all the components selected for the pro-
posed first prototype have the ability to achieve high balancing cur-
rents, even greater than 1A, as for the prototype of the passive equal-
izer. Therefore, the overall power losses of the equalization circuit may
not be negligible. Furthermore, it is important to highlight that on
the market there is a lack of suitable MWTs for the proposed equal-
ization circuit. This leads to the adoption of MWTs that are not op-
timized for achieving high performance, as reported by the following
numerical analysis. Indeed, according to the performance parame-
ters defined in section 4.5 for the design strategy of transformer-based

213



Prototyping of Equalization Circuits

Figure 5.14: First prototype for the proposed active equalizer.

equalization circuit, it results α = 0.445 and γ = 0.987 by considering
VB,max = 4.2V , VB,min = 3.8V , frequency = 80kHz, h = 1, .., 11,
n = 4 and the parameters reported in table 5.4.
These results confirm the low performance of the commercially avail-
able MWTs. Therefore, a proper design procedure is required for max-
imizing the performance of the proposed equalization circuit. How-
ever, the commercially available MWT is here used to provide a vali-
dation of the proposed equalization circuit and control technique.
Numerical and experimental tests have been carried for confirming the
effectiveness and the potentiality of the proposed solution as well as
demonstrating the ability of performing cells-to-cells energy transfer
technique.

5.2.1.1 Numerical Results

The proposed equalization circuit and related control strategy have
been implemented in MATLAB© using Simulink-Simscape. Accurate
models of the cells, MWT and H-bridge converters have been cali-
brated and implemented in the simulation environment, including de-
tailed models of the power losses of the components. A first-order
ECM of the cell has been calibrated by means of experimental data at
different charging and discharging C-rates, while datasheet parame-
ters have been considered for the MWT as well as the conduction and
switching losses of the power switches.
The performance of the proposed active equalizer has been evaluated
in idle state by considering an initial ∆V among the cells equal to 100
mV. Figure 5.15 shows the results of the numerical analysis.
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Figure 5.15: Numerical results for the proposed active equalizer.
(a) Terminal voltages and (b) powers of the cells during the equalization
process; (c) winding voltages and (d) currents for the MWT; (e) overall
efficiency and (f) power losses expressed in percentage of PT during the
equalization process.
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Parameter Value

Battery cell LG 18650HG2
Nominal Capacity 3 Ah
Energy Density 235 Wh/kg
Nominal Voltage 3.6 V
Cut-Off Voltage 2 V
Nominal Charging Current 1.5 A (@0.5C)
Maximum Charging Current 4 A (@1.3C)
Maximum Discharging Current 20 A (@6.6C)

Infineon MOSFET IRLB8721PBF1
Drain-to-source on resistance 8.7 mΩ
Switching frequency 80 kHz
Rise time 93 ns
Fall time 17 ns

Multi-winding transformer
Inductance base 3.4 µH
Rated current base 2.3 A
Saturation current base 3.93 A
DC resistance base 36 mΩ
Leakage inductance base 0.18 µH

Filter Inductance (Lf ) 33 µH
Filter Capacitance (Cf ) 340 µF

Table 5.4: Parameters of the main components adopted for the proposed
transformer-based active equalizer.

In particular, figures 5.15(a) and (b) report the cell terminal voltages
and powers during the equalization process of the battery pack, re-
spectively. The initial SoC distribution for the cells has been set as
follows: 

SoC1 = 87.6%

SoC2 = 46.0%

SoC3 = 44.0%

SoC4 = 30.0%

(5.5)

In this case, the most charged cell provides energy to the other cells.
Moreover, different balancing contributes can be observed depend-
ing on the voltage imbalance among the cells. As result, all the cell
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voltages are within a desired voltage band (Vband) at the end of the
equalization process.
Figures 5.15(c) and (d) show the the voltage and current waveforms
of the MWT during the modulation period (equal to 12.5µs), respec-
tively. The winding voltages are in phase, while the phases of the
winding current are related to the sign of the balancing current. In-
deed, current and voltage are in phase only for the winding corre-
sponding to the highest cell voltage since it is providing energy to the
other cells.
The overall efficiency of the proposed equalization circuit has been
also evaluated, as illustrated in figure 5.15(e). In particular, the MWT
power losses (Ptr), the switching (Psw) and conduction (Pon) losses of
H-bridge converters have been taken into account. The equalization
efficiency depends on the power processed by balancing circuit and
it is higher than 87.2% with a peak equal to 88.9%. In addition,
figure 5.15(f) reports the percentage impact of each contribute to the
power losses with respect to the total power losses PT . As result, the
major contribute to PT is related to the MWT power losses, while Pon
decrease as the voltage imbalance among the cells lowers.

5.2.1.2 Experimental Results

To evaluate the performance of the proposed equalization circuit
and the related control strategy, two case scenarios have been con-
sidered and experimentally implemented in idle state. The first case
scenario is similar to the SoC distribution adopted for the numerical
analysis. Cell 1 has the higher SoC, whereas cells 2, 3, and 4 have a
lower SoC. Therefore, likewise of the numerical results, only the most
charged cell transfers energy to the other ones. Figures 5.16(a) and (b)
show the voltage and current of all the cells during the equalization
process, validating the numerical results.
In this conditions, the overall efficiency has been calculated as well by
considering the values of cell voltages {VB,1 = 4.015V , VB,2 = 3.719V ,
VB,3 = 3.689V , VB,4 = 3.629V } and currents {IB,1 = 1.058A, IB,2 =
−0.2414A, IB,3 = −0.3065A, IB,4 = −0.4482A}. The calculated effi-
ciency for this operating point, equal to 86%, is in line with the results
achieved from the numerical analysis.
In the second case scenario, the SoC distribution of the cells has been
operated with the aim of achieving two cells with higher SoC and
two with lower SoC, as illustrated in figure 5.16(c) and (d). In this
case, cell 1 and 2 transfer energy to the other cells and the amplitudes
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Figure 5.16: Experimental results for the proposed active equalizer. Ter-
minal voltages and currents of the cells during the equalization process
considering (a,b) the first and (c,d) the second case scenarios.

of the balancing currents depend on the voltage imbalance among
the cells. Hence, the experimental results confirm the validity of the
proposed active equalization circuit, which allows for simultaneously
transferring energy among the cells.

5.2.2 Second Prototype

The first prototype has been improved in order to be properly
compared the proposed equalization circuit with the prototype of the
passive equalizer developed. Therefore, a second prototype has been
designed for six series-connected cells, shown in figure 5.17, with the
aim of reducing both size and hardware complexity.
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Figure 5.17: Second prototype for the proposed active equalizer.

All components have been selected for potentially achieving high bal-
ancing currents, even greater than 1A, which corresponds to the max-
imum value considered for the design of the passive equalizer.

Dual N-Channel OptiMOSTM MOSFETs by Infineon© (BSC0911ND
model) have been adopted for the H-Bridge converters due to their
small packages. Their advantages also include low drain-source on-
state resistances and low rise/fall times, which allow for achieving low
conduction and switching losses, respectively. The control strategy
is simple, it is based on a phase-shift modulation technique in which
just one common PWM signal at a constant frequency of 80 kHz and
duty cycle equal to 50% is adopted. In particular, a fixed phase shift
equal to π is implemented between two legs of each H-bridge con-
verter. This PWM signal is provided by a microcontroller to power
drivers by Microchip© (TC4427ACOA model) and pulse transform-
ers by Murata Power Solutions© (78602/2JC-R model), which ensure
an optimal isolation between the control unit and each H-bridge con-
verter. The MWT represents the crucial component in the design of
this active equalizer. Indeed, as discussed in section 4.5, the trans-
former parameters, such as leakage and magnetization inductances as
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well as the winding resistances, strongly affect the performance of the
equalization circuit in terms of balancing currents and power losses.
Likewise for the first prototype, the MWT by Wurth Elektronik©

(749196547 model) has been selected.

The cell voltages are accurately acquired by means of the bq76PL455A-
Q1 BMS ICs by Texas Instruments©, whereas bidirectional current
sensors by Allegro Microsystems©(ACS722LLCTR-05AB-T model)
are used for measuring the balancing currents that flows from the most
charged cells to the least charged ones. In addition, a temperature
sensor close to the MWT is included for evaluating any overheating.

It is important to highlight that, unlike the passive equalizer, a mi-
crocontroller and a charge/discharge enabling circuit are integrated
in the improved prototype of the proposed active equalizer. This cir-
cuit is needed for disconnecting the battery pack from the charger or
load in case of faults, such as overvoltage, undervoltage, overcurrent
or overtemperature.

5.3 Performance Analysis

Currently, as discussed in section 3.3, different architectures for
the equalization circuits have been illustrated in literature. However,
since the requirements depend on the field of application, it becomes
very difficult to identify the optimal solution for an equalizer circuit as
well as to define performance parameters for correctly comparing the
different architectures. So far, the comparison has been operated by
describing advantages and disadvantages of the equalization circuits
without providing qualitative or quantitative analyses that can fully
highlight the effectiveness of the different solutions.

In this section, a quantitative analysis for comparing the prototypes
developed for the passive and the novel active equalizers is presented.
Both architectures have been designed for a battery pack composed
by six series-connected cells.

The comparison has been performed in terms of equalization speed,
power losses, complexity of both hardware and software implemen-
tation, size and cost. The different functionalities of the equalization
process in both passive BMS (P-BMS) and active BMS (A-BMS) have
been verified in charging, discharging and idle state. Numerical and
experimental analyses have been carried out to validate the perfor-
mance of each equalization circuit.
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5.3.1 Comparison

The hardware complexity of both architectures has been evaluated
in terms of size (area), cost and number of components, as reported in
table 5.5. These parameters are defined for the A-BMS in percentage
with respect to those obtained for the P-BMS. Furthermore, since the
microcontroller and the charge/discharge enabling circuits are only
integrated in the A-BMS, their features have been evaluated separately
and included in the overall results for the P-BMS. In this way, a proper
comparison between the prototypes adopted can be achieved.

Parameter Value

Cost +87%
Size +60%

# Components +50%

Table 5.5: Comparison parameters for A-BMS with respect to P-BMS.

The A-BMS results to be more expensive and larger than the P-BMS.
Moreover, a higher number of components needs to be considered as
well. It is important to highlight that this comparative analysis does
not take into account the possibility to adopt a heatsink for compen-
sating the high heat dissipation due to the high balancing currents in
the P-BMS.
For what concerns the control complexity, the A-BMS allows for man-
aging all the H-Bridge converters by means of just a single common
PWM signal, leading to an easier control algorithm despite the hard-
ware complexity. On the contrary, six control signals are required in
the P-BMS, one for each cell that composes the battery pack.
From a fault tolerance point of view, fault conditions on switches result
in different issues for the P-BMS or the A-BMS. In particular, since
switches and power resistors are connected in parallel with every cell
in the P-BMS, a fail closed switch leads to an overdischarge of the
corresponding cell. This overdischarge may be accelerated because of
the high balancing current for which the P-BMS has been designed.
On the other hand, a short circuit can potentially occur in the A-
BMS in case of the simultaneous closing of both switches in a H-
Bridge converter leg. Nevertheless, a short circuit can be interrupted
by adopting a fuse, whereas it is more complicated to reduce the risk
related to the switch failure in the P-BMS. An additional switch can
be considered for the P-BMS to increase fault tolerance.
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5.3.2 Numerical Results

All components of both P-BMS and A-BMS have been modeled
and implemented in Matlab© using Simulink-Simscape. Accurate
models for the cells, the MWT and the H-Bridge converters have been
adopted. The battery pack is composed by six 3-Ah cylindrical cells
(model SONY VTC6) in series connection. A zero-order model has
been calibrated by means of experimental tests considering different
C-rate, current direction, SoC and temperature. The models of MWT
and power switches have been implemented taking into account the
datasheet parameters, including either the conduction or the switching
power losses for the H-Bridge converters. The balancing strategy in
different operating modes for each BMS architecture has been devel-
oped and implemented, as reported in figure 5.18. Firstly, the control
parameters are set, which include the maximum/minimum cell volt-
age thresholds (Vth,up,Vth,down), the initial SoC of the cells as well as
all the design parameters of both P-BMS and A-BMS for executing
the numerical tests. Then, the operating mode is defined, including
charging, discharging and idle state.
In idle state, after measuring all cell voltages, the voltage imbalance
between the most charged cell (Vmax) and the least charged one (Vmin)
is evaluated. If this difference is higher than a desired voltage band
(∆Vband), the equalization process is performed. In detail, different
balancing strategies are operated in idle state for the P-BMS and the
A-BMS, as illustrated in figures 5.18(a) and 5.18(b). In the former,
all the cells with a voltage value Vk greater than Vmin + ∆Vband are
discharged on their parallel resistor until they reach the desired ∆Vband.
Hence, one control signal is needed for each cell. On the other hand,
the equalization process of the A-BMS is activated for all the cells if
only one cell is outside the desired ∆Vband.
In discharging, no equalization action is activated for the P-BMS,
since the discharge process will be limited by the least charged cell.
The activation of the A-BMS in this operating condition allows for
transferring energy from cells-to-cells with the aim of extending the
discharge process until reaching Vth,down.
In charging, either the passive or the active balancing can be enabled
in order to maximize the stored energy in the battery pack. Then, as
soon as one cell voltage reaches Vth,up, the charging is disabled and the
balancing process is stopped.
The numerical results shown in figure 5.19 demonstrate the effective-
ness of the A-BMS and P-BMS in different operating modes. Different
voltage imbalance (∆V ) among the cells have been taken into account

222



5.3 Performance Analysis

(a)

(b)

Figure 5.18: Balancing strategy in different operating modes for the P-BMS
(a) and A-BMS (b).
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as initial condition. In detail, the initial SoC of the most charged cell
(SoCinit) has been set equal to 100% for the idle state/discharging and
40% for charging. Therefore, a linear distribution of the initial SoC of
the cells has been adopted on the basis of SoCinit and ∆V .

For what concerns the comparison between the P-BMS and the A-
BMS in idle state, teq (figure 5.19(a)) represents the time interval
needed for equalizing the voltages of the cells within a desired ∆Vband
equal to 30mV, whereas Ebal (figure 5.19(b)) represents the amount
of energy involved in both BMS architectures during the equalization
process. In particular, Ebal is equal to the energy dissipated on the
balancing resistors for the P-BMS and the energy transferred between
the most charged cells and the least charged ones depurated of the
energy dissipated for the A-BMS.

In discharging, tdisch (figure 5.19(c)) and Eprov (figure 5.19(d)) are the
time interval for which the battery pack is able to provide energy and
the amount of energy provided in tdisch, respectively. It is important
to highlight that the balancing action is performed in discharging only
for the A-BMS, thus the results for the P-BMS represent the discharge
of the battery pack without any balancing.

Similar comparison parameters have been considered for the charging,
including the time interval tch (figure 5.19(e)) in which the charging
is enabled and the energy Echarger (figure 5.19(f)) provided by the
charger in tch. The difference between the performance of the A-BMS
with respect to the P-BMS is reported in figure 5.19 as percentage.

From the numerical analysis, it results that the P-BMS allows achiev-
ing high equalization speed, especially for ∆V lower than 150mV. This
is related to the possibility to perform the equalization process in the
P-BMS with greater balancing currents. Indeed, high balancing cur-
rents can be obtained in the A-BMS only for larger ∆V , whereas very
low variations in the balancing current occur for the P-BMS. Neverthe-
less, a considerable reduction of the Ebal can be achieved by adopting
the A-BMS. This means that a lower amount of energy needs to be
transferred among the cells with respect to the energy that needs to be
dissipated in the P-BMS for bringing all cell voltages within the same
desired ∆Vband. In addition, better performance can be obtained from
the A-BMS either in charging or in discharging. In detail, more energy
can be provided in discharging by the battery pack. Furthermore, the
improvement in Eprov increases for higher ∆V . In charging, unless the
results for ∆V equal to 50mV for which the A-BMS cannot exhibit
its best performance, lower tch is achieved and a smaller amount of
energy is required.
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Figure 5.19: Numerical results for the comparison between P-BMS and A-
BMS in the different operating modes. (a) teq and (b) Ebal in idle state;
(c) tdisch and (d) Eprov in discharging; (e) tch and (f) Echarger in charging.

225



Prototyping of Equalization Circuits

Figure 5.20: Experimental results in idle state for the P-BMS (a) and the
A-BMS (b).

5.3.3 Experimental Results

The experimental setup for both the P-BMS and the A-BMS have
been carried out with the aim of validating the numerical results and
the functionality of these two architectures in idle state. ∆V equal
to 350mV and SoCinit equal to 100% have been considered for the
experimental tests. The results are reported in figure 5.20. Likewise
of the numerical analysis, the equalization process has been stopped
when all cell voltages were in a ∆Vband equal to 30mV.
The experimental results highlight the correct functionality of either
the P-BMS or A-BMS. The equalization times achieved with the P-
BMS and the A-BMS are equal to 73 min and 81 min, respectively.
Moreover, these results are in line with the ones obtained in the nu-
merical analysis. Indeed, the differences in teq between the results
achieved for the P-BMS and the A-BMS with respect to the numeri-
cal results are equal to +1% and +4%, respectively. In addition, the
differences between the teq achieved with the P-BMS and the A-BMS
in the same operating conditions are equal to 5% and 11% in the nu-
merical and experimental results, respectively. This fully confirms the
validity of the numerical analysis and the goodness of the comparison
between the prototypes developed.
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Conclusions

In this dissertation, design methodologies for passive and active
equalization circuits that take into account for relevant aspects of both
battery pack and power electronics components have been presented.
This also includes the development of the model equations that de-
scribe the behavior of each equalization circuit selected, including de-
tailed efficiency models as well. In particular, design strategies have
been proposed for four BMS architectures, one for each main equal-
ization type, including passive, capacitor-based, inductor-based and
transformed-based solutions. Moreover, a novel architecture for an ac-
tive equalization circuit has been developed for the transformer-based
equalizer, which allows for achieving a cells-to-cells energy transfer.
Real operating conditions of both individual cells and the overall bat-
tery pack have been considered in terms of cell technology, tempera-
ture, model calibration and voltage imbalances among the cells. Like-
wise, real behavior of the components used for the specific equalization
circuit and their parameter variations have be taken into account.
A sensitivity analysis for each BMS architecture considered has been
carried out for evaluating the impact of both the operating conditions
and the parameter variations on the performance in terms of mean
balancing current and equalization time.
Then, real prototypes have been sized and implemented. In detail, a
modular architecture for the passive equalizer of a 50HP electric kart
and the novel active equalizer have been prototyped with the aim of
validating their performance in real-world environments. Moreover, a
detailed comparison between the prototypes developed has been car-
ried out in order to highlight their main features in different operating
conditions, including charging, discharging and idle state. Both nu-
merical and experimental results confirm the validity of the models
adopted and the goodness of the prototypes developed.
In conclusion, depending on the specific application, the research ac-
tivity presented in this dissertation has provided an overall knowledge
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that allows for correctly defining the main aspects related to the im-
plementation of a lithium-ion battery pack, including the selection of
the appropriate cell technology and pack architecture, the evaluation
of hazard conditions for the battery pack as well as the design and
prototyping of the BMS.
Future improvements and developments of the research activity pre-
sented in this dissertation will regard both academic and industrial
aspects. In particular, according to the design methodologies illus-
trated, optimized equalization circuits can be prototyped and adopted
in real-world applications. This will also enable the possibility to prop-
erly compare the different BMS architectures and thus select the one
that allows for ensuring the desired performance in terms of cost, size,
number of components, efficiency and balancing current.
On the other hand, from an academic point of view, additional BMS
architectures can be investigated for extending the analysis proposed
in this dissertation as well as designing novel equalization circuits with
a systematic approach. Moreover, the sensitivity analysis presented
can be considered for developing proper control strategies with the
aim of maximizing the performance of the specific equalization circuit
in different operating conditions.
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