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Publishable summary

The iSTORMY project aims at developing an interoperable and modular Hybrid Energy Storage System (HESS) by
demonstrating various use cases and seamlessly interface the grid to provide multiple services. In order to fulfil
the project objectives and, among others, in order to minimize the TCO of the total storage system, one must carry
out optimizations and simulations of the HESS. These studies require the modelling, with a medium-fidelity model,
of the four commercial cell battery references that have been selected, including one second life reference, for
the project. The type of model selected is an Electric Equivalent Circuit (EEC) model. It gives cell voltage as a
function of cell State of Charge (SoC), cell temperature and cell charge and discharge current. It is implemented in
Matlab/Simulink and coupled with a thermal model. Model parameters and Open Circuit Voltage (OCV) are
identified using data obtained a from test campaign performed by TNO and CEG. Several SoC, temperatures and
charge and discharge currents conditions have been defined so that the mapped values of the parameters
encompass all future simulations and optimization conditions. Results show that most of the voltage errors
(voltage is the main output of the model) are below 2% in the expected operating region. Therefore, the objective
of having a medium-fidelity model is fulfilled. Except stated differently, CEA is responsible for the work herein.
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1 Introduction: context and objectives.

The iISTORMY project aims at developing an interoperable and modular Hybrid Energy Storage System (HESS), by
demonstrating various use cases and seamlessly interface the grid to provide multiple services, such as a
combination of load levelling, frequency regulation, provision of backup power, at minimum cost. The HESS
consists of batteries (1st and 2nd life), power electronics and thermal management and control systems [1].

In order to fulfil the project objectives and, among others, in order to minimize the TCO of the total storage system,
one must carry out optimizations and simulations of the HESS. These studies require the modelling of the four
selected lithium-ion battery cells. The work described herein is part of the WP2 Optimized Hybrid Battery Modules
and Stacks Concepts with Advanced Battery Management Systems. More specifically, we aim at developing
medium-fidelity electrothermal models. As medium-fidelity is not defined in the grant agreement, we consider an
accuracy objective of 5% or better.

In this deliverable, first we describe the cell model used for HESS simulation. Then, we show the tests campaign
carried out for parametrizing the model. Finally, we discuss the model parameters fitting and the model accuracy.

Except when stated differently, CEA is responsible for the work herein.

2 Methods

2.1 Battery modelling

The electric behaviour of lithium-ion battery cells is modelled with an electrothermal model. This model couples
two models: an electric equivalent circuit model and a thermal model.

2.1.1 Electric equivalent circuit model

The constant RC equivalent circuit model is derived from the classical Electric Equivalent Circuit (EEC) model of
lithium-ion battery cells [2]-[5].

This model is made of a DC voltage source, which models the variation of OCV (Open Circuit Voltage) as a function
of SoC (State of Charge), in series with a variable resistor R, which models the internal resistance of the cell. In
order to better model the dynamic voltage behaviour of the cell, extra RC parallel blocks are added in series (see
figure 1). At; = R;C; value is defined for each RC block, depending on the dynamics of the current profiles applied
to the model during the simulation of the HESS. Each RC parallel block represent a different timescale response
under current variation. Hence, the number of blocks is defined manually as well as the t; = R;C; values. Then,
during the model parameters identification process, only R; values are fitted by the algorithm. It allows a faster
identification process (C; values are calculated from the equation t; = R;C;).

The model parameter dependencies are:
e OCV depends on SoC and temperature but for medium-fidelity model, temperature dependency is
considered negligible over SoC dependency [6];
e Ry, R, and C, parameters depend on cell SoC, cell temperature, cell C-rate (charge and discharge current)
and cell SoH (State of Health).

The model parameters are identified by testing cells with current pulses under several SoC, temperature and

current conditions (according to final use of the model, see Appendix A — Use cases configuration) and fitting the
model behaviour to the test data.
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Figure 1: Equivalent circuits model

The model is implemented in Matlab/Simulink software R2020b and developed in the environment of MUSES
platform (CEA multi-scale and multi-physics modelling platform).

2.1.2 Thermal model

Assimple cell electrical model is used in order to estimate the cell temperature variation. The model is implemented
in Matlab/Simulink software. It is made of three equations:
e Joule losses: heat generation inside the cell:

Qin(t) = Z R 12, (t)
i=0

o Thermal exchange between the cell and its surrounding environment:
daT(t)

Qout(t) = h-ST

e Thermal energy transfer through the cell:
T =jQin(t) - Qout(t) dt
mC

p

e Q. _(t) [W]isthe thermal power;

o T [K]isthe cell temperature, assumed homogeneous inside the cell;
e m [K]is the mass of the cell;

e (, [).K1Kg"] is the specific heat capacity of the cell;

e S [m?]is the exchange surface of the cell;

e h[W.m2K?'is the heat transfer coefficient of the cell.

m, C, and S parameters values are measured experimentally (see section 2.2.2.4).

h parameter value depends on the cooling and thermal architecture of the battery pack. Typical values are 10 to
100 for air (stationary or forced convection) and 1000 to 10000 for water (stationary or forced convection).

2.1.3 Battery pack model

A battery pack is a series/parallel assembly of modules. A battery module is a series/parallel assembly of cells.

The cells are electrically interconnected and their connections are modelled with a resistor in series. Using the
previously shown electrothermal cell model, the implemented Matlab/Simulink battery module model allows
simulating each cell individually or, if we consider the battery module to be homogeneous, simulating only one
cell and get the module results by applying Kirchhoff’s circuit laws. The HESS model is then a series/parallel
assembly of modules models.

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU 7/31
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Figure 2 shows the Matlab/Simulink top-level implementation of the model (inputs and outputs). Figure 3 shows,
for illustration purposes, an EEC model of a 2S3P battery module.

The model inputs are power or current profiles and an ambient temperature profile. Its outputs are module and
cell voltages, module and cell power(s), module current, SoC, SoH?, cell temperatures and cell Joule losses.

Work showed herein does not include the development of a module or pack thermal model. Therefore, the
evolution of the h parameter value of each cell is unknown as well as its initial value. CEA recommends running
sensibility analysis for diverse cooling technologies to study the impact of temperature management on cell
performances and aging.

Figure 2: Battery module model implemented in Matlab/Simulink R2020b: top-level implementation.

1 At this stage, cell aging model is not parametrized. Therefore, SoH value shall not be taken into account.

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU 8/31
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Figure 3: EEC of a 2S3P battery pack. Rint is the internal series interconnection resistor. Rco is the pack interconnection series
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2.2 Cell tests

In order to parametrize the models of the four cells, TNO and CEG have carried out tests campaigns. Their purpose
is to encompass all conditions the battery will meet during its operation (C-rate, temperature, SoC, see Appendix
A — Use cases configuration) so that the model parameters can be identified accurately enough.

2.2.1 Main cell characteristics

Main characteristics of the four cells investigated in the project are given in table 1.

Manufacturer Lishen Toshiba Unknown A123
Commercial LP2714897-51 |  SCiB 23 Ah Unknown | AMP20M1HD-A
reference name

Nominal capacity

[Ah] 51 23 280 19.6
Nominal voltage 3.56 23 3.2 33

(V]

'[\\/'/]ax/m'” voltage 42-2.5 2.7-15 3.65-2.5 3.8-16
Format Prismatic Prismatic Prismatic Pouch
Mass [g] 925 550 5220 496
Max discharge 153 100 280 Approx. 360
current [A] 255 (30's) 200 (10s) (1200 W2)
Tested by TNO TNO CEGASA TNO

Table 1: Main characteristics of the selected cells.

2.2.2 Cell test protocol

The test protocol comprised of four parts.

Initialization;

Constant Current (CC) charge/discharge tests;
Hybrid Pulse Power Characterization (HPPC) tests;
Thermal capacity test.

The data monitored is:

Voltage;
Current;
Temperature;
Time.

The datais acquired at a 10 Hz sampling frequency (except for initialization protocol where the sampling frequency
is variable).

2The A123 AMP20M1HD-A cell datasheet gives only the maximum discharge power.

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU
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2.2.2.1 Initialization protocol

‘Step  Action  Mode

1 Set Temperature 25°C

2 Rest 3h

3 Charge CC-CV | C/2,Vmax @0.05C Full charge
4 Set Temperature [25°C, 45°C, 0°C]

5 Rest 3h

Table 2: Initialization protocol.

2.2.2.2 CC charge/discharge tests (including OCV)
The experimental ranges during testing are:

e Temperature [25°C, 45°C, 0°C];

e C(C-rates[0.5,1, 2].

1-5 Initialization See the initialization protocol
Set C-rate Cx=[0.1,0.5,1, 2]

7 Discharge cC Cx, Vimin Full discharge

8 Rest 0.5h

9 Charge cC Cx , Vimax Full charge

10 Rest 0.5h

11 Discharge cC C/2, 12 min 10% SoC partial discharge

12 Goto Gotostep 1 Return to step 1 until all temperature
and C-rate combinations have been
completed

Table 3: CC charge/discharge tests protocol.

2.2.2.3 HPPC tests (including OCV)
The experimental ranges during testing are:
e Temperatures [25°C, 45°C, 0°C];
e C(C-rates [0.5, 1, 2];
e Discharge SoC points: [100%, 90%, 80%... 20%, 10%];
e Charge SoC points: [0%, 10%, 20%... 80%, 90%)] (SoCstep = 10%).

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU 11/31
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1-5 Initialization See the initialization protocol
6 Set C-rate cC C«=[0.5,1,2]
7 Set  pulse | CC t = (3600xSoCstep) / (Cxx100)
duration
8 Discharge cC Cxandt Current pulse, discharging 10% SoC
9 Rest 1h at [25°C,45°C], 3h at 0°C
10 Go to If SoC > 0% go to step 8
else continue to step 11
11 Charge CcC Cxandt Current pulse, charging 10% SoC
12 Rest 1h at [25°C,45°C], 3h at 0°C
13 Go to If SoC < 90% go to step 11 | Until all SoC, temperature and C-rate
else continue to step 14 combinations have been completed
14 Discharge CcC C/2,12 min 10% SoC partial discharge
15 Goto Gotostep 1 Return to step 1 until all SoC,
temperature and C-rate
combinations have been completed

Table 4: HPPC tests protocol.

2.2.2.4 Thermal capacity tests
During the thermal capacity tests, specific heat capacity and battery cell weight were measured. By measuring
both parameters the heat capacity of the battery cell was calculated.

The specific heat capacity was measured by applying a heating foil to the battery cell, applying a known amount
of electrical power to the heating foil and measuring the surface temperature of the cell. The battery cell and
heating foil were thermally insulated from their direct environment by foam to minimize the heating energy losses
of the heating foil to the surrounding environment.

2.3 Model parameter identification

2.3.1 OCV identification

The OCV identification is a three-step process. First, using only HPPC tests, we gather voltage values obtained after
1 hour rest during the test protocol at several SoC values. Then, we fit a polynomial function so that OCV =
f(SoC). Finally, a mapping of OCV values is generated for several SoC values (typically, from 0 %to 100%, with a
5% step).

2.3.2 Thermal model parameter identification

Thermal model parameters identification is done by directly using thermal test data: m, Gy, S.

The specific heat capacity was determined by the relation between the applied heating power and the increase in
battery cell surface temperature. By combining the specific heat capacity and the battery cell mass, the heat

capacity of the battery cell was calculated.

The h parameter value needs to be manually estimated, depending on cooling and the thermal architecture of the
HESS (see section 2.1.3).

2.3.3 Electrical model parameter identification

The Cell model parameters are identified using an undisclosed CEA algorithm based on inversion of a linearized
problem. Its inputs are cell tests (CC and HPPC), i.e.:
e  OCV mapping;

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU 12/31
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Cell voltages;

Cell currents;

Cell SoCs;

Cell temperatures.

The output, for each model parameter, is set of mapped values where:

e OCV depends on SoC (temperature dependency is considered negligible);

e Ry, R, and C,, parameters depend on cell SoC, cell temperature and cell C-rate.
The mapped points coincide with the SoC, cell temperatures and cell c-rates used in the experiment described in
section 2.2.2.

Considering the dynamics of the power profiles of the selected use cases (frequency support, EV charging support,
frequency support and long-term balancing, see Appendix A — Use cases configuration), the t; = R;C; values
chosen are:

e T, =1s

e T1,=10s

e 13=100s

Due to several reasons (SoC calculation error, calibration error between the computed OCV and the HPPC current
pulses, non-optimal breakpoints selection for identification...), the identification process might give aberrant
outputs with very high values of resistor. In such case, values are saturated to 5e-2 Q. These points are emphasized
in the resistors map charts with red markers. Furthermore, results shown herein could be improved.

3 Results and discussion

3.1 Parameter identification results

The figures below show the parameters identification results for each cell.

First, we show the OCV identification for each cell. OCV is plotted as a function of SoC. The blue crosses are the
experimental data, that is, for each SoC step, the last voltage value measured during the rest phases (see section
2.2.2.3). The red circles show the polynomial fit. The cell model linearly interpolates these fitted data in order to
compute the OCV.

Then we show the cell model parameters identification error. The voltage error is plotted as a function of
experimental voltage, SoC, temperature and current. The voltage error measures the inaccuracy of the
identification algorithm. Each point is the difference between the experimental voltage and the calculated voltage
with the identification algorithm, for every HPPC experimental points (except rest phases). This voltage error is
therefore a good indication of the model accuracy when used for simulations.

Finally, we plot the sum of all internal resistances as a function of SoC and C-Rate for several temperature.

3.1.1 NMC 1st life cell

Results show that for NMC 1st life cell uncertainty is higher at low SoC. Although identification performs well
regardless of temperature and current values, voltage error is higher at low SoC (figure 5 and figure 6). Internal
resistor maps show higher values at low SoC and high C-Rate for 25°C and 0°C which is consistent with a higher
uncertainty at these conditions (figure 7, figure 8 and figure 9).

D2.1- Medium-fidelity models of different cells technology and performance characterization — PU 13/31



GA No. 963527
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Figure 4: OCV identification for NMC 1st life cell.

Figure 5: NMC 1st life cell model parameters identification error. Voltage error vs temperature, SoC and current.
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Figure 6: NMC 1st life cell model parameters identification error. Voltage error vs temperature and SoC for all C-Rate.
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Figure 7: Sum of all internal resistance of NMC 1st life cell model at 0°C. Red markers show where values have been saturated.
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Figure 8: Sum of all internal resistance of NMC 1st life cell model at 25°C.

NMC 1st life: Total internal resistor @ 45 °C
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Figure 9: Sum of all internal resistance of NMC 1st life cell model at 45°C.
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3.1.2 LTO 1stlife cell

Same observations as for NMC 1%t life cell can be made for LTO 1% life cell. Uncertainty is higher at low SoC
regardless, or nearly so, temperature and current values (figure 11 and figure 12). Internal resistor maps show
higher values at low SoC and high C-Rate for 25°C and 0°C, which is consistent with higher uncertainty at these
conditions (figure 13, figure 14 and figure 15). Higher values append also at 0°C and high SoC, which means that
the identification algorithm has more difficulties to fit the experimental data in this area.
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Figure 10: OCV identification for LTO 1st life cell.
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Figure 11: LTO 1st life cell model parameters identification error. Voltage error vs temperature, SoC and current.

Figure 12: LTO 1st life cell model parameters identification error. Voltage error vs temperature and SoC for all C-Rate.
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Figure 13: Sum of all internal resistance of LTO 1st life cell model at 0°C. Red markers show where values have been saturated.
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135
15 F 1
130
1 €
125 §
E
— 05 ”
£ g
= 120 @
L or ] o
&? 15 g
T []
© s £
G
£
1 193
1.5} 1 15
-2 L |
0 20 40 60 80 100

SoC [%]

Figure 14: Sum of all internal resistance of LTO 1st life cell model at 25°C.
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LTO 1st life: Total internal resistor @ 45 °C
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Figure 15: Sum of all internal resistance of LTO 1st life cell model at 45°C.
3.1.3 LFP 1t life cell

For LFP 1%t life cell, low SoC lead also to higher uncertainty (figure 17 and figure 18). Total internal resistor has high
and then saturated values for low temperature. For other points data have been saturated to low values (1e-5)
(figure 19, figure 20 and figure 21) in order to avoid negative values (not shown in graph). These negative values
happened when HPPC pulse data does not fit the OCV data, especially at the beginning of the current pulse.

Identification of LFP 1%t life cell model parameters will be improved at a later stage of the iISTORMY project, so that
the simulation of the HESS remains accurate enough.
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Figure 16: OCV identification for LFP 1t life cell.

Figure 17: LFP 1%t life cell model parameters identification error. Voltage error vs temperature, SoC and current.
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Figure 18: LFP 1t life cell model parameters identification error. Voltage error vs temperature and SoC for all C-Rate.
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Figure 19: Sum of all internal resistance of LFP 15t life cell model at 0°C. Red markers show where values have been saturated.
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LFP 1st life: Total internal resistor @ 25 °C
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Figure 20: Sum of all internal resistance of LFP 15t life cell model at 25°C. Red markers show where values have been saturated.

LFP 1st life: Total internal resistor @ 45 °C

— 50
15 ¢ - 1%
140
! £
135 §
0.5 £
< —305
= b7}
% 0r 1 125 é
i
{20 £
© s 20 2
G
{115 €
>
-1 %)
110
-15¢ 1 1s
-2 —_——
0 20 40 60 80 100

SoC [%]

Figure 21: Sum of all internal resistance of LFP 15t life cell model at 45°C. Red markers show where values have been saturated.
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3.1.4 LFP 2™ ife cell

Discrepancies in cell test data have limited the identification process for LFP 2" [ife cell. Thus, SoC calculation and
OCV identification issues have been encountered. Therefore, LFP 2™ life cell model has been fitted for a limited
number of values for currents, temperatures and SoC. The identification will be improved at a later stage of the
iISTORMY project, so that the simulation of the HESS remains accurate enough. Current results show however a
low uncertainty unless for low SoC at 25°C.
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Figure 22: OCV identification for LFP 2" life cells.
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Figure 23: LFP 2" |ife cell model parameters identification error. Voltage error vs temperature, SoC and current.

Figure 24: LFP 2" |ife cell model parameters identification error. Voltage error vs temperature and SoC for all C-Rate.
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LFP 2nd life: Total internal resis‘or @0 °C'
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Figure 25: Sum of all internal resistance of 2" life cell model at 0°C. Red markers show where values have been saturated.
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Figure 26: Sum of all internal resistance of LFP 2" life cell model at 25°C. Red markers show where values have been saturated.
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LFP 2nd life: Total internal resistor @ 45 °C
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Figure 27: Sum of all internal resistance of LFP 2nd life cell model at 45°C. Red markers show where values have been saturated.
3.2 Discussion and conclusion

The results show that voltage error is below 2% for most simulated experimental points. Maximum errors (above
10%) are mostly obtained for low SoC values. The main reason is the difficulty to identify correctly OCV at low SoC
values. Another reason is the relatively high inaccuracy of SoC computation during tests: a SoC calibration should
preferably be performed between each HPPC phase.

However, considering the use cases configurations, we can assume3 that the HESS is likely to be operated most of
its time in a range of SoC above 10% to 20% and below 80% to 90%. Therefore, we can expect that, in this SoC
range, the model remains accurate enough for optimization considerations. That is to say, the model is accurate
enough for comparison studies (aging optimization, pre-sizing studies) but assumedly not for absolute sizing
studies.

Therefore, we can conclude that the proposed model meets the objective of developing a “medium-fidelity
model” set at the beginning of the task, i.e. with an accuracy objective of 5% or better.

In any case, in the short term, the parameters identification will be improved, especially at low SoC for both LFP
references. In addition, LFP 1t and 2™ life test data will be properly processed and their identification improved
for every value of SoC, temperature and current used during the test campaign.

3 As we will optimized the aging of the HESS.
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4 Risk Register

Risk No. What is the risk Probability = Effect of  Solutions to overcome the risk
of risk risk*
occurrence!
WP2 Accuracy of battery model is not | 2 1 Improve identification
high enough algorithm. Improve battery
test campaign.
WP2 Accuracy of identification for LFP 15t | 1 1 Run a second identification
and 2" life cell is not accurate with improved data
enough processing. Already planned.

1 Probability risk will occur: 1 = high, 2 = medium, 3 = Low
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Appendix A — Use cases configuration

The use cases configurations are described in Deliverable 1.1 and summarized in the table below:
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