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Modelling of Li-ion batteries using equivalent circuit diagrams

Abstract. This paper presents the fundamentals of a method how to determine the state of charge (SOC) of lithium-ion batteries on the basis of two
different equivalent circuit diagrams and an extended Kalman filter (EKF). It describes how to identify the parameters of these circuits by
characteristic measurements. The comparison between measurement and computation results shows a good accordance. In the first step the
dependency of these parameters on the temperature and on the battery age is neglected.

Streszczenie. W artykule przedstawiono podstawy metody pozwalajgcej okreslic stan natadowania (SOC) akumulatoréw litowo-jonowych na
podstawie dwéch réznych schematéw zastepczych i rozszerzonego filtru Kalmana (EKF). Opisano, jak zidentyfikowa¢ parametry akumulatoréw na
podstawie pomiaréw ich charakterystyk. Poréwnanie wynikéw pomiaréw z wynikami symulacji wykazuje zgodno$¢. W pierwszym etapie pominieto
zalezno$c¢ parametréw akumulatoréw od temperatury i od czasu uzytkowania.( Modelowanie akumulatoréw litowo-jonowych z wykorzystaniem

schematéw zastepczych)
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Introduction

If a defined full charge of a battery takes place regularly
it is possible to determine the state of charge (SOC) by the
so-called Ampere-counting method. This method is basing
on the charge that is transferred into the battery
respectively taken out of the battery. In case where a
defined full charge of the battery cannot happen regularly
the error in the SOC estimation can become inacceptable
high and a better method has to be found. The SOC is a
function of the open circuit voltage (OCV) of a lithium-ion
battery, SOC=f(Vy¢), but this method involves the problem
of its dynamics as Figures 3 (c) and (d) demonstrate. The
electrochemical processes which take place in a cell result
in the fact that the OCV cannot be measured at the battery
terminals. The dynamics needs to be modeled
mathematically in a way that the OCV respectively SOC can
be calculated by measuring only the battery voltage and
current at the terminals of the battery. For this purpose an
equivalent circuit diagram for the battery cell has to be
used, and the parameters need to be identified by
characteristic measurements.

In this paper at first the internal resistance model (IR) is
presented, then the one time constant model (OTC), and
finally the two time constants model (TTC). Further,
comparisons between the model-based simulation data and
the measured data are carried out to evaluate the validity of
the demonstrated models, which provide a foundation for
the model based SOC estimation [4].

Equivalent Circuit models

IR Model, the IR model as shown in Figure 1 (a), and
described by Equation 1 implements an ideal voltage
source Voc that represents the open-circuit voltage (OCV)
of the battery, and an ohmic resistance in order to describe
the internal resistance. Both, resistance and open-circuit
voltage Voc are functions of SOC, state of health (SOH)
and temperature. iz, is the battery output current with a
positive value when discharging, and a negative value when
charging, vz, is the battery terminal voltage [1].

(1) VBair =Voc — RoiBant

As the IR model does not represent the transient
behavior of lithium-ion cells, it is not suitable for the
accurate estimation of SOC during any dynamical operation
(non-constant load).

OTC Model, The OTC model adds a parallel RC
network in series to the internal resistance R, of the IR
model, in order to approximate the dynamic behaviour of

the lithium-ion battery. As shown in Figure 1 (b), it mainly
consists of three parts including the voltage source 7V, the
ohmic resistance R, and Ryrc,Corc to describe the battery
transient response during charging or discharging. vorc is
the voltage across Corc; iorc is the current that flows in
Corc- The electric behaviour of the OTC model can be
expressed by Equations 2 and 3 in continuous time [1]:

2) v —! Vore + ’
orC ==~ VorC iBatt »
Rorc *Corc Corc
(3) VBarr =Voc —vorc — Rolpar -

The description in discrete time is shown by Equations 4
and 5.

_TS _Ts

T . T . .
(4)  vorci+1=vorcke " +Rorc| 1—e 7 lipa i

®) VBau k =Voc(SOC ) =vorc k = Roigau k
where: T — sampling period, zorc — OTC time constant.

TTC Model, Basing on the observation of the battery
output voltage when the battery output current is zero (no-
load) it has been found out that the battery shows a big
difference between the short time and the long time
transient behavior. That means the dynamic characteristics
cannot be represented very accurately by the OTC model.

To improve the flexibility of the OTC model an extra RC
network is added in series to the OTC circuit to get the TTC
circuit model. As shown in Figure 1 (c), the TTC circuit is
composed of four parts: voltage source 7V, ohmic
resistance Ry, Rrrc; and Crye; to describe the short term
characteristics, Ry;¢; and Cryc; to describe the long term
characteristics. vyr¢; and vy, are the voltages across Crye;
and Crrc, respectively. irrc; and irre, are the outflow
currents of Cry¢c; and Cryc; respectively [1].

The electrical behavior of the TTC circuit can be
expressed by Equations 6, 7 and 8 in continuous time:

. -1 .
(6) vITer = o —vrrer t [Batt »
rrciRrred TTC!1
. -1 .
(7) VITC2 = e vrre2 t o ——lgan
rre2Rrres T7C2
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Fig.1. Battery equivalent circuit diagrams. (a) internal resistance
model (IR), (b) one time constant model (OTC), (c) two time
constants model (TTC).

The description in discrete time is given by Equations 9,
10 and 11:

VITCLk+1 =
_Ts _Ts
©) Trrer 4 R )i Trrer |; >
VTTC1,k€ + ey L—e LBatt k
VITC2,k+1 =
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() vBawk =Voc(SOCk ) =vrrerk —vrre2k — Roiai -

Estimation of Model Parameters

In this section the procedure of estimating the model
parameters basing on battery measurements s
demonstrated. In a first approach temperature and aging
effects are neglected. The experimental parameter
identification of the battery has been performed at the
constant temperature of 25°C with relatively new and
unused cells. The temperature and aging effects will be
taken into account in a continuation of this work.

Charging and Discharging Process, Figure 2, shows
characteristic curves of the battery output voltage and
current when charging and discharging. In the following the
different subintervals of the curves are described:
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Fig.
2. Characteristic waveforms for battery output voltage and current
during charging and discharging of lithium-ion cells.

e Subinterval Sp(t < to): In this subinterval the battery
output current can be assumed to zero over a sufficient
time, though the output voltage can reach the open circuit
voltage value Vy(SOC,), and while the output current is
zero the SOC value is constant.

e Subinterval S+(to =t < t4): In this subinterval the battery
is discharged with a constant current Iy.e > 0, first a
steep decrease of the battery output voltage can be seen
due to the internal resistance R,, and then it continues to
decrease exponentially controlled by the OCV (as the SOC
is decreasing).

e Subinterval Sy(t1 <t < t2): In this subinterval the battery
output current iz, = 0, so the battery output voltage at first
will have a steep increase due to R,, and then it shows an
exponential increase until it reaches Vp(SOC,).

e Subinterval Ss(tz <t < t3): In this subinterval the battery
is charged with a constant current 1., < 0; at first a steep
increase of the battery output voltage can be seen due to
internal resistance R,, and then it continues to increase
exponentially controlled by the OCV (as the SOC is
increasing).

e Subinterval S4(t = t3): In this time subinterval the battery
output current iz, = 0, so the battery output voltage at first
will have a steep decrease due to R,), and then it has an
exponential decrease until it reaches Vy(SOC,).

Ohmic Resistance, The voltage drop across R, at the
first time instant when charging (7,) respectively
discharging (7,) can be taken to calculate R, [2], according
to Equation 12:

Vi
0 . for discharging
1 discharge

(12) Ry =

_V2

: for charging

charge

Estimation of OTC Model Parameters, in this step
battery output voltage measurements during the
subintervals S, and S, are used, as in these subintervals
OCV is constant, and the battery output voltage is just
driven by the dynamic characteristics of the battery. The
output voltage v, during S, and S; can be calculated
according to the OTC model by setting iz,; to zero in
Equations 2 and 3, then solving the differential equation as
shown in Equation 13:

-t

(13) S5 VB (1) =Voc(SOC;) =vorc(t; Jetore

-t

Sq VBan(t) =Voc(SOC; ) =vorc(ts Je™orc
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where:
(14) torc = RorcCorc -

The identification of OTC model parameters
necessitates the estimation of the values V,(SOC)),
Voc(SOCQ), V()Tc(t]), V()T(j(t3) and Torc in Equations 13 and 14.
In order to estimate these parameters a nonlinear least
squares algorithm is applied (nonlinear data fitting) to
search for the values which lead to the best fit between the
given measurements and the nonlinear function (in this
case an exponential function f{z)=4+Be“ is used).

The output of the nonlinear least squares algorithm is a
vector of the coefficients 4, B and o. These coefficients will
be used to calculate the OTC model parameters through
Equations 15 to 19:

{52 Voc(SOC;)=4,vorc(t;)=B
Sy :Voc(SOCy )= A, vorc(ty) =B’
1
torc =—>
(24
{le’scharge =i -1

Tcharge =i3 -1

(15)

(16)

(17)
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T
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J]—e Forc
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! discharge

18 ,
e vorc(t3)

- Tclmrge

T
I—e "€ Icharge

S4: Rorc =

torc
Rorc

Estimation of TTC Model Parameters, TTC model
parameters can be estimated the same way as for the OTC
model, by taking into consideration the two RC networks
instead of one in the OTC model. The TTC model output
voltage can be expressed during the subintervals S, and S,
by Equations 20 and 21:

(19)

Corc =

—t

Sy :Vgan =Voc(SOC;)=vrre (1 )e !
—t

—v t eTTTcz
(20) rrc2(tr) s
Sy VBan =Voc(SOC; ) =vrre (3 )e !

-t

—vrrea(ts et
Table 1. SLPB120216216 Cell Data
Typical Capacity 53 Ah
Nominal Voltage 3.7V
Charge Max. Current 53A
Condition Voltage 4.2+0.03V
Discharge Continuous Current 159 A
Condition Peak Current 260 A
Cut-off Voltage 3.0V
where:

T =R C
(21) { TTC1 TTCI~TTCI

trrc2 = Rrre2Crre
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The identification of the TTC model requires to estimate
the values Voc(SOC)), Voc(SOCy), virei(t), Vrrei(ts)s Vrrea(ty)s
VTT('z(l‘\g), Trrci and Trre2 in Equations (20) and (21) In thIS
case an exponential function with two time constants
f()=A+Be™+Ce™ is used.

The output of the nonlinear least squares algorithm is a
vector of the coefficients 4, B, C, a«, and p. These
coefficients will be used to calculate all TTC model
parameters through Equations 22 to 27:

(22) S2 J Voc(SOCI):A
S4 N VOC(SOCZ) = A ’
(23) {Sz vrrei(ty) =B, vrrea(t)=C
Sy vrrei(t3) =B, vrrea(t3)=C
1
rrcr = ;
(24) IE
rrc2 =,
s
. vrrei(tr)
Sy Rerer = —
discharge
I—e Trer ] discharge
(25) ,
S R = vrrei(t3)
4 Rrreq _T
charge
I-e frrcs ! charge
. vrre2(t)
S Rrrez = - L
discharge
I—e frre: ! discharge
(26) :
S, R = vrrea(ts)
4 Rrreo o
charge
I-e frre2 [charge
Crrer = ;TTC]
(27) TTTC] .
Crrcy =1
Rrres

Experimental and Computational Results

For the experimental tests and modeling lithium polymer
battery cells from the manufacturer Kokam have been used.
Some important cell data are depicted in Table 1. To
identify the model parameters, a battery test bench was set
up. In this test bench a current signal with rectangular
shape has to be applied to the battery with short and long
interrupts. At the same time the battery output voltage has
to be measured. The ohmic resistance R, of the battery can
be calculated during short interrupts of the current signal,
while OTC and TTC model parameters need to be
estimated during long interrupts.
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Fig. 3. (a), (b): ohmic resistance R, as a function of SOC during charging and discharging processes respectively; (c), (d): output voltage

measurement and computational results during charging and discharging processes respectively; (e), (f): dynamic resistance values as a
function of SOC during charging and discharging processes respectively; (g), (h): dynamic capacitance values as a function of SOC during

charging and discharging processes respectively.
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Fig. 4. Battery open circuit voltage as a function of SOC.

Experimental and Computational Results

For the experimental tests and modeling lithium polymer
battery cells from the manufacturer Kokam have been used.
Some important cell data are depicted in Table 1. To identify
the model parameters, a battery test bench was set up. In
this test bench a current signal with rectangular shape has
to be applied to the battery with short and long interrupts. At
the same time the battery output voltage has to be
measured. The ohmic resistance R, of the battery can be
calculated during short interrupts of the current signal, while
OTC and TTC model parameters need to be estimated
during long interrupts.

Ohmic Resistance Results: Ohmic resistance R, results
are shown in Figures 3 (a) and (b) for charging and
discharging processes respectively. It can be seen that R,
increases at low SOC values in both, charging and
discharging processes.

Values of the RC-Network Elements: Figures 3 (c) and
(d). depict the battery output voltage measurement with the
OTC and TTC model values for one long interrupt during
charging and discharging processes respectively at 25°C.
This processes are repeated over all long interrupts. From
these two figures it can be seen that the TTC model has a
better fit to the measurements than the OTC model,
therefore the TTC model gives a better representation of the
battery dynamics compared to the OTC model.

Dynamic resistance values are shown in Figures 3 (e)
and (f) in both, charging and discharging processes
respectively. These two figures demonstrate that there is not
such a big deviation in the dynamic resistance values as it is
the case with the dynamic capacitances. Dynamic
capacitance values are depicted in Figures 3 (g) and (h)
during both, charging and discharging processes
respectively.

In these figures it can be seen that Cr¢c; has a value
being about 10 times greater than Cy;¢,, that leads to a
greater time constant z;;¢; which is responsible for the long
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term effects in the battery. Figure 4 shows the battery open
circuit voltage in dependence of SOC.
Conclusion

This paper presents three different equivalent circuit
diagrams for lithium-ion batteries. The IR model is a very
simple model, but it does not represent at all the dynamics
of the battery and therefore it is not suitable for an accurate
SOC determination during any dynamical operation. The
OTC model describes the dynamic characteristics of the
battery approximately (Figures 3 (c) and (d)). By adding a
second RC network the dynamics of the lithium-ion battery
can be approximated very accurately (Figures 3 (c) and (d)),
thus a good estimation of SOC can be expected.

This paper demonstrates how to identify the parameters
of the equivalent circuit diagrams of lithium-ion cells from
characteristic measurements. The next step of this research
consists of the application of an Extended Kalman Filter to
obtain the optimum estimation of SOC. A comparison of the
results with the Ampere-counting method will be shown.
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