Supplementary Material A

The parameter identification method
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Figure S 1 Battery equivalent circuit network (ECN)

In the electrical ECN model shown in Figure S 1, v and i represent the ECN terminal

voltage and current, respectively. Denote n,. as the number of resistor-capacitor (RC)
branches and define v;, i; (j=12---n.) as the voltage drop and current through resistance

R;,and v, =Rji;. The time constantis z; =R,C;. The current i and the RC parameters are
assumed to be constant between two measurement samples so that

vi(k + 1) = ajv;(k) + R;(1 — a))i(k), j=12,...,ngc, @
where

a; = exp(—ts/T;), 1)

and i;(k) stands for current i; at the k-th sampling time. ¢, is sampling interval of time

(unit: second). Using the widely employed coulomb counting method [1], [2], the battery State
of Charge (SoC) is written as

ts

SoC(k +1) = SoC (k) +—=—i(k), )

where C, is the battery nominal capacity at 25 °C (unit: Ampere-hour). The battery terminal

voltage can be expressed as

v(k) = OCV(SoC(k)) + Ryi(k) + Z;-lff v; (k) (3)



The batteries were tested under the full SoC range (from 100% to end of discharge), at 5
temperature levels ([15, 25, 35, 45, 55] °C) and two current rates ([1C, 2C]). The RC time
constants were set as constant. This can noticeably reduce the parameter optimisation
complexity without sacrificing the model accuracy [3]. On the other hand, the dependency of
battery internal resistance on SoC, temperature (T') and current rates (I), is captured using a 3D
look-up table.

The breakpoints of SoC, temperature and current of the 3D look-up table are set as follows,
0 < SoC; < So0C, <...< SoCp . < 100%, (4)
T, = 15°C, T, = 25°C, Ty = 35°C, T, = 45°C, T = 55°C
I, =5A,1, = 104

The resistor dependency on SOC,T and I is described as follows,

R] (SOC! T! l) = ZnSOC 215(T=1 Zi1=1 Rj,ksoc,k’r,klfksoc,k'r,kl (SOCI T’ l) ’j = 0’1’ o NRey (6)

ksoc=1

Where Ry ki, 1S the value of R; at the node of the 3D look-up table (SoC =

S0Ckeoer T = Tipst = Ii,), and fyo o krk,(S0C, T, 1) is the base function,

frsockpie; (SOC, T, 1) = FSy . (SOC)FTy (T)FIi, (i)

Where the SoC-based look-up function is defined as follows,

1, if SoC < SoC;
FS;(SoC) =4 SoC; — SoC

,if SoC, < SoC < SoC
SoC, = Soc, ' S0C1 < SoC < Sot;

%; if S0Cp_1 < SoC < SoCy,
FSm(SOC) = So(i‘n _;n—1 , m=2,..,n _ 1’ (7)
m+1—S0C . soc
Sotrsoc: U S0Cm < S0C < S0Cpnyy
SoC — SoC,, _
0 O0lngoe-1 ) if SoC,. _4<SoC < SoC,
FSnsoc (SOC) = SOCnsoc - SOCnsoc—l soc soc
L if SoCy,,, < SoC

The temperature-based look-up function is defined as follows,

T, —
FT,(T) = JfT<T.
1 T2 _ T1 2
T if Ty ST < Ty
FT,(T)={m ™1 ,m=2,..4, (8)
" Tt f T ST < Topas
Tm+1—Tm



T—T
FT(T) =ﬁ, ifT,<T
4

Finally, the current based look-up function is defined as follows,

. i—1 .
FL() = E ifi<l, (9)
i—1
FIz(i)zl_[l, ifl, <i
1 1

Substitute Eq(1), Eq(6) into Eq(4), yielding

n 5 2 . . .
vk + 1) = a0y () + 55 B 21 Tt Ryt fag, e, SOC ToD (L = @i, j =

1,2,...,np¢,

v(k) = OCV (k) + 5y 32 1 5, =1 Rojesyckrnf gy e SOC T, D 8000 + EEE v (k) (10)

In order to ensure smooth parameter transition between temperature levels, constraints are
applied to ensure that the resistor values decrease monotonously with temperature increasing.

RjrkSOC'kT'kI 2 Rj'kSOCJkT+1JkI’ ] = 0,1,...,ch, kSOC = 1,2, ...,nsoc, kT = 1,2,3,4, kI = 1,2

Further, according to the Bulter-VVolmer equation, the battery resistance also decreases as
the current increases. Therefore, the following constraints are introduced,

Rl'kSoCrkTrl = erkSoC:kT»Z’ kSOC = 1,2, ey Moy kT = 1,2,3,4,5

Note that once the values of the RC time constants t;, j = 1,2,...,ngc are set, the
resistor values of the 3D look-up table, R;y. .k, are all linear parameters. These linear

parameters can be optimized using least squares method which guarantees global optimum and
high efficiency. On the other hand, the nonlinear parameters ;, can be optimised using a

global optimisation algorithm. In this paper we use three RC networks, i.e., Ng. =3.With only
three nonlinear parameters to optimize, the chance of finding global minimum is greatly
increased compared with optimizing all the model parameters (z; and R;x. . k.k;) together
using e.g., Genetic algorithm [3].

The rest steps to optimise the resistor values and the time constants are similar to that
shown in [3], [4]. Therefore, it is not elaborated here. The final parameter optimisation
procedure is shown in Figure S 2. The Matlab function ‘Isqlin” was used as the least squares

solver to optimise the linear parameters R; . .k k;» and the Matlab function ‘fmincon’ was

used to optimise the nonlinear parameters ;.
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Figure S 2 the parameter optimisation procedure.

Test data

The test data used for model parameter optimization are summarized in Table S 1. The test
data are illustrated in figures below.

Table S 1 Test data used for model parametrisation

Current profile Temperature levels

1C pulse discharge test (pulse width 4% SoC)
[15, 25, 35, 45, 55] °C

1C CC discharge test
[25, 35, 45] °C

2C pulse test (pulse width 4% SoC) [25, 35, 45] °C

2C pulse test (pulse width 4% SoC) [25, 35, 45] °C

2C pulse test (pulse width 4% SoC) [25, 35, 45] °C
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Figure S 3 Battery pulse discharge test data at 1C under 25 °C, and the voltage simulation results of the mode/
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Figure S 4 Battery pulse discharge test data at 2C under 25 °C, and the voltage simulation results of the mode/
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Figure S 5 Battery CC discharge test data at 1C under 25 °C, and the voltage simulation results of the mode/
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Figure S 6 Battery CC discharge test data at 2C under 25 °C, and the voltage simulation results of the mode/
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Figure S 7 Battery pulse discharge test data at 2C under 25 °C. Each pulse reduces the battery’s SoC by about 20%.
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