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Abstract—This paper aims at investigating and modelling the
hysteresis in the relationship between state-of-charge and open-
circuit voltage of lithium-iron-phosphate batteries. A first-order
charge relaxation equation was used to describe the hysteresis
dynamics. This equation was translated into a voltage-controlled
voltage source and included within an equivalent electric circuit
of the battery used in online state-of-charge estimators. The ef-
fectiveness of the obtained battery model was verified comparing
simulated and experimental data.

I. INTRODUCTION

Lithium-ion (Li-ion) batteries offer the best trade-off be-
tween power/energy density and costs for energy storage in
Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs).
A great deal of research on this technology has led to the
introduction of different chemical compositions of the battery,
which differ in the materials of the electrodes and the elec-
trolyte and thus in the achieved performances [1]-[3].

The variant using an iron-based cathode (e.g., lithium-
iron-phosphate, LiFePO,) is one of the most promising for
EV/HEV applications. LiFePOy batteries are safer and cheaper
than those based on lithium cobalt oxide cathode and its evolu-
tions, which partly replace the Cobalt with Nickel-Manganese-
Cobalt (NMC) or Nickel-Cobalt-Aluminum (NCA) [3]. They
are characterised by a lower operating voltage (2.5-3.6V)
and a flat Open-Circuit Voltage (OCV) with State-of-Charge
(SoC) ranging from 20 % to 80 %. Moreover, they exhibit a
pronounced hysteresis [4]-[6].

For a reliable operation of EVs/HEVs, a Battery Manage-
ment System (BMS) must evaluate the current amount of
energy stored in the battery, its power capability and health
[7]-[10]. This task, in turn, demands the online estimation of
the SoC and the electric parameters of the battery [11]-[14].
This can only be achieved by means of an accurate measure
of the hysteresis characteristics and an affordable model of the
hysteresis phenomenon.

First, this paper presents the Pulsed Current (PC) testing
of a 20 A h LiFePOy4 cell at room temperature. Then, the
hysteresis in the SoOC—OCYV plane is investigated in the stream
of [4], [15]. The developed hysteresis model is then added as
a voltage contribution to the output equation of the battery
electrical model already used in [13], [16] for NMC Li-ion
cells, obtaining a model suitable for online estimators. The

effectiveness of the electrical model including hysteresis is
finally verified with experimental results.

II. EXPERIMENTAL TESTS ON A LIFEPO,4 CELL

The experimental characterisation of a LiFePO, cell to
obtain the relationship between OCV and SoC requires a well-
defined and reliable test procedure, as OCV is very sensitive
to the way in which it is measured. First of all, we ruled
out the possible dependence on room temperature variations
by performing the experiments inside the thermal chamber
Binder MK53, by which the cell’s ambient temperature 7" is
kept constant at T = 25°C. A Keithley 2420 SourceMeter
provides the cell current (either as current source or current
sink) and measures the cell current and voltage with a 4-wire
connection to the cell. The SourceMeter is remotely controlled
by a LabVIEW application developed ad hoc. The application
controls the execution of the experiments, by configuring the
instrument, acquiring the measurement values and saving them
in a log file.

The experiment can freely be configured as a sequence
of test steps described in a test description file. The test
steps consist of charge, discharge and rest operations with
configurable parameters. The charge and discharge steps are
used to transfer a specified amount of charge to/from the
cell at a constant current. The configuration parameters are
the charging/discharging current values and the step duration
(which determine the amount of charge transferred), as well
as the target charging/discharging voltage. In this way, a step
can end because the cell voltage reaches the target value or
the current drops below a given percentage of the set value,
thus implementing the constant current (CC) and the constant
voltage (CV) phases for a full charge/discharge of the cell. The
rest step introduces a pause between the steps in which the
battery current is zero. The sampling rate of the cell current
and voltage is 1 Hz, for every experiment.

A. Pulsed Current Testing

The above described experimental test-bed provides an
automatic and reliable framework for the characterisation of
a cell, which usually is a rather long and time consuming
task. In order to investigate the relationship between OCV
and SoC, SoC is changed with chargeldischarge steps. The
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Fig. 1. Flow chart of a test execution.

variation (ASoC) of the charge stored in the cell is 5% of
the nominal capacity for each step. This is obtained with a
current pulse of 0.5h duration and amplitude equal to C/10
(where C is the numerical value of the cell nominal capacity
expressed in A h). Each chargel/discharge is followed by a 1h
rest of the cell (rest step), as it is shown by the 1h rest block
in the flow diagram of Fig. 1, in order to extract the proper
OCV value at the given SoC in steady-state conditions, i.e.,
when relaxation phenomena are reasonably vanished. OCV is
thus defined as the cell voltage at the end of the 1h rest.

Some Pulsed Current (PC) tests have been designed and
carried out to investigate the dependence of the OCV on the
way a given SoC value is reached and thus the hysteresis
phenomena that occur in the cell under test. In more detail,
three different experiments were defined, in which the SoC
is varied over the three loops described in the flow diagrams
of Fig. 2. The basic idea is to explore the hysteresis in three
different discharge/charge loops of different sizes, each one
included in the other. The major loop of the relationship
between OCV and SoC is the complete discharge/charge cycle
of the cell. It is labeled PC fest (a) in the left-hand side
of Fig. 2. The two inner loops are labeled PC test (b) and
(c) and respectively span 50 % and 20 % of the SoC range.
It is worth noting that each PC fest is started with the cell
in the “same” condition, which is reached after the proper
Initialisation phase shown in Fig. 1. This phase includes a
full battery discharge, a 4h rest and a full recharge followed
by another 4 h rest.

The cell under test is a brand-new 20 Ah LiFePO, cell.
The charge/discharge cut-off voltages are 3.65V and 2.85V,
respectively, as specified by the cell manufacturer. The cell
was first conditioned by ten full charge/discharge cycles, after
the delivery from the manufacturer.
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Fig. 2. SoC loops. Each SoC variation is obtained through the current pulses
(with C'/10 amplitude and 1h duration).

B. Experimental Results

The results of the experiments described by the flow di-
agrams in Fig. 2 are reported in Fig. 3 and Fig. 4. Let us
define Q(t) the charge stored in the battery cell at time ¢. If
we start from a known value @y of the charge at time ¢,
Qo = Q(to), the charge Q(t) at the generic time instant ¢
can be calculated by the mid-point integration of the sequence
of the cell current samples i(tx) as:

k. .
Q(tk) :QO‘FZ%“J’_%—I) ()

being the cell current ¢ positive during the charge process.
We set the initial point of each experiment when the battery
is fully charged, after the Initialisation phase (QQo = 20 Ah).
This assumption is arbitrary and can lead to negative values
of Q(t), if the charge variation computed according to (1)
during the 100 % to 0 % SoC discharge part of the PC ftest (a)
is larger than the 20 Ah nominal capacity for the given cell
sample used in the experiments.

PC test (a) shows that the characteristic is rather flat as
expected, with two particularly flat zones in the upper and
in the lower parts of the curve. The first zone is around the
mid charge value (10 A h), the second one is around 17.5 A h.
We also note the very pronounced hysteresis effect between
the discharge and the charge curves. If we span the SoC from
2Ahto 18 Ah, i.e., we explore around 80 % of the entire SoC
range, the OCV variation is less than 0.2V, a value as small
as 6 % of the 3.3V rated voltage. Such experimental evidence
is in accordance with [4].

Fig. 4 shows the experimental results coming from PC test
(b) and (c), i.e., the experiments in which the cell is stimulated
with the two minor discharge/charge loops. The initial points
of the three experiments, obtained after the cell Initialisation
phase, are highlighted with an empty marker. It is important
to remark that these points are almost identical and that the
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three initial discharge curves almost overlap, showing the good
repeatability of the experiment.

Another important result comes from the analysis of the
hysteresis behaviour. The minor loops curves are “attracted”
towards the bounds set by the major discharge/charge loop,
but the attraction is completed only after a sort of “delay”
in charge, after which the OCV values are almost indistin-
guishable from experiment to experiment. In other words, the
upper and lower bounds are reached only with a “charge delay”
after the point in which the charge or discharge process is
inverted. A simple way to model this hysteresis phenomenon
is to assume that the hysteresis is governed by a state equation
that links the cell SoC to the OCV. The model we propose is
described in the following section.

III. ELECTRICAL MODEL OF A LIFEPO4 CELL INCLUDING
VOLTAGE HYSTERESIS

Let us consider a cell having a nominal capacitance ), and
let us call v and 7 the cell voltage and current, respectively,
with the passive sign convention. We also assume the cell
temperature constant and equal to the room temperature 7.
The aim of this section is to present a simple model of
the hysteresis phenomena and to include it in an equivalent
electrical model of a Li-ion cell (e.g. [13]) widely adopted in
the literature.

A. Charge Normalisation

The cell SoC is defined by a linear transformation such that
SoC(Q = Q) =1 and SoC(Q = 0) = 0.

B. Hysteresis as a Function of State-of-Charge

Before introducing the hysteresis model, let us make the
following assumptions.

1) First, we assume that the hysteresis effects may be
represented by an additive term vy to the cell terminal
voltage v.

2) The hysteresis term vy is constant when the cell is at
rest (¢ is zero). This means that every time-relaxation
phenomenon is not included in the hysteresis model and
must be modelled separately.

3) It is possible to define vy as a function of the SoC
history. Further, we introduce the maximum hysteresis
loop which “contains” every evolution and thus trajec-
tory in the plane SoC — vy (state-space for hystere-
sis). The maximum hysteresis loop is calculated from
its upper bound OCV,,(SoC) and its lower bound
OCV 1 (SoC). We also define the average open circuit
voltage OCV,,(SoC) as:

OCV 4 (S0C) + OCV 1y (SoC)
2

The OCV,, as defined in (2) is calculated from the
experimental data and is plotted in Fig. 5. It is finally
useful to define the non-negative function E(SoC) rep-
resenting the maximum deviation due to the hysteresis

of the OCV value with respect to the average value
OCV,y

OCV 4, (SoC) = . Q)

B(S0C) — OCVun(S0C) - OCVw(SoC)

3)

whose diagram is reported in Fig. 6.

As explained above, each SoC variation causes the hystere-
sis term vy to vary with inertia. We use a first order relaxation
equation to model the inertia, as it happens for the voltage
relaxation in a RC circuit subject to a forcing voltage. We have
to take into account in this case that SoC variations might be
negative, whereas time variations are always positive in the
time domain equations. With this idea in mind, we can write



3.05¢

_3.35¢

2

5 3.3r

O 3.25¢

(0]

2 32 ; 1
= —OCV _(interpolated)
> 3.15¢ o i
= S OCVlw (interpolated)

o 3.df i
= — OCVaV (computed)

g

Q.

15

" OCVup (experiments) |

" OCVIW (experiments) |

2.95¢ i i ! ‘ =
0 0.2 0.4 0.6 0.8 1
state of charge SoC
Fig. 5. Hysteresis major loop and average open circuit voltage defined by
(2), as functions of SoC.

25
> ol
E 20
m
2 15}
13
£
£ 10
3
g
=
< L
= 5

0 i i i i
0 0.2 0.4 0.6 0.8 1

state of charge SoC
Fig. 6. Maximum positive hysteresis, defined according to (3) as a function

of SoC (- solid orange line).

the differential equations describing the model in the SoC — vy
plane as:

dUH
— >
Kol ~yoi + v [+E(SoC)] fordSoC >0 (4)
dUH
—SoC = VUM +v[-FE(SoC)] fordSoC <0 (5

where !/, is a sort of “charge constant” analogous to the

time constant used in the time domain. Joining (4) and (5) we

finally obtain:
dUH
dSoC

Equation (6) recasts in the time domain by multiplying both
dSoC

members by 2=,

C. Electrical Model

The equivalent electrical model of a Li-ion cell that includes
the hysteresis effect is shown in Fig. 7. It is based on a model

= sgn(dSoC)yvy + vE(SoC) (6)

+ +
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Fig. 7. Cell circuit model

widely adopted in the literature [16] (the Main and the OLCC
loops of Fig. 7) modified with an additional voltage source
that accounts for hysteresis. The main loop models the output
current-to-voltage characteristics:

v = OCV,, +vg + Roi + vrcy + VRCo, (N

in which Ry is the series resistance of the cell, vrcy, are terms
that account for the relaxation phenomena occuring also when
1=0 )

dURCk - 1 7

a RO "URCkJFCT

and vy is the hysteresis term. The analysis described in this
paper is carried out in consecutive steady-state points, so that
we can safely assume vgcy, = 0.

The OLCC loop models the so-called open-loop Coulomb
Counting (OLCC), governed by the equation

. dSoC _ (Qn) d ., dvsoc
1= Qn _(1\/) dt(SOC 1V)=0C, s )

dt

The state of charge (SoC) is represented by the “voltage” vsoc
on a capacitor C,, = Q,/1V that ranges from 0 to 1 V. Values
below 0 and above 1 are acceptable (since these values are only
reference points), but they show that the cell is going outside
the desired operating range.

The hysteresis generator vy contribution can be calculated
by solving the time-domain couterpart of Eq.(6):

®)

dog __m E(SOC(t)), (10)
dt T™H TH
where 7y = RyCy, Cg = 1F and
Ry = & (11)
il

The electric circuit that implements (10) and calculates the vy
value is the H loop in Fig. 7. We note that Ry behaves as an
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open circuit if ¢ = 0, since its value is inversely proportional
to the absolute value of cell current |i|. This satisfies the
hypothesis 2 on the hysteresis model.

IV. NUMERICAL RESULTS

The modified model is finally used to simulate the battery
evolution, when the ASoC state of charge steps defined in
the experiments are applied as a function of time. Three
simulations are performed with the same charge variation
profiles described in the three PC tests (a), (b), and (c). The
simulations aim at showing the capability of the model of
reproducing the experimental results for a LiFePOy cell, i.e.,
assessing the accuracy of the model.

The simulation initial condition is SoC = 1, ie., Qo =
20 A h. The hysteresis parameter ~y is considered constant and
is calculated as a fitting parameter by minimising the Root
Mean Square Error (RMSE) between the simulation results
and the experimental ones. Its value is v = 17.45.

Fig. 8 shows the simulation results in the SoC — OCV
plane (left column) for the three cases investigated. The
results are also represented on the right column graphs as
a fictitious time evolution of the OCV, where the voltage
values are determined every SoC step. Both simulated and
experimental data are reported. It is important to note the
excellent agreement between the experimental and the model-
simulated data, which follow very well the measured data. The
overall RMSE is 5.3 %, while the maximum voltage error is
25mV. This result in an error less than 1 %, if normalised to
the maximum voltage value of 3.53 V. The important result
obtained is that the modified battery model is able to take
into account the hysteresis phenomena with high fidelity. The
model is simple and relies on a single parameter estimated by
fitting.

V. CONCLUSION

We have shown in this paper the experimental characterisa-
tion of a 20 A h lithium-iron-phosphate (LiFePO,) cell at room
temperature, aimed at investigating its pronounced hysteresis
behaviour. A circuit model is then proposed that accounts for
the hysteresis effects in a very simple way. It is assumed that
the voltage hysteresis measured on the Open Circuit Voltage
(OCV) is a dynamic function of the cell State-of-Charge (SoC)
that can be described by a first order model. The hysteresis
model “charge constant” parameter depends on the cell current
and is identified by minimising the root mean square error of
the simulations fitted on the experimental results.

The model looks simple and suitable for online battery state
of charge and parameter estimation, but its accuracy still needs
to be improved, as the rms error obtained is around 5 %. The
results are very promising and further efforts will be devoted
to improve the accuracy of the model.
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