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Abstract
This thesis explores the concept of Power Electronics Enhanced Battery Packs
(PEEBPs) where each cell (or small groups of cells) is connected to an individual
converter and can be bypassed without interrupting operation of the system. The control
flexibility provided can enhance system reliability by enabling failed cells to be bypassed
online and improve balancing performance by controlling the duty cycle of each cell
according to their respective capacity. However, the increased amount of power
electronics compared to conventional system designs can potentially increase cost and
power losses, while introducing additional control challenges especially for large-scale
systems including thousands of cells.
This thesis introduces a linear programming framework for evaluating the balancing
performance of PEEBPs that perform duty cycle balancing, compared to energy
redistribution active balancing circuits. The numerical results demonstrate the superior
balancing performance of PEEBPs, especially when using cells with extreme capacity
variations. In order to compare battery energy storage system (BESS) designs with
different levels of integration of power electronics in the battery pack, a design
methodology is proposed that takes into account power losses, reliability and cost. This
methodology is used to compare three competing system designs for a 1 MW/ 1 MWh
BESS connected at 11 kV. The results of this case study indicate more than an order of
magnitude improvement in reliability when using a PEEBP (when the failure rate of the
cells is similar to that of the power electronic switches), with a relatively small increase in
power losses (~2% lower efficiency for the deeply modular PEEBP considered in this
study).
Regarding the implementation of a PEEBP, the Cascaded H-Bridge multilevel
converter (CHB) is identified as an attractive candidate due to its modular design and the
ability to perform direct DC-to-AC conversion. This work presents a theoretical analysis
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of the operation of the CHB in a BESS application and proposes a method to achieve
relative state-of-charge (RSoC) estimation by making pseudo open-circuit voltage
(POCV) measurements. In order to address control complexity of large scale systems a
hierarchical balancing control algorithm is proposed. In this case the system is organised
in conceptual hierarchical layers and each layer is equipped with a local controller. The
developed algorithm can achieve global cell balancing by balancing the objects of the
intermediate layers of the system with limited information exchange between the local
controllers. This hierarchical balancing algorithm is experimentally validated using a
CHB-BESS comprising 144 lithium titanate cells.
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Nomenclature
Abbreviations
AC

alternating current

A-C2C

adjacent cell-to-cell balancing

ADC

analog-to-digital converter

(A)NPC

(active) neutral-point clamped converter

BESS

battery energy storage system

BMS

battery management system

C2P

cell-to-pack balancing

CHB

cascaded H-bridge multilevel converter

DAB

dual active bridge converter

DC

direct current

DCB

duty cycle balancing

D-C2C

direct cell-to-cell balancing

DG

distributed generation

EIS

electrochemical impedance spectroscopy

ERB

energy redistribution balancing

ES

energy storage

ESS

energy storage system

FC

flying-capacitor converter

FPGA

field-programmable gate array

IBP

intelligent battery pack

IGBT

insulated-gate bipolar transistor

LCO

lithium-ion cells with lithium-cobalt oxide cathode

LFP

lithium-ion cells with lithium-iron-phosphate cathode
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LMO

lithium-ion cells with lithium-manganese oxide cathode

LTO

lithium-ion cells with lithium titanate anode

MMC

modular multilevel converter

MOSFET

metal-oxide-semiconductor field-effect transistor

MTTF

mean time to failure

NCA

lithium-ion cells with lithium-nickel-cobalt-aluminium oxide cathode

NiMH

nickel-metal hydride cells

NMC

lithium-ion cells with lithium-nickel-manganese-cobalt oxide cathode

NLC

nearest-level control modulation scheme

OCV

open-circuit voltage

PB

power block

PCB

printed circuit board

PEEBP

power electronics enhanced battery pack

PLL

phase-locked loop

POCV

pseudo open-circuit voltage

PWM

pulse width modulation

RC

resistor-capacitor

RES

renewable energy sources

RSoC

relative state-of-charge

SHE

selective harmonic elimination modulation scheme

SoC

state-of-charge

SoH

state-of-health

SPM

single particle model

STATCOM

static synchronous compensator

SVM

space vector modulation scheme

VHDL

very high speed integrated circuit hardware description language

Roman symbols
𝑎𝑖

turn-on switching angle of element at position 𝑖 [rad]

𝑏

coefficient that determines the ‘size’ of the balancing circuit

cos𝜃

power factor of BESS

𝑑0

idle state duration [s]

𝑓

grid frequency [Hz]
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𝑓SW

switching frequency of two-level converter [Hz]

𝐼

current of battery pack comprising series connected cells [A]

𝐼max

maximum cell current [A]

𝐼min

minimum cell current [A]

𝐼𝑖

average current of cell 𝑖 [A]

𝐼𝑖b

balancing current of cell 𝑖 [A]

p

𝐼𝑗

average current of the cell(s) placed in position 𝑗 [A]

𝐼pb

balancing current that is returned from the balancing circuit to the pack [A]

𝐼rms

RMS value of BESS output current [A]

𝐼C

lithium ion cell DC current [A]

𝐼rms(i)

RMS current in the CHB-BESS of the 𝑖 th lithium ion cell [A]

𝐾P

proportional gain

𝑘on

turn-on switching loss constant calculated using the datasheet information [W/(A
Hz)]

𝑘off

turn-off switching loss constant calculated using the datasheet information [W/(A
Hz)]

L

vector of cell position in the priority list, where cells are sorted according to their
relative state-of-charge

𝑀

modulation ratio of two-level converter

𝑁a

number of cells that should always be active throughout the operation of the pack
to ensure the output voltage is maintained at a constant level

𝑁C

total number of cells in a BESS

𝑁M

total number of battery modules in a BESS

𝑁P , 𝑁S

number of parallel and series modules in a IBP-BESS

𝑁PB

number of power blocks in a PB-BESS

𝑁SS

number of series connected IGBTS in an arm of the centralized converter of the
IBP-BESS

𝑁HB

number of H-Bridge converter modules in each phase of the CHB-BESS

𝑁o

number of additional cells for over-provision in the PB-BESS

𝑁e

number of elements within a module

𝑁m

number of modules within a bank
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𝑁b

number of banks in the CHB

𝑛𝑖

useable (or accessible) fraction of the capacity of cell 𝑖

𝑛C

number of cells within a module

𝑛P

number of parallel strings in a PB-BESS

𝑛S

number of series modules in a PB-BESS

𝑃CN , 𝑃SW conduction and switching losses of semiconductors [W]
𝑃BP

battery pack losses of the BESS [W]

𝑃bal

balancing losses of the BESS [W]

𝑃C

lithium ion cell power losses due to internal resistance [W]

𝑃𝑖 (𝑡)

probability of the system being in state 𝑖 at time 𝑡

𝑄𝑖

capacity of cell 𝑖 [Ah]

𝑄n

nominal cell capacity [Ah]

𝑄u∗

maximum useable capacity as produced from the solution of the linear
programming problem [Ah]

𝑄u

useable capacity achieved experimentally [Ah]

𝑄𝑖v

virtual capacity of cell 𝑖 [Ah]

𝑄M

nominal battery module capacity [Ah]

𝑄min

= 0.95𝑄M . Minimum module capacity [Ah]

𝑸𝐛

vector of bank layer capacities

𝑸𝒊𝐦

vector of module layer capacities for bank 𝑖

𝒊𝒋

𝑸𝐞

vector of element layer capacities for module 𝑗 of bank 𝑖

𝑟

=

𝑟v

voltage redundancy ratio

𝑟e

energy redundancy ratio

𝑅Q

on-state resistance of an IGBT [Ω]

𝑅D

on-state resistance of a Diode [Ω]

𝑅F

on-state resistance of a MOSFET [Ω]

𝑅C

internal resistance of a lithium ion cell [Ω]

𝑅𝑖L

resistance of RC branch of cell 𝑖 associated with long time-constant transient

𝑁−𝑁a
𝑁

. Cell redundancy ratio

phenomena [Ω]
𝑆𝑜𝐶𝑖

state-of-charge of cell 𝑖 [%]
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𝑆𝑜𝐶𝑖0

initial state-of-charge of cell 𝑖 [%]

𝑆𝑜𝐶𝑖T

state-of-charge of cell 𝑖 at the end of operation [%]

𝑆𝑜𝐶 𝑖𝑗𝑘

state-of-charge of element 𝑘 in module 𝑗 of bank 𝑖 [%]

𝑆𝑜𝐶 𝑖𝑗

average state-of-charge of elements in module 𝑗 of bank 𝑖, 𝑆𝑜𝐶 𝑖𝑗 =

𝑆𝑜𝐶 𝑖

average state-of-charge of modules in bank 𝑖, 𝑆𝑜𝐶 𝑖 =

𝑇

length of operation (the length of one charging or discharging cycle) [h]

𝑇∗

= ∑𝑁 u 𝐼 . Length of operational time as calculated from the solution of the linear

𝑁

e 𝑆𝑜𝐶 𝑖𝑗𝑘
∑𝑘=1

𝑁e

[%]

𝑁

m 𝑆𝑜𝐶 𝑖𝑗
∑𝑗=1

𝑁m

[%]

𝑄∗

𝑖=1 𝑖

programming problem [h]
𝑡𝑖b

balancing time of cell 𝑖 [h]

𝑡𝑖c

‘charging’ balancing time i.e. the time during which cell 𝑖 receives charge [h]

𝑡𝑖d

‘discharging’ balancing time i.e. the time during which charge is extracted from
cell 𝑖 [h]

𝑡𝑖cc

‘charging’ time of cell 𝑖 through circuit 𝑖 i.e. the time during which the balancing
circuit 𝑖 is extracting energy from cell 𝑖 + 1 to cell 𝑖 [h]

𝑡𝑖cd

the ‘discharging’ time of cell 𝑖 through circuit 𝑖, that is the time during which the
balancing circuit 𝑖 is extracting energy from cell 𝑖 to cell 𝑖 + 1 [h]

𝑡𝑖𝑗

total time that cell 𝑖 spends at position 𝑗 [h]

𝑉ref

reference voltage of the CHB-BESS [V]

𝑉CHB

output voltage of CHB converter [V]

𝑉e

voltage of the battery module within each element of the system [V]

𝑉rms

RMS value of (CHB) BESS output voltage [V]

𝑉𝑖OC

open-circuit voltage of cell 𝑖 [V]

𝑉𝑖POC

pseudo pen-circuit voltage of cell 𝑖 [V]

𝑉𝑖

Terminal voltage of cell 𝑖 [V]

𝑉D

on-state voltage drop of an IGBT [V]

𝑉Q

on-state voltage drop of a diode [V]

𝑉M

battery module nominal voltage [V]

𝑉pk

peak AC output voltage of the BESS [V]

𝑉max

battery module maximum voltage [V]
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𝑉C

lithium ion cell nominal voltage [V]

𝑉 𝑖𝑗𝑘

voltage of element 𝑘 in module 𝑗 of bank 𝑖 [V]

𝑖𝑗

𝑉max

𝑖𝑗

𝑁

e
maximum output voltage of elements in module 𝑗 of bank 𝑖, 𝑉max = ∑𝑘=1
𝑉 𝑖𝑗𝑘

[V]
𝑖
𝑉max

𝑖
m
maximum output voltage of modules in bank 𝑖, 𝑉max
= ∑𝑗=1
𝑉max [V]

𝑉max

b
𝑖
maximum output voltage of the system, 𝑉max = ∑𝑖=1
𝑉max
[V]

𝑖𝑗

𝑁

𝑖𝑗

𝑁

𝑉ref

voltage reference for the controller of module 𝑗 of bank 𝑖 [V]

𝑖
𝑉ref

voltage reference for the controller of bank 𝑖 [V]

𝑉m

average module voltage [V]

𝑉b

average bank voltage [V]

𝑉S

voltage step (i.e. the variable used to control balancing priority between layers)
[V]

Greek symbols
𝛥

maximum variation e.g. 𝛥𝑆𝑜𝐶 represents difference between maximum and
minimum bank SoC

𝜂

efficiency of balancing circuit

𝜃

angle of grid voltage [rad]
failure rates [failures/106 h]

𝜆C

of lithium ion cell

𝜆V

of power converter

𝜆A

of capacitor

𝜆X

of transformer

𝜆D

of diode

𝜆Q

of IGBT

𝜆F

of MOSFET

𝜆R

= 𝑛S 𝑛C 𝜆C . Of a string of cells in a PB-BESS

𝜆M

= 𝑛C 𝜆C . Of cell module

𝜆P

= (𝜆M + 𝜆F )𝑁P. Of parallel modules in a IBP-BESS

𝜆W

= 𝜆Q + 𝜆D . Of a switching device

𝜆A

of converter arm in IBP-BESS
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𝜆H

= 4𝜆F . Of an H-Bridge

𝜆Θ

of one phase in a CHB-BESS
𝜋 factors

𝜋T

temperature factor

𝜋A

application factor

𝜋Q

quality factor

𝜋E

environmental factor

𝜋V

voltage stress factor

𝜋CC

contact construction factor

𝜋C

capacitance factor

𝜋R

power rating factor
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Quick reference guide
Chapter 3
Duty cycle balancing architectures (DCB): Circuits that perform cell balancing by
controlling the duty cycle of each cell according to their respective capacities.
DCB-DC: Power electronics enhanced battery packs with a DC output voltage that
perform duty cycle balancing.
DCB-AC: Power electronics enhanced battery packs with an AC output voltage (such as
the Cascaded H-bridge converter based battery pack) that perform duty cycle balancing.
Energy redistribution balancing architectures (ERB): Circuits that perform cell
balancing by redistributing charge between cells in the pack.
D-C2C: Circuits that perform direct cell-to-cell balancing by transferring charge between
any two cells in the battery pack.
A-C2C: Circuits that perform adjacent cell-to-cell balancing by transferring charge only
between neighbouring cells in the battery pack.
C2P: Circuits that perform cell-to-pack balancing by transferring charge between one or
more cells to the whole battery pack.
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Chapter 4
Competing Battery Energy Storage System designs:
PB-BESS: Conventional battery system design where the system is divided in power
blocks of lower power and energy ratings that operate in parallel. Each power block
comprises a battery pack where the cells are connected in parallel and in series in a static
manner coupled to a passive balancing circuit, a centralised two-level DC/AC converter
and a step-up transformer.
IBP-BESS: Battery system with an ‘intelligent battery pack’ i.e. a deeply modular DC
battery pack were MOSFETs are used in series and in parallel with the battery modules,
allowing to bypass failed modules online and perform duty cycle balancing. Due to this
control flexibility a large number of modules can be connected in series to achieve a
higher DC link voltage without the need of a transformer. A centralised two-level
converter is used in this case, where each switch is a series connection of IGBTs.
CHB-BESS: A battery system based on the cascaded H-bridge converter with each
battery module individually controlled by an H-bridge. This system configuration enables
bypassing a single module in case of failure or in order to perform duty cycle balancing.
The DC voltages of the modules can be combined in order to achieve direct DC-to-AC
conversion without the need of a separate centralised converter.
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Chapter 1

Introduction

This thesis explores the concept of integrating power electronics into battery packs in
order to overcome cell-to-cell variations that could otherwise limit the performance of
battery systems. The aim is to present the tools that will evaluate the benefits and
drawbacks of this approach and to address the control challenges in large scale modular
systems. This chapter starts by discussing the role of energy storage systems in future
grids, focusing on systems using lithium-ion batteries. The main characteristics of
lithium-ion cells are presented and the challenges in grid scale systems are identified. The
role of the battery management system is discussed focusing on the functions of state-ofcharge estimation and cell balancing. Finally, the current trends in converter topologies
for battery systems are reviewed and the reader is introduced to the concept of modular
power electronics enhanced battery packs. The objectives and research contributions of
this thesis are presented at the end of this chapter.

1.1

Grid scale energy storage

The electrical grid is constantly evolving, driven by the need to meet increasingly
higher standards in efficiency, reliability, power quality and cost-of-service [1], while
addressing global environmental issues such as climate change, national security concerns
and a growing need to reduce cost and environmental impact by better managing energy
usage [2]. Achieving these objectives will require a shift away from traditional centralised
large-scale generation with a passive distribution grid, to an active network that enables
bi-directional power flow between the distribution and transmission systems and
integrates larger quantities of distributed generation (DG) [3]. Although DG refers to
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various nonconventional technologies that generate electricity, the increased adoption of
sustainable energy policies has propelled the use of renewable energy sources (RES) [4].
Renewable energy is the energy that derives from natural processes (e.g. wind, solar,
biomass, biogas etc.) that do not involve consumption of exhaustible resources such as
uranium or fossil fuels.

The increased penetration of RES can be attributed to their

declining cost, driven by technological advances, economies of scale, market competition
and clear government commitment [5, 6]. The United Kingdom (UK) in particular has
signed up to the European Union renewables energy directive which includes the target of
achieving 15% of its energy consumption from RES by 2020 and a further reduction of
greenhouse gas emission to at least 80% below the 1990 levels by 2050 [7, 8].
An important drawback of RES such as wind and solar, is their intermittent nature and
unpredictable behaviour [9]. The high penetration of this stochastic renewable generation
can potentially lead to a severe degradation of the power system’s operation, creating
problems such as voltage and frequency fluctuations, stability issues and violation of
power line capacity. These problems are especially challenging when RES are connected
to weak power grids with reduced grid inertia due to the increased use of converterinterfaced power generation [10, 11].
Energy storage (ES) technologies can be a key element in facilitating integration of
RES since they decouple the time of generation and consumption [12]. According to [13],
ES can be a major factor in defining the optimal combination of low carbon generation
technologies required to deliver a cost-effective shift to a low carbon energy system, since
the flexibility provided by ES could reduce the integration cost of RES.
Traditionally ES has been used in energy shifting applications, to provide arbitrage by
storing energy at off-peak times when it is cheap and release it at peak demand when the
price is higher [14]. Other energy shifting applications include load levelling and peak
shaving which can help delay investments in infrastructure by presenting flatter loads
with smaller peaks to generators [15]. These services operate at a timescale of up to
several hours. Energy storage is also used to improve grid stability providing ancillary
services such as frequency regulation, voltage control and spinning reserve [16, 17].
These services require that the energy storage system (ESS) is able to respond to small
timescale fluctuations in demand and generation, ranging from seconds to tens of
minutes. ES can also enhance grid power quality by improving harmonic distortion of
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voltages and currents or by providing ‘fault ride through’ capability by temporarily
supplying the load until the standby power generation reaches its operating point [18].
ESSs can be characterised based on their power rating, energy rating and their
operation cycles/lifetime (cycles/year). According to their power ratings ESSs are
categorised as large-scale (GW), medium-scale (MW) or micro-scale (kW). The total
time required to fully (dis)charge the system at the rated power depends on the energy
rating of the ESS. Based on its energy rating, an ESS can be characterised as very shortterm (milliseconds), short-term (seconds), medium-term (minutes) and long-term (hours)
storage [19]. Accordingly, the services provided by ESSs can be categorised in power
services which require ESSs with energy ratings lower than medium-term and energy
services that require long-term ESSs [20].
The impact of ES services is highly dependent on the location of the ESS, which can
be integrated at the transmission level, distribution level and customer side (i.e. behindthe-meter). Each level involves different stakeholder groups such as power system
operators, utilities and customers as well as different ES services. The grid services
provided by ES to the three stakeholder groups (system operators, utilities, customers) at
the different levels of the power network are presented in Fig. 1.1. System operator
services include medium and long-term ES for arbitrage, load levelling, peak shaving,
nonspinning reserve and black start. They also include short term ES for ancillary
services such as voltage and frequency control and spinning reserve. Centralised ES (GW
range) located at the transmission level or decentralised ES at the distribution level (MW
range) can be used to facilitate the integration of intermitted RES and enhance grid
resiliency by providing power in critical facilities such as hospitals, in case of weathercaused grid outages [21]. Utility services can use ES to delay upgrades in infrastructure
and make better use of the existing assets by providing peak-shaving and load shifting
services on the transmission and distribution side. ESSs located behind-the-meter can
provide direct services to end-consumers and can also indirectly benefit system operator
and utilities. These services aim at lowering overall system costs by using price signals to
incentivise end-users to adjust their load profile [22]. ES at the consumer level also
facilitates dispersed generation from RES such as PVs and can improve power quality by
providing enough energy to ‘ride through’ short-term power delivery anomalies and
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provide backup power to sensitive consumers at scales ranging from seconds to hours
[18].
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Fig. 1.1 Energy storage at different grid locations and grid services provided to different
stakeholders (adapted from [12]). The blue colour indicates services provided to system
operators and utilities while the beige colour indicates services provided to all
stakeholders.
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The value of the grid services depends highly on the location of the ESS on the
electricity grid as well as the stakeholders involved. As a general rule, ES can provide
more services to the system when located closer to the end-customer [12]. Low-voltage
(<1 kV) micro-scale decentralised ES on the customer side (e.g. residential, commercial
or industrial buildings) can theoretically provide all the services presented in Fig. 1.1. The
challenge is to ensure that this decentralised ES is operated in a way that is mutually
beneficial for all the stakeholders involved e.g. reducing the electricity cost of the endcustomer while providing ancillary services to the distribution network operator. On the
other hand, when decentralised medium-scale ES is deployed at the distribution network,
it losses the ability to deliver bill-management services to customers but is still able to
deliver services to system operators and utilities such as facilitating the integration of
RES. At the transmission network, centralised ES losses the ability to provide services to
the end-customers and utilities (e.g. deferral of distribution network upgrades) and is
exclusively used to support system operators.

1.1.1

Overview of energy storage technologies

The choice of ES technology depends on various parameters such as the power and
energy ratings of each application, the number of charge-discharge cycles, sizing
constraints and operating temperature [23]. According to the previous section, power
services require short and very short-term duration storage whereas energy services
require medium and long term duration systems. ESSs are most commonly classified
based on the form of the energy storage vector: mechanical, electrical, thermal, chemical
and electrochemical energy storage [24, 25]. The various energy storage technologies
with their corresponding power and energy ratings are presented in Fig. 1.2.
Currently, there is not a single ‘winning’ ES technology that covers all applications at
the lowest cost and so different types of ES are required in order to deliver different
services to the grid. For energy services, storage technologies such as pumped hydro,
compressed air, flow batteries, hydrogen and thermal ES can be used, while power
services can be satisfied by supercapacitors, flywheels and superconducting magnetic ES.
The discharge times of electrochemical ES technologies can range from minutes to hours
[26, 27], making these technologies attractive for both power and energy applications.
This thesis focuses on BESSs using lithium-ion (Li-ion) batteries.
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Fig. 1.2 List of energy storage technologies with their respective discharge times and
power ratings (adapted from [12]).
A typical BESS comprises three main parts as presented in Fig. 1.3:
1. The battery pack, including Li-ion cells connected in series and in parallel.
2. The Battery Management System (BMS), including the software and hardware
used to monitor the states of the cells (i.e. cell voltage, temperature, current) and
ensure the safe operation of the battery.
3. The converter interface used to connect the DC battery pack to the AC grid and
control the power supplied to/from the battery bank, as dictated by the BMS and
system controller.
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Fig. 1.3 Main parts of a battery energy storage system.

1.2

Lithium-ion batteries

The term Li-ion battery is used to characterise any battery that utilizes insertion
reactions for both positive and negative electrodes with lithium ions as charge carriers
[28]. Consequently, this term does not describe a single chemistry but rather a family of
chemistries that comply with the above definition. The fundamental building block of a
Li-ion battery, the Li-ion cell, consists of a positive electrode (cathode) and a negative
electrode (anode) with an electrolyte between them that is used to support the movement
of Li-ions from one electrode to the other during charge and discharge (Fig. 1.4). When
charging, the lithium atoms in the cathode become ions and migrate from the cathode to
the anode through the electrolyte. At the anode Li-ions recombine with the electrons that
ﬂow to the same direction through an external circuit and the produced lithium atoms are
deposited between the carbon layers. This reaction is reversed during discharge. The
electrochemical reaction for a cell with a graphite anode is:
discharging
+

MOy + Li + e

−

→
←

LiMOy

(cathode)

charging

(1.1)
discharging

LiC6

→
←

Li+ + e− + C6

(anode)

charging
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Fig. 1.4 Structure of a Li-ion cell (adapted from [13]).
Although a wide range of cathode and anode materials can be combined to create new
Li-ion cells, only a limited number of Li-ion chemistries have been commercialized so
far. The anode active materials that have been used for mass production are graphite, hard
carbon, soft carbon and lithium titanate (LTO). The cathode active materials most
commonly employed are lithium-cobalt oxide (LCO), lithium-nickel-manganese-cobalt
oxide (NMC), lithium-nickel-cobalt-aluminium oxide (NCA), lithium-manganese oxide
(LMO) and lithium-iron-phosphate (LFP) [13, 28, 29]. Aluminium (Al) and copper (Cu)
are used as the current collectors for the cathode and anode respectively, since they
exhibit the desired stability and oxidation potentials [30].

1.2.1

Li-ion cells for grid applications

The advantages of Li-ion over other cell chemistries are the high energy density (250–
600 Wh/L), high specific energy (160–200 Wh/kg) [31, 32], fast response time
(milliseconds) [32], long cycle lifetime (400–1500 cycles, with newest commercial
batteries exceeding 3500 cycles), low self-discharge rate (around 2%–5% per month)
[12], high specific power (around 250–2000 W/kg) [12], very high cycle efficiencies
(around 90%–97%) [33] and relatively high nominal cell voltages (up to 3.7 V).
Moreover, Li-ion cells do not suffer from memory effects (i.e. a reduction in cell capacity
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after repeated cycles, as the cell appears to ‘remember’ the depth of discharge from the
previous cycle) [13], they are more environmentally friendly compared to other battery
technologies e.g. nickel-metal hydride (NiMH) and the expansion of worldwide
production capacity is continuously driving their cost down. It is worth mentioning that
although the unit cost in 2009 was estimated between 900 and 1300 $/kWh [34], this was
reduced to about 600 $/kWh in 2012 [35] and today (2018) a battery pack costs around
200 $/kWh.
The properties of the cells (such as the energy and power density) depend on the
materials used for the electrodes and the electrolyte, as well as the interface area between
the components. Different variations of Li-ion cells can thus be engineered according to
the specific requirements of each application. In grid storage applications, energy density
requirements are not as strict as in portable electronics or automotive applications due to
the extensive site area of windfarms and photovoltaic parks, but it becomes important for
domestic ESSs. Regarding the required C-rates, less than 3 C is sufficient for most grid
services (the C-rate represents the rate at which a battery is (dis)charged relative to its
capacity e.g. 2 C is equivalent to the current required to fully (dis)charge the battery in
half an hour). On the other hand, cell characteristics such as long cycle life, robustness
and good thermal stability are mostly preferred [28]. The dominant anode material in Liion batteries for the grid is graphite due to its low potential compared to the lithium metal
electrode that maximises the energy of the cell. Regarding the cathodes, there is a focus
on utilising low-cost elements such as manganese and iron as the basis of the materials to
replace costly and toxic elements such as cobalt. Lithium manganese oxides and related
materials containing other transition metals such as nickel are already in use [36]. NMC
has similar or higher achievable specific capacity (i.e. Ah/kg) compared to the LCO and
similar operating voltage, while having lower cost, better cycle life and safety [30]. The
LMO chemistry uses low-cost materials that are naturally abundant but has insufficient
long-term cyclability [30, 37]. The NCA chemistry provides high specific energy but at a
relatively high cost due to the use of cobalt and nickel [28]. The LFP cells oﬀer increased
safety and longer cycle life at the expense of lower specific energy (typically 150 mAh/g)
and voltage [28]. As an alternative anode material, LTO has some advantages over
graphite such as superior safety, higher C-rates and high cycle life but at the cost of lower
cell terminal voltage and consequently lower energy density [13]. Some examples of
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commercially available cells for grid storage applications, based on the above chemistries
are presented in Table 1.1.
Table 1.1 Lithium-ion cell datasheet values [29].
Cell identification

SDI94Ah

NCR18650B

US26650FTC1

Manufacturer

Samsung

Panasonic

Murata

Toshiba

Cathode material: Anode material
Cell capacity (Ah)

NMC:C
94.0

NCA:C
3.2

LFP:C
3.0

MOx:LTO
20

Energy density (Wh/L)
C-rate (discharge/charge)
Cycle life (full equivalent cycles
until 20% capacity lost)
Voltage range (V)
Nominal voltage (V)

SCiB titanate

355

676

278

177

3 C/1 C

2 C/0.5 C

6 C/1 C

8 C/>3 C

>5,000

320

>6,000

10,000

2.70–4.15
3.7

2.50–4.20
3.6

2.0–3.6
3.2

1.5–2.7
2.3

There are many examples of grid storage applications using the above Li-ion
chemistries: A 1 MW/1 MWh LMO based BESS has been installed at the Reese
Technology Centre in Lubbock, Texas as part of a Smart Grid Demonstration Project
(SGDP) [38]. A 1.2 MW/0.9 MWh BESS using NCA cells was built in Sardinia, Italy as
part of the Storage Lab project that aims at the installation of multi-technology storage
plants of 16 MW in Sicily and Sardinia in order to support the grid as well as host
research activities to develop smart grid applications [39]. The Shin-Gimje substation
BESS in South Korea, rated at 24 MW/9 MWh was, at the time of commissioning, the
largest capacity NMC system used for frequency regulation in the world [40]. A 2 MW/4
MWh LFP BESS operates in Dublin, California as part of a smart grid demonstration
project [41] and the same battery chemistry is used in a 6 MW/36 MWh BESS in China,
as part of the Zhangbei National Wind and Solar Energy Storage and Transmission
demonstration project [42]. In Leighton Buzzard, Bedfordshire, UK the Smarter Network
Storage facility rated at 6 MW/12 MWh comprises over 50,000 LMO cells and is used to
assess the value of ES across the power system [43]. Rated at 2 MW/1 MWh and
including 21,120 LTO cells, the Willenhall BESS is a research facility used to provide
services to the grid with a response time of 0.4 s [44]. Currently, the world’s largest Liion BESS rated at 100 MW/129 MWh is the Hornsdale Power Reserve, built by Tesla in
Jamestown, South Australia [40]. The system includes NMC cells that are preferred by
the company for their grid storage applications due to their longer cycle life and more
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stable performance compared to the (more energy dense) NCA cells used in the
company’s automotive batteries [13].

1.2.2

Challenges when using Li-ion cells

Since the voltage of a single cell is limited to less than 5 V and the capacity is usually
less than 100 Ah (i.e. a maximum cell energy < 500 Wh), cells are connected in series
and in parallel in order to achieve the required voltage and capacity ratings for the system
[45]. From the aforementioned grid storage project examples it can be seen that BESSs,
ranging from a few kilowatts to hundreds of megawatts, require battery packs that
comprise thousands to hundreds of thousands of cells. The basic arrangement of cells in a
BESS along with the sensing and balancing hardware is called a battery module. Battery
modules are combined together to form a battery pack as presented in Fig. 1.5.
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Fig. 1.5 Basic architecture of a battery pack.

32

Building reliable and long lasting battery packs can be challenging due to cell-to-cell
variations in capacity and internal resistance observed even between cells of the same
size, type and manufacturer [46, 47]. Cell-to-cell variations are caused by manufacturing
tolerances or varying shipping and storage conditions [48, 49] and are exacerbated due to
ageing [50, 51].

Fully discharged
pack

Fully charged pack
Available
charge: 9 Ah
3 Ah

I2

I1

2 Ah
Remaining
charge

End of
discharge cycle
2 Ah

I1  I 2

1 Ah
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Limiting
cell

1 Ah

0 Ah

(a)

OCV1  OCV2 
I  I
R1  R2  1 2

(b)

Fig. 1.6 Example of cell-to-cell variations and their impact a) on the useable capacity of
series connected cells b) on the cell currents of parallel connected cells. Each cell is
divided in three “capacity sections” with the following colour code: black indicates that
no charge can be stored in this section e.g. due to degradation, green indicates that there is
1 Ah charge stored in this section and white indicates an empty section that can store 1
Ah.
These variations can negatively affect the performance of the pack. When connecting
cells in series the total capacity is limited by the lowest capacity cell, as demonstrated in
Fig. 1.6a [52]. For parallel connected cells, varying cell impedances result in different
currents flowing through cells (Fig. 1.6b) causing state-of-charge (SoC) unbalance, nonuniform temperatures and varying degradation rates within the pack [53-55]. In order to
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overcome the issues that arise from cell-to-cell variations and which can negatively affect
the performance of the battery pack, a BMS is required.

1.3

Battery management system

The term BMS is used to describe the combination of software (i.e. algorithms for cell
monitoring, fault detection, state estimation and charge control) and hardware (i.e.
sensors, transceivers, balancing circuits and active cooling) required to ensure safe,
reliable and efficient operation of the battery pack [56]. The interactions between the
different parts of the BMS are presented in Fig. 1.7.
The BMS monitors the terminal voltage, current and temperature of (preferably) each
cell in the battery pack and these measurements are used in order to ensure that cells
operate within a safe voltage and temperature range. When a cell is in danger of exiting
the safe operating area, the appropriate alarm signal is sent from the charge control
algorithm to the system controller in order to set the battery pack current (C-rate)
accordingly. The reference current of the battery pack is calculated in the central system
controller according to the active and reactive power references, based on the requested
grid service. The BMS checks the current reference to ensure that the cells are able to
operate at the requested C-rate, there is sufficient charge available in the pack (using the
estimated SoC) and the requested current will not cause violation of the voltage and
temperature limits. If the requested current cannot be provided, a new current reference
will be used for the control of the converter. Apart from controlling the C-rate, the charge
control algorithm of the BMS also enables cell balancing. In order to achieve cell
balancing the BMS can control the flow of charge to/from the cells according to their
respective SoC using a balancing circuit (this will be discussed in detail in the following
sections). Other functions of the BMS include thermal management by monitoring the
temperature and controlling a fan and a heater to ensure that the battery operates in the
optimal temperature range, and fault management by bypassing a failed cell or module
using a protection circuit (e.g. contactor).
The primary task of the BMS is thus to ensure that all cells operate within safe voltage
and temperature limits and under appropriate C-rates. More advanced BMSs may also use
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state estimation (e.g. to estimate state-of-health) to define an operating profile for the
battery that will reduce the degradation rate of the cells and improve the overall
performance of the system [57].
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Fig. 1.7 Graphical representation of a battery management system and its basic functions.

1.3.1

State-of-charge estimation techniques

The term SoC refers to the available charge that is stored in a cell as a percentage of
the total charge capacity of the cell [58]. An accurate SoC estimation is important
because it provides an indication of the available energy in the battery pack that will
dictate the ability of the system to provide ancillary services to the grid. It is also used to
protect the battery from overcharge or deep charge conditions that can degrade battery
life [59]. Conventionally, SoC is estimated using coulomb counting [57], where the SoC
is given by (1.2) as the integral of the cell current 𝐼 over the cell capacity 𝑄.
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𝑡

∫ 𝐼. d𝑡
𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶0 + 0
100
𝑄

(1.2)

where 𝑆𝑜𝐶0 is the initial SoC of the cell.
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Fig. 1.8 Example OCV vs SoC curve of a Li-ion cell during charging and discharging.
This method, although simple to implement, requires prior knowledge of the initial
SoC as well as the capacity of the cell, which decreases gradually over time due to cell
ageing. Moreover, the accuracy of SoC estimation will tend to be reduced due to current
sensor errors which accumulate over time (during the integration process) [58]. Another
approach is estimating the SoC by measuring the open circuit voltage (OCV) of the cell
and using appropriate look-up tables with different curves for charging and discharging to
account for the hysteresis effect (Fig. 1.8) [60]. However, to get a high quality OCV
measurement the cell should be rested (i.e. cell current equal to zero) for lengthy periods
of time [61]. This is not possible in conventional battery packs unless underlying
hardware that enables bypassing single cells or modules without interrupting operation of
the system exists.
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Fig. 1.9 Li-ion cell modelling examples: a) single particle model b) equivalent circuit
model.
Model based approaches have also been extensively discussed in literature. Electrochemical models incorporate chemical/electrochemical kinetics and transport phenomena
to generate meaningful predictions but due to their relatively high computational
requirements they are considered to be too complex for real time application in large
battery packs at the cell level [62, 63]. An example of this approach is the single-particle
model (SPM), where each electrode is represented as a single particle (Fig. 1.9a). The
SPM can estimate SoC and predict capacity fade due to growth of solid electrolyte
interface (SEI) [64] but is not valid for high C-rates, thick electrodes or other conditions
where the electrolyte effects and variations across the electrodes are significant [65]. On
the other hand, empirical models built by curve fitting experimental data are easy to
develop and implement, but their accuracy is limited when the cell is operated under
different conditions from those used for model derivation [57]. Equivalent circuit models
use electric circuit components such as voltage sources, resistances and parallel resistorcapacitor (RC) pairs to simulate the dynamic behaviour of cells [66]. In general, a higher
number of RC pairs can provide increased accuracy at the cost of additional complexity,
however, two RC pairs (similar to Fig. 1.9b) are usually enough to represent long-term
(associated with diffusion) and short-term (associated with charge transfer) relaxation
effects [67], while even models using a single RC pairs have demonstrated adequate
accuracy [68, 69]. These models are relatively easy to implement, however a single
model with constant parameters cannot accurately describe a cell throughout its life or for
different (dis)charging currents, temperatures and SoC, thus models that update their
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parameters online have been proposed [70, 71]. In order to increase the accuracy of SoC
estimation, equivalent circuit models have been used in tandem with adaptive filter
algorithms such as variations of the Kalman filter [72-74] or state observers such as the
sliding mode observer [75, 76], at the expense of additional complexity. Other approaches
include learning algorithms such as neural networks [77, 78] or fuzzy logic [79, 80] that
are not practical for online applications since they need to store large amounts of data for
training that increase the memory and processing requirement of the BMS.
According to the above, SoC estimation is conventionally performed using coulomb
counting and although a plethora of advanced modelling techniques and filter algorithms
have been developed to increase the accuracy of estimation, they are usually impractical
for online implementation due to their increased complexity. An alternative approach is to
address the fundamental limitation of conventional battery packs, where cells are
connected in a static manner, by introducing the hardware that will allow bypassing cells
without interrupting operation of the system. The provided control flexibility will enable
online OCV measurements and thus greatly simplify the process of SoC estimation. In
this case, appropriate selection of the bypass duration is crucial in order to ensure that the
internal cell dynamics can be neglected without introducing additional imbalance between
cells in the pack (since some cells will be online while others are bypassed).

1.3.2

Cell balancing methods and circuits

The capacity of a battery pack comprising series connected cells is limited by the
lowest capacity cell, unless a balancing circuit is used [81]. Cell balancing aims at
operating the cells of a pack within a close SoC range and can be either passive or active
[82]. Passive balancing is the most common approach due to its low cost and simple
implementation [83]. In passive balancing circuits such as the one depicted at Fig. 1.10a,
each cell is connected in parallel with a resistor through a controllable switch. During
charging, once a cell reaches the upper voltage limit the respective switch is turned on
and the excess energy is dissipated through the resistor, while charging continues for the
rest of the cells at a lower C-rate (depending on the rating of the resistors), until all cells
are fully charged. The disadvantage of passive balancing is that it dissipates energy as
heat which is wasteful and challenging to deal with, especially in space-constrained
applications.
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Fig. 1.10 Balancing circuit architectures: a) passive balancing circuit b) adjacent cell-tocell balancing circuit c) direct cell-to-cell balancing circuit d) cell-to-pack balancing
circuit e) duty cycle balancing circuit
Active balancing on the other hand is not dissipative but rather aims to individually
control the rate of cell charging and discharging so that cells have an equal SoC at all
times during operation. The majority of active balancing circuits described in the
literature implement Energy Redistribution Balancing (ERB). In conventional battery
packs where cells in the pack are connected in series and conduct the main pack current at
all times, ERB is performed by introducing smaller shunt currents that transfer energy
between cells. ERB circuits can be placed in one of three categories, based on their
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architecture [84]: the adjacent cell-to cell (A-C2C), the direct cell-to-cell (D-C2C) and
cell-to-pack (C2P). The A-C2C (Fig. 1.10b) includes balancing circuits such as the
switched capacitor [85], the bidirectional buck-boost converter [86] and the Ćuk
converter [87]. The advantages of the A-C2C circuits are the simple structure, modular
design and low cost. Their main disadvantage is that energy can be transferred only
between adjacent cells, increasing balancing time and energy losses, especially when
implemented in packs with a relatively large number of cells.
Conversely, in the D-C2C architecture presented in Fig. 1.10c, energy can be
transferred between any two cells in the string, regardless of their position, using
appropriate switches and a storage element such as capacitor or inductor. However, only
two cells can be balanced simultaneously and so balancing time will be lengthened for a
large number of unbalanced cells. Some of the circuits that correspond to this architecture
are the flying capacitor [88], shared inductor [89] and quasi-resonant converter [90]. In
the C2P architecture depicted in Fig. 1.10d, energy can be transferred between a cell and
the battery pack to provide flexible balancing. In this case, energy redistribution is
achieved either by using distributed circuits such as multiple transformers or shared
storage elements such as the multiwinding transformer with leakage inductance [91].
These circuits tend to suffer from increased volume and cost compared to the previous
architectures. Apart from the inherent restrictions regarding energy redistribution between
cells in each of these circuits, the ability to effectively equalise cell SoC depends on the
maximum balancing power (or balancing current) that can be transferred to/from each
individual cell. The maximum balancing current of ERB circuits depends on the size of
the passive storage elements (inductors, capacitors) as well as the ratings of the active
switches (usually MOSFETs) that are used in the balancing circuit.
Duty Cycle Balancing (DCB) is a sub-category of active balancing where balancing is
performed by controlling the duty cycle of each cell according to their relative SoC [92,
93]. In contrast to the ERB where all cells are in the main current path at all times, DCB
relies on the ability to bypass cells during operation. This can be achieved by using
additional power electronics switches in the pack, thus creating power electronics
enhanced battery packs (PEEBPs) [94-96]. The simplest form of a PEEBP is given in Fig.
1.10e and it comprises cells connected in series using half-bridge (two-switch) circuits
around each cell so that any cell can be either in series (with a cell current equal to the
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string current) or bypassed (with a cell current equal to zero). As a requirement for DCB,
the system should be designed to include some ‘redundant cells’ so that the required
output voltage can be reached even when bypassing some cells. In contrast to the ERB
circuits, the switches used in a PEEBP should be rated at the full pack current (whereas in
ERB they are rated at the balancing current that is usually only a fraction of the pack
current) [97], while the conduction losses of the switches affect the total efficiency of the
system even if no balancing is performed (since at least one switch is always on the
current path).
When the different balancing topologies are compared in the literature, assessment
criteria such as the balancing speed, cost and efficiency are often qualitatively evaluated
by assigning grades such as ‘excellent’, ‘good’ and ‘poor’ [83]. On the other hand, more–
quantitative performance analysis often focus on a single proposed balancing circuit and
are therefore quite application specific [98]. Reference [81] quantitatively describes the
ability of five different balancing topologies to overcome a random initial charge
imbalance by computing the balancing time and energy losses using a simple analytical
model. The main assumption in [81] that enables this sort of analysis is that the cells will
be able to achieve balancing after a certain time, which is not always the case as will be
shown later in Chapter 3. A study of balancing systems using convex optimisation is
presented in [99]. Here the objective is the minimisation of pack losses, balancing circuit
energy losses and pack temperature. In [100] a relatively complex vehicle simulation is
used to compare ten different active balancing circuits as well as the influence of control
variables (e.g. voltage, SoC and charge capacity) for active cell balancing. This modelbased approach provides a quantitative evaluation of the useable capacity when a number
of cells with different capacities are used. However, even these quantitative comparisons
are not very meaningful if the compared balancing circuits have not been designed under
the same considerations.
In order to be able to choose between the different balancing architectures mentioned
above, each candidate circuit should be designed so that a target balancing performance
can be achieved at the minimum cost. This can be achieved by developing a framework
that can determine the minimum value of balancing current (for ERB) or cell redundancy
(for DCB) in order to perfectly balance a pack of cells with a given capacity distribution.
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1.3.3

Battery management system architectures

The BMS architectures are often categorised into two types: flat and modular [95,
101]. In a flat BMS architecture as the one presented in Fig. 1.11a, the pack is usually
organised in elements i.e. the fundamental units that include the battery module with the
sensing hardware to monitor the voltage of each cell and the temperature within the
element (preferably per cell) and the balancing circuit, as well as any integrated power
electronics in case a PEEBP is considered [102]. In packs comprising series connected
elements, current measurements need only be performed in one location by a single
element equipped with a hall-effect sensor [102]. Sampling is performed by a centralised
BMS controller that collects the information from the elements (i.e. cell voltages, currents
and temperatures), processing it (e.g. SoC estimation) and providing the switching signals
(𝑮) for the active switches used in the balancing circuit within the element units (passive
balancing is most commonly used in this case). This architecture is inherently very
difficult to scale as the wiring complexity and communication latency increases
unacceptably with the number of elements [103].
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Fig. 1.11 Battery management system architectures: a) battery pack with a flat BMS
architecture b) battery pack with a modular BMS architecture using three conceptual
hierarchical layers (i.e. banks, modules and elements).
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In contrast, the modular BMS architecture is a decentralised scheme enabled by
organising the system in conceptual hierarchical layers [97] such as banks, modules and
elements in Fig. 1.11b. Each object in a layer (i.e. the entities that make up a layer) is
equipped with a controller that acts as a master for a subset of slave controllers located in
the next lower hierarchical level. Each local controller receives the required sensing
signals such as cell voltages, currents and temperatures (for the module layer controllers)
or the average SoC and maximum voltage and temperature (for the intermediate layer
controllers), and sends back control signals such as the SoC reference for the intermediate
layer balancing or the driving signals for the active switches in the element’s balancing
circuit. A centralised controller is still required in this case, however by limiting the total
amount of information that is transferred between layers the processing power
requirements for that controller are significantly reduced.
A decentralised modular BMS can provide several advantages such as a greatly
reduced wiring harness [104] and simple scalability which enables rapid construction of
different sized systems leading to a reduced time-to-market. A modular BMS can also
facilitate the implementation of more advanced ERB or DCB circuits in battery packs.
These circuits require complex control patterns for the Pulse Width Modulation (PWM)
signals that are used to drive the switches. Although these signals can be very challenging
to generate and distribute from a central controller, especially in large scale battery packs
[102], in a modular BMS they can be produced by the local controller that will directly
drive the switches. Modular BMSs can also facilitate second-life applications. These
applications use cells that no longer meet the requirements of their initial application, in a
less demanding environment, such as EV cells used in grid storage applications [105].
Having a dedicated local controller with a detailed log of a cell’s operating history can
greatly enhance the management of second-life cells.

Modular BMS architectures

however, require a paradigm shift from an algorithmic perspective. Without global
supervision of the cells from a central controller, the efficient and safe operation of the
pack is dependent on the effective communication between the local controllers. This
requires a new class of algorithms that transfer centralised battery management functions,
such as cell SoC balancing, into a distributed mode of operation [102]. Regarding the
hardware implementation of modular BMS, the challenge is to produce design solutions
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for the on board power supply, microprocessor, balancing circuitry and communication
interface, considering cost, efficiency and isolation requirements.

1.4

Power electronics topologies for battery systems

Power electronics is the key enabling technology that facilitates the connection of DC
battery packs to the AC grid [23, 106]. The power electronics converter acts as the
interface between the battery and the electricity grid and, in combination with the BMS,
controls the power flow in the BESS and regulates the operating points of the battery
[107]. This section presents a review of the converter architectures that are used in BESS
applications.

1.4.1

Conventional battery system architecture

In a conventional BESS, the battery is connected to the grid through either a singlestage or a two-stage converter (Fig. 1.12). In the single stage architecture, the battery pack
is directly connected to the DC link and a two-level bidirectional DC/AC converter is
used to connect to the grid [23]. BESSs larger than 1 MW and 1 MWh are typically
connected to the lower distribution network at medium voltage (MV) e.g. 11 kV in the
UK [44]. The standard practice is to connect 200-300 cells in series to achieve a DC bus
voltage of approximately 700-1,000 V, thus a line-frequency transformer is required for
connection to the MV grid [108, 109]. A disadvantage of the single-stage architecture is
that the DC-link voltage is directly defined by the battery voltage and thus varies
according to the SoC. This results in oversized switches, since the switches should be
rated according to the maximum expected DC link voltage. A wide range of modulation
indices is required to produce a fixed AC voltage from a variable DC voltage, leading to
decreased efficiency and higher harmonics at the output [107]. These issues can be
addressed by using a two-stage converter architecture, with an additional DC/DC
converter that controls the DC-link voltage. The most common topology for the DC/DC
converter is the bidirectional half-bridge converter due to its simple design and relatively
high efficiency [110]. However, the boost capability is quite limited so the line-frequency
transformer is still required for integration to the MV grid. If galvanic isolation is
necessary between the DC-link and the battery pack, the dual-active-bridge (DAB)
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converter can be used [111]. The high-frequency transformer (switching frequency in the
range of 5-20 kHz) used in the DAB provides isolation and a higher boost ratio than that
of the bidirectional half-bridge converter. The enhanced controllability achieved with the
two-stage architecture comes at the price of increased component count and a subsequent
increase in cost and power losses [107]. As the power and energy rating of the system
increases, a parallel configuration of complete BESSs (either single or two-stage) referred
to as power blocks (PBs), is often used to avoid the construction of a very large
monolithic battery pack. In this case, the total capacity is divided between several
identical smaller systems which operate together (Fig. 1.12) [57]. An advantage of this
arrangement is that failure of one cell will cause the loss of only one series string in one
PB [112], as opposed to a much larger series string as would be found in a monolithic
system.
Dual Active Bridge converter

Power block 1
Two-stage converter topology

Battery
pack

or

Bidirectional Boost converter

Single-stage converter topology
Battery
pack

Power block 2

2-level bidirectional
DC/AC converter

Power block N

Fig. 1.12 Conventional power block configuration of BESSs using either a single or a
two-stage converter topology.

1.4.2

Transformerless battery systems using power electronics

enhanced battery packs
In order to avoid using a transformer, a battery pack with sufficiently high output
voltage is required. The reliability concerns that arise when connecting a high number of
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cells in series can be addressed by using a PEEBP that has the ability to bypass a single
cell in case of failure without interrupting the operation of the system [92]. For large scale
systems with a high number of cells, using a bypass circuit for each cell is impractical so
this method can be implemented in module level instead [113].

2-level
with
IGBTs
in series

PEEBP

3-level FC

Half-bridge

H-bridge

(ANPC)
(NPC)

Fig. 1.13 Transformerless BESS configuration using a PEEBP.
In this case, the single-stage converter architecture presented in Fig. 1.13 can be used,
since the DC-link voltage will be controlled by the PEEBP, but the DC/AC converter
needs to be properly sized to block a higher DC-link voltage. In order to use the two-level
topology, a series connection of switches would be required for each converter arm. The
implementation of appropriate gate drivers to ensure that the devices are turned on/off
synchronously can be challenging and a lower switching frequency will be required to
reduce switching losses, thus leading to increased filtering requirements [107].
Alternatively, multilevel converter topologies such as the neutral-point clamped (NPC)
[114] and the flying capacitor (FC) [115] can be used. The NPC uses series connected
capacitors to divide the DC-link voltage in several lower voltage levels. The main
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disadvantage of this topology is that capacitor balancing is required. A variation of the
NPC is the Active NPC (ANPC) where the neutral-point clamped diodes are replaced by
active switches [106]. As a result, more than one switching state can be used to generate a
zero output voltage, hence better loss distribution can be achieved by optimising the
switching sequence [116]. The FC is similar to the NPC, using capacitors instead of
clamping diodes to divide the DC-link voltage. The drawbacks of this topology are the
size of the flying capacitors and the additional complexity introduced by the DC-link
capacitor charge controller [109].

1.4.3

Modular multilevel battery systems

A fundamentally different approach in designing BESSs without the need of separated
DC/AC converter and battery pack is based on modular converter topologies such as the
modular multilevel converter (MMC) and the cascaded H-bridge converter (CHB) [117].
The MMC (Fig. 1.14a) is a two-port converter in contrast to the single port CHB (Fig.
1.14b), so it is more suitable in applications where a DC/AC converter with additional
storage capability is required. A detailed analysis of a BESS based on the MMC is
presented in [118], focusing on a balancing controller that allows SoC balancing between
phases, arms and elements. Balancing between the three phases of the MMC is achieved
using zero-sequence voltage injection to ensure different power flow at each phase
without affecting the total output power of the three-phase system. Balancing between the
arms of each phase is performed by injecting a circulating current component at the
fundamental frequency and with the same angle as the respective phase voltage. Element
balancing within each arm is enabled by multiplying the voltage reference of each
element with a power ratio factor to ensure that the arm active power is distributed within
the elements according to their respective SoC. The proposed controller was implemented
in a single-phase MMC comprising four elements per arm, with a 25.6 V LFP battery
included in each element. An issue when using the MMC in BESS applications is the
low-order harmonic currents observed in the MMC elements, which is expected to
increase cell losses since a li-ion cell is usually modelled as a voltage source with a series
resistance. In order to address this issue, a filter capacitor or even an additional DC/DC
conversion stage can be used between the battery and the half-bridge [117, 119, 120]. It is
not clear however if the advantages of using a DC/DC converter outweigh the additional
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cost and losses introduced in the BESS by the intermediate conversion stage. Moreover, a
charging current with a sinusoidal ripple may actually improve the charging efficiency
and lifetime of li-ion cells compared to conventional constant current charging strategies,
by minimising the AC impedance of the cells [121].
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Fig. 1.14 Modular battery system designs: a) MMC topology and b) CHB topology.
The CHB is another topology that has been favoured among multilevel converters for
BESS applications, due to its modular design that makes it inherently scalable to higher
voltages. The CHB elements include a battery module connected in series with an Hbridge converter, as presented in Fig. 1.14b. The modules within each element can thus be
individually controlled in order to achieve SoC balancing or in order to be bypassed in
case of failure, without interrupting the operation of the system. Another advantage of the
CHB is the ability to produce a high quality stepped waveform by combining the DC
voltages of the elements. The IGBT switches in each H-bridge are rated at only a fraction
of the total DC voltage (sum of battery modules voltages) and can be operated at a
relatively low switching frequency (depending on the modulation scheme and the
available voltage steps). Compared to the MMC, the CHB does not require a DC-link to
operate and provides a better utilisation of the available DC voltage i.e. the peak-to-peak
output voltage of the CHB is equal to 2VDC compared to 0.5VDC in case of the MMC,

48

when the total DC voltage distributed among the elements of the multilevel converters is
equal to VDC .
An early concept of a BESS based on the CHB is presented in [122] for a static
synchronous compensator (STATCOM) application. In this case, the output voltage is a
staircase waveform produced by combining the DC-voltages of the different elements,
resulting to a different conduction time for each battery module at each half-cycle.
Balancing between the battery modules can then be achieved by controlling their
conduction times according to their relative SoC. The examined system included only two
elements per phase with six 12 V batteries connected in series per element.
In [123] a SoC balancing controller for a BESS based on a CHB-PWM converter is
presented, where a centralised controller performs active power control of the BESS
based on a conventional d-q current controller and SoC balancing is performed between
the three phases by using a zero-sequence voltage injection. SoC balancing between the
elements of each phase is achieved by using a superimposed voltage at the voltage
reference of each element in order to minimise the SoC difference between them (the sum
of the superimposed voltages is zero so that the individual element balancing does not
interfere with the active-power control of the system). The same authors present [124] a
slightly different approach for achieving element balancing by directly controlling the
output power of each element. The overall control is very similar to [123] since in both
cases balancing is essentially performed by distributing the voltage references to the
elements of each phase in proportion to each element’s SoC (or power reference)
deviation from the average phase SoC (or power reference). Their approach was validated
experimentally using a 200 V 10 kW/3.6 kWh prototype that comprises three cascaded
elements at each phase, with each element including 60 cells connected in series. Each
element is equipped with a BMS that monitors the cells and provides SoC estimation for
the centralised controller where SoC balancing is performed. PWM is implemented
locally using the FPGAs located at each element. [123] does not address SoC balancing
within the element but it is likely that an additional passive or active balancing circuit will
be required. The aforementioned control scheme is also implemented in a 500 kW/238
kWh BESS based on the CHB with six cascaded elements per phase [125]. Each element
includes a Toshiba LTO battery pack with a nominal voltage of around 300 V. The
switching devices in this case are IGBTs rated at 600 V and 600 A and the H-bridges are
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controlled using a phase-shifted unipolar sinusoidal PWM with a carrier frequency equal
to 1.35 kHz.
A nine-level CHB-BESS is discussed in [106] where a battery pack with a nominal
voltage of either 950 V or 1.5 kV is included in each converter element. The specific
harmonic elimination modulation method is adapted here due to the lower switching
frequency compared to PWM methods and the ability to balance elements by controlling
their duty cycle while producing the stepped waveform (the different modulation
techniques for multilevel converters are discussed in more detail in Chapter 2). In [126] a
15-level CHB-BESS is built using 125 V battery modules in each element.

1.4.4

Modular battery systems with deep integration of power

electronics in the battery pack
In all the cases mentioned above, the number of cascaded elements per phase is
relatively low (less than 7) and so the modularity of the CHB is not fully utilised. The
large battery packs included in each converter element (reported battery pack voltage per
element ranges from 72 V to 1.5 kV) require IGTBs with relatively high voltage ratings
for the H-bridge converters (Fig. 1.15a) and a PWM scheme with carrier frequencies at
the range of kHz that would allow producing a high quality output voltage. Although SoC
balancing between elements and phases can be performed utilising the CHB, additional
balancing circuits would be required to address balancing within the battery module of
each element.
An alternative approach that suggests deep integration of the power electronics in the
battery pack is presented in [127]. This paper explores the concept of using single cells
(or very few cells connected in series) at each H-bridge element in the CHB (Fig. 1.15b).
This deeply modular approach enables fine-grained control of the cells in the pack, which
can significantly enhance system reliability and balancing performance. An improved
reliability is expected when using a modular system due to the ability to address local cell
or converter failures more effectively by bypassing failed elements without interrupting
operation of the system. A modular CHB-BESS is also able to fully utilise the available
capacity by performing DCB, even if cells with widely different capacities are used in the
pack. This is particularly important for grid scale BESS with an expected lifetime greater
than ten years because cell-to-cell variations due to cell degradation can significantly
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limit the capacity that can be extracted from the pack, unless an active cell balancing
circuit is in place. The ability to perform DCB can also greatly facilitate the maintenance
process since a replacement element does not need to have the same capacity or be precharged at the same SoC level as the existing elements before being placed in the pack.
Another benefit of the modular CHB architecture is the use of low-voltage MOSFET
switches with very low on resistance and the ability to produce a high quality stepped
voltage waveform by combining the voltages of the individual cells without the need of a
high switching frequency PWM scheme.
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Fig. 1.15 Element structure of BESSs with different levels of modularisation: a)
conventional modular CHB-BESS b) CHB-BESS with deep modularisation where
𝑉B2 ≪ 𝑉B1 .
Although the concept of the modular PEEBP is attractive in terms of balancing
performance and reliability, the integration of additional power electronics in the battery
pack is often treated with scepticism due to the large number of switches required.
Specifically in the CHB topology, two switches per element will always be present in the
current path, which is expected to increase the total conduction losses of the converter,
while the overall cost and system reliability might also be affected by the increased
number of components. In terms of control complexity, a deeply modular CHB-BESS
would require a significantly higher number of driving signals (four signals per H-bridge
to allow control of each MOSFET independently) compared to a conventional BESS with
a centralised monolithic converter. As a result, a modular BMS is necessary and the
appropriate control algorithms should be developed in order to achieve an equivalent
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balancing performance to that of a system that uses a centralised controller with global
knowledge of the states of every cell in the battery pack.

1.5

Research contribution

The aim of this work is to address the following research questions:
1. How does a deeply-modular power electronics enhanced battery compare to
conventional system designs?
2. What is an appropriate converter topology for the implementation of such a
deeply-modular battery system?
3. How can the provided control flexibility be utilised to achieve SoC estimation?
4. How can we overcome the control complexity of large-scale deeply-modular
battery systems with an increased number of controllable switches?
Compared to conventional battery packs, modular PEEBPs offer fine-grained control
over cells that can enhance system reliability and improve capacity utilisation over the
lifetime of the system. Potential drawbacks are the increased cost and power losses due to
the high number of switches in the current path. In order to evaluate the feasibility of
building a modular BESS, a framework is required that will allow the quantification of
key performance parameters such as efficiency, reliability, cost and balancing capability.
Current studies usually focus on converter losses [107] while reliability is determined
based on the simple approach of ‘parts count method’ [128] (refer to the introduction of
Chapter 4). Balancing performance is either evaluated through detailed system
simulations [100] or via analytical approaches that use simplifying assumptions (e.g. that
cell balancing can always been achieved [81]).
Regarding the implementation of a PEEBP, the CHB converter topology has been
identified as an attractive candidate topology because of its modularity and the ability to
perform direct DC/AC conversion and cell balancing. Previous research focusing on this
topology presented different control algorithms that either required a flat BMS
architecture [123, 129], which is not appropriate for a grid scale CHB-BESS, or when a
decentralised BMS was implemented [127] the modularity of the CHB was not fully
utilised (for a detailed comparison of the proposed control algorithm with existing work
in literature please refer to Table 5.1).
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The research contributions of this thesis can be summarised as:
1. Theoretical analysis of the CHB operation in a BESS application.
2. A method for calculating the relative SoC of cells in a CHB-BESS using POCV
measurements by bypassing cells online.
3. A linear programming tool in order to quantitatively evaluate the balancing
performance of active balancing circuits performing energy redistribution and
duty cycle balancing.
4. A general methodology to evaluate competing BESS designs in terms of cost,
power losses and reliability, taking into account the design and operation of the
individual system components (i.e. battery pack, converter interface and balancing
circuit).
5. The design and experimental validation of a hierarchical balancing algorithm for
large scale CHB-BESSs with a distributed BMS architecture.

1.6

Thesis outline

Chapter 1 (Introduction) reviewed the characteristics and operation of the main
components of a BESS (i.e. the battery pack, BMS and converter interface), introduced
the concept of modular PEEBPs and highlighted the contributions of this thesis towards
developing the framework to evaluate the performance of PEEBPs and presenting a novel
control algorithm for use in large scale BESSs based on the CHB converter topology.
Chapter 2 (Analysis of the CHB converter and relative SoC estimation) presents a
theoretical analysis of the operation of the CHB in BES applications and a method for
relative SoC estimation using POCV measurements, including the experimental
validation using a 25-level CHB with a centralised BMS (based on my publication [130]).
Chapter 3 (Balancing performance evaluation of active balancing circuits)
presents a method for evaluating the performance of DCB schemes and conventional
ERB schemes, using a common linear programming framework. The numerical
prediction of the useable capacity is validated through simulation using different ERB
circuits and experimentally for the DCB case using the hardware described in Chapter 2
(based on my publication [131]).
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Chapter 4 (Battery energy storage system design evaluation) presents a
methodology for evaluating grid-connected BESS designs, taking into account power
losses, reliability and capital cost. This method is used to compare three design options
for a 1 MW/1 MWh BESS with different levels of integration of power electronics in the
battery pack (based on my publication [132]).
Chapter 5 (Control algorithms for large scale battery energy storage systems
based on the CHB converter) presents a hierarchical balancing algorithm for large scale
BESSs based on the CHB topology and a decentralised BMS. The developed algorithm is
explained in detail and its operation is validated through simulation and experiment
(based on my publication [133]).
Chapter 6 (Conclusion and future work) includes a summary of the work presented
in this thesis and some suggestions for future work.
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Chapter 2

Analysis of the CHB converter and

relative SoC estimation
The CHB multilevel converter topology is emerging in BESS applications because of
the advantages of using low voltage semiconductor switches, producing low output
voltage harmonic distortion and the inherent modularity that leads to simple voltage
scaling properties. The CHB converter provides the ability to achieve SoC balancing
between the phases and between the elements of a phase without using additional
balancing circuits [118, 123-125, 129, 134, 135]. In some cases, cell balancing is based
on pack terminal voltage measurements [129]. The drawback of this approach is that
voltage measurements cannot provide an accurate estimation of SoC due to the voltage
error introduced by the internal resistance and the transient electrochemical phenomena.
This chapter explores the operation of a CHB using the nearest level control modulation
(NLC) technique. The analytical expressions for the different average cell currents due to
the NLC are derived and a balancing scheme based on ordering cells according to their
relative SoC is explained. The modularity of the CHB is utilised in order to introduce a
method for relative SoC estimation using pseudo-OCV measurement by bypassing cells.
The considerations for choosing appropriate resting times for an accurate POCV
measurement are discussed and the validity of this method is tested through simulation
and experiment, using 12 Li-po cells controlled individually by an H-bridge converter.
This chapter is based on my publication [130].
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2.1

Principles of cell balancing using a CHB converter with

nearest level control
The modulation techniques used in multilevel converters can be classified according
to their switching frequency as high switching frequency and low switching frequency
[136]. High switching frequency techniques include carrier based modulation schemes
such as the Phase-Shifted (PS) PWM [137] and Level-Shifted (LS) PWM [138]. In the
PS-PWM presented in Fig. 2.1a, the same reference signal is used for all the converter
modules but a phase shift is introduced between the carrier signals, producing a phaseshifted switching pattern between them. PS-PWM typically has a carrier frequency
greater than 1 kHz and its operation results to evenly distributed power between the
converter modules. This however is not particularly useful in battery applications where
the ability to unequally (dis)charge cells is desired in order to achieve cell balancing. In
the LS-PWM scheme the carriers are arranged in different vertical positions as depicted
in Fig. 2.1b, with each carrier located between two voltage levels and the total number of
carriers residing within the voltage range of the multilevel converter output voltage.
Balancing between cells located at different converter modules can be achieved using this
scheme by assigning a different carrier to each cell according to their SoC. In Space
Vector Modulation strategies (SVM), each possible switching state of the multilevel
converter, as well as the three-phase voltage reference are mapped in the α-β complex
plane as can be seen in the example of Fig. 2.1c for a three-level converter. An
appropriate algorithm has to be used to identify the three nearest vectors (of the converter
states) to the reference, calculate the required duty-cycle for each of these vectors so that
their time average equals the reference space vector and choose the appropriate switching
state when more than one states can be selected (redundant states) [139]. In order to
achieve a high resolution in time when following the reference voltage, a small
modulation period is required, resulting to a high switching frequency (above 1 kHz)
[140]. As the number of level increases, implementing a SVM scheme becomes more
challenging due to the increased number of switching states. The actual number of vectors
is less than that of the switching states due to the existence of redundant states (which are
represented by the same vector) [141]. These redundant states can be used in order to
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achieve different control objectives such as balancing the DC sources (e.g. cells) in the
converter modules [142].
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Fig. 2.1 Modulation techniques: a) phase-shifted PWM for seven-level converter b) levelshifted PWM for seven-level converter c) space vector modulation of three-level
converter d) specific harmonics elimination for seven-level converter (adapted from
[136], [140]).
The Selective Harmonic Elimination (SHE) modulation technique on the other hand is
a low-frequency modulation technique (i.e. maximum switching frequency of converter
modules is equal to twice the fundamental frequency) that uses Fourier analysis to
calculate the appropriate switching angles for each converter module, so that the
undesired low-order harmonics are eliminated. In order to achieve this, a set of equations
is derived by setting the Fourier coefficients of the undesired harmonics to zero and that
of the fundamental component equal to the required reference amplitude. These equations
are then solved using numerical methods such as the Newton-Raphson method or genetic
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algorithms [143]. An example of the use of SHE to eliminate the third and fifth harmonics
in a seven-level converter is presented in Fig. 2.1d. The number of equations to be solved
increases with the number of converter levels so calculating the switching angles on-line
quickly becomes impractical. Instead, these calculations could be performed off-line for
different modulation indexes and the resulting switching angles are then stored in look-up
tables [140].
Implementing a carrier based modulation technique such as the PS-PWM or the LSPWM in large scale CHB-BESSs can be challenging due to the high switching frequency
and the subsequent increase in switching losses. Similar concerns arise when SVM is
considered, while control complexity in that case is also an issue. SHE can achieve lowswitching frequency modulation but is not scalable due to its high computational
complexity. The modulation technique used in the CHB in this thesis is based on the NLC
as it provides low switching frequency operation and is relatively simple to implement
even for large-scale deeply-modular systems [136]. The principles of the operation of
NLC are the same for any number of converter elements and are explained here using the
example of a nine-level CHB-BESS (Fig. 2.2a).
NLC is performed by comparing the actual output of the CHB (𝑉CHB) to the voltage
reference (𝑉ref ) and switching on the appropriate number of converter elements in order
to achieve a good matching between the two. A new element will be switched on if the
resulting CHB output voltage is closer to the reference than it was before the switching
event according to (2.1).
||𝑉ref | − |𝑉CHB || > ||𝑉ref | − (|𝑉CHB | + |𝑉e |)|

(2.1)

As a result, a stepped voltage waveform that follows the sinusoidal reference is
produced (Fig. 2.2b). Each step of the 𝑉CHB waveform is equal to the voltage of the
respective element (𝑉e) that is switched on to produce that step. Due to the operation of
the NLC each element is switched on at a different instant in time (different switching
angles 𝑎𝑖 ) and it remains on (i.e. operating states P and N for the H-bridge according to
Fig. 2.2c) for a different amount of time (2𝑑𝑖 ) during each fundamental period. As a
result, each pack (or cell) is (dis)charged with a different average current:
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𝜋−𝑎𝑖

1
p
𝐼𝑖 = ∫ √2𝐼rms sin(𝜑)𝑑𝜑
𝜋

(2.2)

𝑎𝑖

where 𝐼rms is the RMS value of the CHB output current (Fig. 2.2b).
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Fig. 2.2 Demonstration of element balancing using a nine-level CHB.
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Assuming that the elements have equal and constant voltages, the switching angle 𝑎𝑖
can then be calculated by:
√2𝑉rms sin(𝑎𝑖 ) = 𝑉e (𝑖 − 0.5)

(2.3)

where 𝑉rms is the rms value of the CHB voltage.
Taking into account element redundancy, the total voltage of the active elements in the
CHB should be enough to supply the peak AC voltage of the CHB:
√2𝑉rms = 𝑁a 𝑉e

(2.4)

where 𝑁a is number of active elements in the CHB.
From (2.3) and (2.4) the switching angle can be calculated as:
𝑖 − 0.5
𝑎𝑖 = arcsin (
)
𝑁a

(2.5)

By substituting (2.5) in (2.2), the average current at position 𝑖 is calculated:

p

𝐼𝑖 =

2
𝑖 − 0.5 2
)
√2𝐼rms √1 − (
𝜋
𝑁a

(2.6)

A single-phase CHB with 𝑁 elements can produce 2𝑁 + 1 different voltage levels
from a total of 2𝑁+1 − 1 operating states (assuming that each voltage level can be reached
only by adding the output voltages of the elements). This state redundancy is particularly
useful in battery applications as it can be used to perform SoC balancing. In order to
choose between the available switching states that result to a specific output voltage, the
switching sequence of the elements is determined using a priority list 𝐿. The priority list
includes all the available elements sorted based on their relative SoC in ascending or
descending order, with respect to whether the system is discharging or charging. Each
element’s position 𝑖 in the priority list corresponds to a specific switching angle 𝑎𝑖 and
p

thus a different average position current 𝐼𝑖 . The term ‘position’ used throughout the
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thesis describes the position of the element in the respective priority list and is equivalent
to the effective duty cycle of that element. In general, a higher position (i.e. a position
closer to 1) corresponds to a higher duty cycle and thus higher average position current.
In the example of Fig. 2.2, where the pack is charging (𝑉CHB is in phase with the pack
current), the element at position 1 is charged with the highest average position current
p

(𝐼1 ) whereas the element at position 4 is charged with the lowest average position current
p

(𝐼4 ). If 𝑁a voltage steps are required to produce the output voltage and the number of
available elements is 𝑁, where 𝑁 > 𝑁a , the 𝑁 − 𝑁a lower positions in the priority list
correspond to zero position current (elements occupying these positions remain idle with
their respective H-bridges always in the Z state). This sort of element redundancy is not
necessary in order to achieve balancing with the CHB since each element can be operated
under a different current by controlling its position. However, generally a higher value of
element redundancy will enhance the balancing capability of the CHB by providing
additional flexibility in controlling the effective duty cycle of each element.

2.2

Cell balancing based on POCV measurements

The effectiveness of a cell balancing strategy is highly dependent on accurate cell SoC
estimation [144]. The OCV measurements could provide the information needed to
estimate the relative cell SoC but would require each cell to be removed from the current
path for a considerable time [145], which is not possible during operation of conventional
battery packs that include cells connected in series. From Fig. 2.2b it can be seen that
although cell currents vary depending on cell position, during the zero crossings all cell
currents are zero. An intuitive way to achieve accurate relative SoC estimation is by
exploiting these periods to eliminate the effect of the internal cell resistance on cell
voltage measurements [19]. If a cell is well modelled only by a series resistance, the
measured voltage at the zero crossing would be equal to the OCV; however due to cell
dynamics (with time constants of the order 100 ms), the measured cell voltage is affected
by the recent current flow history of the cell.
The proposed balancing strategy uses the modularity of the CHB in order to enable
POCV measurements. Utilising the Z-state of the H-bridge, any single cell or pack of
cells (provided that the packs are equipped with voltage sensors for each individual cell)
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connected to the H-bridge can be bypassed (i.e. removed from the current path) for a
predefined period of time, referred to as the idle state, without interrupting operation of
the battery pack.
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Fig. 2.3 Explaining POCV balancing with the use of RC equivalent circuits: a)
generalized equivalent RC circuit of a li-ion cell b) equivalent circuit during idle state
(OCV is a function of SoC) c) POCV balancing implemented on two cells (modelled
using RC equivalent circuits).
During the idle state, a POCV measurement is made by neglecting the effect of the
internal cell resistance and transient phenomena shorter than the duration of the idle state.
If the POCV can be considered as an accurate indication of RSoC, SoC balancing can be
achieved by balancing the POCVs of the cells. In order to quantify the accuracy of SoC
balancing (i.e. the actual difference between the SoC or OCVs of the cells) when their
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respective POCVs are balanced, the equivalent cell circuit models presented in Fig. 2.3a
are used. The equivalent circuit consists of a controlled voltage source, a series resistance
and a number of RC networks depending on the required modelling accuracy [67]. The
voltage source 𝑉𝑖OC represents the OCV of the cell 𝑖 as a function of cell SoC and the
series resistance 𝑅𝑖s is used to represent the internal resistance of the cell. The RC
branches model the transient behaviour (time constants) associated with diffusion (long
time constant typically tens of seconds to minutes, 𝜏l = 𝑅 𝜏l 𝐶 𝜏l ) and charge transfer
phenomena (short time constant typically tens of milliseconds to seconds, 𝜏s = 𝑅 𝜏s 𝐶 𝜏s )
within the cell [146].
With the introduction of the idle state, the effect of the series resistance and the short
time constant RC circuits can be neglected so the equivalent circuit is simplified as
presented in Fig. 2.3b. However, although the battery current is zero during the idle state,
the measured cell voltage is not equal to the true OCV due to the voltage drop caused by
the circulating current in the long time constant RC section, thus it is referred to as
pseudo-OCV.
In order to estimate the performance of the proposed balancing scheme where POCV
is used as an indication of the RSoC, a simplified linear model is constructed. This model
contains two cells of different capacities and with different time constants as shown in
Fig. 2.3c. Each cell is charged or discharged under a constant current 𝐼, that depends on
the C-rate, and an additional balancing current 𝐼 b . To preserve linearity, a linear
relationship between OCV and SoC is assumed (i.e. 𝑉 OC = 𝛼 + 𝛽𝑆𝑜𝐶) and a proportional
gain 𝐾P is used to determine the balancing current from the POCV difference.
Under these assumptions, the final value of the POCV difference is described by (2.7)
and the effectiveness of the POCV balancing scheme can be evaluated from the final
value of the OCV difference (2.8) (that corresponds to the SoC difference between the
cells).

𝛥𝑉fvPOC = lim 𝑠𝛥𝑉 POC (𝑠) =
𝑠→0

𝐼(𝑄2 − 𝑄1 )
𝐾P (𝑄1 + 𝑄2 )

(2.7)
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𝛥𝑉fvOC

𝐼
(𝑄2 − 𝑄1 ) + 2𝐼(𝑄2 𝑅2𝜏l − 𝑄1 𝑅1𝜏l )
𝐾
p
= lim 𝑠𝛥𝑉 OC (𝑠) =
𝑠→0
(𝑄1 + 𝑄2 )
𝜏

(2.8)

𝜏

where 𝑄1, 𝑄2 are the nominal cell capacities and 𝑅1l , 𝑅2l are the respective transient
resistances of the cells.
Based on (2.8), the effectiveness of the proposed POCV balancing scheme depends on
the applied C-rate (𝐼), the variation between cell parameters (cell capacity and the
transient resistance) and the balancing gain 𝐾P . In the actual system, the cells are operated
under different average currents based on the respective cell position. Each cell position
corresponds to a specific average current and therefore even for very low POCV
difference between the cells, 𝐾P is effectively very large. This is because a difference of a
single mV in 𝛥𝑉 POC causes the cells to occupy different places in the priority list and
therefore to experience non zero balancing currents. As a result, 𝛥𝑉 POC and 𝛥𝑉 OC can be
described by (2.9) and (2.10) for the real system.
lim 𝛥𝑉fvPOC = 0

(2.9)

𝐾P →∞

𝜏

lim

𝐾P →∞

𝛥𝑉fvOC

𝜏

2𝐼0 (𝑄2 𝑅2l − 𝑄1 𝑅1l )
=
𝑄1 + 𝑄2

(2.10)

According to (2.10), 𝛥𝑉 OC will be zero when identical cells (i.e. cells with equal
transient resistance and capacity) are considered, so in this case POCV balancing is
expected to lead to OCV and thus SoC balancing.
However, the characteristics of seemingly identical cells are likely to vary due to
manufacturing tolerances and cell aging. These variations in cell capacity and circuit
parameters introduce a voltage difference between OCVs according to (2.10). A study
regarding the effect of cell aging in the parameters of a lithium ion cell is presented in
[147], reporting a monotonic increase in the total resistance and the diffusion time
constant and a decrease in cell capacity. The change in cell parameters over 3,000 and
6,000 cycles is presented in Table 2.1.
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Table 2.1 Cell parameter variation due to aging (from [147]).
Number of cycles

0

3,000

6,000

Cell capacity

𝑄n

0.85𝑄n

0.75𝑄n

Cell resistance

𝑅n

1.5𝑅n

2𝑅n

Diffusion time constant

𝜏n

1.25𝜏n

1.6𝜏n

where 𝑄n is the nominal cell capacity at 0 cycles, 𝑅n is the nominal cell resistance and
𝜏n is the nominal value of the diffusion time constant.
The OCV difference after POCV balancing of a new and an aged cell (after 6,000
cycles) assuming operation at a 1 C-rate, a nominal capacity of 𝑄n = 2.2 Ah and a
nominal cell transient resistance 𝑅n = 10 mΩ is 12.6 mV according to (2.10). The
corresponding SoC difference depends on the slope of the OCV-SoC curve for the
particular cell chemistry under examination. For the Li-po cells whose SoC-OCV curve is
presented in Fig. 2.4, a 12.6 mV OCV difference corresponds to 7% SoC difference when
the SoCs of the cells are between 10 % and 40 %. The ΔSoC for the same ΔOCV is
reduced to 2% when the SoCs of the cells are higher than 80%.

2.2.1

Selecting the duration of the idle state

The idle state duration should be set short enough so that high quality POCV
measurements can be taken without increasing the SoC difference between cells (due to
different average cell currents) but long enough to ensure that the voltage drop across the
short time constant RC network can be neglected. In order to choose an appropriate idle
state duration, the operation of the NLC as described in section 2.1 is considered.
The idle state duration is calculated here for a CHB including twelve converter
elements with a single cell per element. This configuration is selected as it corresponds to
the experimental hardware that will be described later. Although the CHB includes
twelve cells, the number of active cells 𝑁a is set equal to ten as one cell is always at the
idle state and to allow the system to tolerate failure of one cell. The maximum and
minimum average cell currents can be calculated by (2.6) with √2𝐼rms = 3 A.
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p

𝐼max = 𝐼1 = 1.91 A
𝐼min = 0 A (redundant cell)

(2.11)
(2.12)

The upper limit for the duration of the idle state is selected so that SoC variation due to
unequal (dis)charge rates across cells does not exceed 1%, between two consecutive
POCV measurement updates. The maximum SoC variation is observed between a cell
operating under the maximum cell current and a cell remaining idle and can be found by
solving (2.13).
𝐼max 𝑑0 (𝑁a − 1) ≤ 3600 ∙ 0.01𝑄n

(2.13)

where 𝑑0 is the idle state duration in sec ( 𝑑0 (𝑁a − 1) is the duration between two
consecutive POCV measurements) and 𝑄n is the nominal capacity of the cell in Ah.
By solving (2.13) for 𝑑0 , the maximum idle state duration is 4.6 sec for 2.2 Ah cells
(Li-po cells used to validate POCV balancing). According to [148] the charge transfer
time constant of Li-po cells of similar capacities to the ones used in this study is 0.12 0.46 s depending on cell SoC. As a result, the duration of the idle state is selected to be 3
seconds to ensure that the effect of the short time constant may be neglected whilst also
limiting the SoC difference between cells.

2.3

Simulation results of POCV balancing

In order to validate the concept of POCV and quantify the effect of the large time
constant on cell balancing, the equivalent RC circuit of a 2.2 Ah Li-po cell is developed
and used for simulation. A first-order equivalent RC circuit is typically considered a good
compromise between accuracy and computational demands [149]. For the construction of
the equivalent circuit model, a SoC – OCV profile extraction test is contacted, followed
by the equivalent circuit parameters’ estimation. The SoC-OCV extraction test followed
here is described in [150]. The cell is discharged from 100 % SoC to 0 % at 1 C (2.2 A
for the 2.2 Ah cell). The discharge process is paused (0 A cell current) for 10 min at every
10% change in SoC in order to record the dynamic behaviour of the cell. Once the cell
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reaches the lower limit (0% SoC) and after resting for 10 min, the charging process starts
using 1 C charging rate and 10 min pauses every 10 % SoC. Once the upper voltage limit
is reached (4.2 V) the charging resumes in constant voltage mode until the current is
reduced to zero. The SoC – OCV curve presented in Fig. 2.4 is the average of the
measured OCVs during the charge and discharge cycles.

Fig. 2.4 Extracted SoC-OCV curve for the lithium-polymer cell.
To simplify the study, an equivalent circuit with constant parameters over the range of
SoC is used. Based on [150] the constant parameters of the equivalent circuit model can
be calculated by minimizing the squared error between the measured cell voltage (𝑉meas )
and the cell voltage calculated using the equivalent circuit model (𝑉mod ) according to
(2.14). This optimisation problem is solved using MATLAB Optimisation Toolbox
(solver fmincon).
𝑁

𝐹(𝑅 s , 𝑅 𝜏l , 𝜏l ) = ∑(𝑉mod (𝑖) − 𝑉meas (𝑖))

2

𝑖=1

𝑉mod (𝑖) = 𝑉
𝑉 RC (𝑖) = 𝑉 RC (𝑖 − 1)𝑒

OC (𝑖)

(2.14)

+ 𝐼(𝑖)𝑅 s + 𝑉 RC (𝑖)

𝑡(𝑖)−𝑡(𝑖−1)
𝜏l

+ 𝐼(𝑖)𝑅 𝜏l (1 − 𝑒

𝑡(𝑖)−𝑡(𝑖−1)
𝜏l
)

where 𝑁 is the number of samples.
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The resulting parameters for the equivalent RC circuit are given in Table 2.2.
Table 2.2 Calculated parameters of the equivalent RC circuit model.
Parameter

Symbol

Value

Series resistance

𝑅s

18.4 mΩ

Transient resistance

𝑅 𝜏l

7.72 mΩ

Diffusion time constant

𝜏l

45.0 s

The equivalent circuit model is used to simulate the cases of balancing between twelve
identical new cells (i.e. same capacities and parameters of the RC circuit) with a 55%
initial SoC variation and balancing between eleven new and one aged cell (using the data
from Table 2.1) with the same initial SoC variation. In both simulations the initial cell
SoCs are evenly spread between 85% and 30%. In the case of balancing between twelve
identical cells (Fig. 2.5a), POCV balancing is achieved at 64 min. During the first
discharge cycle, the cells with the highest POCVs are discharged with higher currents but
when the charging cycle begins, priority is given to the cells with lower POCVs. In this
case, the close agreement between the transient resistances of the cells combined with the
equal cell capacities results in accurate OCV balancing (Δ𝑉 OC = 0).
In the second simulation presented in Fig. 2.5b, the parameters of cell 12 are set based
on Table 2.1 (considering as nominal values the values presented in Table 2.2), in order to
simulate an aged cell (i.e. a cell that has experienced 6,000 cycles). POCV balancing is
achieved at 68 min and is retained throughout the simulation. In this case however, the
POCV balancing does not lead to a perfect OCV balancing because of the different 𝑉 RC
between the aged cell and all other cells. In order to balance the POCVs, a lower cell
current is applied to the aged cell (cell 12 with decreased capacity). This current
combined with the increased cell resistance (the internal resistance is doubled based on
Table 2.1) introduces a voltage difference Δ𝑉 RC of 4 to 6 mV that corresponds to the
OCV difference. This difference in OCV is translated to a 0.8 % difference in SoC
between the cells at the end of each cycle using Fig. 2.5b. A close agreement is observed
in this case, as the effect of the decreased average current of the aged cell is negated to
some extent by the simultaneous increase in the transient resistance. Using (2.10) the
OCV difference between the cells is calculated at 4.95 mV, thus a good agreement is
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observed between simulation and the theoretical calculations. Simulations also confirm
the dependence of cell balancing on the C-rate. The OCV error tends to increase
proportionally with the C-rate as indicated by (2.10). However the SoC error at the end of
a (dis)charge cycle is less than 3.5% for up to 2 C-rate.

(a)

(b)

Fig. 2.5 POCV, OCV, RC voltage drop, average cell current and SoC for the simulated
balancing of Li-po cells: a) twelve identical new cells b) eleven identical new cells and an
aged cell (after 6,000 cycles based on Table 2.1).
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2.4

Implementing POCV balancing on a CHB with a

centralised BMS
The complete balancing strategy including converter switching using the NLC and
RSoC estimation based on POCV measurements is presented in Fig. 2.6a for a single
phase CHB with a centralised BMS. The balancing strategy consists of two parallel
operations at different execution rates: A slow process of disabling a cell every 3 seconds
(idle state) followed by the cell sorting and fast processes (50 kHz in our case) including
cell voltage measurements, NLC and switching signal generation.
During the initialisation stage, the POCVs of the cells are updated using their current
voltage measurements as the cells are initially idle. After that, each cell is bypassed
periodically for a predefined amount of time equal to the idle state duration. At the end of
each idle state, the measured cell voltage of the disabled cell is used to update the POCV
measurements of that cell. Once a new POCV measurement is made, the priority list L is
updated by sorting the cells in ascending or descending order of POCV, depending on the
operation (discharging or charging).
The CHB reference voltage used in the NLC is provided by the current controller
presented in Fig. 2.6b. For the current controller to work, a single-phase phase locked
loop (PLL) [151] is required to synchronize with the angle of the grid voltage θ. Cell
current is controlled using two PI controllers to control the d-axis and q-axis components
of the current. The q-axis current reference is set to zero to achieve output with unity
power factor and the d-axis current reference is set to the desired charging/discharging
current magnitude. The output of the PI controllers corresponds to the respective d-q axis
components of the reference voltage. The reference output voltage is then acquired by
using the reverse Park transformation.
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Fig. 2.6 Controller of a CHB-BESS with a flat BMS: a) description of the proposed
POCV balancing strategy b) complete control of the single-phase CHB prototype.
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2.5

Experimental validation of POCV balancing

In order to verify the performance of the proposed balancing strategy based on POCV
measurements, a single-phase 12 cell CHB is used, where each H-bridge converter
element is connected to a single 2.2 Ah Li-po cell. The voltage of each cell and the grid
voltage are measured using 12-bit Analog-to-Digital Converters (ADCs) and the output
current of the CHB using a Hall effect sensor. The overall control of the CHB as
presented in Fig. 2.6 is implemented in Very High Speed Integrated Circuit Hardware
Description Language (VHDL) using a Terasic Cyclone IV E Field-Programmable Gate
Array (FPGA) located at the Altera DEO-Nano development board. The 12 H-bridges
with the respective MOSFET drivers, the ADCs, the current sensor and the FPGA are
located on a single Printed Circuit Board (PCB) presented in Fig. 2.7c. Although this is
the same hardware as the modules that are combined to form the experimental BESS in
Chapter 5, the controller implemented in the FPGA is fundamentally different. In this
chapter (as well as in Chapter 3), the centralised BMS approach presented in Fig. 2.6 is
used, in contrast to the decentralised architecture explained in Chapter 5. In order to
interface the CHB to the grid, a step-down isolation transformer (1:10 turns ratio) is used
and the input voltage to the CHB is controlled using a single-phase variac (input voltage
can be controlled between 0 and 24 V and is fixed to 20 V RMS during the tests). A 2.4
mH inductor is used to control the power flow to/from the CHB-BESS. The complete
experimental system is presented in Fig. 2.7. Once a new POCV measurement is made
(every 3 seconds) and the priority list of cells is updated, these data are sent to the lab PC
via a serial to USB converter and are stored for further processing.
The experimental procedure is described as follows:
1. Initialisation: Prior to each test, all twelve cells are discharged from 100% SoC to
different SoC values between 75-20%. After discharge the cells are left to rest for
30 min in order to measure their OCV.
2. Consecutive charging and discharging cycles: The single phase multilevel
d
converter is connected to the grid. The current reference is set as 𝐼ref
= 3 A,
q

q

d
𝐼ref = 0 A for charging and 𝐼ref
= −3 A, 𝐼ref = 0 A for discharging. The controller

is set to operate the cells in consecutive charging and discharging cycles between
POC
POC
the following POCV limits: 𝑉max
= 3.9 V, 𝑉min
= 3.7 V. This corresponds to
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consecutive cycles between 15% and 65% SoC. The above POCV limits are
selected in order to ensure that the terminal voltage of any cell does not exceed the
suggested voltage limits (3 V when discharging and 4.2 V when charging) at any
point during operation. After five consecutive cycles, operation is terminated and
the cells are left to rest for 20 min. The results from two tests are presented here:
balancing of twelve 2.2 Ah cells and balancing of eleven 2.2 Ah cells and a 1 Ah
cell.
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Fig. 2.7 Experimental setup of POCV balancing: a) schematic of experimental setup b)
photo of the experimental setup c) 25-level CHB prototype.
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V OC  242mV
V OC  7mV

(a)
V OC  243mV

V OC  36mV

(b)
V OC  234mV
V OC  5mV

Lowest capacity cell

(c)

Fig. 2.8 POCV and average element position over 100 samples for the balancing test: a)
of twelve cells with a 2.2 Ah nominal capacity b) of twelve cells with a 2.2 Ah nominal
capacity, without using the idle state for POCV measurements. (c) Eleven cells with a 2.2
Ah nominal capacity and a cell with a 1 Ah nominal capacity
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2.5.1

Balancing of twelve 2.2 Ah cells

The different POCVs of the twelve cells in Fig. 2.8a at the beginning of the test
correspond to the initial SoC variation between the cells. During discharge, the cells with
the highest POCVs (cells 1-3) are placed in the highest cell positions (closer to one) in
order to be discharged with higher cell currents. Discharge operation is terminated when
POC
𝑉min
is reached by cell 11 and the first charging cycle begins. The output voltage and

current of the CHB at the transition between discharging and charging is presented in Fig.
2.9. Since the magnitude of the output current is constant, the increase in the converter
output voltage observed during discharge (due to grid impedance) leads to a higher
discharge rate at 0.6 C compared to 0.45 C during charging (since more cells participate
in the construction of the stepped output voltage).

Fig. 2.9 Experimental multilevel converter output voltage and current during the
transition between charging and discharging.
During charging, priority is given to the cells with the lowest POCVs (cells 10-12)
which are now placed in the higher cell positions and POCV balancing is achieved around
40 min. In order for the cells to remain balanced, the algorithm needs to respond rapidly
to POCV deviations by adjusting cell position. Balancing is retained by operating the
cells equally as indicated by the close agreement in average cell position in Fig. 2.8a.
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The adaptiveness of the balancing is demonstrated around 150 min where the position of
cell 8 is adjusted to lower values in order to compensate for the decreased capacity of the
cell compared to the rest (2 Ah measured cell capacity for cell 8 compared to 2.2 Ah
nominal capacity). After the end of the third discharge cycle the cells are left to rest for 20
min. The effectiveness of the balancing strategy is verified by the close agreement of the
measured OCV (within 8 mV).
In order to demonstrate the effect of the short time constant on cell balancing, the
previous test is repeated but instead of the POCV, balancing is now performed using the
cell voltage measured during the zero crossings (Fig. 2.2b). The negative effect of the
low quality voltage measurements used in this case is evident during the discharge cycles
of Fig. 2.8b. During the second discharge cycle (72-108 min) the voltages of cells 2 and 3
alternate, causing the cells to be placed constantly either on the first or the last cell
position. As a result these cells are always discharged either with the highest or with the
lowest cell current, maintaining a voltage fluctuation that reaches up to 80 mV. Due to the
low quality of voltage measurements, the SoC variation between these two cells and the
rest cannot be detected by the balancing algorithm and so the cells are equally discharged
as can be seen by the close agreement of their average cell position (Fig. 2.8b). Similar
behaviour is observed during the third discharge cycle (159-191 min) between cells 10
and 12. After the cells relax at the end of the test a 30 mV difference is observed between
the voltages of these two cells and the rest.

2.5.2

Balancing of eleven 2.2 Ah cells and a 1 Ah cell

In this test cell 12 was replaced with a 1 Ah cell (45% of the nominal capacity of the
other cells) and the operation of the CHB is presented in Fig. 2.8c. The balancing strategy
in this case is expected to overcome the initial SoC imbalance between the cells as well as
the difference in cell capacity. During discharge the balancing algorithm places the cells
with the higher POCVs (cells 1-3) on higher cell positions (higher discharge current).
When charging, operation is reversed and the cells with the lower POCVs (cells 9-11) are
placed at the top positions of the priority list. POCV balancing in this case is achieved at
40 min. Here, a large fluctuation in POCV measurements is observed for cell 12 (i.e. the
low capacity cell). The reason for this is the difference in cell capacity that causes it to
experience rapid changes in SoC between two consecutive POCV measurements (36
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seconds), compared to the other cells (that have approximately twice the capacity). These
rapid SoC changes are reflected in the OCV and can be observed in the measured POCV.
Based on the estimated SoC and the observed cell position, cell balancing is achieved
around 75 min. In order for the cells to remain balanced, the balancing algorithm ensures
that cell 12 is operated at a lower duty cycle (average cell position between 8 and 10)
compared to cells 1-11 (average cell position close to 6). The position of cell 8 is also
adjusted around 130 min in the test (since this cell has 10% lower capacity). After the
cells relax at the end of the test, the good agreement between OCVs (within 5 mV)
demonstrates that the balancing strategy can tolerate very large capacity variation as well
as a SoC difference between cells.

2.6

Conclusions

This chapter demonstrated the operation of a single phase CHB-BESS with a
centralised BMS.

Using a NLC modulation strategy, a high quality stepped output

voltage can be produced and cell balancing can be achieved by controlling the average
current of each cell according to their relative SoC. In order to accurately estimate the
relative cell SoC, the concept of the idle state was introduced. During the idle state, the
cell is temporarily removed from the current path for a short period of time. As a result,
the effect of the series resistance and short time transient phenomena can be neglected
and therefore cell voltage measurements taken during the idle state can be used as a
pseudo-OCV measurement. The effectiveness of the proposed POCV balancing depends
on the applied C-rate and the difference in cell capacities and transient resistance. The
proposed strategy was validated experimentally using a 25-level CHB converter prototype
for the balancing of 12 Li-po cells during consecutive charging and discharging cycles,
demonstrating the ability to overcome significant SoC and capacity variations between
cells. The experimental results further support the importance of selecting an appropriate
idle state duration, since the effect of the short time constants on POCV measurements
can otherwise significantly reduce the quality of balancing.
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Chapter 3

Balancing performance evaluation of

active balancing circuits
This chapter approaches the balancing problem as a linear programming problem with
the objective of maximising the useable capacity of a pack comprising cells with different
capacities. The proposed framework encompasses DCB architectures such as the CHB
and ERB architectures such as A-C2C, D-C2C and C2P. The aim of this chapter is to
compare and contrast the balancing performance of battery packs that use ERB and DCB
balancing circuits. Here, ‘balancing performance’ is defined as the ability to effectively
distribute charge among the cells of the pack according to their respective capacities.
Accessing the total cell capacity (sum of individual cell capacities) of a pack comprising
cells with different individual cell capacities is not always possible as it depends on cell
redundancy for the DCB and the maximum balancing current (that dictates the size of
balancing circuit) in ERB circuits. As a result, the balancing performance can be
quantitatively evaluated by calculating the useable capacity of the pack i.e. the percentage
of the total cell capacity that can be accessed and used. The numerical prediction of the
useable capacity when different ERB circuit are used is validated through simulation and
experimentally for the DCB case using the hardware described in Chapter 2. This chapter
is based on publication [131].

3.1

Duty cycle balancing as a linear programming problem

In this section, the balancing performance of DCB circuits is modelled under the same
linear programming framework. The balancing performance is evaluated by examining
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the ability of each circuit to overcome a capacity imbalance between the cells within one
cycle of operation. It should be noted that capacity imbalance is fundamentally different
to SoC imbalance. A balancing circuit can eventually overcome any SoC imbalance
between the cells as long as a slightly different charge can be applied to each cell during
each cycle. However, in order to overcome a capacity imbalance between cells, the
balancing circuit should be able to operate different cells under sufficiently different
currents (according to each cell’s capacity) at every operating cycle. The SoC balancing
speed is also directly associated with the ability of the system to cope with varying
capacities since this also depends on the rate at which the system is able to differentially
distribute charge between cells.

3.1.1

Duty cycle balancing for DC PEEBPs (DCB-DC)

In a PEEBP using DCB, balancing can be performed by controlling the effective duty
cycle of each cell so that the cells with higher capacities are ‘used more’ than those with
lower capacities. This can be achieved by bypassing the cells using active switches as in
Fig. 3.1. The average current of each cell 𝑖 during operation can be described by:
𝐼𝑖 = 𝐼 + 𝐼𝑖b

(3.1)

where 𝐼 is the pack output current and 𝐼𝑖b is the average balancing current of cell 𝑖:

𝐼𝑖b

−𝐼𝑡𝑖b
=
𝑇

(3.2)

where 𝑇 is the length of operation (the length of one full charge or discharge cycle) and
𝑡𝑖b the balancing time of cell 𝑖. When performing DCB a cell can either be operated
normally with the cell current equal to pack current, or bypassed so that cell current is
equal to zero.
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Fig. 3.1 Duty cycle balancing circuit architecture: a) general circuit b) duty cycle
balancing DC pack using a half-bridge converter per cell.
The constraints on the balancing time 𝑡𝑖b are then:
0 ≤ 𝑡𝑖b ≤ 𝑇

(3.3)

When 𝑡𝑖b is equal to 𝑇 the cell is bypassed throughout the operation and the average
cell current is zero. For a balancing time equal to zero the cell is always in the current
path and the average cell current is equal to the pack current 𝐼. In order to be able to
provide the required output voltage while performing DCB, a number of redundant cells
should be included in the pack:

𝑟=

𝑁C − 𝑁a
𝑁C

(3.4)
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where 𝑟 is the cell redundancy ratio, 𝑁C is the total number of cells and 𝑁a is the number
of cells that should always be active throughout the operation of the pack to ensure the
output voltage is maintained at a constant level. Due to the redundancy the average cell
current is:
C
∑𝑁
𝑁a 𝐼
𝑖=1 𝐼𝑖
=
𝑁C
𝑁C

(3.5)

Substituting (3.1) and (3.2) into (3.5):
𝑁C

𝑁a 𝐼
𝐼
=𝐼−
∑ 𝑡𝑖b
𝑁C
𝑇𝑁C

(3.6)

𝑖=1

The length of operation 𝑇 is equal to the duration of time needed to extract the useable
capacity of the cells with a pack current 𝐼. Taking into account redundancy the
operational time is given by:
C
∑𝑁𝑖=1
𝑛𝑖 𝑄𝑖
𝑇=
𝑁a 𝐼

(3.7)

where 𝑛𝑖 is the useable (or accessible) fraction of the capacity 𝑄𝑖 of cell 𝑖. This fraction
must lie between 0 and 1 for all cells:
0 ≤ 𝑛𝑖 ≤ 1 , ∀ 𝑖 ∈ [1 … 𝑁C ]

(3.8)

Substituting (3.7) into (3.6):
𝑁C

𝑁C

𝑁C − 𝑁a
∑ 𝑛𝑖 𝑄𝑖 = ∑ 𝑡𝑖b
𝑁a 𝐼
𝑖=1

(3.9)

𝑖=1

The useable capacity of each cell is:
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𝐼𝑖 𝑇 = 𝑛𝑖 𝑄𝑖

(3.10)

Substituting (3.1), (3.2) and (3.7) into (3.10):
average cell
charge in pack

⏞
C
∑𝑁
i=1 𝑛𝑖 𝑄𝑖
𝑁a

3.2

cell 𝑖
bypass charge

−

⏞b
𝐼𝑡
𝑖

useable capacity
of cell 𝑖

=

⏞
𝑛
𝑖 𝑄𝑖

(3.11)

Duty cycle balancing for AC PEEBPs (DCB-AC) based on

the CHB
Battery packs that perform direct DC to AC conversion, such as the CHB topology
presented in Chapter 2, can be considered as a more complex version of DCB-DC. Using
the CHB with a NLC modulation scheme, a stepped output voltage (with a voltage step
equal to the cell voltage) close to a sinusoidal voltage reference is produced by
sequentially switching the converter modules and as a result of this operation, each cell
experiences different average cell current due to the varying duration of time that the cells
are placed in the current path (Fig. 2.2). The average cell current assigned to each cell
position 𝑗 was calculated in Chapter 2:

p

𝐼𝑗 =

2
𝑗 − 0.5 2
)
√2𝐼rms √1 − (
𝜋
𝑁a

(3.12)

where 𝐼rms is the output rms current of the DCB-AC pack.
Due to the different average cell currents associated with each position, it is necessary
to track the total duration of time that each cell spends at each of the different positions.
The number of cell positions is always equal to the number of cells since even when a
number of redundant cells are used, these will be allocated to an equivalent number of
idle positions with zero cell current. Consequently, the total time that each cell 𝑖 spends at
the different positions 𝑗 as well as the total time a position 𝑗 is occupied by any cell 𝑖
should sum to the total time of operation:
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𝑁C

𝑁C

∑ 𝑡𝑖𝑗 = ∑ 𝑡𝑖𝑗 =
𝑖=1

𝑗=1

𝑡𝑖𝑗 ≥ 0,

C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖

p
C
∑𝑁
𝑗=1 𝐼𝑗

, ∀ 𝑖, 𝑗 ∈ [1 … 𝑁C ]

∀ 𝑖, 𝑗 ∈ [1 … 𝑁C ]

(3.13)

(3.14)

The useable capacity of each cell is in this case equal to accumulated charge that the
cell receives while occupying different cell positions:
𝑁C
p

∑ 𝐼𝑗 𝑡𝑖𝑗 = 𝑛𝑖 𝑄𝑖 ,

∀ 𝑖 ∈ [1 … 𝑁C ]

(3.15)

𝑗=1

The DCB-DC case can also be formulated as a DCB-AC problem with the position
current of the first 𝑁a positions equal to the pack current (𝑁a cells should always be
online during operation to ensure that the rated pack voltage is met) and the remaining
𝑁C − 𝑁a positions equal to zero current (these correspond to the positions of the
redundant cells which are bypassed). However, this results in a problem with redundant
decision variables and thus it is reduced to the more compact formulation presented in the
previous section.

3.3

Energy redistribution balancing as a linear programming

problem
In this section the balancing performance of the direct cell-to-cell (D-C2C), adjacent
cell-to-cell (A-C2C) and cell-to-pack (C2P) ERB architectures is explored under a
common linear programming framework.

3.3.1

Direct cell-to-cell active balancing (D-C2C)

For a battery pack including series connected cells coupled to a D-C2C balancing
circuit as in Fig. 3.2, the average current of each cell 𝑖 is given by (3.1). Using a shared
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energy storage element, energy can be extracted or inserted to cell 𝑖 from any cell in the
pack. The balancing current of cell 𝑖 is then:

𝐼𝑖b =

𝑏𝐼 c
(𝑡 − 𝑡𝑖d )
𝑇 𝑖

(3.16)

where 𝑏 effectively determines the ‘size’ of the balancing circuits: a larger value of 𝑏
means a larger balancing current can be applied; this makes the problem formulation
independent of C-rate because the maximum balancing current, and therefore the
balancing circuit size, is scaled with the pack current 𝐼. 𝑡𝑖c is the ‘charging’ balancing time
i.e. the time during which cell 𝑖 receives charge and 𝑡𝑖d the ‘discharging’ balancing time
i.e. the time during which charge is extracted from cell 𝑖. The balancing times 𝑡𝑖c and 𝑡𝑖d
are constrained such that:
0 ≤ 𝑡𝑖c ≤ 𝑇

∀ 𝑖 ∈ [1 … 𝑁C ]

(3.17)

0 ≤ 𝑡𝑖d ≤ 𝑇 ∀ 𝑖 ∈ [1 … 𝑁C ]

(3.18)

𝑡𝑖c + 𝑡𝑖d ≤ 𝑇 ∀ 𝑖 ∈ [1 … 𝑁C ]

(3.19)

When a shared storage element is used for energy exchange (e.g. in a single-inductor
balancing circuit) the sum of the charging times should be less than the total time of
operation since balancing can be performed only between two cells at a time:
𝑁C

∑ 𝑡𝑖c ≤ 𝑇

(3.20)

𝑖=1

Assuming a constant efficiency 𝜂 for the balancing circuit [81], the total power the
cells receive is:
𝑁C

𝑁C

𝑏𝐼𝑡𝑖c
𝑏𝐼𝑡𝑖d
∑ 𝑉𝑖
= 𝜂 ∑ 𝑉𝑖
𝑇
𝑇
𝑖=1

(3.21)

𝑖=1
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Fig. 3.2 Direct cell-to-cell balancing circuit architecture: a) general circuit b) single
inductor D-C2C balancing circuit.
Since the purpose of the balancing circuit is to ensure that the cells remain balanced or
within a close SoC range during operation (and thus have similar cell voltages), the cell
voltages 𝑉𝑖 can be assumed to be equal [81] and (3.21) can be simplified to:
𝑁C

𝑁C

∑ 𝑡𝑖c = 𝜂 ∑ 𝑡𝑖d
𝑖=1

(3.22)

𝑖=1

In a battery pack with a D-C2C balancing circuit and a pack current 𝐼, using (3.1),
(3.10) and (3.16) 𝑇 is given by:
𝑁C c
𝑁C d
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖 − 𝑏𝐼(∑𝑖=1 𝑡𝑖 − ∑𝑖=1 𝑡𝑖 )
𝑇=
𝑁C 𝐼

(3.23)

Substituting (3.1), (3.16), (3.22) and (3.23) in (3.10) provides:
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average cell
charge in pack

⏞
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖
𝑁C

balancing
charge for cell 𝑖

balancing circuit losses

⏞
𝑁C d
𝑏𝐼(𝜂 − 1) ∑𝑖=1
𝑡𝑖
−
𝑁C

+ ⏞
𝑏𝐼(𝑡𝑖c − 𝑡𝑖d )

(3.24)

useable capacity
of cell 𝑖

=

⏞
𝑛
𝑖 𝑄𝑖

The time of operation 𝑇 should always be less than or equal to the maximum possible
time of operation i.e. the time needed to completely extract the charge from every cell at
1

𝑁C
the average pack current: 𝑇 ≤ 𝑁 𝐼 ∑𝑖=1
𝑄𝑖 . This results in the following inequality
C

expressed in terms of the decision variables:
𝑁C

𝑁C

∑(1 − 𝑛𝑖 )𝑄𝑖 ≥ 𝑏𝐼(1 − 𝜂) ∑ 𝑡𝑖d
𝑖=1

3.3.2

(3.25)

𝑖=1

Adjacent cell-to-cell active balancing (A-C2C)

When the A-C2C architecture is used, each cell is restricted in exchanging energy only
with its adjacent cells. According to Fig. 3.3, each cell 𝑖 (apart from the first and last cells
in a string) is connected to balancing circuits 𝑖 and 𝑖 − 1 and the cell can either receive or
extract energy from its adjacent cells using these two balancing circuits.
The average cell current in this case can also be described by (3.1), with the average
cell balancing current now being equal to the sum of the currents provided by the adjacent
balancing circuits (assuming equal cell voltages):

𝐼𝑖b = (𝜂

cc
cd
𝑏𝐼𝑡𝑖cc 𝑏𝐼𝑡𝑖cd
𝑏𝐼𝑡𝑖−1
𝑏𝐼𝑡𝑖−1
−
)−(
−𝜂
)
𝑇
𝑇
𝑇
𝑇

𝑏𝐼
cc
cd
= (𝜂𝑡𝑖cc − 𝑡𝑖cd − 𝑡𝑖−1
+ 𝜂𝑡𝑖−1
)
𝑇

(3.26)
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where 𝑡𝑖cc is the ‘charging’ time of cell 𝑖 through circuit 𝑖 i.e. the time during which the
balancing circuit 𝑖 is extracting energy from cell 𝑖 + 1 to cell 𝑖, 𝑡𝑖cd is the ‘discharging’
time of cell 𝑖 through circuit 𝑖, that is the time during which the balancing circuit 𝑖 is
extracting energy from cell 𝑖 to cell 𝑖 + 1 and 𝜂 the efficiency of the balancing circuit.
For the charging and discharging times:
0 ≤ 𝑡𝑖cc ≤ 𝑇 , 𝑖 ∈ [1. . 𝑁C − 1]

(3.27)

0 ≤ 𝑡𝑖cd ≤ 𝑇 , 𝑖 ∈ [1. . 𝑁C − 1]

(3.28)


I
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I 2b
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I3
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NC  1

(a)

I Nb C 1
I NC



(b)

Fig. 3.3 Adjacent cell-to-cell balancing circuit architecture: a) general circuit b) coupled
inductor A-C2C balancing circuit
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The total time duration that a balancing circuit is used should be less than or equal to
the total time of operation:
𝑡𝑖cc + 𝑡𝑖cd ≤ 𝑇 , 𝑖 ∈ [1. . 𝑁C − 1]

(3.29)

From (3.1), (3.10) and (3.26) the balancing time for A-C2C is calculated:
𝑁C cc
𝑁C cd
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖 + 𝑏𝐼(1 − 𝜂)(∑𝑖=1 𝑡𝑖 + ∑𝑖=1 𝑡𝑖 )
𝑇=
𝑁C 𝐼

(3.30)

Substituting (3.1), (3.26) and (3.30) in (3.10) provides the following equality:
average cell
charge in pack

⏞
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖
𝑁C

balancing circuit losses

+

⏞
𝑁C cc
𝑁C cd
𝑏𝐼(1 − 𝜂)(∑𝑖=1
𝑡𝑖 + ∑𝑖=1
𝑡𝑖 )
𝑁C

(3.31)
useable
capacity
of cell 𝑖

balancing
charge for cell 𝑖

cc
cd
⏞
+⏞
𝑏𝐼(𝜂𝑡𝑖cc − 𝑡𝑖cd − 𝑡𝑖−1
+ 𝜂𝑡𝑖−1
) = 𝑛
𝑖 𝑄𝑖

Similar to (3.25):
𝑁C

∑(1 − 𝑛𝑖 )𝑄𝑖 ≥ 𝑏𝐼(1 −
𝑖=1

3.3.3

𝑁C

𝜂) (∑ 𝑡𝑖cc
𝑖=1

𝑁C

+ ∑ 𝑡𝑖cd )

(3.32)

𝑖=1

Cell-to-pack active balancing (C2P)

In the C2P architecture, energy is extracted from individual cells according to their
relative SoC and is fed back to the pack (Fig. 3.4a):
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𝑁C

𝜂 ∑ 𝑉𝑖 𝐼𝑖b = 𝑁C 𝑉𝑖 𝐼pb

(3.33)

𝑖=1

where 𝐼pb is the balancing current that is returned from the balancing circuit to the pack
and 𝜂 the efficiency of the balancing circuit. With the assumption of equal cell voltages:

𝐼pb



I pb

I
I1

I1b Circuit

C b
∑𝑁
𝑖=1 𝐼𝑖
= 𝜂
𝑁C



I pb

I
I1

I1b

(3.34)
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Fig. 3.4 Cell-to-pack balancing circuit architecture: a) general circuit b) multiple
transformers balancing circuit (C2P-distributed) c) multi-windings forward transformer
balancing circuit (C2P-shared)
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The average cell current is:

pack
current

𝐼𝑖 =

⏞
𝐼

−

balancing current
extracted from cell 𝑖

balancing current
returned to the pack

⏞b
𝑏𝐼𝑡
𝑖
𝑇

⏞ ∑𝑁 C b
𝑏𝐼 𝑖=1 𝑡𝑖
𝜂
𝑁C 𝑇

+

(3.35)

The balancing time 𝑡𝑖b in this case is equal to the total time during which energy is
transferred from cell 𝑖 to the pack via its respective balancing circuit:
0 ≤ 𝑡𝑖b ≤ 𝑇 , ∀ 𝑖 ∈ [1 … 𝑁C ]

(3.36)

When a shared storage element is used for energy exchange (e.g. balancing circuits
with a single winding or multiwinding transformer as in Fig. 3.4c) the sum of the cells’
balancing times must be less than the total time of operation:
𝑁C

∑ 𝑡𝑖b ≤ 𝑇

(3.37)

𝑖=1

This constraint should not be considered in cases where individual balancing circuits
are used for each cell, such as in multiple transformers C2P balancing depicted in Fig.
3.4b [152].
From (3.10) and (3.35), the operation time for the C2P is:
𝑁C b
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖 + 𝑏𝐼(1 − 𝜂)(∑𝑖=1 𝑡𝑖 )
𝑇=
𝑁C 𝐼

(3.38)

From (3.1), (3.35) and (3.38) the useable capacity of each cell in a C2P architecture is:
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average cell
charge in pack

⏞
C
∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖
𝑁C

balancing losses

balancing

balancing charge
returned to pack

charge for cell 𝑖
⏞
𝑁C b
⏞ ∑𝑁 C b
(1 − 𝜂)𝑏𝐼 ∑𝑖=1
𝑡𝑖
𝜂𝑏𝐼 𝑖=1 𝑡𝑖
⏞
b
+
−
𝑏𝐼𝑡𝑖
+
𝑁C
𝑁C

(3.39)

useable capacity
of cell 𝑖

=

⏞
𝑛
𝑖 𝑄𝑖

which can be simplified to:
𝑁C b
C
∑𝑁
𝑏𝐼 ∑𝑖=1
𝑡𝑖
𝑖=1 𝑛𝑖 𝑄𝑖
b
− 𝑏𝐼𝑡𝑖 +
= 𝑛𝑖 𝑄𝑖
𝑁C
𝑁C

(3.40)

Similar to (3.25) and (3.32):
𝑁C

𝑁C

∑(1 − 𝑛𝑖 )𝑄𝑖 ≥ 𝑏𝐼(1 − 𝜂) (∑ 𝑡𝑖b )
𝑖=1

(3.41)

𝑖=1

A summary of the balancing problems (DCB-DC, DCB-AC, D-C2C, A-C2C and C2P)
is given in Table 3.1. The table contains all the necessary information required to
formulate and solve the linear programming problems, including the decision variables,
the equality and inequality constraints and the objective function.
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Table 3.1 Balancing problem formulation as a linear programing problem.
DCB-DC
Decision
variables

𝑡𝑖b , 𝑛𝑖
∀𝑖
∈ [1, ⋯ , 𝑁C ]

DCB-AC
𝑡𝑖𝑗 , 𝑛𝑖
∀𝑖, 𝑗
∈ [1, ⋯ , 𝑁C ]

Objective
function

𝑡𝑖c , 𝑡𝑖d , 𝑛𝑖
∀𝑖 ∈ [1, ⋯ , 𝑁C ]

A-C2C

C2P

∀ 𝑖 ∈ [1, ⋯ , 𝑁C
− 1]
𝑛𝑗 ∀ 𝑗 ∈ [1, ⋯ , 𝑁C − 1]

𝑡𝑖b , 𝑛𝑖 ∀ 𝑖
∈ [1, ⋯ , 𝑁C ]

𝑡𝑖cc , 𝑡𝑖cd

𝑄u∗ = max(∑𝑁
𝑖=1 𝑛𝑖 𝑄𝑖 )
C
∑𝑁
𝑖=1 𝑡𝑖𝑗 =
𝑁C
∑𝑗=1 𝑡𝑖𝑗 =

Equality
constraints

D-C2C

𝑁

C𝑛 𝑄
∑𝑖=1
𝑖 𝑖

𝑁a

−

𝐼𝑡𝑖b = 𝑛𝑖 𝑄𝑖

𝑁C
∑𝑖=1
𝑛𝑖 𝑄𝑖
𝑁C p
∑𝑗=1
𝐼𝑗

p
C
∑𝑁
𝑗=1 𝐼𝑗 𝑡𝑖𝑗 =
𝑛𝑖 𝑄𝑖

C c
∑𝑁
𝑖=1 𝑡𝑖 =
𝑁C d
𝜂 ∑𝑖=1
𝑡𝑖
𝑁

C 𝑛 𝑄
∑𝑖=1
𝑖 𝑖

𝑁C

𝑁

𝑁C

+
𝑁

C 𝑡 cc +∑ C 𝑡 cd )
𝑏𝐼(1−𝜂)(∑𝑖=1
𝑖
𝑖=1 𝑖

−

𝑁C d
𝑏𝐼(𝜂−1) ∑𝑖=1
𝑡𝑖

𝑁C
𝑏𝐼(𝑡𝑖c − 𝑡𝑖d )

𝑁

C𝑛 𝑄
∑𝑖=1
𝑖 𝑖

𝑁

C𝑛 𝑄
∑𝑖=1
𝑖 𝑖

+
=

𝑁C
cc
𝑏𝐼(𝜂𝑡𝑖cc − 𝑡𝑖cd − 𝑡𝑖−1
cd
𝜂𝑡𝑖−1
) = 𝑛𝑖 𝑄𝑖

+

+

𝑛𝑖 𝑄𝑖

Inequality
constraints

0 ≤ 𝑛𝑖 ≤ 1
0 ≤ 𝑡𝑖b ≤ 𝑇

0 ≤ 𝑛𝑖 ≤ 1
𝑡𝑖𝑗 ≥ 0

𝑡𝑖d

≤𝑇

𝑡𝑖c + 𝑡𝑖d
C c
∑𝑁
𝑖=1 𝑡𝑖

≤𝑇
≤𝑇

0≤

C
∑𝑁
𝑖=1(1 −
𝑛𝑖 )𝑄𝑖 ≥ 𝑏𝐼(1 −
𝑁C d
𝜂) ∑𝑖=1
𝑡𝑖

3.4

𝑁C

−

=

𝑛𝑖 𝑄𝑖

0 ≤ 𝑛𝑖 ≤ 1

0 ≤ 𝑛𝑖 ≤ 1
0 ≤ 𝑡𝑖c ≤ 𝑇

𝑁C
𝑏𝐼𝑡𝑖b +
𝑁C b
𝑏𝐼 ∑𝑖=1
𝑡𝑖

0 ≤ 𝑛𝑖 ≤ 1
0 ≤ 𝑡𝑖cc ≤ 𝑇
0 ≤ 𝑡𝑖cd ≤ 𝑇
𝑡𝑖cc + 𝑡𝑖cd ≤ 𝑇
C
∑𝑁
𝑖=1(1 − 𝑛𝑖 )𝑄𝑖 ≥ 𝑏𝐼(1 −
𝑁C cc
𝑁C cd
𝜂)(∑𝑖=1
𝑡𝑖 + ∑𝑖=1
𝑡𝑖 )

0 ≤ 𝑡𝑖b ≤ 𝑇
C b
∑𝑁
𝑖=1 𝑡𝑖 ≤ 𝑇
(shared
storage
element)
C
∑𝑁
𝑖=1(1 −
𝑛𝑖 )𝑄𝑖 ≥
𝑏𝐼(1 −
𝑁C b
𝜂)(∑𝑖=1
𝑡𝑖 )

Comments on the optimization framework

The solution generated by the linear program is not necessarily unique (the uniqueness
of solution can be checked using e.g. theorem 2 from [153]). If the solution is not unique
then there are multiple decision variable values that satisfy all constraints and result in the
same maximum usable capacity. In order to choose between the different solutions, a
secondary optimisation problem needs to be solved. For the ERB architectures, the
objective of this secondary problem is to find the set of balancing currents (balancing
times) that will result in the maximum useable capacity with the lowest overall balancing
circuit power losses. Since a constant efficiency is assumed for the balancing circuits,
balancing losses can be minimised by minimising the total time that the balancing circuits
are used.
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The objective function of the secondary problem for the D-C2C in that case is:
𝑁C

𝑁C

min (∑ 𝑡𝑖c
𝑖=1

− ∑ 𝑡𝑖d )

(3.42)

𝑖=1

For the A-C2C:
𝑁C

𝑁C

min (∑ 𝑡𝑖cc
𝑖=1

+ ∑ 𝑡𝑖cd )

(3.43)

𝑖=1

And for the C2P:
𝑁C

min (∑ 𝑡𝑖b )

(3.44)

𝑖=1

The equality and inequality constraints of the linear programming problem continue to
apply, but now the total extracted capacity is set equal to the maximum useable
capacity 𝑄u∗ :
𝑁C

∑ 𝑛𝑖 𝑄𝑖 = 𝑄u∗

(3.45)

𝑖=1

For the DCB-DC and DCB-AC, since a fixed number of cells are always operating,
total cell losses will be constant (assuming no variation in internal cell resistances
between cells). In that case, the optimum set of balancing times that result to the
maximum useable capacity may be considered to be the one where the balancing times of
each cell are as close as possible to the average balancing time calculated from the linear
programming problem, so that losses are equally distributed among cells. This is
expressed as a convex quadratic programming problem with the following objective
function for the DCB-DC (using (3.9)):
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𝑁C

2

(𝑁C − 𝑁a )𝑇 ∗
min (∑ (
− 𝑡𝑖b ) )
𝑁C

(3.46)

𝑖=1

Similarly for the DCB-AC using (3.13):
𝑁C 𝑁C

2
𝑇∗
min (∑ ∑ ( − 𝑡𝑖𝑗 ) )
𝑁C

(3.47)

𝑗=1 𝑖=1

In both cases, the equality and inequality constraints used in the respective linear
programming problems should be used, with the inclusion of (3.45).

3.5

Numerical results and discussion

In this section, the balancing performance of a pack comprising twenty cells connected
in series is evaluated using the different balancing approaches and the linear
programming formulation. Cell capacities are considered to be evenly distributed with a
mean capacity of 1 Ah. The range of cell capacities (the difference between maximum
and minimum cell capacities) is varied between 0 and 1.6 Ah with the output pack current
equal to 1 A in all cases. The useable capacity of the pack is calculated by solving the
linear programming problem as formulated in Table 3.1, for different levels of cell
redundancy (0-50% redundancy ratio) for the DCB-DC and DCB-AC architectures and
for different values of the maximum balancing current (10%-100% of the output pack
current) in the D-C2C, A-C2C and C2P architectures. The MATLAB linprog function
(with default settings) is used in all cases and, as an example, exhibits a computation time
of approximately 100 ms for a 20 cell system using a standard desktop PC when solving
the DCB-AC problem.
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(a)

(b)

(c)

(d)

(e)

(g)

(f)

Fig. 3.5 Useable pack capacity of a pack of 20 cells implementing different active
balancing approaches: a)

DCB-DC and b) DCB-AC for different values of cell

redundancy, c) C2P using distributed balancing circuits, d) C2P using a shared storage
element, e) A-C2C with cells placed randomly in the pack in a different order for each
data point f) A-C2C with cells sorted based on their individual capacities and g) D-C2C
for different values of maximum balancing current and 𝜂 = 0.9.
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From Fig. 3.5 it is obvious that the maximum useable capacity is a function of the cell
capacity distribution and the maximum balancing current for the ERB architecture or cell
redundancy for the DCB. As the range of cell capacities increase, a higher balancing
current or a higher redundancy ratio is required to achieve full capacity utilisation. The
DCB-AC system can achieve balancing even with no redundant cells, due to the different
currents that cells experience based on their switching position (Fig. 2.2). This is contrast
to the DCB-DC case where cell redundancy is required to achieve balancing since
without redundancy all cells would be operated all the time and thus experience the same
cell currents.
According to Fig. 3.5b, under the worst case capacity distribution (i.e. cell capacities
spread in the range 0.2 to 1.8 Ah), the useable capacity in the DCB-AC case is
approximately 60% of the total pack capacity, whereas in the other cases, without
balancing (i.e. zero redundancy in DCB-DC and zero balancing current in the ERB cases)
it is limited by the lowest capacity cell to just 20%. For the same extreme case of capacity
variation, full utilisation requires 30% redundancy ratio for the DCB-AC while a DCBDC system would require 45% redundancy (Fig. 3.5a). The D-C2C and the C2P ERB
circuits using a shared storage element and the A-C2C ERB circuit in which the cells in
the pack are sorted based on their capacities present a similar (but not identical) balancing
performance according to Fig. 3.5. This behaviour is attributed to the limitations in
energy redistribution between cells i.e. in the A-C2C balancing can be performed only
between neighbouring cells so when the cells with the maximum capacity difference are
placed in the opposite ends of the string, transferring energy from the cell with the lowest
capacity to the highest capacity cell means that the intermediate balancing circuits are
effectively buffering this energy and thus limiting the balancing performance of the
intermediate cells in the string. Similarly, when a shared storage element is used in DC2C, only two cells can be balanced at a time or energy can be extracted from only one
cell in the C2P, while the rest are operated normally. When distributed balancing circuits
are used to perform C2P a significant enhancement in balancing performance is observed
(Fig. 3.5c) since more than two cells can take part in the balancing process
simultaneously. In Fig. 3.5e, the cells are placed in the A-C2C pack in a random order of
capacity and as a result balancing performance is enhanced since the balancing circuits
can now generally be used more effectively to redistribute energy between cells rather
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than being forced to buffer energy from the one end of the string to the other. The nonsmooth graph in this case is due to different random order being used for each data point.
A 100% usable capacity is observed in some regions of Fig. 3.5. It should be noted
here that usable capacity should not be interpreted as energy efficiency but as the ability
of the system to extract charge from the cells: A figure of 100% implies that all cells will
simultaneously reach 0% SoC at the end of a discharge cycle or 100% SoC at the end of a
charge cycle. Power losses occurring in the DCB circuits (due to e.g. MOSFET onresistance) do not impact this measure but will inevitably reduce the overall energy
efficiency of the BESS. In contrast, the efficiencies of the ERB circuits do impact this
measure and so are included in the formulation of the linear programming problem.
The calculated balancing times and average cell currents for 20 cells with cell
capacities evenly spread in the range 0.5 to 1.5 Ah are presented in Fig. 3.6 for the active
balancing schemes (𝑏 = 0.5, 𝜂 = 0.9). In Fig. 3.6a, C2P balancing is performed using a
shared storage element, with only three of the cells with the lowest capacities providing
energy to the pack (𝑡 b ≠ 0). In contrast, when distributed circuits are used for C2P
balancing, balancing performance is improved since more cells contribute to balancing as
can be seen from Fig. 3.6b, where energy is transferred to the pack from eight different
cells (𝑡 b ≠ 0). In the A-C2C (Fig. 3.6c) the cells are sorted based on their capacity in
order to observe the restrictions in energy transfer. Here energy from the three cells with
the lowest capacity is transferred (resulting in negative balancing times since 𝑡𝑖cc +
dc
cc
𝑡𝑖−1
< −𝑡𝑖dc − 𝑡𝑖−1
) to the next four cells in the pack (for which the balancing times are
dc
cc
positive as 𝑡𝑖cc + 𝑡𝑖−1
> −𝑡𝑖dc − 𝑡𝑖−1
). In the D-C2C (Fig. 3.6d), the four cells with the

lowest capacities have a negative balancing time (𝑡𝑖b = 𝑡𝑖c − 𝑡𝑖d ), thus energy is extracted
from these cells (𝑡𝑖c < 𝑡𝑖d ), resulting in lower average cell currents compared to cells with
higher capacities which receive an additional charge from their balancing currents
(𝑡𝑖c > 𝑡𝑖d ).
In the case of DCB-DC balancing time is non zero for the cells with the lowest
capacities, indicating that these cells are bypassed during operation for different amounts
of time according to their respective capacities (Fig. 3.6e). Seven of the cells with the
highest capacities are online during the entire time the pack operates (𝑡 b is zero)
demonstrating an average current equal to the pack output current.

97

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 3.6 Balancing times and average cell currents: a) of a pack using C2P with a shared
storage element b) of a pack using C2P with distributed balancing circuits c) of a pack
cc
dc
using A-C2C ( 𝑡𝑖b = 𝑡𝑖cc − 𝑡𝑖dc − 𝑡𝑖−1
+ 𝑡𝑖−1
) with cells sorted based on their capacities d)

of a pack using D-C2C (note that 𝐼𝑖 =
that 𝐼𝑖 = 𝐼 −

𝑡𝑖b 𝐼
𝑇

𝑛𝑖 𝑄𝑖
𝑇

, 𝑡𝑖b = 𝑡𝑖c − 𝑡𝑖d ) e) of a DCB-DC pack (note

) f) amount of time that each cell spends in the different positions of the

DCB-AC pack (cell capacities evenly distributed).
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The average time a cell spends at each switching position is presented in Fig. 3.6f for
the DCB-AC case. Here, 20 % redundancy is assumed so the last four positions
correspond to idle positions with a zero current. As expected, the six cells with the
highest capacities spend a significant amount of time occupying positions that result in a
higher cell current i.e. positions closer to one. Conversely, the cells with the lowest
capacities are bypassed for most of the time or spend it at the higher positions with the
least cell current.

3.6

Simulating

the

balancing

performance

of

ERB

architectures
Table 3.2 Details of PLECS models and comparison to linear programming results.

Inductance (mH)
Maximum balancing
current (A)
PWM switching frequency
(Hz)
PWM duty cycle (%)
Mean cell capacity (Ah)
Capacity range (Ah)
Mean Average Percentage
Error of useable capacity
∗

(

𝑄u(𝑖)−𝑄u (𝑖)
∑17
%
𝑖=1 100
𝑄∗ (𝑖)
u

17

Single
inductor
(D-C2C)
Fig. 3.2b

Coupled
inductor
(A-C2C)
Fig. 3.3b

1

1
(each
inductor)

Multi-windings
forward transformer
(C2P-shared)
Fig. 3.4c
4
(magnetising
inductance at each
primary)

Multiple transformers
(C2P-distributed)
Fig. 3.4b
1
(magnetising inductance at
each primary)

0.25
1,000
50
1
0-1.6 (step of 0.1)
0.008

0.080

0.023

2.646

)

In order to check the validity of the assumptions regarding the constraints of energy
redistribution in the proposed linear programming models for the ERB architectures (DC2C, A-C2C and C2P), a representative model of each category is built and simulated
using the Piecewise Linear Electrical Circuit Simulation (PLECS) software package
[154]. In all the models a four cell battery pack is used and the cells are represented by
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constant voltage sources (2 V) in order to enable a direct comparison with the linear
programming models. The SoC of each cell 𝑖 is calculated using:
𝑡

𝑆𝑜𝐶𝑖 (𝑡) =

𝑆𝑜𝐶𝑖0

∫ 𝐼𝑖 . d𝑡
+ 0
100
𝑄𝑖

(3.48)

where 𝑆𝑜𝐶𝑖0 is the initial state-of-charge set equal to 0% for all cells at the beginning of
each simulation. The simulation is terminated once a cell reaches 100% SoC, when
charging the pack with 1 A pack current. The details of the simulation models are given
in Table 3.2.
The representative circuit for the D-C2C architecture is the single inductor circuit of
[152], presented in Fig. 3.2b. At every switching cycle, the cell with the maximum SoC is
connected in parallel with the inductor causing a balancing current to flow out of the cell.
The balancing energy is then transferred via the inductor to the cell with the lowest SoC.
For the A-C2C, the coupled inductor circuit of Fig. 3.3b is used [152]. In this case,
balancing occurs between adjacent cells by switching the higher SoC cell across the
coupled inductor, followed by the lower SoC cell. The C2P with a shared storage element
is validated using the multi-winding transformer in the forward structure as in Fig. 3.4c.
Here the MOSFET of the cell with the highest SoC is switched on, discharging the cell
and transferring the energy to the pack through the secondary of the multi-winding
transformer. For the validation of the C2P with distributed balancing circuits, the
operation of the multiple transformer circuit of Fig. 3.4b is simulated. The individual
transformer connected to each cell is used to transfer energy from the cells with a SoC
higher than the average cell SoC to the whole pack.
A total number of 17 simulations were performed for each balancing circuit, with the
capacity range between cells varying from 0 to 1.6 Ah. The useable capacity achieved in
these simulations (𝑄u ) is compared to the maximum useable capacity calculated using the
linear programming tool (𝑄u∗ ) for the same set of cells and maximum balancing currents
and the results are presented in Table 3.2. In all the cases, apart from the C2P-distributed,
the error between the output of the linear programming tool and the useable capacity
achieved through simulation is less than 0.1%. The difference in the C2P-distributed case
is attributed to the inability of the balancing algorithm used in the simulation to fully
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utilise the balancing capabilities of the circuit. In order to test this assumption, the
balancing times (duty cycles) of each cell as calculated from the solution of the linear
programming problem were applied to the simulation circuit (open loop control) and the
maximum useable capacity as calculated by solving the linear programming problem was
then achieved.

3.7

Experimental validation of DCB-DC and DCB-AC

The balancing performance of DCB-DC and DCB-AC methods was experimentally
tested using the twelve-cell CHB presented in Chapter 2. The H-bridge converter
connecting each cell enables operating the pack as a DC pack where duty cycle balancing
can be performed by bypassing cells, or a DCB-AC pack where each cell is controlled
independently in order to produce a stepped output voltage following a sinusoidal
reference.

Fig. 3.7 Virtual capacities of cells used in experiments.
The cell used for these tests are LTO cells (SCiB cells from Toshiba) with a nominal
capacity of 20 Ah. In order to test the balancing performance for extreme capacity
variations which were not available from the real cells, the ‘virtual capacities’ presented
in Fig. 3.7 are used. Due to the extreme differences between the actual cell capacities and
the virtual capacities, POCV measurements cannot be used for cell balancing in these
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tests. Instead, the cells are sorted here based on their SoC that is calculated by coulomb
counting using the Hall effect current sensor connected in series with the pack. A virtual
capacity 𝑄𝑖v is preselected for each cell 𝑖 and is used in (3.49) during SoC estimation,
instead of the actual cell capacity (𝑄𝑖 ). Using a single Hall effect sensor that measures the
pack current, the current of each cell can be calculated from (3.50):
𝐼𝑖 = 𝑔𝐼

(3.49)

where 𝑔 = 1 if the cell in operated and 𝑔 = 0 if the cell is bypassed.
The SoC of the cells are sequentially updated every 2 seconds, so for each cell in the
twelve cell pack the SoC is updated every 24 seconds. The priority list is updated every 2
seconds once a new SoC is received and cell balancing is performed using the NLC as
described in Chapter 2. Apart from the use of SoC instead of POCV for cell balancing,
another difference compared to the controller presented in Fig. 2.6 is that the current
controller is not used here to provide the output voltage reference for the CHB. Since in
practice cell voltages vary during operation according to the SoC, in order to ensure the
redundancy ratio is kept constant (i.e. a constant number of cells are always bypassed) the
following reference voltages are used as input to the NLC:
𝑁C

𝑉ref =

𝑁a
∑ V𝑖
𝑁C

for DCB − DC

𝑖=1
𝑁C

𝑁a
∑ V𝑖 cos(2𝜋𝑓𝑡)
{𝑁C

(3.50)
for DCB − AC

𝑖=1

The use of (3.50) produces a gradual decrease in the output voltage as the pack
discharges, thus ensuring that cell redundancy remains constant during the test.
The balancing performance is evaluated during a discharge cycle. The initial state-ofcharge 𝑆𝑜𝐶𝑖0 is set equal to 100% for all cells at the beginning of each test and operation
terminates when a cell reaches zero SoC. For both DCB-DC and DCB-AC configurations,
the load connected at the output of the CHB is a 12 𝛺 resistor.
According to Table 3.3, the balancing performance of each balancing method is
evaluated when all cells are operated (𝑁a ⁄𝑁C = 12⁄12) and when only ten out of twelve
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cells are active (𝑁a ⁄𝑁C = 10⁄12). In the DCB-DC case, when ten out of twelve cells are
active, the cells placed at positions 1-10 are connected in series and are discharged at the
pack current while cells at positions 11 and 12 are bypassed (zero cell current). In the
DCB-AC configuration, the current assigned to each position decreases as the position
number increases and cells at position 11-12 are always bypassed (i.e. correspond to
redundant positions). In both configurations the switching frequency is 100 Hz or 0 since
a cell is turned on and off twice every fundamental period, unless it is bypassed. The
useable capacity 𝑄u that is achieved experimentally is calculated using:
12

𝑄u = ∑(𝑆𝑜𝐶𝑖0 − 𝑆𝑜𝐶𝑖T ) 𝑄𝑖v

(3.51)

𝑖=1

where 𝑆𝑜𝐶𝑖T is the SoC of cell 𝑖 at the end of the test.
The SoC variation during operation is presented in Fig. 3.8. In the DCB-DC case duty
cycle balancing cannot be performed without any redundant cells and so pack capacity is
limited by the lowest capacity cell, in that case cell 3. The calculated useable capacity is
then equal to 45% of the total pack capacity. By reducing the number of active cells to
ten, duty cycle balancing can now be implemented. As a result of balancing, 88% of the
total capacity can now be used. In order to achieve full capacity utilisation (i.e. zero SoC
variation between cells) a higher redundancy ratio would be required, as can be seen from
Fig. 3.5a. The good agreement of the experimental and numerical results is also evident
by the close matching of the balancing times presented in Fig. 3.9a. The balancing times
of the cells for the experimental setup are calculated by measuring the total time that each
cell spends at positions 11 and 12 (idle positions), normalised by the total time of
operation. As expected, the six cells with the highest capacities spend almost all of their
time on, while the rest of the cells spend a considerable amount of time bypassed (cell
positions 11 and 12).
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(a)

(b)

(c)

(d)

Fig. 3.8 SoC variation of cells during experiments: a) DC pack with no balancing b)
DCB-DC pack with 𝑟 = 1/6 c) DCB-AC with no redundant cells d) DCB-AC with
𝑟 = 1/6.
In the DCB-AC case, good capacity utilisation is observed even without the use of
redundant cells, due to the ability of the system to operate cells with different cell
currents. Based on the numerical results, 90% of the capacity is usable for the cell
capacity distribution of Fig. 3.7. The capacity utilisation achieved in the test is also 90%
for no cell redundancy and 99% percent when ten out of twelve cells are used, agreeing
well with the numerical results. The difference between numerical and experimental
results (<1%) is within the experimental error (experimental error is mostly due to the
accumulated error during current integration in the SoC estimation process).
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Table 3.3 Useable capacity achieved with different duty cycle balancing methods using
different cell redundancy.
Balancing Method

𝑁a⁄

𝑁C

10⁄
12
12⁄
12

DCB-DC

DCB-AC

𝑄u∗
⁄ 𝑁C
∑𝑖=1 𝑄𝑖

𝑄u
⁄∑𝑁C
𝑄
𝑖=1 𝑖

𝑄u∗
⁄ 𝑁C
∑𝑖=1 𝑄𝑖

𝑄u
⁄∑𝑁C
𝑄
𝑖=1 𝑖

(Numerical)

(Experimental)

(Numerical)

(Experimental)

0.8798

0.8759

0.9977

0.9912

0.4575

0.4536

0.8986

0.9046

The average position of each cell in the priority list (i.e. the effective duty cycle of
each cell) is presented in Fig. 3.9b and Fig. 3.9c. In the DCB-AC with no redundancy, the
five cells with the highest capacities all have an average cell position close to 3 based on
the numerical results, whereas according to the experimental results each cell has a
different average cell position with the highest capacity cells occupying positions closer
to 1, which correspond to a higher average position current (see (3.12)). This mismatch
can be explained by considering the small variation between the average current of the
neighbouring positions 1-5: for cell 5, the significant difference in average cell position
(position 3 according to numerical and 5 according to experimental results) corresponds
to less than 5% difference in average current. For packs with a different number of cells
and therefore cell positions, the variation between the average current of neighbouring
positions will be different but can always be calculated using (3.12). The linear
programming tool is setting the duration that each cell spends at each position by
considering the average current associated with that position and thereby calculates
constant ‘position duty cycles’. On the other hand, the sorting algorithm that is used in the
experiment places cells in different positions based only on the SoC measured from
moment to moment without having any knowledge of the cell capacities i.e. the resulting
position duty cycles are not constant and change over the course of the discharge. A slight
variation should therefore be expected between the balancing trajectories generated by the
linear programming tool and the experiment. However, due to the relatively weak
dependence of position and current for position numbers less than 5, the different
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solutions found by the linear programming tool versus the experimental balancing
algorithm produce very similar total usable capacities.
(a)

(b)

(c)

Fig. 3.9 Numerical vs experimental results: a) balancing time in case of DCB-DC with
𝑟 = 1/6 b) the average cell position (and average current, note non-linear axis) versus
cell capacity in case of DCB-AC with no redundancy c) the average cell position (and
average current, note non-linear axis) versus cell capacity in case of DCB-AC with
𝑟 = 1/6.

3.8

Conclusions

This chapter presents a method for quantitatively evaluating the balancing
performance of battery packs implementing either energy redistribution balancing or duty
cycle balancing, under the simplifying assumption of constant cell voltage. The balancing
problem is formulated as a linear programming problem with the objective of maximising
the useable capacity of a pack of cells for a given set of cell capacities. This method can
be used to determine the minimum design specifications of each balancing circuit (i.e.
balancing current or cell redundancy) in order to achieve an equivalent balancing
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performance. Duty cycle balancing enabled by integrating power electronics in the battery
pack can provide a significant improvement in balancing performance compared to
conventional ERB and thus can accommodate cells with a wide capacity variation in the
pack. However, the increased conduction losses due to the high number of MOSFETs in
the current path may reduce system efficiency. In the next chapter the overall
performance of the battery system will be examined taking into account losses, reliability
and cost, for different design options with different levels of power electronics integration
in the pack.
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Chapter 4

Battery energy storage system design

evaluation
This chapter presents a method for evaluating grid-connected BESS designs taking
into account capital cost, efficiency and system reliability. Although several examples of
similar studies can be found for various converter topologies and applications such as
photovoltaic systems [155, 156] and wind turbines [157-160], studies focusing on BESS
reliability are limited in the current literature. In most cases a ‘parts count method’ is
followed which is a relatively simple approach where the failure rate of the system is
calculated as the sum of the respective failure rates of the system components [161]. An
example of this approach is the study of power loss, reliability and cost of a 1 MW/500
kWh BESS presented in [128], in which the failure rate of each electrochemical cell is
calculated based on the stress imposed on the internal cell resistance using the MILHDBK-217F [162] and the failure rate of the system is calculated as the sum of the local
failure rates without considering in-built system redundancy. In [156] a methodology is
presented for calculating system reliability using Markov-based models. The advantage of
this methodology is that it takes into account the steady state behaviour of the system in
order to specify each component’s failure rate. The reliability analysis presented in this
chapter applies such Markov-based models in the analysis of the BESSs, taking into
account the built-in redundancy of the system and varying failure rates due to component
failure ( ‘state dependent failure rates’). The complete design evaluation methodology is
described in Fig. 4.1. At the first step the respective components of the BESS such as the
battery pack, converter interface and balancing circuit are designed based on the required
energy and power ratings. The steady-state power losses of the grid interface converter,
the battery pack and the balancing circuit are calculated and the temperature rise of each
component is estimated. State dependent variables such as component temperature and
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voltage stress of the switches are then used to calculate the failure rate of each
component. This process is repeated for all the possible operating states identified in the
Markov models, taking into account the built-in redundancy of the system as well as
performance degradation caused by faults. Finally, a simple economic analysis based on
capital cost and efficiency is used to provide a basis for direct comparison between
competing system designs.

BESS design
Battery pack
Balancing circuit
Converter interface

Steady-State analysis

New operating
state

Analytical expressions for converter
power losses, cell losses and balancing
losses.
Com ponent temperature T.

System
efficiency

Design
Evaluation

T
Component failure
rates
Varying failure rates according to state
variables (e.g. temperature, voltage
stress) based on MIL-HDBK-217F.

Mean Time
To Failure

  f (T ,V )
Markov based models
Pos sible operating states according to
system configuration and redundancy
considerations.
Impact of BESS design on Mean Time To
Failure.

Fig. 4.1 BESS design evaluation methodology.
Three design options for a 1 MW/ 1 MWh BESS connected at 11 kV are compared: a
conventional design using parallel power blocks (PB-BESS, Fig. 4.2a), a design using
power electronics enhanced ‘intelligent battery packs’ (IBP-BESS, Fig. 4.2b), and a CHB
design (CHB-BESS, Fig. 4.2c). This chapter is based on publication [132].
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Power block 1

Battery Pack
Module
1.1

Module

Module
2.1

Module

Module

Module

Grid

Phase A

Step up
trans former

1.n. p

No step up
transformer

Module
1

2.np

ns .np

ns .1

Grid
Cell 1 Cell 2

Module configuration
(same for all systems)

Module
2

Phase
B

Phase
C

Power block 2
Module

Cell nc

N HB

Power block M

(a)

(c)
Intelligent battery
pack
Module
1.1

Module
1.N p

Module
2.1

Module
2.N p

Module

Module

N s .1

N s .N p

Series connected
IGBTs

Grid
No step up
transformer

(b)

Fig. 4.2 Competing BESS designs: a) BESS using a parallel power block configuration
(PB-BESS) b) BESS using an intelligent battery pack with a single-stage two-level
converter interface (IBP-BESS) c) BESS using a cascaded H-bridge multilevel converter
(CHB-BESS).

4.1

Power loss analysis

Power loss calculations for all three BESS designs presented in Fig. 4.2 take into
account converter losses and cell losses due to internal cell resistance as well as losses
due to cell balancing.

4.1.1

Converter losses

The power losses of a switching device are calculated as the sum of conduction (𝑃CN )
and switching losses (𝑃SW ) [163]. For the IGBT and diode, conduction losses are
modelled as a forward voltage plus slope resistance [164] while for the MOSFET only a
resistance is used [165]. The switching losses are calculated as the sum of turn-on and
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turn-off losses for IGBTs and MOSFETs. For the diodes, only losses at diode turn-on are
considered significant. A simple model of switching losses is used where a linear
relationship between losses and device current at the instant of switching is assumed, with
the constants of proportionality estimated according to the manufacturer’s datasheet
[164]. The total power converter losses are then given in (4.1) - (4.3) for the different
BESS configurations [164]. For the centralised power converters of the PB-BESS and
IBP-BESS:

PB/IBP

𝑃CN

1
𝑀cos𝜃
1 𝑀cos𝜃
2
+
) 𝑉Q + 2𝐼rms
( +
) 𝑅Q
2𝜋
8
8
3𝜋
1
𝑀cos𝜃
1 𝑀cos𝜃
2
+ √2𝐼rms ( −
) 𝑉D + 2𝐼rms
( −
) 𝑅D ) 𝑁
2𝜋
8
8
3𝜋

= 6 (√2𝐼rms (

PB/IBP

𝑃SW

=

6√2 Q
Q
D
(𝑘on + 𝑘off + 𝑘on
)𝑓SW 𝐼rms 𝑁
𝜋

(4.1)

(4.2)

where 𝑁 is equal to 𝑁PB (PB) or 𝑁SS (IBP).
For the CHB-BESS the calculation of converter power loss is substantially different
due to the distributed nature of the converter and the use of many low voltage MOSFETs
instead of a small number of higher voltage IGBTs. Considering the cascaded
arrangement of the H-bridges, during the operation of the CHB-BESS two MOSFETs in
each module are always conducting the load current even when the module is bypassed.
The total conduction loss for the three-phase CHB-BESS is:
CHB
2
𝑃CN
= 6𝑁HB 𝐼rms
𝑅F

(4.3)

The switching strategy of the CHB-BESS is based on the NLC described in Chapter 2,
resulting in a very low effective switching frequency of 100 Hz. In this case, the
switching losses are insignificant compared to the conduction losses of the MOSFET and
so are neglected.
In the PB, transformer losses are assumed to be 1% which is commensurate with a 1
MVA class transformer operated at a high load factor [166]. Control system, cooling,
LCL filter and DC link capacitor losses in the PB and IBP as well as the losses in the
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CHB output inductors are assumed to be small compared to other losses and so are
neglected [167].

4.1.2

Battery pack losses

Cell losses are considered to be the result of an internal cell resistance only. In this
study it is assumed that the internal resistances of all cells are similar, cell capacities vary
across a small range (5% in the following case study) and the system is operated at a low
C-rate. As a result the difference in cell currents across parallel connected cells will be
small and cell power losses will be similar throughout the system (this assumption would
not be valid at high C-rates associated with EV applications and a more detailed model
would be required [48, 53, 168]). All cells are therefore modelled as having an identical
resistance 𝑅C representing an average cell power loss. In order to calculate total cell
power losses for the conventional battery pack of a power block, converter power losses
are neglected so that DC and AC power are related by
𝑛P 𝑛S 𝑉M 𝐼C = √3𝑉rms 𝐼rms cos𝜃

(4.4)

𝑟v 𝑛S 𝑉M = √2𝑉rms

(4.5)

And

𝑉pk

The voltage redundancy ratio 𝑟v = 𝑛

S 𝑉M

𝑉

(= 𝑁 pk
=𝑁
𝑉
S M

𝑉pk
HB 𝑉M

) ≤ 1 is defined here as the

number of cells required to provide the peak AC output voltage divided by the total
number of cells in a series string. Later in this chapter, the term 𝑟e = 𝑁

𝐸n
C 𝑉C 𝑄C

≤ 1 is

defined as the energy redundancy ratio, equal to the number of cells required to provide
the rated energy 𝐸n , divided by the total number of cells 𝑁C . In all three systems 𝑟e ≥ 𝑟v
in order to ensure that the failure criterion for each system is loss of rated power and
energy delivery capability and not loss of voltage availability. In practice, third harmonic
injection would likely be used (provided the ability to individually control the neutralpoint voltage of the converter) to increase the effective output voltage of the converter
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(i.e. lower the effective 𝑉pk ), however it is not included here in order to simplify the
analysis.
By solving (4.5) for 𝑉M and substituting into (4.4), the total cell losses for the PBBESS can be found:

PB
𝑃BP
= 𝑛C 𝑛S 𝑛P 𝑁PB 𝑃C =

3
2
𝑛 𝑛 𝑁 𝑟 2 cos2 𝜃 𝐼rms
𝑅C
2𝑛P C S PB v

(4.6)

Similarly, for the IBP-BESS the total cell losses are:

IBP
𝑃BP
=

3
2
𝑛 𝑁 𝑟 2 cos2 𝜃 𝐼rms
𝑅C
2𝑁P C S v

(4.7)

In case of the CHB-BESS, the current is different for each converter module due to the
operation of the NLC. Using (2.5) the RMS value of the cell current at each position 𝑖 can
be calculated as:

𝜋−𝑎𝑖

𝐼rms(𝑖)

1
=√ ∫
𝜋

2

(√2𝐼rms sin(𝜑 − 𝜃)) 𝑑(𝜑)

𝑎𝑖

(4.8)

2
2𝛪rms
𝜋 − 2𝑎𝑖 1
=√
(
− sin(2𝑎𝑖 ) cos(2𝜃))
𝜋
2
2

Finally the cell power losses for the CHB-BESS can be found using:
𝑟𝑣 𝑁HB
2
CHB
𝑃BP
= 3𝑁HB 𝑛C 𝑃C = 3𝑛C 𝑅C ∑ 𝐼rms(𝑖)
1

(4.9)

6
cos(2𝜃)
2
≅ 𝑛C 𝑁S 𝑟v (
+ 1) 𝐼RMS
𝑅C
𝜋
3
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4.1.3

Over-provision of cells and cell balancing

Due to the lack of active balancing in the PB-BESS, the useable capacity of a series
string of cells is limited to that of the lowest capacity cell and as a result additional cells
must be included in the PB-BESS to guarantee that the rated energy capacity can be
provided as the system ages. The number of additional cells (over-provision) depends on
the worst case variation between the nominal and minimum capacity of the cells:

𝑁o =

𝑁C (𝑄M − 𝑄min )
𝑄min

(4.10)

This effect also occurs within modules in the IBP and CHB-BESS designs but because
full active balancing can be performed between modules, the impact on the capacity of
the series connection of modules is negligible, i.e. effectively all capacity is accessible
from all cells despite variation in cell capacity.
Although a passive balancing circuit is considered for the PB-BESS, balancing in that
case is only performed periodically (once every few cycles) to equalize the module
voltages at the end of a charging cycle: once a module reaches the cut-off voltage it is
clamped at this voltage by external circuitry and energy dissipated resistively while the
rest of the modules continue to be charged, normally at a lower C-rate [83]. As a result,
passive balancing losses in the PB-BESS will depend on the operating regime and the
requirements of the particular cell technology, making them difficult to model in a
general sense. However, if balancing only occurs infrequently, overall losses will be
relatively small and so they are neglected in this study.
In the case of the IBP-BESS and CHB-BESS, balancing at module level is achieved by
controlling each module’s effective duty cycle by appropriately switching the MOSFETs
and exploiting module redundancy (i.e. these systems perform DCB as described in
Chapter 3). For the IBP, the losses in the pack MOSFETs can effectively be assigned to
the balancing operation and are therefore referred to as balancing losses (i.e. the pack
MOSFETs are ‘used’ to perform balancing only and do not perform a direct power
conversion function as in the CHB). When a module is in-circuit the MOSFET in series
with the module is turned on, whereas when a module is bypassed the MOSFET in
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parallel is turned on, i.e. there is always one MOSFET conducting in each module. The
balancing losses for the IBP-BESS are therefore

IBP
𝑃bal
=

3
2
𝑁 𝑟 2 cos 2 𝜃 𝐼rms
𝑅F
2𝑁P S v

(4.11)

For the CHB-BESS balancing is ‘free’ since conduction losses in the MOSFETs of
each H-bridge have already been accounted for in the converter loss calculation and as a
result balancing losses are considered to be equal to zero.

4.2

Reliability analysis

In all the cases considered in this study, the system is assumed to have failed when the
rated power can no longer be provided, i.e. when a predefined number of cells have failed
or become unusable because their associated power converter has failed. Throughout the
operation of the system all cells and converter components are active so during steady
state they all share the same failure rates (i.e. redundant cells are not kept idle and then
‘switched in’ after failure). In order to maintain a constant power output even after a
component failure, the steady state loading of the remaining components is increased and
this change is reflected in an increased failure rate. For example, after losing one module
in the any of the three systems, the remaining modules must be operated at a higher Crate to maintain the same output power, resulting in greater internal heating of the cells
and an increased cell failure rate.

4.2.1

Failure rates of the individual components

The failure rates used in this study are based primarily on MIL-HDBK-217F [162].
However, if other component failure models are used [169], the general approach
presented in this paper remains valid. The Markov-based modelling approach requires a
constant failure rate for all system components. According to [170] the base failure rate of
the Li-ion cell can be modelled as
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𝜆C0 =

1
MTTFC

(4.12)

where MTTFC is the average life of the cell. For a typical lithium ion cell with a life equal
to 10,000 cycles, the base cell failure rate is 𝜆C0 = 2 failures/106 Hours which is in the
range of typical MOSFET failure rates [171]. The effect of cell temperature on the failure
rate of the cell is modelled using (4.13) where a temperature rise of 𝛥𝑇 above ambient
(𝑇A ) causes the failure rate of the cell to increase by a factor of 𝑐T [172].
𝑇C −𝑇A

(4.13)

𝜆C = 𝜆C0 𝑐T 𝛥𝑇

where 𝑇C = 𝑇A + 𝑃C 𝑅th C , 𝑇A = 25 ℃ is the ambient temperature, 𝑅th C = 10 ℃/W is
the thermal resistance of the cell, 𝛥𝑇 = 10 ℃ and 𝑐T = 1.5. The internal cell resistance
𝑅C used in the calculation of cell power losses (𝑃C ) is 1 mΩ leading to a temperature rise
of up to 12 ℃ in this study under worst-case conditions. In reality, due to the aging
mechanisms of lithium-ion cells, the failure rate of the cell is likely to be an increasing
function of time [173]. This time dependency is not capture in the used model but will be
addressed in section 4.3.2.1.
The failure rates for the diodes, MOSFETs and capacitors are derived using the MILHDBK-217F. A change in the steady state of the system results to a varying failure rate
due to the change in the temperature and voltage stress 𝜋 factors.
The MOSFET failure rate is given by:
𝜆F = 𝜆F0 𝜋T 𝜋A 𝜋Q 𝜋E
where

𝜆F0 = 0.012

is

the

base

failure

(4.14)
rate

of

the

MOSFET,

𝜋T = exp (−1925(1⁄(𝑇j + 273) − 1⁄298)) is the temperature factor where 𝑇j is the
junction temperature of the MOSFET and can be calculated similar to 𝑇C , using the
MOSFET power losses and thermal resistance. The thermal resistances of the MOSFET
and IGBT junction-to-ambient are taken to be twice the junction-to-case resistances given
in the manufactures data sheet. 𝜋A is the application factor that depends on the power
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rating of the MOSFET (< 2 W for linear amplification and > 2 W for power MOSFETs).
For a MOSFET with a power rating greater than 250 W, 𝜋A = 10. 𝜋Q is the quality factor
that depends on the level of quality control during the manufacturing process (since poor
equipment design, production and testing facilities can degrade part quality) and in this
case is 8 (for plastic) and 𝜋E = 1 is the environmental factor for stationary applications
(non-mobile, temperature and humidity controlled environments readily accessible to
maintenance).
For the diodes:
𝜆D = 𝜆D0 𝜋T 𝜋V 𝜋CC 𝜋Q 𝜋E

(4.15)

where the base failure rate is 𝜆D0 = 0.003 and the temperature factor is given by
𝜋T = exp (−3091(1⁄(𝑇j + 273) − 1⁄298)). 𝜋V = 𝑉St2.43 is the voltage stress factor
where 𝑉St is the ratio of the voltage applied to the diode over the rated voltage of the
component. The voltage stress factor is used to model diode failure due to a high reverse
voltage that can cause avalanche. 𝜋CC = 1 is the contact construction factor while the
environmental and quality 𝜋 factors have the same values as in (4.14).
For the capacitors:
𝜆A = 𝜆A0 𝜋T 𝜋C 𝜋V 𝜋Q 𝜋E
where

𝜆Q0 = 0.012

is

the

base

failure

(4.16)
rate

𝜋T = exp (− 0.35⁄8.617 × 10−5 (1⁄(𝑇j + 273) − 1⁄298))

of
is

the
the

capacitor,
temperature

coefficient, 𝜋C = 𝐶 0.23 is the capacitance (𝐶) factor, 𝜋V = 1 + (𝑉St ⁄0.6)5 is the voltage
stress ratio factor, 𝜋Q = 10 is the quality factor for a commercial capacitor and 𝜋E = 1 is
the environmental factor.
Since MIL-HDBK-217F was last updated in 1991 it does not include information
about the calculation of IGBT failure rates. According to [174] the failure rate for the
IGBTs can be calculated using the base failure rate of MOSFETs and the 𝜋 factors of
bipolar transistors:
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𝜆Q = 𝜆Q0 𝜋T 𝜋A 𝜋R 𝜋V 𝜋Q 𝜋E

(4.17)

where 𝜆Q0 = 𝜆F0 = 0.012, 𝜋T = exp (−2114(1⁄(𝑇j + 273) − 1⁄298)), 𝜋A = 0.7 is
the

application

factor,

𝜋R = 𝑃Q0.37 is

the

power

rating

(𝑃Q )

factor,

𝜋V = 0.045 exp(3.1𝑉St ) is the voltage stress ratio factor. 𝜋Q and 𝜋E are equal to the
respective 𝜋 factors of the MOSFET.
The failure rate for a liquid filled transformer (𝜆X ) is 0.468 failures/106 hours (no
temperature dependent failure rates were implemented for this component since the
transformers operate at a constant output power except for the worst case where one
power block has failed and the output power of the rest is increased by ~10%) [175].

4.2.2

Power block system reliability

In conventional battery packs that such as the ones in the PB-BESS, failure of a single
module is addressed by isolating the whole series string of modules containing the failed
module [112]. The PB-BESS will continue to operate normally as long as 𝑁PB 𝑛P 𝑟e
parallel strings are available to provide the rated power. The Markov state transition
diagram for the PB-BESS is presented in Fig. 4.3. 𝑃𝑖 represents the probability of the
system being in a steady state where 𝑖 parallel strings have failed. The failure rate
describing a transition from state 𝑖 to (𝑖 + 1) is (𝑁PB 𝑛P − 𝑖)𝜆R[𝑖] . A failure of a power
converter will cause the system to lose 𝑛P strings and move to state 𝑃𝑖+𝑛P with a
transition rate (𝑁PB − 𝑤)𝜆V[𝑖] where 𝑤 is the number of failed PBs at the state 𝑃𝑖 . It
should be noted here that all the cells in the PB-BESS are assumed to be operated under
equal C-rates in order to maintain access to the capacity of each cell. As a result, the
converters that correspond to PBs with all their cells operational are stressed more than
those with failed strings. However, in the analysis presented here it is assumed that the
load on all PB converters increases equally after the failure of a string of cells. This is
done to significantly reduce the number of states and transitions required in the Markov
model.
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Fig. 4.3 Markov state transition diagram of the PB-BESS.
The distribution of the Markov process (Fig. 4.3) at time 𝑡 is expressed by the
probability vector time 𝑷(𝑡):
𝑷(𝑡) = [𝑃0 (𝑡), … , 𝑃𝑖 (𝑡), … , 𝑃𝑁PB 𝑛P (1−𝑟e ) (𝑡)]

(4.18)

The time evolution of the transition probabilities 𝑃𝑖 (𝑡) is governed by the Kolmogorov
forward equations [156]. For the transition diagram presented in Fig. 4.3, the following
differential equations are derived by inspection (at time 𝑡 = 0 the system is assumed to be
in state 0, i.e. 𝑃0 (0) = 1 and 𝑃𝑖 (0) = 0 for 𝑖 > 0):
d𝑃0
= −(𝑁PB 𝜆V[0] + 𝑁PB 𝑛P 𝜆R[0] )𝑃0
d𝑡
d𝑃𝑖
= (𝑁PB − 𝑤 + 1)𝜆V[𝑖−𝑛P ] 𝑃𝑖−𝑛P + (𝑁PB 𝑛P − 𝑖 + 1)𝜆R[𝑖−1] 𝑃𝑖−1
d𝑡
− ((𝑁PB 𝑛P − 𝑖)𝜆R[𝑖] + (𝑁PB − 𝑤)𝜆V[𝑖] )𝑃𝑖

(4.19)

(4.20)

𝑖 = 1. . 𝑁PB 𝑛P (1 − 𝑟e )
Since the DC link capacitor, transformer and converter semiconductors are a series
connected system in terms of reliability [176], the failure rate of the power converter is
given by
𝜆V = 𝜆A + 𝜆X + 6(𝜆Q + 𝜆D )

(4.21)

The reliability of the system is quantified using the mean time to failure (MTTF) of the
system:
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∞

MTTF = ∫ 𝑅(𝑡). d𝑡

(4.22)

𝑡=0

where 𝑅(𝑡) is the reliability function of the system, given by:
𝑁PB 𝑛P (1−𝑟e )

𝑅(𝑡) =

∑

𝑃𝑖 (𝑡)

(4.23)

𝑃𝑖 ∗ (𝑠)

(4.24)

𝑖=1

Taking the Laplace transformation of (4.23):
𝑁PB 𝑛P (1−𝑟e )

𝑅

∗ (𝑠)

=

∑
𝑖=1

The Laplace transform of the reliability function 𝑅 ∗ (𝑠) is:

𝑅

∗ (𝑠)

∞

= ∫ 𝑅(𝑡)𝑒 −𝑠𝑡 . d𝑡

(4.25)

𝑡=0

From (4.22) and (4.25), the MTFF can be expressed as follows:
∞

∞

𝑡=0

𝑡=0

MTTF = ∫ 𝑅(𝑡). d𝑡 = ∫ 𝑅(𝑡)𝑒 −0𝑡 . d𝑡 = 𝑅 ∗ (0)

(4.26)

Using (4.24) and (4.26), the MTTF of the PB can be calculated using the Laplace
transformation of 𝑃𝑖 , 𝑃𝑖∗ :
𝑁PB 𝑛P (1−𝑟e )

MTTFPB =

∑

𝑃𝑖∗ (0)

(4.27)

𝑖=0
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4.2.3

Intelligent battery pack system reliability

In order to assess the reliability the IBP-BESS it is assumed that the pack can operate
as long as 𝑟e 𝑁S parallel connected module blocks (with a parallel bypass MOSFET) are
operational. The Markov state transition diagram for the IBP is presented in Fig. 4.4. 𝑃𝑖𝑗
represents the probability of the pack being in a state where 𝑖 parallel module blocks have
failed and are bypassed by their parallel MOSFETs, while 𝑗 parallel MOSFETs from the
remaining module blocks have failed closed circuit. A transition from a state 𝑖𝑗 to
(𝑖 + 1)𝑗 is realized with a failure rate (𝑁S −𝑖 − 𝑗)𝜆P[𝑖𝑗] and to 𝑖(𝑗 + 1) with a failure
rate (𝑁S −𝑗 − 𝑖)𝜆F[𝑖𝑗] . It should be noted here that semiconductor switches (MOSFETs,
IGBTs and diodes) in all three systems are assumed to reliably fail closed circuit. This
assumption serves to simplify the analysis and generally improves reliability compared to
open or undefined impedance failures because current paths are not interrupted.

N 1[00]

N 2[00]

(1  re ) N , 0

10

( N  j  1  i )2[i , j 1]
01

( N  i  1  j )1[i 1, j ]

ij

( N  i  j )1[ij ]

( N  i  j )2[ ij ]
0, (1  re ) N

r e N (2[0,(1 r e ) N ]  1[0,(1 r e ) N ] )

Failure

r e N (1[(1r e ) N ,0]  2[(1r e ) N ,0] )

00

Fig. 4.4 Markov state transition diagram for the IBP-BESS and CHB-BESS. For the IBPBESS 𝑁 = 𝑁S , 𝜆1 = 𝜆𝑃 , 𝜆2 = 𝜆F. For the CHB-BESS 𝑁 = 𝑁HB , 𝜆1 = 𝜆M , 𝜆2 = 𝜆H .
In the IBP-BESS the failure of the one module’s series and parallel MOSFET or in the
CHB-BESS the failure of two MOSFETS in the same leg will result in the shortcircuiting of the module. It is assumed that reliable fusing is included in the module to
prevent catastrophic failure under these conditions. In a real life application the failure
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modes of these devices and the fusing action should be verified in order to ensure that the
system will behave as expected.
The operating behavior of the IBP is described by (4.28) - (4.31).
d𝑃00
= −(𝑁S 𝜆P[00] + 𝑁S 𝜆F[00] )𝑃00
d𝑡

(4.28)

d𝑃𝑖𝑗
= (𝑁S −𝑖 + 1 − 𝑗)𝜆P[𝑖−1,𝑗] 𝑃(𝑖−1)𝑗 + (𝑁S −𝑗 + 1 − 𝑖)𝜆F[𝑖,𝑗−1] 𝑃𝑖(𝑗−1)
d𝑡

(4.29)

− (𝑁S − 𝑖 − 𝑗)(𝜆P[𝑖𝑗] + 𝜆F[𝑖𝑗] )𝑃𝑖𝑗
𝑁S (1−𝑟e ) 𝑁S (1−𝑟e )−𝑖

MTTFBP =

∑

∑

𝑖=0

𝑗=0

𝑃𝑖𝑗∗ (0)

(4.30)

Assuming a constant failure rate for the battery pack, it can be calculated by:

𝜆BP =

1
MTTFBP

(4.31)

Due to the increased DC link voltage of the IBP-BESS, a series connection of switches
will typically be needed for each converter arm (this design assumes a two-level MV
converter as opposed to a more complex multilevel converter). The Markov state diagram
for a converter arm as presented in Fig. 4.5 is described by (4.32) - (4.34). Here 𝑖
represents the number of IGBTs that have failed and the transition from state 𝑖 to (𝑖 + 1)
is described by a failure rate (𝑁SS − 𝑖)𝜆W[𝑖] .
( NSS  i  1)W[i -1]

NSSW[0]

0

1

( NSS  i )W[i ]
i

W[N
NSS  1

SS 1]

Failure

Fig. 4.5 Markov state transition diagram of a phase arm of the converter comprising of
𝑁ss IGBT switches in series.
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d𝑃0
= −𝑁SS 𝜆W[0] 𝑃0
d𝑡

(4.32)

d𝑃𝑖
= (𝑁SS − 𝑖 + 1)𝜆W[𝑖−1] 𝑃𝑖−1 −(𝑁SS − 𝑖)𝜆W[𝑖] 𝑃𝑖
d𝑡

(4.33)

𝑁SS −1

MTTFarm = ∑ 𝑃𝑖∗ (0)

(4.34)

𝑖=0

Since the six converter arms are connected in series in terms of reliability, the failure
rate of the converter in the IBP-BESS can be calculated by (4.35), assuming a constant
arm failure rate.

𝜆V = 6𝜆arm =

6
MTTFarm

(4.35)

The MTTF of the IBP-BESS is then calculated using:

MTTFIBP =

4.2.4

1
(𝜆A +𝜆BP +𝜆V )

(4.36)

Cascaded H-Bridge system reliability

For the CHB-BESS the reliability of each phase is calculated based on (4.37) - (4.40),
according to the Markov state diagram presented in Fig. 4.4. At state 𝑖𝑗, 𝑖 represents the
number of converter modules that are not operational due to a failure in the battery
module and are bypassed using the H-bridge MOSFETs and 𝑗 denotes the number of
modules that are bypassed due to a fault in the H-bridge. The failure rates associated with
a transition from 𝑖𝑗 to (𝑖 + 1)𝑗 or 𝑖(𝑗 + 1) are (𝑁HB −𝑖 − 𝑗)𝜆M[𝑖𝑗] and (𝑁HB −𝑖 − 𝑗)4𝜆H[𝑖𝑗]
respectively.
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d𝑃00
= −𝑁HB (𝜆M[00] + 𝜆H[00] )𝑃00
d𝑡

(4.37)

d𝑃𝑖𝑗
= (𝑁HB − 𝑖 + 1 − 𝑗)𝜆M[𝑖−1,𝑗] 𝑃(𝑖−1),𝑗
d𝑡
+ (𝑁HB − 𝑖 − 𝑗 + 1)𝜆H[𝑖,𝑗−1] 𝑃𝑖,(𝑗−1)

(4.38)

− (𝑁HB − 𝑖 − 𝑗)(𝜆M[𝑖𝑗] + 𝜆H[𝑖𝑗] )𝑃𝑖𝑗
𝑁HB (1−𝑟e ) 𝑁HB (1−𝑟e )−𝑖

MTTFΘ =

∑

∑

𝑖=0

𝑗=0

𝑃𝑖𝑗∗ (0) =

1
𝜆Θ

(4.39)

Taking into account that the three phases are connected in series in terms of reliability,
the MTTF of the three phase CHB-BESS can be calculated by

MTTFCHB =

4.3

1
3𝜆Θ

(4.40)

Case study

In this section the designs of three 1 MW/1 MWh BESSs based on the system
architectures presented in Fig. 4.2 are compared using the preceding analysis at unity
power factor. The details of each system are presented in Table 4.1. The PB-BESS uses
5% additional cells to compensate for the loss in accessible capacity caused by the lack of
active balancing (31,500 15Ah LTO cells compared to 30,000 for the IBP and CHB). The
energy redundancy ratio is the same (𝑟e =0.9) for all three BESS (3,150 redundant cells for
the PB and 3,000 for the IBP and CHB). A passive balancing circuit including a shunt
resistor and MOSFET switch is used for each module of the PB-BESS. These
components are not included in the IBP and CHB-BESSs because these systems are able
to perform active module balancing. Due to the higher DC link voltage of the IBP-BESS
compared to the PB-BESS, each converter arm includes 18 IGBT switches in series.
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Table 4.1 Detailed characteristics of the three BESSs.
Number of power
blocks
Module configuration
(cells in series)
Battery pack (cells)
Transformers

Balancing circuit

IBP-BESS

CHB-BESS

10

1

1

5

5

5

315 in series, 10 in parallel
(each PB)

15,000 in series, 2 in
parallel
(in IBP)

10,000 in series
(per phase)

10
(transformer turns ratio 1:28,
99% efficiency)

(none)

(none)

6,300 MOSFETs
(IR IRL6283MTR)
6,300 resistors

9,000 MOSFETs
(IR IRL6283MTR)

60 IGBTS
(6 per PB)
(Infineon FF600R12ME4)

Converter

Total apparent power
of switches (MVA)

4.3.1

PB-BESS

43.20
(converter)
+ 25.20
(balancing)
= 68.40

108 IGBTs
(18 IGBTs per arm)
(Infineon
FF200R33KF2C)
71.28
(converter)
+ 36.00
(balancing)
= 107.28

24,000
MOSFETs
(IR IRL6283MTR)

96.00
(all H-bridge
circuits)

Power loss analysis

A breakdown of the system losses for the three BESS designs is presented in Fig. 4.6.
The PB-BESS and IBP-BESS have almost the same losses in the battery pack because
similar DC currents flow in all cells. The battery losses in the CHB are increased due to
the pulsed nature of the cell current (as presented in Fig. 2.2b). Since in all three cases the
battery losses are calculated as the losses in the internal resistance of the cells (i.e. are
proportional to the square of the RMS value of cell current), higher losses are expected in
the CHB due to the higher RMS-to-average current ratio compared to PB and IBP (where
the RMS value of the current is equal to the average value). As discussed previously,
power losses due to passive balancing in the PB-BESS are not considered in this analysis
but it should be noted that these losses in practice are expected to lead to a small increase
in average losses. Balancing losses are zero in the CHB-BESS since they are included in
the power converter losses as part of normal operation. Although there is a significantly
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higher number of switches in the current path in the CHB-BESS, there is no centralized
converter and the power electronics losses are actually reduced compared to the IBPBESS due to the very low on-state resistance of the MOSFETs and the low switching
frequency operation (using the NLC modulation technique). Switching losses are
proportionally larger for the IBP due to the series connection of high-voltage IGBTs used
to form the two-level MV converter. In order to reduce switching losses in that case, a
multilevel converter such as the FC or NPC may be employed.

43 kW

38 %
29 kW
8%
23 kW
43 %

54 %
62 %

9%
22 %

17 %

26 %

21 %

Fig. 4.6 Loss breakdown for the three BESSs.

4.3.2

Reliability analysis
Table 4.2 Failure rates and MTTF of the three BESSs.

Failure rates
(failures/106h)
Battery
Converter
System
MTTF of the system (h)

PB-BESS

IBP-BESS

681
(string of 315 cells)
32
(each PB converter)
6087
164

235
(IBP of 30,000 cells)
57
(single large converter)
292
3,424

CHB-BESS
Battery
integrated in
converter
528
1,895
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The failure rates for the different components in each BESS and the total system
MTTF are presented in Table 4.2.
The failure rate of the PB-BESS is highly dependent on the failure rate of the battery
string since according to Table 4.2 string failure is 20 times more likely than power
converter failure. This is because a single cell failure will result in the failure of the whole
string and the subsequent loss of a tenth of the PB’s available capacity.
In the IBP-BESS, due to the high battery pack voltage, each arm of the converter
comprises 18 IGBTs connected in series resulting in an increased converter failure rate
compared to the PB-BESS. However, the overall system MTTF of the IBP-BESS is
significantly greater than the PB-BESS due to the much higher reliability of the battery
pack. The substantial decrease in the failure rate of the battery pack, although the IBPBESS includes 95 times as many cells as a single battery string in the PB-BESS (30,000
compared to 315), can be attributed to the additional MOSFETs in the pack, which enable
the IBP-BESS to effectively address single module faults by bypassing only two parallel
modules rather than a whole string of modules.
For the CHB-BESS, the failure rates for the battery pack and the converter cannot be
calculated separately since each battery module is integrated with an H-bridge converter.
Compared to the PB-BESS, the CHB has an increased MTTF due to the ability to isolate
single modules in case of failure. However, its reliability is decreased compared to the
IBP-BESS due to the increased number of MOSFETs used in the battery pack (four rather
than two per module).

4.3.2.1

Notes on the cell failure model

In order to explore the effect of the time dependency of cell failure rates to the overall
system MTTF, the reliability study is repeated for different base cell failure rates in Fig.
4.7. According to Fig. 4.7, for a very low cell failure rate (𝜆C0𝑖 ⁄𝜆C0 ≤ 10−3, where 𝜆C0𝑖
is the varying base cell failure rate) the MTTF of the PB-BESS is much improved
compared to the base case ( where 𝜆C0𝑖 ⁄𝜆C0 = 1) despite the lack of controllability over
series connected modules, since the failure rate is in this case dictated mainly by the
power electronics. This lower failure rate represents very reliable cells, for example very
high quality cells at the beginning of their life.
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Cell ageing

Increased cell
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PB
IBP
CHB

Increased
electronics
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Fig. 4.7 MTTF for different base cell failure rates 𝜆C0𝑖 compared to the base failure rate
𝜆C0 used in this study. Dotted lines represent results with no temperature dependence of
failure rates. Note that 𝜆F ⁄𝜆C0 = 0.33 and 𝜆Q ⁄𝜆C0 = 0.8, i.e. in the base case individual
switches are assumed to be slightly more reliable than individual cells.
As the failure rate of the cells increases, corresponding to cells of lower quality and/or
aged cells, the IBP-BESS and CHB-BESS demonstrate much higher reliability than the
PB. This is due to the granular control of these modular systems that enables bypassing
only the module where the failed cell is located (or just two parallel modules in the IBP),
without interrupting operation of the system. In contrast, a single cell failure in the PBBESS will cause a whole string to be taken offline and thus a significant fraction of the
available capacity in the power block to be inaccessible (10% of each PB in this case
study). The CHB-BESS is slightly less reliable than the IBP-BESS because of the
increased cell temperature (caused by the pulsed cell current and the subsequent increase
in cell losses in the CHB-BESS). The higher temperature leads to an increased cell failure
rate according to (4.13) and therefore a decrease in the MTTF of the system. This effect
begins to dominate when cells become significantly less reliable than the MOSFETs.
In order to evaluate the effect of temperature on failure rate, the MTTF for each
system is calculated assuming all components operate at ambient temperature (dotted
lines in Fig. 4.7). This condition corresponds to very low C-rates or highly effective
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cooling in the BESS. As expected, reliability is improved in all cases, demonstrating that
thermal management of the cells and power electronics is an important aspect of BESS
design. The effect of temperature on MTTF is more obvious in the PB-BESS and IBPBESS than for the CHB-BESS when cell failure rate is low and the MTTF of the system
is mostly dependent on converter reliability. This is because the IGBT temperature rise is
much higher in the centralized converter of the PB-BESS and IBP-BESS compare to the
MOSFET temperature rise in the distributed converter of the CHB-BESS. However,
when the failure rate of the cells becomes dominant, a larger increase in the MTTF of the
CHB-BESS becomes visible due to the higher cell losses in that system in contrast to the
PB-BESS and IBP-BESS where cells experience a smooth DC current.

4.3.3

Cost analysis

The total capital cost of the three BESSs is presented in Table 4.3. In order to compare
reliability and capital cost the ‘reliability figure of merit’ (RFoM) index is used [159].

RFoM =

𝜂MTTF
CC

(4.41)

where CC is the capital cost of each system in £/MWh. The cost per unit energy is divided
by the round-trip efficiency of the system (𝜂) in order to obtain the ‘cost per useful
energy’ [177].
The cost of lithium ion cells is currently approximately £200/kWh according to [178].
The cost of the rest of the components is based on supplier data [179]. Table 4.3 shows
the IBP-BESS and the CHB-BESS have very similar and much improved RFoM
compared to the PB-BESS: they both offer lower capital costs but substantially improved
reliability which outweighs a slight loss in efficiency. Although the CHB-BESS utilizes
three times as many individual switches when compared to the IBP, the capital cost is
significantly lower due to the use of many low voltage MOSFETs with a lower cost-perkVA than the few high voltage IGBTs used in the IBP-BESS.
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Table 4.3 Cost breakdown and RFoM of the three BESSs.
Capital Cost (£)
Battery pack
Balancing circuit
Converter
Transformer
Total capital cost per MWh
(CC)
System efficiency (𝛈)
Cost per unit energy (£/MWh)
MTTF of the system (h)
RFoM
(normalized to the PB-BESS)

4.4

PB-BESS
210,000
7,533
3,462
24,360

IBP-BESS
200,000
5,381
21,347
-

CHB-BESS
200,000
14,350
-

245,355

226,728

214,350

0.977
251,131
164

0.971
233,499
3,424

0.957
223,981
1,895

1

22

13

Conclusions

This chapter has presented a methodology for the evaluation of competing BESS
designs. The power losses of the system are calculated analytically, taking into account
converter losses, battery losses and balancing circuit losses. The subsequent temperature
rise of the various system components is used to calculate component failure rates that
vary according to the operating state of the system. The different operating states are
captured using a Markov-based modelling approach, where the MTTF of the system is
calculated considering the configuration of the system. This methodology was used to
compare three BESS designs with a different level of integration of power electronics in
the battery pack. The results of this analysis indicate that a greatly improved RFoM can
be achieved when using power electronics enhanced system designs (such as the IBP and
CHB) compared to the conventional PB-BESS, mainly due to enhanced reliability of
these systems as a result of the ability to manage individual cell failure online without
interrupting the operation of the system. The main drawback of the CHB-BESS is the
significantly higher battery losses compared to the other two designs, due to the pulsed
nature of the cell current caused by the operation of the NLC. However, in this study
battery losses were calculated assuming a constant internal cell resistance. According to
[121] a pulsed current can actually reduce losses by minimizing the AC impedance of the
li-ion cells and this would further improve the efficiency of the CHB-BESS.
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Chapter 5

Control algorithms for large scale

battery energy storage systems based on the CHB
converter
Although the CHB power circuit is inherently scalable to large numbers of cells and
output high voltages, the control of a grid scale system comprising tens of thousands of
cells would be very challenging if a flat BMS architecture is followed (Fig. 5.1a). This is
mainly because in order to produce a stepped voltage waveform using NLC and to
maintain stability of the grid current controller, switching signals must be updated at a
relatively high rate and with low latency. According to the operation of the NLC as
described in Chapter 2, each H-bridge must be updated four times in each cycle of the
mains waveform: i.e. in each positive and negative half-cycle the H-bridge must be turned
on and off, and these events must occur with high resolution in time. For a 50 Hz grid
frequency this equates to an average 200 Hz update rate along with better than 100 μs
time resolution to ensure a high quality wave-shape and provide adequately low loop
delay for the centralised current controller to track the grid voltage. These requirements
make the flat BMS architecture increasingly impractical to implement as cell-count
increases. For example, a flat BMS for a large grid-scale battery pack with 50,000
individually controllable cells (generating 200,000 switching events per grid cycle),
assuming 16 bits for the packet address and 4 bits for the H-bridge switching signals
results in a data rate at the central controller of 200 Mbits/s for a grid frequency of 50 Hz.
This implies a very large communication and computational load for the master
controller.
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Fig. 5.1 Different BMS design approaches for a CHB-BESS comprising 𝑁b 𝑁m 𝑁e
elements: a) a flat BMS structure where a central controller gathers information from all
elements and produces switching signals for each H-bridge b) the proposed hierarchical
system structure where the BMS is organised in three conceptual control layers: 𝑁b
banks, each bank includes 𝑁m modules and each module contains 𝑁e elements.
A modular BMS following a hierarchical control structure such as that presented in
[127] goes some way to addressing this problem. The modular BMS control is enabled by
organising the elements of the CHB into three conceptual control layers, labelled banks,
modules and elements. Each object in a layer (i.e. the entities that make up a layer, such
as the banks in the bank layer) is equipped with a controller that acts as a master for a
subset of ‘slave’ objects that are located in the next lower hierarchical level. Each master
controller receives the required sensing signals such as voltages and SoC from the
respective slave controllers. Using this information, a balancing algorithm produces the
appropriate voltage references for the slave controllers to follow.

This hierarchical

scheme enables global cell balancing (i.e. cell balancing between all cells in the system)
by balancing the objects of the intermediate layers using the distributed layer controllers.
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As a result of limiting the total amount of information that is transferred between layers,
the requirement for a powerful central controller is avoided and the system becomes
inherently scalable. An example of a hierarchical structure is presented in Fig. 5.1.b. The
system controller, including the grid current controller and the higher level balancing
control, acts as a master for the bank controllers and each bank controller is a master to a
group of modules. Each module controller is responsible for monitoring a group of
elements and providing the switching signal for the respective H-bridges. It should be
noted that the top-level controller is still required to provide the overall voltage reference
for the entire system (which is produced by the grid current controller) but this is
communicated only to the next layer down in the hierarchy from where it is propagated
down to the next layer and so on. This propagation must still occur with high timeresolution in order to produce a high quality output waveform, but crucially it is not
necessary for the central controller to address every element in the system individually.
As an example, when a system of 𝑁 elements is organised in 𝑙 similarly sized hierarchy
layers (i.e. each layer comprises the same number of objects) the total number of slaves
𝑙

that each master must address is reduced from 𝑁 to √𝑁 when this hierarchical control
scheme is implemented.
In [127], balancing of an intermediate layer is realised by distributing the voltage
reference for each object of the layer in proportion to that object’s SoC deviation from the
average layer SoC. A disadvantage of this method is that once balancing is achieved, the
voltage reference is equally distributed to the layers resulting in the simultaneous
switching of multiple H-bridges. As a result, the output voltage generated by this control
scheme includes steps that are a multiple of the element voltage and so produces a poorer
voltage quality compared with what the CHB circuit is inherently capable of producing.
Moreover, the balancing controller requires an additional level of control (called the
‘peak sharing algorithm’ [127]) to ensure that the output voltage can be achieved even
when certain modules are not able to meet the demand due to cell failure.
In this chapter the hierarchical approach of [127] is followed to develop an alternative
hierarchical balancing algorithm that addresses some of the weaknesses of prior work.
The proposed algorithm can prioritize balancing between hierarchical layers according to
the maximum SoC variation between the objects of each layer and can ensure that the
output voltage reference can always be met so long as there are an adequate number of
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cells available in the overall system, even for varying module voltages caused by element
failures. The ability of this balancing scheme to overcome variations in element capacities
and initial SoC is examined by simulating the operation of a CHB-BESS comprising
1,000 elements. Finally an experimental validation of the hierarchical balancing is
presented using a CHB-BESS comprising 144 LTO cells. A summary of the advantages
and disadvantages of the proposed hierarchical balancing algorithm compared to existing
work that can be found in literature is presented in Table 1. This chapter in based on
publication [133].
Table 5.1 Comparison of proposed hierarchical balancing algorithm with existing work in
literature.

Advantages

Disadvantages

Proposed balancing
algorithm
 Scalable
balancing
algorithm.
 Output voltage
limitations are
integrated in
algorithm.
 100 Hz
maximum
switching
frequency.
 Experimentally
validated using
single-phase
289-level CHB.




Number of
values sent from
slaves to master:
2𝑁𝑆 + 1 (SoCs
and voltages for
𝑁𝑆 objects and
maximum ∆𝑆𝑜𝐶,
i.e. one more
than [127]).
Low inter-layer
latency required
for accurate
following of the
reference
waveform.

Ooi et al. [127]












Scalable
balancing
algorithm.
Output voltage
limitations are
considered.
100 Hz
maximum
switching
frequency.
Number of
values sent from
slaves to master:
2𝑁𝑆 (SoCs and
voltages for 𝑁𝑆
objects).
Additional peak
sharing
algorithm
necessary.
Not all available
voltage steps are
utilised when
cells balanced.
Low inter-layer
latency required
for accurate
following of the
reference
waveform.

Young et al.
[129]
 Harmonics
elimination.
 100 Hz
maximum
switching
frequency.
 Experimental
validation for
a singlephase sevenlevel CHB.

Maharjan et al.
[123, 124]
 Balancing
achieved by
active power
control of
each
converter
element.
 Experimental
validation for
a three-phase
seven-level
CHB.







High
computationa
l complexity
of SHE
(obtain
switching
angles using
NewtonRaphson).
Not scalable.





Higher
switching
frequency
(800 Hz PSPWM).
Output
voltage
capability of
each element
is not
addressed.
Centralised
controller
needs to
provide a
voltage
reference for
each element.
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5.1

Description of the hierarchical balancing algorithm

In this section the hierarchical balancing algorithm is explained using a single-phase
CHB-BESS with three layers of hierarchy: 𝑁b banks (bank layer), where each bank
contains 𝑁m modules (module layer) and each module contains 𝑁e elements (element
layer). Although the discussion here is limited to three layers, the control approach can be
simply extended to include more layers and can be implemented in a three-phase system
where balancing between phases is achieved using zero sequence voltage injection [123].
The hierarchical balancing control as implemented in the controllers of the different
system layers is presented in Fig. 5.2a (a detailed description of the algorithm is given in
the Appendix). Similar to the flat BMS system control presented in Chapter 2, the
balancing control consists of two parallel processes operating at different rates: a slow
process occurring every 2 sec and a fast process occurring at 50 kHz (these frequencies
are somewhat arbitrary and will depend on the particular implementation, these values are
those used in the experimental work). Due to the different operating frequencies of the
two processes, during implementation the appropriate synchronisation signals are used to
ensure that the passing of the relevant control variables ( i.e. priority lists and 𝑉S ) from the
slow to the fast processes takes place during the initialisation stages according to Fig.
5.2b and c.
During the slow process, each individual controller receives the average SoC of each
object from a group of objects at the next layer down in hierarchy and the maximum SoC
variation (ΔSoC) between the objects of the lower hierarchical levels, from the respective
slave controllers. Based on this information a priority list 𝑳𝐒 is produced where the lower
layer slave objects are sorted according to their average SoC. The average SoC of the
current layer and the maximum SoC variation are then calculated and sent to the
controller of the next layer up in the hierarchy.
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Fig. 5.2 Proposed modular BMS controller: a) hierarchical balancing control b)
intermediate layer balancing control c) element layer balancing control d) complete
control of a single-phase CHB-BESS including hierarchical balancing.
M
During the fast process, each layer controller receives a voltage reference 𝑉ref
and a

voltage step 𝑉S

from its master and the maximum output voltage from its slaves
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S
(𝑉max
[1 … 𝑁S ]) and uses that to calculate the voltage reference that will be sent to the
S
M
slave controllers (𝑉ref
[1 … 𝑁S ]). The process of deconstructing the voltage reference 𝑉ref

to produce the slave references 𝑽𝐒𝐫𝐞𝐟 is described in Fig. 5.2b and depicted in Fig. 5.3.
S
Each 𝑉ref
(𝑖) corresponds to a different duty cycle so balancing between layer objects can

be achieved by assigning a voltage reference at each object based on their position in the
S
respective priority list 𝑳𝐒 (i.e. 𝑉ref
that correspond to higher duty cycles are assigned to

the objects with positions closer to 1). Τhe developed algorithm ensures that the slave
reference voltages are constructed in a way so that all available voltage steps are used
even when the elements are balanced, by switching the elements on and off at different
instances in time and thus avoiding simultaneous switching of the H-bridges. This is an
advantage of the proposed algorithm compared

to [127], where under balanced

conditions all the modules will receive the same voltage reference and thus switch their
respective elements at the same time effectively limiting the output voltage quality of the
CHB (the smaller output voltage step in this case would be 𝑁b 𝑁m 𝑉e instead of 𝑉e). The
output voltage capability of the slave objects 𝑽𝐒𝐦𝐚𝐱 (i.e. the maximum output voltage that
the slave can provide) is taken into consideration during the reference waveform
construction and if an object is not able to produce the reference voltage (for example due
to an element failure in that module) the next object in the priority list with the ability to
satisfy the voltage requirement will be used. It should be noted that although the
switching frequency of each element’s MOSFETs is twice the fundamental frequency of
the grid (in this case 100 Hz for a grid frequency of 50 Hz) the switching events are
located with a resolution in time of the reciprocal of the fast process frequency (in this
case 20 μs).
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Fig. 5.3 Demonstration of bank and module layer reference construction from the
system’s

reference

output

voltage.

Bank

layer

reference

voltages

for

𝐿 = [4 1 3 2], 𝑉max = [20 50 70 70], 𝑉s = 10 . Module layer reference voltages for
4
𝐿4 = [1 2 4 3], 𝑉max
= [10 15 25 25], 𝑉s = 𝑉e = 5.

S
The waveform of each slave reference voltage 𝑉ref
(𝑖) and thus the sequence based on

which different elements are introduced to the current path is highly dependent on the
choice of the voltage step 𝑉S . The voltage step should be set equal to the average voltage
of the objects in any one particular layer. In this study the voltage step is set equal to
either the element voltage 𝑉e, module voltage 𝑉m or bank voltage 𝑉b . When 𝑉S = 𝑉e the
𝑖 th elements of each module will be introduced in the current path only after all the
(𝑖 − 1)th elements have been switched on (i.e. element 1 of module 1 of bank 1 is turned
on first, then element 1 of module 1 of bank 2 etc.) thus all elements in a module will
experience very different duty cycles which will enhance the balancing performance
between elements. However the average duty cycles of the higher layer objects (modules
and banks) are very similar since the respective slave objects occupy neighbouring steps
in the voltage waveform. This is demonstrated using the example of a two layer system in
Fig. 5.4. Here, the pack comprises three modules of five elements each. When a voltage
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step equal to the element voltage 𝑉e is used, the elements of module three occupy voltage
steps 3, 6, 9, 12 and 15 in the output voltage with the maximum charge difference
between the elements depicted in the grey area. The charge difference between elements
is directly associated with the ability of the system to perform balancing i.e. the greater
the charge difference the wider capacity or SoC differences can be accommodated. When
𝑉S = 𝑉m all the elements in module 1 are introduced to the current path sequentially
(voltage steps 1-5), followed by the elements in module 2 (voltage steps 6-10) and then
module 3 (voltage steps 11-15). In that case the maximum charge difference between
elements is noticeably less compared to Fig. 5.4a but this positioning will result to a
higher charge difference between the three modules. In general, by setting 𝑉S equal to the
voltage of a layer’s object, balancing priority is given to that layer i.e. the objects of that
layer can be operated under very different charges compared to the objects of the other
layers. The proposed algorithm can prioritise balancing between layers during operation
by dynamically setting 𝑉S equal to the voltage of the layer where the maximum SoC
variation between objects can be found. Balancing priority may be important in some
scenarios, for example if the system operator replaces a module after failure, this module
may have a very different average SoC compared to other modules but module balancing
speed would be limited due to the small variation of average module currents. When a flat
BMS is used where the master controller has a detailed knowledge of the state of every
element in the system, balancing priority is not an issue since any element can be used at
any voltage step in the construction of the output voltage so that an optimum charge can
be allocated to each element based on their capacity or SoC. This is not the case in the
modular BMS considered here, where only limited information is exchanged between
layers and thus no one controller has detailed knowledge of the state of every element in
the system.
The layer balancing control presented in Fig. 5.2b is identical for all hierarchical layers
except the element layer. Element layer balancing control is similar to the balancing
control of the flat structure discussed in Chapter 2 except with the reference voltage
provided by the respective master module controller instead the centralised controller
(Fig. 5.2c). The complete system control including the single-phase PLL and a d-q current
controller is presented in Fig. 5.2d. The output of the current controller is the voltage
reference used as input in the higher level balancing controller.
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Fig. 5.4 Example of maximum achievable charge difference between the elements of a
module: a) when balancing with element priority is implemented b) when balancing with
module priority is implemented.

5.2

Simulation results

In order to validate the proposed hierarchical balancing control, the balancing of 1,000
elements during consecutive charging and discharging cycles is simulated in MATLAB,
assuming 4% redundant elements and 𝐼rms = 4 A. The simulated system includes ten
banks, each bank ten modules and each module ten elements. The balancing performance
is evaluated for three different cases: 1) when maximum capacity imbalance is observed
in the element layer, 2) maximum imbalance in the module layer and 3) maximum
imbalance in the bank layer. In all cases, a maximum initial SoC variation of 10% is
introduced between elements and their capacities are normally distributed according to
(5.1).

𝑸𝐛 ~𝑁(𝜇, 𝜎b2 )
2)
𝑸𝒊𝐦 ~𝑁(𝑄b (𝑖), 𝜎m
𝑖 ∈ [1, ⋯ , 𝑁b ]
𝒊𝒋

𝑖 (𝑗), 2
𝑸𝐞 ~𝑁(𝑄m
𝜎e ) 𝑖 ∈ [1, ⋯ , 𝑁b ], 𝑗 ∈ [1, ⋯ , 𝑁m ]

(5.1)
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where 𝑸𝐛 is the vector of bank capacities, 𝑸𝒊𝐦 the vector of module capacities for bank 𝑖,
𝒊𝒋

𝑸𝐞 the vector of element capacities for module 𝑗 of bank 𝑖, 𝜇 is the mean of the bank
capacity distribution and is equal to 1 Ah. For the other distributions, the mean is equal to
the average capacity value of the respective object in the previous hierarchical layer. The
variance 𝜎 2 of each layer is equal to 0.06 if this layer has the maximum capacity variation
and equal to 0.006 if not (i.e. in the case of maximum capacity variation in element layer,
2
𝜎e2 = 0.06 and 𝜎m
= 𝜎b2 = 0.006).

Each cycle ends when any element reaches the upper (95 %) or lower (5%) SoC limit
and then the next discharging or charging cycle begins.
The flat BMS approach is used here as the reference case since the sorting balancing
algorithm used in that case (presented in Chapter 2) is able to fully utilise the inherent
ability of the CHB circuit to perform DCB as demonstrated in Chapter 3 (i.e. with global
supervision of all the elements in the system it can place any element at any switching
position and thus provide the best overall balancing performance).
Balancing performance of the proposed algorithm is examined for three cases where
the dynamic balancing priority between layers is disabled i.e. the algorithm cannot change
the 𝑉s variable during operation and thus loses the ability to prioritise balancing according
to the maximum observed SoC imbalance between the objects of each layer. Instead the
system operates with either a continuous priority in element balancing (𝑉s = 𝑉e ),
continuous priority in module balancing (𝑉s = 𝑉m ) or continuous priority in bank
balancing (𝑉s = 𝑉b for the banks and 𝑉s = 𝑉m for the modules). As previously explained,
when priority is given in balancing the objects of one layer, balancing the objects of the
other layers becomes more challenging.
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Fig. 5.5 Simulation results of hierarchical balancing. Performance of flat system
balancing under maximum capacity variation at: a) element, b) module, c) bank level.
Performance of the proposed balancing algorithm under maximum capacity variation at:
d) element, e) module, f) bank level. Element priority balancing under maximum capacity
variation at: g) element, h) module, i) bank level. Module priority balancing under
maximum capacity variation at: j) element, j) module, l) bank level. Bank priority
balancing under maximum capacity variation at: m) element, n) module, o) bank level.
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The results of balancing using the flat BMS are presented in Fig. 5.5(system structure,
e.g. the layer grouping, is retained here to facilitate comparison between different
approaches although the flat system does not require such subdivisions). For all three
cases of capacity imbalance, a satisfactory balancing performance is observed (maximum
SoC variation between elements <0.5%) and the flat system is able to overcome an initial
10% SoC variation between elements after only 5 minutes.
When the proposed hierarchical balancing algorithm is used, a balancing performance
close to that of the flat system is achieved with limited information exchange between
layers. In that case, the system overcomes the initial SoC variation again at 5 minutes and
the SoC variation between all elements is maintained below 0.5 % throughout operation.
The importance of prioritising balancing of different layers dynamically according to
their respective SoC variation is evident when the proposed algorithm, where the
prioritised layer is chosen dynamically, is compared to the cases where priority is fixed to
a specific layer. From all these cases it can be observed that when the layer with the
maximum capacity variation is different than the layer which is given balancing priority,
the system is not able to overcome that capacity variation resulting in a decreased
balancing performance, e.g. in Fig. 5.5i where element balancing is given priority but the
maximum capacity variation is observed between banks. In this case, the swings in the
maximum SoC variation are due to the capacity variations between banks. In steady state,
the ΔSoC reaches a peak value due to the limited ability of the algorithm to redistribute
charge between the objects of a layer according to their capacities. In the following cycle
after the maximum ΔSoC is reached, the objects start at a different initial SoC at which
point the objects have very similar available capacities (i.e. the capacity that corresponds
to the available SoC range for this cycle) and thus balancing will from then on be more
effective resulting to a lower maximum ΔSoC. This process will be repeated resulting in
these swings being observed in the maximum SoC variation between objects of different
layers, as shown in Fig. 5.5.The deteriorated balancing performance in case of module
and bank balancing priority is also evident in the fact that it takes more than 250 min for
the system to overcome the initial SoC imbalance between elements since in these cases
the system is restricted to placing elements in neighbouring positions which correspond to
similar average position current and thus a weak balancing effect.
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5.3

Experimental validation of the hierarchical balancing

algorithm
In this section the experimental validation of the hierarchical balancing algorithm is
presented, using a single-phase CHB-BESS comprising 144 LTO cells.

5.3.1

Experimental set-up

The experimental CHB-BESS includes 144 Toshiba SCiB cells (LTO cells) with a 20 Ah
nominal capacity. Each cell is connected to an H-bridge forming an element and the
elements are organised in twelve physical groups of twelve elements each, referred to as
modules (Fig. 5.6c). Each module is equipped with a PCB including twelve ADCs to
measure cell voltages and a current sensor that is used to calculate cell charge by coulomb
counting. Cell monitoring and control is performed locally at each module using an
FPGA. Although the module configuration is the same as the one used in the experiments
presented in Chapters 2 and 3, the controller implemented in the FPGAs is fundamentally
different. In the previous chapters, a single module was used individually to simulate a
CHB-BESS with a flat BMS architecture, implementing the balancing control scheme
presented in Fig. 2.6. In the complete CHB-BESS used in this chapter, a modular BMS
architecture is implemented as described in Fig. 5.2. The element layer balancing control
is performed in the FPGA of each module, which produces the priority list of the cells
included in that module and generates the switching signals for their respective MOSFET
drivers using the NLC modulation scheme. A daisy-chain communication link connects
these twelve slave FPGAs to a master FPGA where the power controller (including
single-phase PLL and current d-q controller) is implemented. The master FPGA is also
responsible for coordinating communication between the slave FPGAs and a lab PC that
runs a MATLAB GUI where the hierarchical balancing control is implemented. The GUI
allows the user to set a grid current reference and monitor cell voltages and SoCs which
are broadcast by the slave FPGAs and collected by the master FPGA. The hierarchical
balancing control is performed in MATLAB and once the reference voltages are produced
from the upper layer balancing controller they are sent to the master FPGA that
distributes them to the respective slave FPGAs where the element balancing is performed.
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The system is coupled to the grid using a single inductor that serves as a low pass filter
and as an impedance for the current controller to work against. A single-phase isolation
transformer is used connected to a variac that allows controlling the voltage level at the
input of the BESS. The experimental setup is presented in detail in Fig. 5.6.
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Fig. 5.6 Experimental setup for hierarchical balancing validation: a) schematic of the
experimental CHB-BESS including control blocks b) photo of the experimental setup c)
detailed breakdown of the CHB-BESS including twelve modules of twelve elements
each.
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5.3.2

Experimental procedure

In order to demonstrate hierarchical balancing control, the CHB-BESS is divided in
three virtual layers as follows: three banks including four modules of twelve elements
each. During the test, the voltage at the input of the CHB is set at 120 V RMS. The actual
output voltage of the CHB is higher than 120 V when the system is discharging and lower
when charging due to the voltage drop across the grid coupling inductor. Consequently,
the redundancy ratio of the CHB varies accordingly during operation due to the varying
element voltages: as element voltage increases during charging, fewer elements are
required to synthesise the output voltage and thus an increased balancing performance can
be achieved. The CHB is operated in three consecutive charging (current reference -10 A
RMS) and discharging (current reference 10 A RMS) cycles of 1 hour duration each.
After the end of the second charging cycle, the elements are left to rest for 30 min in
order to accurately measure the OCV. The CHB output voltage and current waveforms
are presented in Fig. 5.7.

Output Voltage

Current

Voltage step
equal to cell
voltage

Fig. 5.7 Output voltage and current of the CHB during the tests.
To evaluate the balancing performance of the proposed algorithm, before the
beginning of the test the elements are unevenly discharged according to the initialisation
process described in Fig. 5.8 so that a maximum initial SoC variation equal to 7% is
introduced between the banks and between the modules of the system. The maximum
initial SoC variation between the elements within a module is equal to 10% and the
maximum initial SoC variation between all elements of the system is equal to 20%
(observed between element 1 of module 1 and element 12 of module 12). To evaluate the
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ability of the system to overcome capacity variations between elements, the cell of
element 1 of module 9 is replaced with a cell that has been cycled over 3,000 cycles so
that its capacity is decreased by 5% (19 Ah). All the steps followed during the
experimental validation are presented in detail in the flowchart of Fig. 5.8.
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Fig. 5.8 Flowchart of the experimental process.
Here, balancing is performed using POCV as described in Chapter 2. In order to obtain
a POCV, one cell from each module is bypassed every two seconds. The sorting of
elements, modules and banks is thus performed every two seconds after a new POCV
measurement is made. The idle state duration is different here since in this test LTO cells
are used compared to the Li-po cells used in Chapter 2. The balancing priority is updated
every two minutes by calculating the maximum POCV variation between the objects of
each layer using the average POCV during this period.
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5.3.3

Experimental results and discussion

The balancing of the objects in the three conceptual layers (i.e. banks, modules and
elements) is presented in Fig. 5.9. In order to smooth the experimental data (POCV and
element position) a moving average filter is used, taking the average of 50 samples from
the POCV data and 500 samples from the position data. An increased number of samples
is required for the position data since element position is updated every 2 s (discrete
values ranging from 0-12 for the elements, 0-4 for the modules and 0-3 for the banks) so
the average value of the position is required in order to produce a relatively smooth line
that can give us an insight on the behaviour of the algorithm. Since the voltage difference
of the POCV measurements between subsequent samples is only limited to a few
millivolts, a lower number of samples are used in the POCV average filter. The CHB is
able to overcome the initial SoC variation and achieve balancing within the first charging
cycle, demonstrating the ability of the system to effectively allocate charge between
elements and to overcome a capacity imbalance between the objects of a layer.
Balancing between the objects of a layer is more noticeable when balancing priority is
given to that layer. From the subplot in Fig. 5.9a it can be seen that the average POCVs of
the three banks converge when priority is given to bank balancing. When priority is given
to any other layer, the POCVs of the banks vary with almost the same rate since in that
case balancing is slower due to the smaller average current variation between banks.
Similar behaviour can be observed in the other two layers as can be seen in the respective
subplots in Fig. 5.9c and Fig. 5.9e. After achieving balancing at around 50 mins,
balancing priority is given to the element layer in order to overcome the variation in
element capacities observed mainly in module 9 (or module 1 of bank 3 considering the
conceptual hierarchical arrangement) where the lowest capacity element is located
(capacity of cell in element 1 is 19 Ah compared to 20 Ah nominal capacity).
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Fig. 5.9 Experimental results of cell balancing using the CHB and the proposed balancing
algorithm: a) POCV balancing and b) average bank position of the banks of the CHBBESS c) POCV balancing and d) average position of modules in bank 2 e) POCV
balancing and f) average element position in module 1 of bank 3.
The position of the objects of each layer in their respective priority list is also
presented in Fig. 5.9. As the system is initially charging, the objects with a higher SoC are
placed in positions closer to 1 since this position corresponds to a higher average current
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compared to higher-numbered positions. After POCV balancing is achieved and since all
three banks have essentially equal average capacities, balanced operation is achieved by
operating all banks equally as indicated by the close matching of their average position
(average bank position close to 2 for all banks) in Fig. 5.9b. Similarly, the modules in
bank 2 remain balanced by operating with an average position close to 2.5. Regarding the
elements in bank 3 it can be observed in Fig. 5.9f that all elements have an average
position equal to 6 except element 1 which has a lower average element position (between
7 and 8). This is the element including the cell with the lowest capacity and so it is
operated with a lower effective duty cycle in order for the cells to remain balanced. The
successful balancing is also confirmed by the close agreement of the OCVs after the cells
are left to rest at the end of the test.

5.4

Conclusions

This chapter presents a decentralized modular BMS architecture following a
hierarchical structure for the control of large scale CHB-BESSs. The elements of the
CHB are organised in conceptual control layers and the objects of each layer are equipped
with a local controller that acts as a master for the controllers of the next lower
hierarchical level. Although a high update rate and time resolution is required in order to
produce a high quality output voltage, the signal processing and bandwidth requirement
of the local controller communication interface is dramatically decreased when compared
to the centralised control of a flat BMS architecture, because the relevant control signals
need only be sent to a relatively small number of slave controllers.
In this context, a hierarchical balancing algorithm is developed that enables balancing
the elements of the battery pack by balancing the objects of the different layers. The
proposed algorithm can adapt its balancing performance dynamically during operation by
continuously monitoring the maximum SoC variation between the objects of each layer.
This way it can ensure that different objects will be operated under sufficiently different
charge in order to effectively overcome capacity variations within different layers.
Another important feature of the proposed algorithm is the ability to fully utilize the
available voltage steps of the pack thus increasing output voltage quality whilst also
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ensuring that the output voltage reference can always be met given that an adequate
number of cells are available in the pack.
The ability of the hierarchical balancing algorithm to overcome initial SoC and
capacity variations between the elements was validated in simulation for a 1,000 element
system organised in three symmetrical layers of ten objects each, and experimentally
using a CHB-BESS comprising 144 lithium titanate cells organised into three layers
following a non-symmetrical layer configuration i.e. three banks, four modules per bank
and twelve elements per module.
Although the hierarchical system structure results to scalable control architecture, the
balancing performance of the CHB cannot be guaranteed if the system is not able to
freely place the cells at the available switching positions. The simulation and
experimental results demonstrate that by implementing the proposed algorithm, a
decentralised system can fully utilise the underlying hardware and thus achieve
equivalent balancing performance to that of a CHB with a centralised controller and
global supervision of the cells.
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Chapter 6

Conclusions and future work

This thesis presented the framework for evaluating the performance of modular BESS
with the power electronics integrated deep in the battery pack, in order to allow
comparison with conventional BESS architectures. The operation of the modular CHBBESS was analysed and a balancing algorithm that can be used as part of a modular BMS
was developed and validated experimentally. In this chapter, the contributions of the
thesis are summarised in detail, followed by a discussion of areas where further research
is required as identified from the current work.

6.1

Conclusions

The contributions of this thesis can be summarised in two groups: (i) the framework
for evaluating competing BESS designs and (ii) the development of control algorithms for
large scale, modular CHB-BESSs.

6.1.1

Framework for evaluating competing BESS designs

In this section the contribution of this thesis on developing a framework for the
evaluation of competing BESS designs is discussed. This includes the linear
programming framework for the evaluation of balancing performance presented in
chapter 3 and the methodology for comparing BESS considering power losses, reliability
and cost, presented in chapter 4.
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6.1.1.1

Balancing performance evaluation

Chapter 3 presented a method for quantitatively evaluating the balancing performance
of active balancing circuits implementing either energy redistribution or duty cycle
balancing, under the simplifying assumption of constant cell voltage. The balancing
problem was formulated as a linear programming problem with the objective of
maximising the useable capacity of a pack of cells for a given set of cell capacities. It has
been shown that balancing performance depends on the maximum balancing current of
ERB circuits and the available cell redundancy of DCB circuits. The maximum balancing
current that can be achieved in ERB circuits is a function of cell voltage, switching
frequency and size of passive elements (e.g. capacitors and inductors). By identifying the
minimum value of the balancing current (ERB) and cell redundancy (DCB) that is
required in order to fully utilise the available cell capacity throughout the lifetime of the
system (assuming capacity variation between cells over the lifetime of the system can be
modelled), it is possible to design ERB and DCB circuits with equivalent balancing
performance and compare them in terms of cost, efficiency and ease of implementation
before choosing the best solution for a specific battery pack design.
The output of the linear programming tool is the maximum useable capacity (𝑄u∗ ) that
can be achieved for a given balancing circuit, set of cell capacities and cell redundancy,
without modelling any one particular control algorithm. This tool can be used to set a
benchmark for any proposed balancing algorithm by comparing the usable capacity (𝑄u )
that can be achieved when a specific algorithm is implemented on-line to the theoretical
maximum useable capacity (𝑄u∗ ): If 𝑄u = 𝑄u∗ the algorithm can deliver the best possible
utilisation of pack capacity whereas if 𝑄u < 𝑄u∗ then there is room for improving the
algorithm to achieve better capacity utilisation. By this criteria, the sorting algorithm
presented in chapter 2 is successful because 𝑄u and 𝑄u∗ agree to within the experimental
error in all cases trialled in chapter 3. However this does not necessarily imply that the
algorithm used in the experiment will always extract maximum usable capacity e.g. for
different cell capacities, different charge/discharge rates, different cell chemistries etc.
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In general, a DCB-AC pack based on the CHB converter is able to handle relatively
extreme capacity variations between the cells in the battery pack due to the inherent
ability to operate cells under different currents (as demonstrated in chapters 2 and 3),
even when no redundant cells are included in the pack. This makes the CHB-BESS
particularly attractive for grid scale systems with expected lifetimes more than 10 years.
For these applications it is important to design the system appropriately in order to ensure
that the rated capacity will be accessible throughout the lifetime of the BESS, even when
the capacity of the cells has degraded and cell capacity variations are exacerbated. The
improved balancing performance of the CHB also greatly facilitates the maintenance
procedure: when replacing a module it is not necessary for the new cells to have an equal
capacity or SoC to that of the existing cells, since the useable capacity is no longer
limited by the lowest capacity (or SoC) cells.

6.1.1.2

Overall BESS design evaluation

Chapter 4 presented a method for evaluating competing designs for grid-connected
BESSs with different level of integration of power electronics in the battery pack. The
steady-state power losses of the grid interface converter, the battery pack and the
balancing circuit are calculated analytically and used to produce variations in component
failure rates according to the operating state of the system. The reliability of each system
is then calculated using a Markov-based modelling approach that captures the
performance degradation caused by faults. This methodology was used in a case study to
compare three design options for a 1 MW/1 MWh BESS connected at 11 kV: a
conventional BESS using parallel low-voltage power blocks (PB-BESS), a BESS using a
high-voltage power electronics enhanced battery pack (IBP-BESS) and a BESS using a
CHB converter (CHB-BESS).
The results of this analysis indicate that power electronics enhanced systems such as
the IBP and CHB can achieve a significant improvement of the overall system reliability
(an order of magnitude when the reliability of the cells is equivalent to that of the power
electronics switches) at a lower capital cost (capital cost of CHB-BESS is 13% lower than
that of the PB-BESS) but with a relatively minor decrease in efficiency (CHB has
approximately 2% lower efficiency compared to the PB-BESS). The improvement in
reliability is attributed to the ability of the IBP-BESS and CHB-BESS to bypass failed
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modules without causing many other modules to become inaccessible (as is the case in
the conventional PB-BESS configuration, where a single module failure is addressed by
isolating the whole string that includes the failed module). This is based on the
assumption that MOSFETs in the deeply modular designs will fail short-circuit so that the
current path is not disrupted. If a MOSFET in an H-bridge fails short circuit, when the
other MOSFET of the same converter leg is turned on, the li-ion cell will be shorted and
the high short-circuit current can blow the bond wires and cause the MOSFET to fail
open-circuit in a second stage. This could be avoided by using a high speed fuse in series
with the cell, however reliable operation of the system after semiconductor failure should
be validated experimentally. Moreover, this study does not consider the reliability of the
supporting electronics (control system, gate drives etc.). These components may have
substantial impact on the system’s MTTF, especially in the case of the IPB-BESS and
CHB-BESS designs which include many more controllable power electronic components
when compared to the conventional BP-BESS design.
Another limitation of the proposed method is that the component failure rates are not
time dependent and thus cannot capture degradation of li-ion cells due to cell ageing.
Moreover, although the effect of component temperature is considered in the failures
rates by using the appropriate π factors, the failure rate of certain components e.g.
MOSFETs would be more accurately described by considering the thermal cycling of the
device. As a result, although the proposed method can be used to perform an initial
evaluation of competing system designs, an in depth investigation of system reliability
would require more advanced failure models as well as a detailed simulation of the
system’s operation under real load profiles.
The higher cost of the PB-BESS is partially due to the necessity to oversize the battery
pack in order to ensure that the system will be able to deliver the required energy
capacity, even when no active balancing is implemented. This is not the case when the
IBP or CHB architecture is used since the ability to perform DCB effectively reduces the
number of cells that are required to achieve a certain capacity by ensuring that the useable
capacity is not limited by the lowest capacity cells.
The increased power losses of the IBP compared to the PB are due to the increased
switching losses, indicating that a multilevel converter topology might be more
appropriate for the centralised converter. For the CHB, the increased losses are due to the
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non-smooth current waveform that the cells experience and the accumulated conduction
losses of the MOSFETs. These issues can be addressed by using an additional DC/DC
converter between the cell and the H-bridge in order to provide a smooth DC current to
the cell and by reducing the on-state resistance of the MOSFET at each H-bridge (either
by using more expensive, lower resistance MOSFETs or by connecting two MOSFETs in
parallel per switch). These design choices however will increase the overall cost of the
system and possibly affect system reliability. It should be noted that the three systems
compared in chapter 3 where designed under the assumption that the voltage and current
stress of the power electronics switches should be equal in all three systems (i.e. the
designs were optimised for cost and not efficiency). An alternative design approach for
example would specify a minimum efficiency requirement that all systems should meet.
In this case the design choices will be different compared to the current case study but the
system evaluation methodology will still be valid.

6.1.2

Deeply modular CHB-BESSs

This section summarises the contributions of this thesis on the analysis of the modular
CHB-BESS and the proposed control algorithms than can be used as part of a
decentralised BMS architecture.

6.1.2.1

Analysis of the operation of CHB in a BES application

The CBH has been identified as an attractive converter topology to use in deeply
modular power electronics enhanced BESS designs. Chapter 2 explores the operation of
the CHB assuming a flat BMS architecture where the centralised controller has global
supervision of the cells in the system and each cell is individually controlled using an Hbridge converter. In this case, a high quality stepped output voltage waveform can be
produced by switching the cells based on a NLC modulation scheme. Cell balancing can
then be performed by controlling the switching sequence of the cells in the NLC, which
determines their effective duty cycle. Taking advantage of the enhanced controllability
over cells, a method that allows relative SoC estimation through POCV measurements
has been developed. In order to make a POCV measurement the cell is temporarily

156

removed from the current path for a short period of time so that the effect of the series
resistance and short time transient phenomena can be neglected. It has been shown that
the effectiveness of cell balancing, when using the POCV to estimate the relative SoC,
depends on the applied C-rate and the difference in cell capacities and transient
resistance. Simulation results demonstrated a successful balancing to within 0.8 % of
SoC between cells operated at 0.5 C and 3.5 % for cells at 2 C, with 55% initial SoC
variation and up to 25% difference in nominal capacity. POCV balancing was validated
experimentally using a 25-level CHB converter prototype during consecutive charging
and discharging cycles of 12 Li-po cells. Through POCV balancing the system was able
to overcome an initial 55% SoC variation and 45% capacity difference to achieve
balancing within 5 mV of the OCV between cells.

6.1.2.2

A balancing algorithm for large scale CHB-BESSs

In order to address control complexity due to the increased amount of controllable
power electronics in large scale CHB-BESSs, a decentralised BMS can be implemented
where the system is organised in control layers each equipped with a local layer controller
that is responsible for a small number of slave controllers. This hierarchical architecture
can significantly reduce communication and centralised processing requirements,
however the appropriate control algorithms need to be developed in order to ensure that
balancing performance is equivalent to that of a system with a flat BMS architecture and
thus global knowledge of the states of all the cells in the system. A hierarchical balancing
algorithm is presented in chapter 5, which enables global cell balancing in the pack by
balancing the objects of intermediate layers, while using all available voltage steps in the
pack to ensure a high quality sinusoidal output voltage. The algorithm has also the inbuilt functionality to tolerate cell failures, ensuring that the output voltage reference is
always met as long as there are an adequate number of cells available in the pack. An
important feature of the algorithm is the ability to swap balancing priority dynamically
between layers according to the maximum SoC variation between the objects of each
layer. This is significant as it ensures that the enhanced balancing performance of the
CHB (as discussed in chapter 3) is not limited by the balancing algorithm and the system
is able to accommodate objects of different capacities within any hierarchical layer,
without being limited by the lowest capacity object.
157

The hierarchical balancing algorithm was validated in simulation for a 1,000 element
system (organised in three symmetrical layers of ten objects each) and was successful in
retaining SoC variation between all elements below 0.5 % throughout operation, for
different cases of element capacity distributions and up to 10% initial SoC variation
between elements. The algorithm was implemented in a 14 kW/7 kWh CHB-BESS
prototype comprising 144 LTO cells, organised into three non-symmetrical layers i.e.
three banks, four modules per bank and twelve elements per module. Cell balancing to
within 2 mV of the cell OCV is achieved between cells with 20% initial SoC variation
and 5% capacity difference, when operated under consecutive charging and discharging
cycles.

6.2

Future work

This thesis explored the concept of deeply modular power electronics enhanced battery
packs and provided the tools to compare competing BESS designs. Through the detailed
analysis of the CHB topology the following areas for further research work have been
identified.

6.2.1

Optimum BESS design tool

The linear programming framework presented in chapter 3 and the BESS design
evaluation methodology discussed in chapter 4 could be developed together in order to
create an optimal BESS design tool. This concept is presented graphically in Fig. 6.1.
This tool would receive as inputs specific system parameters such as the required energy
and power ratings, grid voltage at the point of connection, converter topology, cell
chemistry, cost of inefficiency and minimum expected MTTF. Other inputs will include
specific information about the cells such as cost, voltage range, maximum allowable Crate and temperature rise, the statistical distribution of capacities, capacity degradation
rates and cell failure rates, while the tool should also be preloaded with datasheet
information for a range of MOSFET and/or IGBT switches that can be used in the
converter design. Based on that information the tool will design a BESS (based on a
specific converter topology) that satisfies the system requirements at the minimum cost.
The envisioned tool would use the linear programming framework to calculate the
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minimum cell redundancy or balancing current to ensure that the required energy can be
provided throughout the lifetime of the system, while the Markov-based models can be
used to determine relevant design specifications (e.g. number of cells per converter
modules in the CHB-BESS or number of modules that can be bypassed using the same
switches in the IBP-BESS) in order to meet the expected reliability standards at the most
cost efficient way. Such a tool would provide a complete solution for the design of BESSs
by enabling the comparison of (optimum) system designs when different modular and
conventional power electronics topologies are considered.

System characteristics e.g. P, Q, V,
converter topology, MTTF,
inefficiency cost

Linear programming
+
Markov models
+
Cost model

Optimum
BESS design

Cell characteristics
(including costs)
IGBT, MOSFET
datasheet
information
(including costs)

Fig. 6.1 Representation of optimum BESS design tool.

6.2.2

SoH estimation and balancing

This thesis mainly considered relative SoC estimation and balancing, however an
important function of the BMS is also SoH estimation. SoH is a general term used to
describe the ageing of a cell and is usually expressed as the ratio of the current capacity
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over the nominal capacity of the cell. SoH estimation is important because it informs the
user of the maximum energy that can be stored in the battery and because accurate
knowledge of the current cell capacity is necessary for SoC estimation using coulomb
counting. In order to measure cell capacity, the cell has to be fully charged and
discharged which is not always possible during operation. Alternatively, various studies
have presented ways of calculating cell capacity as a function of the cell internal
resistance. According to [180] cell capacity 𝑄(𝑡) can be modeled as a linear function of
the internal cell resistance 𝑅(𝑡):
𝑄(𝑡) = 𝑎𝑅(𝑡) + 𝑏

(6.1)

where 𝑎, 𝑏 are constants that depend on the specific cell chemistry and operating
conditions during the experiments that produced the data used to get (6.1) [181].
The time dependence of the internal resistance is modelled using:
𝑅(𝑡) = 𝑐𝑒 𝑑𝑡

(6.2)

where 𝑐 and 𝑑 are ageing parameter constants.
In a similar study in [182] the increase of the series resistance ∆𝑅 is formulated as a
power function of the number of cycles 𝑛C :
∆𝑅 = 𝑘𝑛C𝑚

(6.3)

where 𝑘 is the coefficient and 𝑚 is the exponent of the power function.
In these studies the internal resistance is used as an indication of the SoH as well as the
power capability of the cell. The internal cell resistance is usually calculated using
Electrochemical Impedance Spectroscopy (EIS) or through the voltage response of the
cell to a current pulse [183], using:

𝑅=

∆𝑉 𝑉1 − 𝑉2
=
∆𝐼
𝐼1 − 𝐼2

(6.4)
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where 𝑉1 the voltage before the current pulse ∆𝐼 (at current 𝐼1 ) and 𝑉2 the voltage
immediately after the current pulse (at current 𝐼2 ).
These measurements can be challenging to perform on-line in conventional battery
packs that do not allow control of individual cells. Deeply modular battery packs such as
the CHB-BESS allow subjecting each cell to the desired pulsed current by controlling the
exact instances of when a cell is introduced or removed from the current path, thus enable
measurements of cell resistance (using similar current pulses for all cells), while the
system is in operation. The resistance estimation can be used to calculate cell capacity
based on pre-loaded look-up tables, to update the parameter values of RC models used for
SoC estimation and to provide information about the remaining cycle life of the cell.
Another potentially interesting area to explore would be the use of the cell resistance as a
control variable during cell balancing. The objective of (relative) SoC balancing is
maximizing the capacity/energy utilization. In other applications the objective could be
maximizing the lifetime of the battery or the efficiency of the system. In that case
different balancing algorithms should be implemented aiming at minimizing the
resistance variation (or temperature variation) between cells or prioritizing cells with the
lowest internal resistance values when high C-rates are required. The modular CHBBESS prototype can be used as the experimental apparatus to test such balancing
algorithms under various operating modes (i.e. different services provided to the grid). A
combination of different cell chemistries at different degradation rates can also be used to
explore the performance of the CHB in second-life applications. In these applications the
BMS should be able to overcome cell-to-cell variations (e.g. in capacity and internal
resistance) and the system should be able to deal effectively with unexpected cell failures
in order to reliably provide the required services to the grid.

6.2.3

Completely decentralized BMS for CHB-BESS

The hierarchical balancing algorithm and the modular BMS architecture presented in
Chapter 5 can significantly reduce the number of objects that each controller (top-level or
local) has to address. However, the top-level controller still must provide the voltage
reference from the current controller and the intermediate local controllers must produce
and distribute the voltage references to their respective slaves with a high time-resolution.
Further work might investigate the idea of completely decentralized BMS for a CHB161

BESS, where the local controller at each converter element would have the ability to
synchronize to the grid frequency based only on local measurements e.g. current
measurements. Such a concept has been discussed in [184], where the authors present a
decentralized control scheme for a grid connected CHB. However, this work assumes that
power is equally split between the converter modules and thus does not provide the
flexibility to perform balancing between modules. A decentralized BMS implemented on
a DC-PEEBP is presented in [92]. In this work the controller at each element monitors the
voltage across a local inductor and is using that information to control the element’s duty
cycle and switching pattern in order to achieve SoC balancing while minimizing the
ripple of the output DC voltage. This method could potentially be extended to an AC pack
such as the CHB where the control objective would be to synchronize the switching of the
modules in order to produce a sinusoidal output voltage.

6.3
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Appendix
Hierarchical Balancing Algorithm
A detailed description of the hierarchical balancing algorithm presented in Chapter 5 is
given in the following figure:
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