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[bookmark: 29100]Abstract
[bookmark: _Hlk498543577]Accurate diagnosis of the state-of-health (SOH) of lithium ion batteries is of a significant value for many applications, to improve performance, extend life and increase safety. However, in-situ or in-operando diagnosis of SOH often requires robust models. There are many models available however these often require expensive-to-measure ex-situ parameters and/or contain unmeasurable parameters that were fitted/assumed without solid scientific basis. In this work, we have developed a new empirically parametrised physics-informed equivalent circuit model. Its modular construction and low-cost parametrisation requirements allow end users to parametrise cells quickly and easily. The model is accurate to 19.6mV for dynamic loads without any global fitting/optimisation, only that of the individual elements. The consequences of various degradation mechanisms are simulated, and the impact of a degraded cell on pack performance is explored, validated by comparison with experiment. Results show that an aged cell in a parallel pack does not have a noticeable effect on the available capacity of other cells in the pack. The model shows that cells perform better when electrodes are more porous towards the separator and have a uniform particle size distribution, validated by comparison with published data. The model is provided with this publication for readers to use.
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List of symbols
	Symbol
	Unit
	Description

	a 
	 
	Anode

	c
	  
	Cathode

	r 
	m 
	Radius

	sep
	 
	Separator

	Cdl 
	F 
	Double layer capacitance

	Csei 
	F 
	Solid electrolyte interphase capacitance 

	E 
	 
	Voltage source

	I 
	A 
	Current 

	Lwire
	H
	Wire inductance

	Rcc 
	Ω 
	Current collector resistance

	Rct 
	Ω 
	Charge transfer resistance

	Rs
	Ω
	Series resistance

	Rsei 
	Ω 
	Solid electrolyte interphase resistance

	Rtot
	Ω
	Total resistance

	Rele 
	Ω 
	Electrolyte resistance

	Rdiff 
	Ω 
	Diffusion resistance

	Rp2p 
	Ω 
	Particle-to-particle contact resistance

	Rp2cc 
	Ω 
	Particle-to-current-collector contact resistance

	V 
	V 
	Voltage


1. Introduction
Lithium ion batteries in modern application are expected to last hundreds if not thousands of cycles under various and sometimes aggressive conditions. Ageing in these cells is complicated with many different degradation mechanisms [1–4] which are in need of further understanding. In order to maximise the lifetime and performance of a battery in real applications, it is beneficial to understand what is happening inside without disassembly. This requires a low-cost, practical yet detailed in-situ diagnosis/prognosis technique with easy-to-measure parameters. The industrial standard “capacity fade” and “power fade” definitions of degradation are limited and do not offer any insight into why the cell has degraded and if it is still safe to use. There are a few promising in-situ methods out there which might be suitable for in-operando application such as those using incremental capacity analysis [5,6], differential voltage analysis [7,8], electrochemical impedance spectroscopy (EIS) [9,10], and differential thermal voltammetry (DTV) [11,12]. However, in order to use any of these techniques, the diagnosis results must be compared with a robust battery model that can provide the insight into the internal states of the cell that cannot be measured directly, so that the battery management system (BMS) can improve performance, prolong lifetime and mitigate rapid degradation or failure.
There are numerous models already available and many show significant potential for future applications especially in the field of research [13–17]. The disadvantage of many of these models is the high computational power requirements, which makes many unsuitable to embed on-board a BMS. State-of-the-art reduced order models simplify the computational tasks for this matter [18,19] however for the models to be combined with a diagnostic technique, they need to include degradation models for various likely mechanisms such as solid electrolyte interphase(SEI) growth [20,21], lithium plating [22,23] and metal dissolution [24]. 
The critical issue with all these models is the parametrisation process. It almost always consists of assumed and/or fitted parameters such as electrode/separator thickness, porosity and volume fraction, initial and maximum lithium concentration and reaction rate constant to name a few [25–29]. These parameters have limited accuracy and may work fine for a specific cell however re-parametrisation is necessary for end users who might have different cells for various applications. This is especially likely with the range of different cell chemistries, microstructures and form factors now available. Conductivity of electrolyte is an example parameter where there are many fitted equations out there for specific cells [30–34] giving different values sometimes with an order of magnitude difference. 
Even if the parameters can be measured this is often difficult requiring numerous ex-situ experiments and expensive testing equipment [35,36]. Ecker et al. represents the state-of-the-art in parameterisation [30] making a more physically accurate model. However, this was for one cell, and repeating this process for a new cell will take a long time and effort. Hence, there is a need for a multi-purpose flexible model with simple low-cost parametrisation with minimal assumed and fitted parameters.
[bookmark: 31001][bookmark: 33001]In this work, a model was created that will fit as many cells as possible in real applications with varying modelling and simulation requirements. For this purpose, the model needed to be easily parametrised and modular so that the end-users can effectively configure this model for their own cells in application while minimising the cost for external expertise and equipment. One application may require a simple single particle approximation and another may require a more complex multi-particle core-shell approximation with inhomogeneous particle size distribution, effective porosity and various degradation mechanisms. In order to achieve this, we have developed a physics based model inspired by Newman style porous electrode theory models, where the physics is discretised and represented as circuit elements in a network [37]. The model is implemented in Simulink for ease-of-use, and easy reconfiguration, i.e. addition of more/less particles, dimensions, level of discretisation, etc. The individual elements are fitted according to empirical data, yet have an intended physical meaning and can be used to observe internal parameters that cannot be measured directly.
2. Model structure
The model presented here was constructed in MATLAB R2016b using Simulink (v8.8) with the Simscape toolbox (v4.1). One of the key ideas of this model was to create an expanded network of equivalent circuits where every circuit element represents a real internal phenomenon in a battery including double layer capacitance: a concept inherited from the physical model made by Von Srbik et al. [38]. This allows for the observation and variation of individual decoupled internal parameters in detail. 
The model is aimed for commercial BMS systems with relatively low computational and memory capabilities. This meant that the model should minimise the use of complex equations to solve. Solid-state lithium concentration in the electrodes is represented by the capacity of particle layers and never directly calculated. The model uses a variable time step solver to achieve more stable and efficient simulations.
The battery model contains one or more anode/cathode particle subsystems (depending on user requirements) and resistance parameters for the electrolyte (Rele), current collector (Rcc), particle-to-current collector contact (Rp2cc) and inter-particle contact (Rp2p) (only for multi-particle configuration). See Figure 1a and 1b for illustration. 
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[bookmark: _Ref498102122][bookmark: _Ref498564032]Figure 1. Cell level model schematics for (a) single particle model and (b) 1P3S multi-particle model. Inside the anode particle subsystem (c). 5 particle layers in this example. Particle core to the right and particle surface to the left.
The particle configuration can be easily modified due to the modular nature of the model components. More particles will allow the users to see the effect of concentration gradients within the electrodes, which are more important at high operating current densities as well as emulating a porous electrode by having the electrolyte resistance inside the electrode. The electrode particle subsystems can simply be duplicated or deleted to increase/decrease the number of particles. It can be placed to represent separate volumes of particles in the thickness dimension or in parallel to represent separate regions across the plane of the current collector. The two electrodes do not necessarily have to have the same configuration.
Anode and cathode particle subsystems have the same internal structure with individual parameter values (Figure 1c). The electrode particle is separated into multiple layers from surface to core. This allows for the observation of concentration gradients within the particle as well as defining separate parameters for each layer. This would be particularly useful to emulate core-shell particles seen in Si-C electrodes [39–41] and carbon coated lithium iron phosphate (LFP) electrodes [42–44] as well as gradient Ni-rich NMC cathodes [45]. 
The subsystem also consists of a double layer capacitance (Cdl), charge transfer resistance (Rct) and (in this case) five pairs of particle layer voltage source (E) and associated diffusion resistance (Rdiff). The anode particle subsystem also contains an RC pair for the frequency response representing the SEI layer (Rsei & Csei). The outermost Rdiff is connected in series with the Rct. This is because the particle layer voltage sources represent the capacity of the cell i.e. lithium and they are approximated to be at the radial midpoint of the particle layer. The lithium must therefore diffuse to the surface before it can be (de)intercalated.
The particle layer voltage source contains a controlled voltage source which defines the thermodynamic potential of the particle layer through a 1D look-up table as a function of accumulated charge calculated through coulomb counting. The current sensor tracks the current going through this layer, counts the coulombs and looks up the corresponding particle layer potential. The lookup table is auto-calibrated in the model algorithm for the number of layers and particles defined by the user.
In this work, the layers are made iso-volumetric, hence iso-capacity, meaning that each layer will have a different radial distance as well as surface area. This affects the diffusion resistance which is also calculated at the particle layer accordingly and used to define the parameter value. It should be noted that the layers may be configured differently to suit user requirements such as iso-radial distance or iso-diffusion resistance.
The electrolyte potential is arbitrarily set to 2V at open circuit. This is simply to offset the electrode potential from the electrolyte potential by a user defined constant which applies to every particle layer. This is set so that the voltages across the double layer capacitors at open circuit are roughly the same for both electrodes. The model is not sensitive to this offset as changing it does not affect any of the results and it can be changed if desired without affecting the performance of the model. However, an accurate/meaningful value of electrolyte potential may become important once various degradation mechanisms have been included.
The charge transfer resistance and the double layer capacitance are placed at the surface of the electrode particle. The charge transfer resistance is generated through a 2D look-up table as a function of current across the resistor and voltage of the particle surface. Double layer capacitance is assumed constant [22,46]. The SEI resistance and capacitance are also assumed to be independent of current and SOC. 
In a multi-particle model, it is also possible to define the particle size distribution by specifying the ratio of the particle radii. The particle parameters are auto-scaled accordingly for example in smaller particles, the effective SEI resistance of an electrode volume will decrease as the total surface area of the active materials in a volume is larger assuming same SEI thickness and resistivity. 
The present model is highly modular and allows easy changes such as the number of particles, configuration, particle layer properties, particle size distribution etc. This also permits easy addition of features such as a degradation and/or voltage hysteresis effects. In addition, the battery model can be multiplied and connected in series and parallel to simulate a battery pack. In this case, it will be necessary to place a finite inter-connection resistance between each cell connection to simulate a real pack application [47].
3. Parameterisation
In this work, a commercial 5Ah pouch cell by Dow Kokam (model SLPB11543140H5) with carbon graphite anode and nickel manganese cobalt dioxide (NMC) cathode was used to parametrise the battery model. 
A Bio-Logic BCS-815 was used for all in-situ characterisations mentioned here as well as a Binder KB-23 incubator to maintain the cells at 20 °C. 
The physical model presented in [38] requires parameters that are very difficult and expensive, if not impossible, to measure. Hence, the said model uses the parameter values and fitted equations from a total of 14 different publications in the literature assuming these will match the specific cell. It should be noted that some of these parameters were assumptions to begin with. This model may have worked for that particular cell but will not be useful to end users if they cannot use it for their cells in application. This new model makes parametrisation simpler through direct empirical measurements based on relatively low-cost in-situ experiments rather than ex-situ experiments and/or physical derivation from first principles requiring assumed and fitted parameters. 
The model parametrisation only requires 3 types of in-situ experiments: slow discharge to determine the open circuit voltage (OCV) curve for the anode and cathode; pulse discharge to find the diffusion resistance; and electrochemical impedance spectroscopy (EIS) under various loads to obtain the remaining resistance and capacitance values. Figure 2 summarises the parametrisation process used in this paper. The model parameters are then separated into individual particles and layers as described later in detail. It should be noted that the full cell OCV can also be obtained by the pulse discharge experiment through interpolating between the equilibrium points suggesting that only 2 types of experiments are required however there may be loss of information between the interpolated points. 

[bookmark: _Ref498102230]Figure 2. Summary of parametrisation process used in this paper. 3 types of in-situ experiments and minimal literature to parametrise all model parameters. Model parameters are then divided into individual particles and layers accordingly.
Summary of the model parameters are presented in Table 1.
[bookmark: _Ref498103741][bookmark: _Ref498103657]Table 1. Summary of model parameters.
	
	Symbol
	Unit
	Dependency
	Value
	Electrode value
	Method of parametrisation
	Multiparticle recalibration

	Anode voltage
	Ea
	V
	Coulomb counting
	Taken from [14]
	-
	Literature
	Calibrate Ah in lookup table

	Cathode voltage
	Ec
	V
	Coulomb counting
	Full cell OCV – anode OCV
	-
	Slow CC charging and literature
	Calibrate Ah in lookup table

	Current collector resistance
	Rcc
	Ω
	Constant
	a = 23.8e-6
c = 89.8e-6
	Calculated individually
	Equations 5, 6
	Equation 38

	Electrolyte resistance
	Rele
	Ω
	Constant
	1.80e-3
	Calculated individually
	EIS and equations 2-4
	Equation 37

	Particle to particle contact resistance
	Rp2p
	Ω
	Constant
	0.40e-3*
	Calculated individually
	EIS and equations 8
	Equation 37

	Particle to current collector contact resistance
	Rp2cc
	Ω
	Constant
	
	Divided equally
	EIS and equations 8
	Equation 37

	SEI resistance
	Rsei
	Ω
	Constant
	1.00e-3
	Only to anode particle surface
	EIS
	Equation 35

	Charge transfer resistance
	Rct
	Ω
	Voltage and current
	Figure 4a
	Divided according to [48]
	EIS
	Equation 35

	Diffusion resistance
	Rdiff
	Ω
	Voltage
	Figure 4b
	Divided according to [48]
	Pulse discharge and equations 21, 27
	Equation 35

	SEI capacitance
	Csei
	F
	Constant
	1.24
	Only to anode particle surface
	EIS
	Equation 36

	Double layer capacitance
	Cdl
	F
	Constant
	5.73
	Divided equally
	EIS
	Equation 36


*for a single particle model.
3.1. Voltage sources
The voltages of the electrode particle layers are generated through a 1D lookup table against the accumulated charge counted at the layer. In order to parametrise this lookup table, two half-cell OCV data are required with respect to the electrode stoichiometry. 
The OCV data for the full cell was obtained by a slow C-rate discharge from 100% state of charge (SOC) in this case C/100. This data is sometimes provided by the cell manufacturer. The carbon graphite half-cell OCV data was taken from literature which used the same cell model of smaller capacity [14], therefore we have assumed the materials are the same. The stoichiometric alignment of the two electrodes was also taken from that paper. The NMC half-cell OCV data was generated by subtracting the graphite half-cell OCV from the full cell OCV data. In practice, making two half-cell measurements would be preferred, requiring no assumptions or manipulations.
The coulomb counting for determining the particle layer voltage is adjusted for the number of electrode particles and layers within. In this paper, the capacities between electrodes and its layers were kept the same but this can be easily modified by allocating different fraction of the total capacity to individual particles/layers to emulate various internal scenarios such as high capacity core of a gradient nickel rich NMC cathode.
3.2. Resistances
There are seven different resistance terms in this model: Rcc, Rct, Rsei, Rele, Rdiff, Rp2p & Rp2cc. These terms are then further separated into anode and cathode parameters which are either divided equally or split according to theory.
A galvanostatic EIS under load was carried out at various SOCs to determine the series resistance (Rs), Rsei and Rct. EIS was carried out at rest, and under load at 0.4 C, 1 C, 1.6 C and 2 C for both charge and discharge. The characterisation cycle was done every 0.167 Ah providing 30 EIS spectra per cycle. The frequency range was set from 1 kHz to 3 Hz with 6 measurements per decade to capture sufficient impedance characteristics to determine the three resistance terms with minimal measurement time (hence SOC drift) during the EIS. The current sine wave amplitude was 200 mA and the drift correction function provided by Bio-logic was turned on.  
The impedance spectra were then fitted onto a 2 RC-pair ECM (Figure 3a and 3b) using ZView (version 3.3e) to determine the high and mid frequency resistance and capacitance terms. A resistor and inductor were connected in series to represent the series resistance and wire inductance respectively.
[image: ]
[bookmark: _Ref498007673][bookmark: _Ref498007666]Figure 3. (a) Typical impedance spectra for lithium-ion cells. (b) Equivalent circuit model used to parametrise impedance spectra from EIS results. High frequency RC pair is often associated with the anode SEI and mid frequency to the charge transfer resistance and double layer capacitance. Inductor element represents the wire inductance during the experiment. (c) Series resistance circuit for 1P3S multiparticle model. Consists of Rcc, Rele, Rp2p & Rp2cc.
3.2.1. Series resistances
The series resistance, Rs, of the cell model was assumed to be independent of SOC and current. The average of the values taken at various SOCs at rest was taken as the parameter value. This resistance was then split into Rcc, Rele, Rp2p & Rp2cc:

The electrolyte resistance, Rele, is said to account for the majority of the series resistance [49,50].  In order to obtain the electrolyte resistance fraction, kele, the theoretical Rele was calculated using the conductivity of electrolyte equation presented by Northrop et al. [31] and compared to the Rs found experimentally.  Parameters used for the calculation are summarised in Table 2.



Where lz is the thickness of a single component i which may be may be anode (a), separator (sep), or cathode (c) layer, Axy is the total active surface area of the electrode, κeff is the effective conductivity of the electrolyte phase, ε is the electrolyte volume fraction, p is the Bruggeman porosity exponent and c is the electrolyte concentration. For the sake of simplicity, the average electrolyte concentration was used as a constant for c as the electrolyte resistance has relatively a small impact on the overall resistance of the fresh cell.
The electrolyte resistance can be estimated from the series resistance using Equation 4 kif the parameters required for Equations 2 – 3 are unavailable.
The current collector resistances for each of the electrodes, Rcc, were derived from the conductivity of aluminium and copper [31], and the geometric properties of the cell [38]:


Where lx is the length of the pouch cell in the x-direction, Ayz is the total surface area of the current collector per electrode normal to the length of the cell and σ is the electrical conductivity. Ayz is calculated by the following equation:

Where ly is the length of the cell in the y-direction, lz,cc,i is the thickness for a single current collector and Ncc,i is the total number of current collector layers. The values used for this cell are listed in Table 2. These parameters, if not known or provided by the manufacturer, require dismantling of the cell. In such cases, it is possible to simply find the combined Rcc and Rp2cc values during the following method without the need for these internal parameters.
[bookmark: _Ref498103725][bookmark: _Ref498103672]Table 2. Parameter values used to calculate current collector and electrolyte resistances. N.B. these values are not required by end-users if information is unavailable for their cell.
	
	Symbol
	Unit
	Value
	Reference
	Used in equation(s)

	Domain thickness per layer
	lz
	m
	a = 40e-6
c = 29.12e-6 
sep = 20.32e-6
a. current collector = 48.1e-6
c. current collector = 21.0e-6
	[38]
	2, 7, 9, 10

	Active surface area
	Axy
	m2
	0.84 
	Internal*
	2

	Average electrolyte concentration
	c
	molm3
	1200
	[38]
	3

	Bruggeman porosity exponent
	p
	-
	1.5
	[38]
	3

	Electrolyte volume fraction
	ε
	-
	a = 0.385
c = 0.485
sep = 0.724
	[31]
	3

	Conductivity of copper
	σCu
	S/m
	5.96e7
	[31]
	5

	Conductivity of aluminium
	σAl
	S/m
	3.55e7
	[31]
	6

	x-direction length of cell
	lx
	m
	0.14
	[38]
	5, 6

	y-direction length of cell
	ly
	m
	0.041
	[38]
	7

	Number of current collector layers
	Ncc
	-
	a = 50
c = 51
	Internal*
	7


*Information from dismantling of the cell carried out within the research team prior to this work.

In a single particle configuration, the ratio of these resistances does not matter as they are all connected in series. In a multiparticle configuration such as the 1P3S model in Figure 1b, the series resistance circuitry is equated to a single effective resistance i.e. Rs (as illustrated in Figure 3c) and the remaining contact resistance values, Rp2p and Rp2cc, are calculated.

Where,



The three resistances, Rele, Rp2p and Rp2cc, are defined as a fraction of the effective Rs multiplied by the thickness fraction. The subscript i represents the section of the battery such as the anode, cathode and the separator. The only unknown parameter, kcontact, can be solved by plugging the three substitutions into Equation 8. 
3.2.2. SEI resistance
The SEI resistance, Rsei, was also treated as independent of current and SOC in the same way as the series resistance where the value was taken from the average of the measured values of the high frequency resistance term from the ECM.
Rsei was directly used for the model parameter. In this case, we have allocated all of this resistance to the anode particle surface as the electrode surface resistive film usually forms mostly on the anode particle [20]. However, it can be separated between the two electrodes as desired.
In a multi-particle configuration, it is possible to define the particle size distribution which will have a direct effect on this resistance. The model algorithm is written to automatically calibrate such resistances according to the defined particle size distribution. Smaller particles will have smaller surface area per particle so the Rsei per particle, Rsei,p, is expected to be higher. The electrical resistance, R, is described as follows:

Where ρ is the resistivity, l is the length or the thickness of the SEI in this case, and A is the surface area of the SEI. Assuming the SEI resistivity and thickness to be independent of particle size, the following approximation can be made:

In this model, each electrode “particle” in the equivalent circuit represents a volume of active electrode material i.e. a collection of many actual particles. It is necessary to consider that the number of particles, np, per volume of active electrode material, Vmat, changes as the particle size is altered hence the current per particle, Ip, is changing for a given total current going through the volume, Ivol. 


Note that the volume of the active material is also represented as a sphere. Assuming homogeneity between the particles in the volume, the following relationship is derived for the effective Rsei of the volume, Rsei,vol



This suggests that using smaller particles will decrease the effective SEI resistance of a volume and vice versa. 
3.2.3. Charge transfer resistance
The charge transfer resistance, Rct, is a function of SOC and current (as well as temperature) as described by the Butler-Volmer equation [51]. The values for the Rct are taken directly from the mid frequency EIS results as described in Figure 3b and placed inside a 2D look-up table which takes voltage of the particle surface and current going through the resistance as inputs. Figure 4a illustrates the 2D look-up table.
[image: ]
[bookmark: _Ref498007736]Figure 4. (a) 3D colourmap of total charge transfer resistance (Ω) as a function of current and voltage. Experimental results of EIS under load presented with both interpolation and extrapolation. (b) Diffusion resistance plot. Full cell Rdiff was separated into individual electrodes using the ratio of electrode diffusion coefficients presented in [52]. (c) Particle layer schematics. Particle is divided into five iso-volumetric layers containing equally divided capacity. The diffusion resistance of lithium to travel from one layer to the next is proportional to the distance of the two radial midpoints, ai and bi.
It is known that the charge transfer resistance varies between the two electrodes and as this resistance has a significant contribution to the overall resistance it cannot simply be divided equally. The charge transfer coefficient profiles for individual electrodes were previously simulated by Wu [48] for the exact same cell. The quantitative ratio between the two profiles were taken and applied to the total Rct of this model, Rct,tot, to separate it into the two electrodes.


The particle size will also affect the value of Rct. This can be treated in a similar way to the Rsei discussed earlier assuming that the charge transfer is occurring in the Helmholtz layer (a finite thin layer of ions above the particle surface) which can be regarded as a spherical shell. Smaller particles have higher particle surface area per volume of active materials hence lower resistance and vice versa. 
3.2.4. Diffusion resistance
The diffusion resistance, Rdiff, was determined by subtracting the above resistance terms from the total resistance found through a 2C pulse discharge.

Where,

dV is the potential drop after the pulse loading also known as the overpotential and I is the current. The pulse loading was carried out by 60 seconds of 2 C charge followed by 3 hours of rest from 4.2 V to 2.7 V.
In this work, Rdiff, was considered a function of SOC (hence voltage) only and independent of current. This should be a reasonable assumption below 2 C (for a cell rated up to 30 C) according to Tafel’s approximation [51]. The experimental results of Rdiff(OCV) were then fitted onto a 2nd order polynomial for quick interpolation and extrapolation.
Similar to Rct, the total Rdiff is separated into individual electrodes following the quantitative ratio of the electrode diffusion coefficients given in [48] using the same cell. Figure 4b illustrates the results.
It should be noted that the diffusion resistance in this version of the model is only for the solid phase and does not include the electrolyte phase.
The electrode diffusion resistance is then split accordingly to the different particles. This may be equal division or not depending on the homogeneity of particle sizes in the electrode. This is done in the same manner as Equation 12. As expected, smaller particles have smaller diffusion resistances as lithium has less radial distance to travel to the particle surface. 
Once the diffusion resistance per particle is determined, it is necessary to divide this further into particle layers. In this case, the radial distance of each shell is different as the layers were set to be iso-volumetric. The radius of each layer can be worked out by equating the volume of a sphere and spherical shells.


Where Vsphere is the volume, ri is the radius of the particle layer i and n is the total number of layers in a particle. r1 (= rtot) is the radius of the whole particle (outer radius of the surface shell) and rn would be the radius of the core sphere. Figure 4c illustrates the particle layer system.
The electrical resistance of a spherical shell is defined as [52]:

Where ρ is the resistivity, a is the inner radius and b is the outer radius. ρ is assumed a constant giving Equation 17. Particle layers place the layer diffusion resistances in series as lithium diffuses in the radial direction. Hence the layer diffusion resistance can be determined as a fraction of the particle diffusion layer.


The capacity hence the lithium is assumed to be stored at mid-point of the radial distance of the layer i.e. . When the lithium is to diffuse from one layer to the adjacent layer, the diffusion path is from the radial mid-point of the initial layer to the radial mid-point of the next layer. The surface layer is an exception where the lithium only needs to diffuse from the radial midpoint of the layer to the layer surface. Hence the inner and outer radii for the layer diffusion resistances can be obtained by the following equations:




Inside the model, the layer diffusion resistance is determined as a function of the layer voltage at each time step using the following steps:  
1. Calculate the equivalent full cell OCV from the layer voltage through a 1D lookup table.
2. The effective Rdiff of the full cell is generated through the fitted 2nd order polynomial equation as presented on Figure 4b.
3. The effective Rdiff of the electrode is calculated by separating the full cell value by the ratio of diffusion coefficients provided in [48].
4. The effective Rdiff of the particle is calculated by dividing the above value by the number of particles taking into account its particle size distribution using Equation 22.
5. The Rdiff of the particle layer is calculated using Equations 17,19 and 20.
3.3. Capacitance
The two capacitance terms, Csei and Cdl, were both taken from the parametrised ECM of experimental EIS results. In this model, the capacitances were assumed to be independent of SOC and current and the mean of the results at 0 C were taken as constant values. 
Csei was allocated to the anode surface only whereas Cdl was divided equally between the two electrodes. 
The dependency of these two capacitances on particle size is the inverse to the resistances. The capacitance between two concentric spheres is defined as:



Where ε is the permittivity, a is the outer radius of the inner sphere and b is the inner radius of the outer sphere. Assuming the distance between a and b to be much smaller than a and independent of particle size, the same approximation can be made in Equation 21. The dependency is essentially the inverse of resistance meaning smaller particles give larger capacitances per volume of active materials.
3.4. [bookmark: _GoBack]Upscaling to multi-particles
When changing the model to a new multiparticle configuration, such as 2P5S, it is required to recalculate the effective parameter values accordingly. This is done automatically in the model. In a xPyS configuration, the y number of electrode particles along the thickness of the cell are actually connected in parallel to each other and the x number of parallel strips perform essentially the same with negligible electrochemical interaction between them (explained through results in Section 4.3).  Hence, taking particle charge transfer resistance and double layer capacitance as examples, the recalculated values are as follows: 


The above two equations also apply to particle Rdiff, RSEI and CSEI. The series resistance terms will be calculated as follows as initially introduced in an example for 1P3S in Equation 8:

Current collector resistances are recalculated similar to Equation 35 however are unaffected by the number of particles along the thickness of the cell as the number of Rcc components does not change.

As for the voltage sources, the Ah values in the lookup table is divided according to the fractional electrode capacity of the particle.
4. Results and discussion
4.1. Model outputs and validation
Due to the structure of the model, it is possible to view the potential, current and resistance components of each electrode, particle and particle layer individually as desired. This provides much insight to the cell analysis and opportunities to look at decoupled performances according to various cell configurations. 
The model is validated against different pulse cycle data consisting of charge and discharge pulses at various C-rates (max. 2 C) across the entire battery SOC for both the single and multiparticle (1P3S) models to check for their voltage responses. The model is able to simulate 2 hours of operation in just a few minutes using the multiparticle model and under a minute with the single particle model.
Figure 5 demonstrate some of the outputs the multiparticle model is capable of producing. 
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[bookmark: _Ref498102429]Figure 5. (Left) model output on a “full cell” and “electrode” level for a multi-pulse loading on a 1P3S multi-particle model. Simulation, experimental, and electrode voltages vs. Li (a), current (b), and accumulated charge (c). (Middle) model output on a particle level for the same simulation. Cathode particle potentials vs. Li (d), current (e), and accumulated charge (f). (Right) Model output on a “particle layer” level for the same multi-pulse loading. This example is for a cathode particle closest to the separator with five iso-capacity particle layers. Particle layer potential vs. Li (g), current (h), and accumulated charge (i). Notice how the surface layer has the most transient response whereas the core layer has the smoothest response.
In each case, the error between the simulation and the experiment is measured by looking at the median of absolute deviations of the full cell voltage. As illustrated in Figure 5a, the validation results demonstrate high accuracy at 16.5mV and 19.6mV for single and multiparticle models respectively. It should be noted that the model has NOT had any parameter fitting or optimisation process after the initial parametrisation process described in the previous section.
In Figure 5e, it can be observed that the particles closer to the separator have a more transient response as they have a shorter electrolyte distance to travel hence smaller path of resistance. However, the performance between the three particles is very similar as although the inter-particle contact resistance is much smaller than the electrolyte resistance in the electrode, they are both much smaller than the charge transfer and diffusion resistance which therefore dominate the behavior of this cell under these conditions. This effect can also be seen in Figure 5g to 5i, where for one particle the surface layer has a much more transient response than the inner layers as the lithium ion needs time to diffuse through the layers to and from the surface. 
4.2. Quantitative estimation of degradation mechanisms 
As the model components represent real internal components of a battery, it is possible to simulate various degradation mechanisms together with the knowledge of their effects by changing parameters in the model.  
· Capacity loss by decreasing the available Ah in the electrode(s)
· SEI layer growth by increasing the SEI resistance
· Electrolyte leakage and/or loss of lithium inventory in the electrolyte by increasing the electrolyte resistance
· Mechanical fracture of the electrode by increasing particle-to-particle contact resistance and/or solid diffusion resistance 
· Island formation by isolating a particle from the circuit
· Electrode delamination by increasing or cutting the circuitry at the particle-to-current-collector resistance
· Metal dissolution by decreasing cathode particle capacity and diffusion resistance
· Current collector corrosion by increasing current collector resistance
· Oxidation of conductive agents or binder decomposition by increasing particle-to-particle resistance
· Stoichiometric drift by shifting the electrode stoichiometry alignment 
This method can therefore be used to quantitatively estimate the degradation mechanisms of an aged cell with respect to the cell which was used to initially parametrise the model. The model presented here is parametrised for a fresh cell. As a demonstration, another cell from the same batch (Dow Kokam model SLPB11543140H5) was aged in a controlled environment and its degradation mechanisms were quantitatively estimated by fitting the model to data from a dynamic discharge.
The aged cell was cycled at 2C inside an incubator at 55°C for 32 days. The cycling profile is purely constant current charge/discharge without constant voltage or relaxation phases. From literature and experimental characterisation of such cell [3], the expected dominating degradation mechanisms are SEI layer growth at the anode surface as the cycling lithium-ions continuously reveal fresh electrode surfaces and electrolyte decomposition as a result of high temperature operation.  These mechanisms were expected to result in loss of capacity and increase in electrolyte, SEI and charge transfer resistances. 
Degradation factors (i.e. % change) for these 4 parameters (capacity, Rs, Rsei, Rct) were estimated from single pulse experimental data using the parameter estimation toolbox in Simulink, i.e. the toolbox estimates % change in parameter values compared to the fresh cell parameters to fit the voltage data of the aged cell. The pulse data consisted of a 1C pulse discharge phase for 10s and then a rest phase for 10s starting from 4.2V (100% SOC) continued to 2.7V (0% SOC). It should be noted that no prior knowledge about the ageing history is assumed hence the initial degradation factors, i.e. percentage change in the parameter, was set to 0% for all four parameters, i.e. there was no initial guess. The aged cell was then separately characterised using the same procedure as the new cell. In Table 3, the results of the estimation are compared to the characterisation measurements.
[bookmark: _Ref498103819]Table 3. Quantitative degradation estimation of an aged cell. Simulation vs. experimental measurements.
	Degradation
	Thermodynamic capacity
	Rs
	RSEI
	Rct (@~100%SOC)

	Model estimation
	7.14% loss
	62.3% increase
	145% increase
	31.4% increase

	Experimental results (GEIS at 1C)
	7.48% loss
	63.8% increase
	112% increase
	29.2% increase

	Expected dominating mechanisms
	Loss of lithium inventory and loss of active material 
	Electrolyte decomposition
	SEI layer growth at the anode particle surface
	Combination of all listed


 
The model estimation shows close correlation to the experimentally measured degradation. The difference between the values could be due to the other degradation effects which were not considered here such as increase in diffusion resistance. This result demonstrates the ability for the model to simulate and estimate various degradation effects hence support the hypotheses for their mechanisms. In addition, this model estimation could be a complimentary method to the EIS and other measurement of degradation which usually require special equipment. In particular if the model can be embedded in a BMS with enough computing power to run parameter estimation algorithms, then this could be used for in-situ and even in-operando diagnosis of specific degradation mechanisms and their consequences.
4.3. Pack performance simulation
As a second demonstration, the cell model is multiplied and used to simulate a battery pack. Taking the same approach as one of our previous papers [11], 4 cell models were connected in parallel where one cell was artificially aged in the same manner as the previous section. Interconnection resistances are placed representing cell tab to bus bar electrical contacts which were measured to be between 200 to 325µΩ. The pack is discharged at 2C hence 40A where Figure 6 shows individual current performances.
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[bookmark: _Ref498103582]Figure 6. Experimental and simulated cell currents in a parallel battery pack (top & middle). Pack voltage (bottom). 2C discharge followed by a relaxation phase. One cell was artificially aged prior to the discharge. Experimental results taken from [11].
The simulated cell current performance closely resembles that of the experiment where the aged cell initially does not contribute as much power as the fresh cells due to its higher overpotential. However, as the diffusion resistances of the fresh cells increase towards the end of the discharge, the aged cell begins to provide more power and cell balancing continues as the load is turned off. The impact of having an aged cell in a battery pack on pack capacity is analysed both experimentally and through simulation (Table 4).
[bookmark: _Ref498103828]Table 4. Simulation and experimental results on sum of individual cell capacities vs. pack capacity. Experimental results taken from [11].
	2C discharge (Ah)
	Aged cell
	Fresh cell 1
	Fresh cell 2
	Fresh cell 3
	Sum of individual capacities
	Pack capacity

	Model simulation
	4.34
	4.87
	4.87
	4.87
	18.94
	18.83

	Experimental results 
	4.39
	4.83
	4.83
	4.82
	18.70
	18.99



It can be seen from the results that the difference between pack capacity and sum of individual cell capacities is approximately 1%. It is expected that pack performance is lower due to the presence of interconnection resistances however the experimental results show an opposite effect. This may be because the cells become hotter when combined as a pack from the proximity to the other cells also generating heat. Higher temperature means smaller impedance hence the cells are able to discharge more until they reach the voltage cut-off. The results demonstrate that there is no significant loss in pack capacity in the presence of an aged cell compared to the sum of individual cell capacities. However, it should be noted that the higher peak currents at different stages of the discharge suggests accelerated aging of all cells and thus the aged cell should be identified and replaced as soon as possible.
4.4. Sensitivity analysis of particle size distribution
As an example demonstration for the multi-particle model, a performance analysis is carried out by simulating gradient particle size distributions. In this sensitivity analysis, the particle radii of the electrode particles in a 1P3S multi-particle model are unevenly distributed and the accessible energy and capacity of the full cell is observed. The radii are distributed while maintaining the same overall particle-to-electrolyte interfacial area. 
As described in the parametrisation section, the particle radii affect the resistances (Rsei, Rct, Rdiff) and capacitances (Csei, Cdl) of the particles and their surfaces accordingly. In reality, particle radius will also affect electrode porosity hence effective electrolyte resistance however this dependency is not explored in this current version of the model. The sensitivity analysis of gradient effective electrolyte resistance in an electrode is explored in the next section. Figure 7a describes the results.
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[bookmark: _Ref498103595]Figure 7. (a) Accessible charge for a 2C discharge from 4.2V to 3.0V for various particle size polydispersity with the same total particle-to-electrolyte interfacial area. Simulated on a 1P3S configuration. Notice how the cell performance drops with increased polydispersity. (b) Anode and cathode accumulated charge for a cell with particle radii of [100, 1, 0.503] (µm). i.e. particles closer to the separator are larger and closer to the current collector are smaller. Notice how the smaller particles (de)intercalates faster despite being further away from the separator. The large particles have significantly less contribution due to their large resistances.
It can be seen in the results that there is lower available capacity and energy with increasing particle size dispersity regardless of their locations with respect to the separator/current collector. Electrodes with uniform particle size distribution performs the best which matches the results presented in [25]. This is due to the presence of the larger particles limiting the overall performance of the electrode with its slow kinetics and larger diffusion resistance. 
Particle size has a direct influence on particle resistances as it is dependent on the radial distance/area of the particle. As a result, the smaller particles should experience a higher and faster lithium intercalation whereas the larger particles see the opposite effect. In Figure 7b it can be clearly observed that the electrode region with the smaller particles have faster (de)intercalation despite it being further away from the separator. This is validated by an X-ray tomography analysis of an LiMn2O4 battery presented in [53]. 
4.5. Sensitivity analysis of gradient effective electrolyte resistance 
As a last example, a performance analysis is carried out by simulating various gradient electrolyte resistances through the thickness in the two electrodes. Porosity has a direct correlation to the effective electrolyte resistance as defined by the conductivity of electrolyte equation [31]. This sensitivity analysis could be correlated to the effect on the effective ionic conductivity of the electrolyte due to variations in electrode porosity. This is simulated by altering the electrolyte resistance components between the electrode particles while maintaining the total effective electrolyte resistance of the electrode the same. Accessible energy and power are calculated for a 2 C discharge from 4.2 V to 3.0 V.
[image: C:\Users\ym1309\AppData\Local\Microsoft\Windows\INetCache\Content.Word\R_ele_test1.tif]
[bookmark: _Ref498103623]Figure 8. Accessible energy and charge for a 2C discharge from 4.2V to 3.0V for various effective electrode porosity gradient.
Simulation results in Figure 8 show that having a higher porosity closer to the separator interface provides a slightly higher useable capacity for the same effective electrolyte resistance. This result matches with the graded electrode analysis provided by Qi et al. [54]. This can be explained by the fact that the electrode particles closer to the separator interface having a lower path of resistance. This allows these particles to be discharged further with smaller overpotentials hence reaching the voltage cut-off at a later point. 
However, it can also be argued that this gradient has negligible impact on the performance as the difference seen in this result is less than 0.2%. This is because all the particles need to be (de)lithiated in order to fully discharge the cell so the presence of a gradient is negligible as long as the overall effective electrolyte resistance in the electrode is the same.
5. Conclusion
In this work a new physics based model, inspired by Newman style porous electrode theory models, where the physics is discretised and represented as circuit elements in a network, was developed, parametrised and tested. The model, written in Simulink, consists of components that represent real internal components of a battery allowing for flexible and modular applications to fit many scenarios and requirements. The key advantage of this model is that it is easy to parametrise requiring only 3 low-cost in-situ experiments: slow discharge, pulse discharge and EIS under load. The model showed an accuracy of 19.6mV compared to multi C-rate pulse loading experiments.
The model’s capability was demonstrated through a number of different simulation configurations validated by literature and lab experiments. Demonstrated results include:
· Model can simulate and estimate various aging mechanisms proving to be a complimentary method to experimental measurements such as EIS.
· No significant impact on pack capacity is observed in the presence of an aged cell with respect to sum of individual cell capacities. 
· Cells perform better in uniform electrode particle size distribution for the same total electrode-to-electrolyte interfacial area.
· Cells perform marginally better when the electrode is more porous towards the separator for the same total effective electrolyte resistance.
The model and initialisation MATLAB script are provided for readers to use for their own application.  
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a) Charge transfer resistance map
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