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Abstract

his paper presents an investigation into the feasibility of a novel discrete-switched topology for

an electric all-terrain vehicle (e-ATV) hybrid battery system that avoids expensive and bulky DC-

DC converters using a simpler discrete-switched structure together with an intelligent low-frequency

switching algorithm. Hardware is simpliőed at the expense of more complex control. The algorithm

switches cells in and out of series strings, based on their state of charge relative to other cells in the

pack and the power being drawn from the pack. The principles are demonstrated using a simulated

model combining lithium-titatate-oxide (LTO) and lithium-ion-phosphate (LFP) cells together in an

e-ATV battery pack. Despite its simplicity, the intelligent switching algorithm, successfully allocates

power to different elements of the battery and ensures that state of charge remains broadly balanced

throughout discharge, with the pack ending up in good balance: the LFP cells are in balance to

within 0.01% of each other, and the LTO cells within 0.1% of each other. While the paper focuses

on the essential feasibility of the concept, it also identiőes future research for including thermal

effects, uncertainties in state estimation, cell ageing and non-uniformly, and consideration of other

powertrain components, e.g. motor and power electronics.his paper presents an investigation into the

feasibility of a novel discrete-switched topology for an electric all-terrain vehicle (e-ATV) hybrid

battery system that avoids expensive and bulky DC-DC converters using a simpler discrete-switched

structure together with an intelligent low-frequency switching algorithm. Hardware is simpliőed at

the expense of more complex control. The algorithm switches cells in and out of series strings, based

on their state of charge relative to other cells in the pack and the power being drawn from the pack.
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The principles are demonstrated using a simulated model combining lithium-titatate-oxide (LTO)

and lithium-ion-phosphate (LFP) cells together in an e-ATV battery pack. Despite its simplicity, the

intelligent switching algorithm, successfully allocates power to different elements of the battery and

ensures that state of charge remains broadly balanced throughout discharge, with the pack ending

up in good balance: the LFP cells are in balance to within 0.01% of each other, and the LTO cells

within 0.1% of each other. While the paper focuses on the essential feasibility of the concept, it

also identiőes future research for including thermal effects, uncertainties in state estimation, cell

ageing and non-uniformly, and consideration of other powertrain components, e.g. motor and power

electronics.T

I. Introduction

Battery systems play a vital role in the technological development of electric vehicles (EVs).

To be viable in the market, the battery system in an EVs must provide adequate safety, high

energy density, high power density, long lifespan and low cost [1], [2]. At present, the post

popular battery chemistries for EVs are variants of lithium-ion. Each of the battery chemistries

in the Li-ion battery family has distinct advantages and weaknesses [3].

TABLE I

Comparison of characteristics of Li-ionBatteries [2]ś[10]

Material Specific energy [Wh/kg] Charge C-rate Discharge C-rate Safety Cycle life

LCO 110ś190 0.5 1 Low 500ś1000

LMO 100ś120 1 2 Medium 1000

NCA 100ś150 1 2 Low 2000ś3000

NMC 100ś170 0.5 1 Medium 2000ś3000

LFP 90ś115 0.5ś1 1ś5 High 3000

LTO 60ś75 5ś10 10 High 5000ś20000

A comparison of Li-ion battery characteristics is shown in Table I. Lithium-iron-phostphate

(LFP) batteries are safe and, have good speciőc energy and a relatively low price [4]ś[6].

However, LFP is not particularly strong in terms of speciőc power (charge and discharge

C-rate) and it is vulnerable to rapid battery degradation under high power demand [2],

[7]. By contrast, lithium-titanate-oxide (LTO) has fast charge/discharge ability, wide working

temperature (−35◦C ∼ 55◦C), a long life-span (approximately 20 000 cycles) and excellent

safety [3], [5], [8]. Nevertheless, low speciőc energy hinders its large-scale application [9].

Other battery chemistries such as lithium-nickel-manganese-cobalt (NMC),lithium-manganese
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spinel (LMO), lithium-nickel-cobalt-aluminum (NCA), and lithium cobalt oxide (LCO) bat-

teries have a high speciőc energy, but are less satisfactory in terms of speciőc power,

safety and lifespan. There is no single battery chemistry that is ‘best’ in all categories.

The battery designer can either select a single chemistry that is ‘good enough’, and this is

the most widespread approach today. However, an alternative approach is a mixed-chemistry

battery, using a hybrid energy storage system (HESS) with two types of energy storage, has

been proposed to prolong the service life of the system and better manage the conŕicting

requirements of energy and power density [11].

In the literature, a common approach to EV HESS is to combine supercapacitors and

li-ion batteries [12]ś[14]. Although they are relatively bulky, supercapacitors have higher

speciőc power and better cycle life than li-ion batteries [15], [16]. A HESS like this uses

supercapacitors as an auxiliary power source to absorb the power peaks and allow the

battery to operate with a lower discharge/charge rates. There are three typical topologies

in the literature: passive, semi-active and active [13], [17]. The difference between them is

whether the DC/DC converters are utilised to regulate the power allocation (passive and semi-

active topology) and the number of DC/DC converters in the system (semi-active and active

topology). For each topology, there exist studies on the sizing optimisation and management

strategy for optimized weight, cost and minimization of battery degradation. However, due

to supercapacitors’ poor speciőc energy (3.5 ∼ 4.5 Wh/kg), supercapacitors in the HESS

are only operated in urban environments or short-range driving, but have less effective in

medium and long-distance driving scenarios [11], [18].

LTO batteries offer ś qualitatively at least ś similar advantages to supercapacitors: they

support fast charge/discharge, have a wide working temperature envelope, and last for a high

number of cycles. However, compared to supercapacitors, LTO batteries are cheaper and

have higher speciőc energy. Hybrid battery systems combining multiple battery types were

proposed in [19], where different chemistry batteries in the system are used separately under

various power requirements. High and low power demands are provided by the chemistry

battery with high and low speciőc power, respectively. A hybrid battery system (HBS) with

LFP and LTO batteries in the electric buses has been proposed in [20], where a passive

topology is used with the two battery types working simultaneously, with the allocation of

power depending on the inherent characteristics of two batteries. These two systems have

the advantages of simple structure and low cost, but power allocation of the battery systems

cannot be regulated. An HBS using individually switched modules has been proposed in [21],

where a module comprises a plurality of series and parallel battery cells. However, it did not
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demonstrate methods of ŕexible power allocation regulation and SOC balancing. In [22], a

deep reinforcement learning-based energy management strategy for a HBS was proposed, but

this method also used a semi-active topology. Another solution is to use a DC/DC converter in

each module to manage each module current [23]; this solution has ŕexible current regulation

for each module, but it also has to compromise on hardware complexity and cost.

Approaches to ŕexible power allocation with a semi-active topology has been proposed

in the literature [24], [25]: DC/DC converters can be used to regulate the power allocation

between LTO and LFP batteries, with control strategies based on either a low-pass őlter of

fuzzy logic. These effectively completely decouple the physics and chemistry of the battery

elements from the power allocation strategy. However, these strategies require the use of high

power DC/DC converters, which, while effective, does adversely affect system cost, weight and

bulk. Consequently, existing HBSs have following drawbacks: 1) existing passive topologies

have simple structures and low cost, but cannot ŕexibly regulate power allocation. 2) existing

semi-active and active topologies can ŕexibly allocate power, but they are expensive and

bulky. It is interesting to consider whether a similar topology could use cheaper (if less

capable) power electronics to achieve a less-perfect but still ‘reasonable’ balance between

allocation ŕexibility and system cost.

The contributions of this study are as follows:

1) A novel HBS topology is proposed, using a discrete-switched structure to regulate

power allocation between two types of batteries. The structure switches cells in and

out of series strings, based on their state of charge relative to other cells in the pack and

the power requirement, as shown in Fig. 2. (More detail will be presented in section

II.)

2) A benchmark control algorithm using high-level rules with lower-level near-optimal

control is demonstrated.

3) The costs are compared to a conventional hybrid battery system and shown to be lower.

For this study, two battery chemistries within the Li-ion battery family are chosen, namely

LFP and LTO batteries have been selected for this study. These were chosen with an industrial

application in mind: they are safe, and they have complementary advantages in speciőc power,

energy, and lifespan. However, the method is potentially suitable for any similar situation with

two or more battery types, or indeed other electrical energy storage systems.

To the best of the authors’ knowledge, there are no existing systems with this topology.

Battery systems derived from this approach are being developed as part of publicly-funded

research projects in the UK, of which the authors are part. [26], [27].
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The paper is organised as follows. In Section II, the novel topology is presented and

illustrated and the relative costs are explored. In Section III, the battery cell and the system

of the topology is modelled. In Section IV, referring to existing management strategies, the

energy management strategy for the system is proposed, including power allocation and cell

balancing. In Section V, simulation results are presented and analysed to verify capabilities

of power allocation and SOC balancing. Finally, in Section VI, this paper is concluded.

II. The Discrete-Switched Topology

Conventional HBS topologies, as explored in [13], [17], [28], are shown in Fig.1. Battery

sub-packs are connected to high power DC/DC converters in conventional topologies. By

contrast, the discrete-switched topology has a reasonable switch arrangement to achieve power

regulation instead of the DC/DC converters in the conventional topologies.

Fig. 1. Conventional HBS topologies

Fig. 2 illustrates a topology of the proposed HBS for the hybrid LFP-LTO battery source.

The LFP and LTO battery sub-packs are connected in parallel via sub-pack switches 𝑆1

and 𝑆2. Load current and voltage are 𝐼𝐿 and 𝑉𝐿 , respectively. The currents of the LFP and

LTO battery sub-packs are 𝐼1 and 𝐼2, respectively. 𝑆1 and 𝑆2 control the connection and

disconnection of two battery sub-packs to the load. In each battery sub-pack, a parallel string

composed of battery cells in parallel and two switches is deőned as a module. LFP and LTO

sub-packs have M and N battery modules, respectively. Each module has two switches: main

switch and bypass switch. These switches enable module cells to switch in and out of series

strings in a sub-pack. Main switches are indicated as 𝑆𝑖 𝑗1, and bypass switches are indicated

as 𝑆𝑖 𝑗2, where 𝑖 is the battery type, 𝑖 = 1 and 𝑖 = 2 represent the LFP and LTO battery

sub-packs, respectively, and 𝑗 is the module number in battery sub-pack 𝑖. Voltage sensors

are connected in each battery module, and current sensors are connected in each battery

sub-pack.
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Fig. 2. The discrete-switched topology of the HBS with LTO and LFP batteries. LFP and LTO sub-packs have M and N

battery modules, respectively. In this case study, LFP sub-pack has 113 serials and 12 parallels, and LTO sub-pack has 160

serials and 4 parallels.

Fig. 3. Operation modes of a module (blue lines with an arrow represent current direction): (a) Connection mode, and (b)

Disconnection mode.

The battery module structure and operation modes are shown in Fig. 3. A battery module

has a main circuit and a bypass circuit. The main and bypass switches are on the main and

bypass circuit, respectively, to control the connection and disconnection of the circuit. An

interlock is applied between the two switches to avoid simultaneous switch-on or switch-off.

Operation modes are manipulated by main and bypass switches, where each module contains

two operation modes: ‘connection’ and ‘disconnection’. For the ‘connection’, the main switch

is closed, and the bypass switch is opened; current can ŕow through the module, and it will
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participate in the overall charging and discharging process. Conversely, for the ’disconnection’,

the switches have the opposite settings; current can still ŕow through the module via the

low-resistance bypass circuit, but the battery’s cells are disconnected. The cells within each

module remain connected to each other as usual, enabling natural self-balancing to continue

[29].

In a typical hybrid battery system, switching is done by pulse-width modulated DC-DC

converters and must operate thousands of times a second and cope with the full voltage of

the pack. This is not the case in the discrete-switched topology. The idea here is to use

‘event based’ switching based on driving power requirements and battery states. Switching

also operates at or close to cell voltage (typically 2 − 4 V).

To give an idea of likely cost, the costs of a conventional semi-active hybrid battery

system are compared to the the costs of a this paper’s proposed system ś detailed in the

case study in section V. The costs considered include a high power DC/DC converter and

bypass structures for cell balancing with MOSFET switches [29]. The cost of a DC/DC

is approximately £40.5/kW, and the semi-active system needs a DC/DC converter of about

50 kW [30]. Thus, the DC/DC converter is around £2025. The cost comparison is given

in Table II. This shows that the power electronics used in a conventional system cost over

£2200, but the proposed topology costs under £400; in the proposed topology, the MOSFET

switching is comparable in cost and complexity to a ‘standard’ cell balancing system, and

there there is no need for a full-voltage DC/DC converter.

TABLE II

Comaparison of Costs: Proposed System vs Conventional Semi-Active Topology

(Data derived from [30], [31])

Parameters Proposed topology Conventional semi-active topology

LFP series number 113

LTO series number 160

Switch price (£/per MOSFET) 0.7

Switch number 548 (Module and sub-pack switches) 273 (Cell balancing switches)

Total switch price (£) 383.6 191.1

DC-DC converter price (£) 0 approx.2025

Total power electric price (£) 383.6 2216.1

There is, of course, a cost to pay in terms of operational complexity: a discrete-switched
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topology will need a complex algorithm to decide which switches to operate and, as switching

is discrete, it is unlikely that the exact ‘optimal’ conditions (details will be described in Section

IV and V).

The őrst stage in designing a switching algorithm for the hybrid-switched topology is to

mathematically describe such a system’s behaviour. In the following section, we present the

development of an appropriate model set for addressing this.

III. Model Development

A. Cell-level modelling

The cells within the battery are modelled using őrst-order RC equivalent-circuit networks,

i.e. state-dependent ‘Thevenin’ models; the format is illustrated in Fig. 4. Here, 𝑉𝑜𝑐,cell is

cell open-circuit voltage (V), 𝑅𝑜,cell is cell internal resistance (Ω), 𝑅𝑝,cell and 𝐶𝑝,cell are

a ‘polarisation’ resistance (Ω) and capacitance (F) describing transient response; 𝑉𝑝,cell is

the‘polarisation’ voltage (V), and 𝑉cell is the terminal voltage (V) of the cell. The parameters

of the LFP and LTO cells are listed in Table III [20], [32]ś[34]. A discharge-positive current

convention is used. The parameters of the cells are modelled as being dependent on their

state of charge, and follow the trends shown in Fig. 5 [32], [35]. The dynamic behaviours of

the battery cell is described by (1):

Scell




¤𝜒cell(𝑡) = −
1

3600𝑄cell
𝐼cell(𝑡)

¤𝑉𝑝,cell(𝑡) = −
1

𝑅𝑝,cell 𝐶𝑝,cell
𝑉𝑝,cell(𝑡) +

1

𝐶𝑝,cell
𝐼cell(𝑡)

𝑉cell(𝑡) = 𝑉𝑜𝑐,cell −𝑉𝑝,cell(𝑡) − 𝑅𝑜,cell 𝐼cell(𝑡)

(1)

where 𝜒cell is the state of charge for the battery cell (normalised from 0 to 1), 𝐼cell is the

current through the cell (A), and 𝑄cell is the cell capacity (Ah).

Fig. 4. First-order RC model of LFP and LTO
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TABLE III

Basic Parameters of the Selected LFP and LTO Battery Cells

Battery type LFP LTO

Nominal voltage (V) 3.2 2.3

Capacity (Ah) 10 13

Maximum discharge rate (C) 1 10

Maximum charge rate (C) 1 10

Cycle life (Cycle, 80% DOD) 3000 30000

Fig. 5. Variation of case-study cell parameters with respect to state of charge (25◦C) [32], [35]

B. Battery Sub-pack and System Model

The battery sub-packs switches and the module operation modes are represented by piece-

wise function as (2) to explain conveniently.

𝑆𝑖 =





1 connection

0 disconnection

𝑀(𝑖, 𝑗) =




1 connection mode

0 disconnection mode

(2)
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where subscript 𝑖 and 𝑗 indicate the same meaning as Fig. 2. 𝑆𝑖 represent the sub-pack switch

𝑖, and 𝑀(𝑖, 𝑗) represent the module operation mode of the 𝑗 module in the battery sub-pack 𝑖.

It is assumed that the battery cells in each module are almost uniform. (This is not

necessarily true in practice, and non-uniformity will be explored in future work.) In a module,

the relationship between a battery module and the cells made up of the module is depicted

as (3).

𝑄 (𝑖, 𝑗) = 𝑄cell𝑁𝑝

𝑉𝑜𝑐,(𝑖, 𝑗) = 𝑉𝑜𝑐,cell

𝑅𝑜,(𝑖, 𝑗) =
𝑅𝑜,cell

𝑁𝑝

𝑅𝑝,(𝑖, 𝑗) =
𝑅𝑝,cell

𝑁𝑝

𝐶𝑝,(𝑖, 𝑗) = 𝐶𝑝,cell𝑁𝑝

(3)

where 𝑁𝑝 is the number of cells in the module, 𝑄 (𝑖, 𝑗) is the module capacity, 𝑉𝑜𝑐,(𝑖, 𝑗) is

module terminal voltage, 𝑅𝑜,(𝑖, 𝑗) is module internal resistance, 𝑅𝑝,(𝑖, 𝑗) and 𝐶𝑝,(𝑖, 𝑗) are the

module polarisation resistance and capacity for the module transient responds, respectively.

Since the impact of module operation mode on states of the module is reŕected in the current

throughout the module, the state of the module can be expressed as (4) based on (1).

¤𝜒(𝑖, 𝑗) = −
𝑀(𝑖, 𝑗) 𝐼𝑖

3600𝑄 (𝑖, 𝑗)

¤𝑉𝑝,(𝑖, 𝑗) = −
𝑉𝑝,(𝑖, 𝑗)

𝑅𝑝,(𝑖, 𝑗)𝐶𝑝,(𝑖, 𝑗)

+
𝑀(𝑖, 𝑗) 𝐼𝑖

𝐶𝑝,(𝑖, 𝑗)

𝐸(𝑖, 𝑗) = 𝑉𝑜𝑐,(𝑖, 𝑗) −𝑉𝑝,(𝑖, 𝑗)

(4)

where the 𝐼𝑖 is the current throughout sub-pack 𝑖, ¤𝜒(𝑖, 𝑗) is the differential of the module SOC,

and 𝐸(𝑖, 𝑗) is the transient electromotive force of the module. 𝑀(𝑖, 𝑗) 𝐼𝑖 is the current through the

battery module. For the battery sub-pack 𝑖, the module states and switches can be depicted

as vectors, as shown in (5).

®𝑴𝒊= [𝑀(𝑖,1) , ..., 𝑀(𝑖, 𝑗) , ..., 𝑀(𝑖,𝑛) ]

®𝑬 𝒊= [𝐸(𝑖,1) , ..., 𝐸(𝑖, 𝑗) , ..., 𝐸(𝑖,𝑛) ]

®𝑹𝒊= [𝑅𝑜,(𝑖,1) , ..., 𝑅𝑜,(𝑖, 𝑗) , ..., 𝑅𝑜,(𝑖,𝑛)]

(5)

where 𝑛 is number of modules in a sub-pack, ®𝑴𝒊 is the vector of operation modes of the

modules in a sub-pack, ®𝑬 𝒊 is the vector of transient electromotive forces of the modules in a

sub-pack, ®𝑹𝒊 is the vector of the internal resistances of the modules in a sub-pack. Thus, the
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transient electromotive force 𝐸𝑖 and internal resistance 𝑅𝑖 of sub-pack 𝑖 can be represented

as (6).

𝐸𝑖 =
®𝑴𝒊

®𝑬 𝒊

𝑇

𝑅𝑖 =
®𝑴𝒊

®𝑹𝒊

𝑇
(6)

where 𝐸𝑖 and 𝑅𝑖 are the transient electromotive force and the internal resistance in sub-pack

𝑖.

In equation (6), transient 𝐸𝑖 can be regulated by operating ®𝑴𝒊, but 𝑅𝑖 is also changed

with the change of ®𝑴𝒊. The essential objective for the system is to control ®𝑴𝒊 so that the

power input and output of the two battery sub-packs can be reasonably allocated. Based on

the equation (6) and Kirchhoff laws, the relationship between sub-packs and system level can

be expressed as equation (7).

𝐼𝐿 =

2∑︁

𝑖=1

𝐼𝑖

𝑉𝐿 = 𝑉𝑖 = 𝐸𝑖 − 𝐼𝑖𝑅𝑖

𝑃𝐿 = 𝑉𝐿 𝐼𝐿 =

2∑︁

𝑖=1

𝑃𝑖

(7)

where 𝐼𝐿 and 𝑉𝐿 are load current and voltage (V), 𝑃𝐿 is the total power demand of the system

(W), and 𝑃𝑖 is the output power of the battery pack 𝑖 (W). To deduced the power allocation

functions conveniently in the context, the symbols used in the functions are deőned as (8).

𝐼𝑠 =

2∑︁

𝑖=1

𝑆𝑖𝐸𝑖

2𝑅𝑖

𝑅𝑠 =

(
2∑︁

𝑖=1

𝑆𝑖

𝑅𝑖

)−1

𝑉𝑠 = 𝐼𝑠𝑅𝑠

(8)

During driving processes, it is worth noting that the 𝑆1 and 𝑆2 can not equal to 0 simulta-

neously, which is in line with the actual situation that the system must be connected to the

load. Furthermore, the battery system power allocation satisőes (9) according to (7) and (8).

𝑅𝑠 𝐼
2
𝐿 − 2𝑉𝑠 𝐼𝐿 + 𝑃𝐿 = 0 (9)
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Finally, load current 𝐼𝐿 , load voltage 𝑉𝐿 , sub-pack current 𝐼𝑖 and power 𝑃𝑖 can be solved by

(7) and (9).

𝐼𝐿 = 𝐼𝑠 (1 − 𝜙)

𝑉𝐿 = 𝑉𝑠 (1 + 𝜙)

𝐼𝑖 =
𝐸𝑖

𝑅𝑖

+
𝑉𝑠

𝑅𝑖

(1 + 𝜙)

𝑃𝑖 = −
𝑉2
𝑠

𝑅𝑖

(1 + 𝜙)2 +
𝐸𝑖𝑉𝑠

𝑅𝑖

(1 + 𝜙)

(10)

where

𝜙 =

√︄

1 −
𝑃𝐿

𝐼2
𝑠 𝑅𝑠

Consequently, the power allocation can be expressed as (11).

𝑃1 = 𝑓1(𝑿sys,𝑼sys, 𝑃𝐿)

𝑃2 = 𝑓2(𝑿sys,𝑼sys, 𝑃𝐿)

(11)

where 𝑿sys is all states of the system from measurement and estimation, and the control

input is 𝑼sys including module modes and battery sub-pack switches. 𝑿sys and 𝑼sys can be

expressed as (12).

𝑿sys = { ®𝑬1, ®𝑹1, ®𝑬2, ®𝑹2}

𝑼sys = { ®𝑴1, ®𝑴2, 𝑆1, 𝑆2}

(12)

Thus, the power allocation between battery sub-packs on the different control inputs can be

estimated through known power demand and system states.

IV. HBS Energy Management

A. Description

Section II and III have developed and modelled the discrete-switched topology. The overall

control strategy for this system consists of a rule-based supervisory controller designed to

achieve high-level aims, together with a low-level control algorithm designed to optimize

performance in achieving the objectives of the supervisory rules. A őltration-based algorithm

is then used to create a target reference for power allocation. A low-level controller to

approximate this is then calculated optimally. This controller is intended as a benchmark,

and also to be suitable for real-time execution on today’s industry-standard hardware. A

number of simplifying assumptions are made, such as reasonable homogeneity of cells and

modules, uniform temperature distributions and the availability of accurate state of charge

estimates. (In the conclusions, these are noted as areas for future work.)
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Equations (11) and (12), describe how power allocation responds to switch positions

described by the vectors ®𝑴1 and ®𝑴2 and the main sub-pack switches 𝑆1 and 𝑆2. The currents

in the modules are determined by these switch positions and the current state of each cell in

the battery. The module SOCs would unbalance without proper control, and a management

strategy is need to achieve a desired outcome. A management strategy aims:

1) To ŕexibly allocate power between two battery sub-packs (providing similar capability

to the semi-active or active HBSs), and

2) To keep module SOCs broadly balanced throughout operating processes.

Sub-pack currents and SOCs may need to be constrained according to the batteries’ intended

operating envelopes, e.g. to preserve lifespan. As the switches are discrete, the control

algorithm to determine the instanteous values of ®𝑴1 and ®𝑴2 takes the form of an integer

optimization control with inequality constraints. This is more complicated than the algorithms

required for existing topologies.

The energy management for the proposed topology combines two control strategies to solve

switching decisions: rule-based and őltration-based strategies. The őltration-based strategy is

implemented to provide the power allocation reference. Through a low-pass őlter, power

demands with rapid ŕuctuations are őltered to smooth values, as power references of the

LFP sub-pack. The control algorithm of subsection C will regulate 𝑼sys to őt as close as

possible to the power references, and the LTO sub-pack absorbs power peaks. However, only

a őltration-based strategy cannot avoid the possibility of overcharging and over-discharging

sub-packs. Thus, the rule-based strategy is mainly used to protect two battery sub-packs from

overcharging or over-discharging. Therefore, the energy management is divided into two steps

to implement. For the őrst step, the rule-based strategy decides the sub-pack switches 𝑆1 and

𝑆2 based on the LFP and LTO battery sub-packs SOCs. For the second step, the őltration-

based strategy decides the module switches ®𝑴1 and ®𝑴2 when the two sub-packs coordinately

work.

Rule-based energy management strategy is őrst adopted [13], [24], [25]. The detailed

system operation modes for a driving process are demonstrated in Table IV, in which 𝑆𝑂𝐶LFP

and 𝑆𝑂𝐶LTO (%) are the LFP and LTO battery sub-packs SOCs, respectively. 𝑆𝑂𝐶LFP and

𝑆𝑂𝐶LTO are average values of their module SOCs 𝜒(𝑖, 𝑗) because module SOCs in a sub-

pack remain broadly balanced, and it will be veriőed in later sections. In the overall driving

process, the 𝑆𝑂𝐶LFP and 𝑆𝑂𝐶LTO are limited by more than 10% to protect the battery sub-

packs from over-discharge at discharge modes, and they are restricted by less than 90% to

avoid overcharge at regenerative braking modes [20], [24], [25]. Discharge modes I and II can
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TABLE IV

The Operation Modes for the HBS in Driving Process

Operation mode 𝑺𝑶𝑪LFP (%) 𝑺𝑶𝑪LTO (%) 𝑺1 𝑺2 LFP state LTO state

Discharge mode I [0 10] [0 100] Off On Idle Discharge

Discharge mode II [10 100] [0 10] On Off Discharge Idle

Discharge mode III [10 100] [90 100] Off On Idle Discharge

Discharge mode IV [10 100] [10 90] On On Discharge Discharge

Mechanical braking mode [0 100] [90 100] Off Off Idle Idle

Regenerative braking mode [0 100] [0 90] Off On Idle Charge

protect the LFP or LTO battery sub-packs from over-discharge. When the 𝑆𝑂𝐶LTO exceeds

90%, only the LTO battery sub-pack provides the power to the load, and the system works in

discharge mode III. This mode reduces frequently using the LFP battery sub-pack under the

high-level 𝑆𝑂𝐶LTO to improve its degradation. It is also beneőcial to protect the LFP battery

sub-pack during the ’cold start’ of a vehicle. When the 𝑆𝑂𝐶LFP and 𝑆𝑂𝐶LTO are in the range

of 10% ∼ 100% and 10% ∼ 90%, respectively, the two battery sub-packs are coordinated

discharged to meet the power demand, so the system works in discharge mode IV. In this

mode, the two battery sub-packs allocate the power demand depending on the power demand

and SOC states to reduce the current throughout the LFP battery sub-pack and mitigate the

inŕuence of the high or pulse current on the LFP battery ageing [7], [12].

For braking modes, the LTO battery sub-pack absorbs the regenerative braking energy

to avoid aggravating ageing due to recurrent charges to the LFP sub-pack during a driving

process, ensuring that the LTO battery sub-pack is charging preferentially. The mechanical

braking mode can be used to protect the LTO battery sub-packs from overcharge. Long-term

recharging, e.g. from a stationary charger, is not considered in this paper and can be optimized

for the two sub-packs separately.

B. SOC Balancing

To maintain good SOC balance in the pack, a rolling discharge approach is applied. This

approach reasonably regulates ®𝑴1 and ®𝑴2 depending on the module SOCs 𝜒(𝑖, 𝑗) to achieve

them balancing. Its principle is similar to cell balancing [36], [37].

The SOC balancing process is described as follows. A battery state estimator őrstly esti-

mates 𝜒(𝑖, 𝑗) , 𝐸(𝑖, 𝑗) and 𝑅𝑜,(𝑖, 𝑗) of all modules. The battery management system then descend-
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ingly sorts 𝜒(𝑖, 𝑗) in each battery sub-pack. The modules with high-level SOC in a sub-pack

have higher discharge priority. Control input ®𝑴1 and ®𝑴2 are regulated corresponding to

the discharge priority of the modules, and then the current allocations are predicted by (9).

Simultaneously, the battery management system calculates all possible control input 𝑼sys with

considering battery system constraints (16). These processes can guarantee that the modules

with high-levelSOCs operate at connection mode (Fig. 3a), and the modules with low-level

SOCs operate at disconnection mode (3b). After a discharge period, the previous modules

with high-level SOC would be turned into those with low-level SOC. Conversely, the previous

modules with low-level SOC would be turned into those with high-level SOC. All modules

will be in a rolling discharge/idle state though recurrent implementation of the processes.

Consequently, the module SOCs in a sub-pack will be approximately balanced through the

rolling discharging approach.

C. Power Allocation

During discharge mode IV, the power allocation between the two battery sub-packs must

be regulated. In this study, the őltration-based control strategy is used to regulate them

further. The őltration-based control strategy was initially developed in [38] for the HESS

and extended to the semi-active HBS [24]. This method uses a low-pass őlter to allocate the

power, as expressed in (13).

¤𝑃 𝑓 = − 𝑓𝑠𝑃 𝑓 + 𝑓𝑠𝑃𝐿

𝑃ref = 𝑃 𝑓 + 𝐾
(
𝑆𝑂𝐶LTO − 𝑆𝑂𝐶LTO,init

) (13)

where 𝑓𝑠 is the frequency of a low-pass őlter, 𝑃 𝑓 is the őlter power result (W), 𝑆𝑂𝐶LTO,init

is the initial SOC of the LTO sub-pack, 𝐾 is the gain of the difference between 𝑆𝑂𝐶LTO and

𝑆𝑂𝐶LTO,init, and 𝑃ref is the LFP sub-pack reference power (W) expected to be achieved for

the power allocation. As to the low-pass őlter, 𝑓𝑠 is represented by 10−3 Hz, and the value

of 𝐾 is 3000. Besides, the LFP reference power 𝑃ref is limited within 0 ≤ 𝑃ref ≤ 𝑃𝐿 to avoid

sub-packs charging each other.

However, the system conőguration determines that the power allocation is discrete by

regulating 𝑼sys. Thus, the battery management system can be designed as making power

allocations őt as close as possible to 𝑃ref by regulating 𝑼sys. The optimal output power of

the LFP sub-pack can be expressed by (14).

𝑼
∗
sys = arg min

𝑼sys∈𝑼̃sys

[
𝑓1(𝑿sys,𝑼sys, 𝑃𝐿) − 𝑃ref

]2
(14)
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where 𝑼
∗
sys is the optimal control input, and 𝑼̃sys is the set of control input 𝑼sys. Thus, two

battery sub-pack power distributions at input 𝑼∗
sys are shown in (15).

𝑃1 = 𝑓1(𝑿sys,𝑼
∗
sys, 𝑃𝐿)

𝑃2 = 𝑓2(𝑿sys,𝑼
∗
sys, 𝑃𝐿)

(15)

Besides, the states that the battery sub-packs mutual charging need to be avoided to

decrease unnecessary thermal energy generated, resulting in reduced battery system efficiency.

Meanwhile, the output voltage needs to meet the limitation of the load voltage range to the

greatest extent. The constraints of power allocation are expressed as (16).

0 ≤ 𝐼1 ≤ 𝐼1,max

0 ≤ 𝐼2 ≤ 𝐼2,max

𝑉𝐿 ≥ 𝑉𝐿,min

(16)

where 𝐼1,max and 𝐼2,max are the maximum discharge limitations for the LFP and LTO battery

sub-packs, respectively, and 𝑉𝐿,min is the minimum load voltage limitation.

Equation (14) is a quadratic programming problem with the constraints (16), in which

𝑆1 = 1 and 𝑆2 = 1. This problem can be expressed as (17).

𝑴
∗
sys = arg min

𝑴
∗
sys∈𝑴̃sys

[
𝑓1(𝑿sys,𝑴sys, 𝑃𝐿) − 𝑃ref

]2

subject to: 0 ≤ 𝐼1 ≤ 𝐼1,max

0 ≤ 𝐼2 ≤ 𝐼2,max

𝑉𝐿 ≥ 𝑉𝐿,min

(17)

where 𝑴sys = [ ®𝑴1

𝑇
, ®𝑴2

𝑇
]𝑇 , 𝑴

∗
sys is the the optimal vector of 𝑴sys, and 𝑴̃sys is the set of

𝑴sys. However, the elements of the vector 𝑴sys are integer values because of the discrete-

switched topology. Existing algorithms to solve the integer problem are time-consuming while

needing a high-performance processor (e.g. genetic algorithm). Here, a ’special’ enumeration

is applies to solve this problem.

Based on (7) and (16), solutions have following conditions:

1) Assuming 𝑉LFP is the voltage under the known positive power demand and only using

the LFP battery sub-pack. Thus, 𝐸2 satisify 𝐸2 ≥ 𝑉LFP.

2) 𝐸1 ≥ 𝑉𝐿 and 𝐸2 ≥ 𝑉𝐿 under the constraints 𝐼1 ≥ 0 and 𝐼2 ≥ 0.

3) 𝐸1 and 𝐸2 also need to be greater than 𝑉𝐿,min.

The processes of solving the quadratic programming problem are analysed as follows. The

őrst step is to reduce the size of 𝑴̃sys by the method of the proposed rolling dischrging
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approach. The second step is to extract ®𝑴1 and ®𝑴2 which satisfy condition 3. The third

step is to calulate 𝑉LFP corresponding to each extracted ®𝑴1, and each extracted ®𝑴1 has

some ®𝑴2 which satisfy condition 2. Thus, the 𝑉𝐿 , 𝐼1, 𝐼2, 𝑃1 for each feasible combinations

of ®𝑴1 has some ®𝑴2 can be calculated under őltering from step 1 to 3. Finally, through

substituting 𝐼1, 𝐼2, 𝑃1 into objective function (17), the optimal solution is the ®𝑴1 and ®𝑴2

which obtain minimum value in (17). Although it is still a complex algorithm, the size of

𝑴̃sys is reduced from 2113×160 to only several hundred through the processes above. Finally,

𝐽 =
[
𝑓1(𝑿sys,𝑴sys, 𝑃𝐿) − 𝑃ref

]2
can be calculated for each 𝑴̃sys processed. The 𝑴

∗
sys which

can obtain the smallest 𝐽 is selected as the input of ®𝑴1 and ®𝑴2.

V. Simulation Results and Analysis

A. Simulation Environment and System Configuration

In the proposed HBS evaluation of this study, a series of simulations and analyses are

performed based on repeated typical EV power demand on Worldwide harmonised Light

vehicles Test Cycles (WLTP) for Class 3 vehicles. Its speed proőle is shown in Fig. 6 [39].

Furthermore, parameters of the EV (i.e., Nissan Leaf) are adopted, as listed in Table V [40].

More details of the dynamics model of the EV can be found in [25].

Fig. 6. Speed proőle of the World harmonized Light vehicles Test Cycles (WLTP)

In the system, the parameters and characteristics of the selected LFP and LTO battery cell

are shown in Table III and Fig. 5, respectively. The system adopts a conőguration similar to

the optimised energy ratios of the LTO and LFP battery sub-packs in [20]. A control group of

the LFP battery system is established to compare the performances between the HBS and the

LFP system. Furthermore, the nominal and minimum voltages are set as 360 V and 250 V,

respectively. The HBS needs to provide energy to satisfy a driving distance of approximately

300 km. The HBS conőguration and a control group (only LFP battery system) are listed in
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Table VI, where ’LFP(HBS)’ and ’LTO(HBS)’ are the conőgulations of the sub-packs LFP

and LTO in the HBS, and ’LFP system’ is the only LFP battery system.

TABLE V

Parameters of the EV

Parameters Value

Mass (kg) 1580

Width (m) 1.788

Height (m) 1.530

Drag coefficient 0.29

Rolling resistance coefficient 0.015

Vehicle average efficiency 0.85

TABLE VI

The HBS and the LFP System Configurations

Parameters LFP(HBS) LTO(HBS) LFP system

Serial Number 113 160 113

Parallel Number 12 4 16

Nom. voltage (V) 361.6 368 361.6

Capacity (kWh) 43.4 19.1 61.4

Besides, the maximum discharge limitation for 𝐼1,max and 𝐼2,max are 132 A and 434 A,

respectively, based on the battery cell characteristics (Table III) and the HBS conőguration

(Table VI). The simulation environment is MATLAB/Simulink.

B. Simulation Results

Simulation results for power allocation under the WLTP drive cycle are shown in Fig. 7.

Initially, the battery system runs in discharge mode III and mechanical braking mode at high-

level 𝑆𝑂𝐶LFP and 𝑆𝑂𝐶LTO. With a 𝑆𝑂𝐶LTO decrease, the system turns into discharge mode IV

and regenerative braking mode I. The two battery sub-packs are coordinated discharging, and

the LTO battery sub-pack starts to absorb energy from regenerative braking. During the period

of coordinated discharging, the LTO sub-pack undertakes most of the power at high power
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demand, making the LFP sub-pack work within a medium power range. When the 𝑆𝑂𝐶LFP

and 𝑆𝑂𝐶LTO are close to the SOC lower bound, the system still runs in discharge mode

IV and regenerative braking mode.Similarly, the LTO sub-pack is allocated a part of power

demand at high power requirements. However, the LFP sub-pack output more power during

this period. At the end of discharging processes, the system works in discharge modes I or II

to protect two battery packs from over-discharges. Meanwhile, when normalising the battery

cell current to the C-rate and compared to the single LFP battery system, the LFP battery

sub-pack in thg HBS undertakes the lower current, as shown in Fig. 7(h). Consequently,

simulation results verify that this topology can meet the power allocation requirement and

decrease the LFP sub-pack power and current at high power demands.

Furthermore, the proposed topology can ŕexiably allocation the tow battery sub-packs’

power. In Fig. 8, the expected powers for the two battery sub-packs are generated by Table

IV, (13) and (14). Fig. 8(a) and (b) demonstrate that differences of the expected and actual

powers in the two battery sub-packs are relatively small. To further compare the errors of

the power allocation, Absolute errors between expected and actual power is used to assess

its effectiveness, as expressed in (18).

𝑃error =
��𝑃act − 𝑃exp

�� (18)

where 𝑃act and 𝑃exp are the actual power and expected powers (kW), 𝑃error is absolute errors

between expected power and actual power (kW).

Fig. 8 (c) and (d) demonstrate 𝑃error for LFP and LTO battery sub-packs, respectively.

Errors can remain within 1.5 kW while allocating the power between two battery sub-packs.

The errors within 1.5 kW are acceptable because the DC/DC converter also has errors within

5% when regulating the power allocation [41]. This means power distribution errors has 0 ∼ 2

kW when using DC/DC converter in this battery system. Therefore, the proposed topology

has similar performance in ŕexibly regulating power allocation as the conventional HBS with

DC/DC converter.

C. SOC Balancing

The results of SOC balancing processes are demonstrated in Fig. 9, where differences

between the maximum and minimum SOCs of modules in the LFP and LTO battery sub-

packs are deőned as Δ𝑆𝑂𝐶𝐿𝐹𝑃 and Δ𝑆𝑂𝐶𝐿𝑇𝑂 , respectively. The battery system initially runs

in discharge mode III and mechanical braking mode, and only the LTO battery sub-pack
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participates in the operation, and all modules in the LTO battery sub-pack are discharged

or charged. Thus, 𝑆𝑂𝐶LFP and 𝑆𝑂𝐶LTO maintain balance. Then, the module switches start

allocating power (discharge mode IV), resulting in an unbalanced trend between modules.

Simultaneously, the rolling discharging approach controls the module modes ®𝑴1 and ®𝑴2 to

prevent the unbalanced trend from continuing to expand and maintains Δ𝑆𝑂𝐶 ŕuctuating

within a small range. The simulation results show that Δ𝑆𝑂𝐶𝐿𝐹𝑃 and Δ𝑆𝑂𝐶𝐿𝑇𝑂 ŕuctuate

within the range of 0 ∼ 0.01% and 0 ∼ 0.1% in the LFP and LTO battery sub-packs,

respectively. It is veriőed that the topology can maintain the SOC balancing between modules

in a sub-pack when the module currents are inconsistent.

The system can also balance the modules in battery sub-packs under initial module SOCs

are unbalanced. It is assumed that initial module SOCs 𝜒(𝑖, 𝑗) are randomly distributed within

the range of 10% based on 80% of initial 𝑆𝑂𝐶LFP and 𝑆𝑂𝐶LTO. The results of the SOC

balancing process is demonstrated in Fig. 10. During the SOC balancing process, both

Δ𝑆𝑂𝐶LFP and Δ𝑆𝑂𝐶LTO decrease at discharge mode IV. The LTO battery sub-pack őrst

reaches balancing at approximately 2000 seconds and then remains balance. The LFP battery

sub-pack achieves the balancing slowly, but it can also remain after reaching it. The reason

of LFP battery sub-pack slowly reaching the balancing is the lower current ŕowing through

the LFP batteries. Speciőcally, the proposed topology utilises the discrepancy of accumulated

electric charge of each battery module by regulating the ®𝑴1 and ®𝑴2 in the two sub-packs

to make up for the difference of modules SOCs. Thus, the SOC balancing speed depends on

the charging and discharging rate at discharge mode IV.

VI. Conclusion

A novel discrete-switched topology used in the HBS with LFP and LTO batteries has been

proposed in this paper. The proposed topology is to utilise the discrete-switched structure for

replacing the expensive and bulky DC/DC converter in the semi-active and active topology

of the HBS. This study has explored a feasibility approach that simpliőes battery system

hardware at the expense of a more complex control algorithm. Simulation has veriőed the

topology with the similar performance of regulating power allocation as the existing topology

with DC/DC converters, ensuring that SOCs remain broadly balanced throughout discharge.

In this study, the topology is demonstrated in detail, and the system is modelled for

explaining the power allocation method. A management strategy is then developed to meet

the power allocation regulation between two batteries and balance SOCs in each sub-pack.

A case study with the WLTP Class 3 driving cycle is implemented in MATLAB/Simulink.
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Simulation results verify that this topology can allocate power ŕexibly (similar to an HBS

with DC/DC converter). In addition to similar features to the conventional HBS, the proposed

topology also has the following advantages:

1) The power electronics cost of the proposed topology is much cheaper than the conven-

tional HBS with DC/DC converters. In the case study, the power electronics cost of

the proposed topology is £383.6 compared to £2216.1 of the conventional semi-active

topology under the same battery system conőguration.

2) The topology can integrate two functions of power allocation and SOC balancing. In

the case study, the LFP modules are in balance to within 0.01% of each other. The

LTO modules are balanced to within 0.1% of each other. SOCs in the pack end up in

good balance with each other.

The intended scope of this work is a decription of the novel technology paper only focuses

on proposing the novel topology and verifying it has advantages of cost and the ŕexible power

allocation capability. However, in automotive applications, various factors in the HBS need

to be considered, including thermal effects, battery state estimations under non-uniform cells,

thermal properties, control algorithm optimization and robustness, as well as load properties

(e.g. characteristics of motors and inverters). Therefore, these factors in the novel hybrid

battery systems will be further explored in the future.
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Fig. 7. Simulation results. (a) SOC for the LFP and LTO battery sub-packs. (b) Comparison between power demand and

total output power for the HBS. (c) Current allocations of the two battery sub-packs. (d) Battery pack terminal voltage 𝑉𝐿 . (e)

Power allocations of the two battery sub-packs. (f) Battery system operation mode: The discharge modes are represented by

1−−4, mechanical braking mode is represented by 0, and regenerative braking modes are represented by -1, corresponding

to Table IV. (g) Number of connection mode modules in the two battery sub-packs. (e) Comparison of Charge/discharge

rate (C-rate) between the LFP battery sub-pack in HBS and the LFP battery system.
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Fig. 8. Comparison between expected and actual power on: (a) 𝑃act and 𝑃exp for the LFP battery sub-pack, (b) 𝑃act and

𝑃exp for the LTO battery sub-pack, (a) 𝑃error of the LFP battery sub-pack, (b) 𝑃error of the LTO battery sub-pack.

Fig. 9. The difference between the maximum and minimum SOCs of modules in the LFP and LTO battery sub-packs
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Fig. 10. Battery active balancing for LFP and LTO battery sub-packs under initial condition of unbalanced module SOCs
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