energies MoPY

Article

Study on the Characteristics of a High Capacity
Nickel Manganese Cobalt Oxide (NMC) Lithium-Ion
Battery—An Experimental Investigation

Ruifeng Zhang 1'%/, Bizhong Xia !, Baohua Li !, Yongzhi Lai 2, Weiwei Zheng 2,

Huawen Wang 2, Wei Wang 2 and Mingwang Wang 2

1 Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055, China;
xiabz@sz.tsinghua.edu.cn (B.X.); libh@sz.tsinghua.edu.cn (B.L.)

2 Sunwoda Electronic Co. Ltd., Shenzhen 518108, China; lyz@sunwoda.com (Y.L.);
zhww@sunwoda.com (W.Z.); wanghuawen@sunwoda.com (H.W.); zhangruifeng@xwoda.com (W.W.);
yetongzhou@sunwoda.com (M.W.)

*  Correspondence: zhang.ruifeng@sz.tsinghua.edu.cn; Tel.: +86-188-9836-6838

check for
Received: 27 July 2018; Accepted: 25 August 2018; Published: 29 August 2018 updates

Abstract: The use of high-capacity batteries as the battery pack of electric vehicles is the current
development trend. In order to better design battery packages and battery management systems
and develop related battery estimation technology, the related characteristics of high capacity battery
cells need to be studied in depth. Capacity and pulse tests of batteries at different temperatures are
carried out in this paper. Through these experimental data, the electrical characteristics of different
parameters of the high capacity battery, such as capacity characteristic data, internal resistance
characteristic data, OCV-SOC characteristic relation curve, power data and temperature rise are
analyzed. The specific parameters of the battery in the second order equivalent circuit model are
obtained by using the off-line parameter identification method. These parameters results can be
used as comparison data and reference data. It is beneficial to the on-line parameter identification of
battery model and the estimation of battery state, so as to shorten the development time and improve
the quality of the development.

Keywords: lithium-ion battery; state of charge estimation; NMC; high capacity; battery characteristics

1. Introduction

Lithium-ion batteries have been widely used as the power supply source in various applications
for approximately 40 years, since Goodenough created the first lithium-ion batteries in 1980 and
Sony released the first commercial lithium-ion battery in 1991 [1-4]. Due to their superior energy
density and power density, high open-circuit cell voltage, high efficiency, broad ambient temperature
operating, light weight, and long lifespan, lithium batteries are widely applied in electric vehicles
(EVs) and hybrid electric vehicles (HEVs) [5]. As a development of the technology, the electric vehicle
market requires high energy density and specific power batteries to meet the operational needs of
electric vehicles [6,7]. Thus, we need to constantly study the next generation of batteries, and keep
understanding of the characteristics of the battery so that we can develop the good battery management
systems to guarantee battery safety, extend battery operational life and enable them to meet the high
demands of EVs.

The first practical battery was successfully developed by the Italian scientist Volta in the early
nineteenth century [8], then batteries experienced the development of lead-acid batteries, silver
oxide batteries, nickel cadmium batteries, zinc manganese batteries, fuel cells, lithium-ion batteries,
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lithium-sulfur batteries, and all solid state lithium-ion batteries [4,9-16]. Commercial lithium-ion
batteries such as LCO (Lithium cobalt oxide), LFP (Lithium iron phosphate), LNO (Lithium nickel
oxide), LTO (Lithium titanate oxide), NCA (Nickel cobalt aluminum), and NMC (Nickel manganese
cobalt) are adopted by electric vehicles nowadays [4]. Although lithium-ion batteries have many
advantages, they still suffer from some shortcomings, such as safety issues, strict charging protocols,
and high cost, due to their material properties and electrical characteristics. In order to perform accurate
state estimations and implement over charge/discharge protection, over temperature protection,
and current/voltage control for lithium-ion batteries, their characteristics need to be studied in depth.

The early lithium-ion batteries used metal lithium as negative electrodes, it has the advantages of
high energy density. However, the chemical activities of lithium metal are too strong. In the process
of charging lithium batteries, there may be formation of lithium dendrite. With the accumulation of
crystals, the internal short circuit of the battery may lead it to explode. Although the current battery
industry uses graphite instead of lithium metal as negative electrode, lithium-ion batteries still have
limitations of under-utilization of active materials, stress-induced material damage, capacity fade,
and thermal runaway [17]. Another important characteristic of the battery that needs to be studied is
the loss of battery capacity and the heat generation at low or high C-rates.

The battery cell tests include overcharge, over discharge, short circuit, heating, puncture, dropping,
extrusion, low pressure, seawater immersion, and temperature cycling. The tests of puncture,
extrusion, overcharge and short circuit are common items of current test failures. In the failure
ratio of different material systems, NMC material batteries exceed 85%. The major challenge for the
next generation of electric vehicles is how to manage battery pack heat generation according to its
thermal characteristics [18].

In order to protect and manage the battery, it is most important to accurately estimate the
various battery states such as state of charge (SOC) [19], state of health (SOH) [20], and state of
power (SOP) [21,22]. Lavigne et al. [23] proposed a two stage lithium-ion battery open circuit voltage
(OCV) curve model to estimate SOC. Ting et al. [24] used a battery management system (BMS) which
includes a RC battery model. Ruifeng et al. [25] proposed a novel sliding mode observer for SOC
estimation. Yatsui et al. [26] combined the outcomes of KF with OCV and Coulomb counting to
compensate the non-ideal factors when the batteries are in operation. He et al. [27] presented the AEKF
algorithm to obtain the online parameters of a battery model and estimate SOC based on OCV. Pei [28]
proposed the online peak power prediction based on a parameter and state estimator for lithium-ion
batteries in EVs. Wladislaw [22] presented a model-based power prediction algorithm for lithium-ion
battery packs and the used model parameters are fully adaptable on-line to the given state of the
battery. Zhang [29] presented a comparative study of particle filter improved algorithms based on a
second-order RC equivalent circuit model (ECM). Among them, SOC estimation based on ECM with
the Kalman filter family method is the most successful real world application. The equivalent circuit
model uses resistors, capacitors, constant voltage sources and other circuit elements to form a circuit
network to simulate the battery dynamic voltage characteristics. This kind of model is a centralized
parameter model, which usually contains relatively few parameters and makes it easy to deduce the
state space equation, so it is widely used in system simulation and real-time control. Various ECMs
such as the Rint, the Thevenin, the RC, the PNGV or GNL model are now widely used in battery
estimation algorithm in battery management system of EV [30-32]. In order to get the effectiveness and
robustness of the models under different working conditions, a large time consumption and expensive
calibration models are needed. In recent years, many new battery models have been put forward or
improved such as improved equivalent-circuit model [21], fractional order PNGV model [33], invariant
imbedding method [34], reduced order equivalent circuit battery models [35], fuzzy model [36], battery
degradation model [37], kinetic battery model (KIBaM) [38], and electrochemical/electrical-thermal
coupled model [37] and so on. In addition to the equivalent circuit model of integer order, the concept
of fractional equivalent circuit models was also proposed recently in some references [39-42]. In this
model, instead of standard capacitors, constant phase elements are used in the RC network to better
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simulate the semicircles (corresponding to charge transfer, SEI effect, etc.) in the impedance spectrum,
and the fractional order element is used to describe the low frequency diffusion effect.

Commonly used parameter identification methods of ECMs include off-line and on-line methods.
The off-line methods include the pulse charge/discharge method, impedance spectroscopy method,
batch least squares method and all kinds of off-line optimization methods, such as genetic algorithm,
particle swarm optimization (PSO), etc. This kind of method usually requires the test data of the
battery under different conditions to establish the correlation between the model parameters and the
working conditions (such as temperature, loading and so on), so as to ensure the robustness of the
equivalent circuit model. Online methods include iterative least squares, Kalman filtering, adaptive
observer and so on. These methods can identify model parameters in real time, so they have better
ability to capture parameter changes, thereby enhancing the adaptability of the model. However,
online computation makes such methods more demanding for computational efficiency, computation
storage and algorithm stability.

Therefore, it is very important to understand and master the electrical characteristics of the battery,
whether it is for battery development, battery cell selection for a battery pack, or battery management
system development. This paper focused on the characteristics of a high capacity NMC lithium-ion
battery. In Section 2, the specific parameters of a high capacity lithium-ion battery are given, and the
test plan of the battery is designed, and the relevant test tests are carried out. In the Section 3, the battery
capacity, the parameters of the battery model, the OCV-SOC relationship, the battery power limitation
and the temperature rise result of the battery are obtained. In Section 4, the paper experiment and
results are analyzed and discussed. At last, this paper gives the characteristic conclusion of high
capacity lithium-ion battery. This research will be important for future research and development of
new battery, battery model online identification and state estimation.

2. Experimental Method
2.1. Lithium-Ilon Battery

2.1.1. Lithium-Ilon Battery Specifications

In this paper, fresh lithium-ion battery cells which had left the factory not more than one month
earlier and had undergone not more than five recharge cycles were chosen, the cathode material for
the lithium-ion battery cell is made of NMC. The specification parameters of the lithium-ion battery
cell supplied by the manufacturer are listed in Table 1.

Table 1. The lithium-ion battery cell specifications.

Item Specification Parameter
L/mm: 148.40 £ 0.30
Battery Dimension W/mm: 39.70 £ 0.30
H/mm: 95.00 £ 0.30
. . 76.5 Ah (1/3 C)
Nominal Capacity 75.0 Ah (1 C)
. 370V (1/3C)
Nominal Voltage 365V (1)
Weight 1.32kg
Internal Impedance 0.65 mQ) @50% SOC, 1 kHz
Internal Resistance 1.3 mQO @10 s 200 A, 50% SOC
Upper Charge Cut-Off Voltage 425V
280V (T>-10°C)
Lower Discharge Cut-Off Voltage 250V (-20°C<T<-10°C)

2.10 V (T < —20°C)
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Table 1. Cont.

Item Specification Parameter
Continuous Charging Current 75 A (25°C)
Continuous Discharge Current 75 A (25 °C)
Maximum Pulse Charging Current 350 A @10 s, 50% SOC, 25 °C
Maximum Pulse Discharge Current 350 A @10 s, 50% SOC, 25 °C
Charge Upper Limit Protection Voltage 430V
Charge Lower Limit Protection Voltage 25V (25°C)

Discharge temperature range: —30~55 °C

Working Temperature Charge temperature range: —20~55 °C

2.1.2. Lithium-Ion Battery Performance Index

The performance indexes of lithium-ion batteries are as follows:

e  Battery capacity: The amount of electricity that the battery can release under certain discharge
conditions is called the capacity of the battery, indicated by the symbol C; the unit is Ah or mAh.
The battery capacity is reflected in the mileage of an electric vehicle.

e  Theoretical capacity: The amount of electricity that can be supplied under the assumption that all
the active substances of the battery participate in the reaction of the battery. It can be calculated
according to Faraday's law. The symbol used is Cg.

e  Actual capacity: it refers to the actual discharge of a battery under certain discharge conditions.
The mathematical calculation for actual capacity is shown in Equation (1):

ty nei(t
g
~ SOC(t,) — SOC(t)

Ca @
where C 4 is the actual cell capacity in Ampere-hours. SOC(t1) and SOC(t;) refer to the estimated
SOC at the times f; and tp, respectively. I(t) represents the cell current at the time t. 7. is the
Coulombic efficiency [43].

e Battery energy: The energy of a battery refers to the power output of a battery in a certain
discharge regime, usually expressed in Watt (W) or kilowatt (kW). The energy of the battery
reflects the capacity of the battery to perform its work, and it is also a measure of the energy
conversion in the current discharge process.

e  Theoretical energy: Assuming that the battery is always in a balanced state during the discharge
process, the discharge voltage keeps the electromotive force constant, and the utilization ratio
of the active substance is 100%, that is, the discharge capacity is equal to the theoretical capacity,
and the energy output by the battery is the theoretical capacity under this condition.

e Actual energy: Actual energy is the electrical energy that the battery can output under certain
discharge conditions. The actual energy of the battery is the product of its actual capacity and the
average voltage of the discharge process.

e  Specific energy: Specific energy is the energy output by unit mass or unit volume battery, which is
called mass ratio energy or volume ratio energy, mass energy density abbreviated to specific
energy, and volume energy density is called energy density for short.

e  Specific power: The power of a battery is the power that the battery can output at a unit time
under a prescribed discharge condition. The unit is Watt (W) or kilowatt (kW). The output power
of the unit mass cell is called the specific power, and the unit power output of the unit volume is
the power density. The size of the specific power represents the working current that the battery
can bear, and the power and specific power of the battery mainly affect the speed, acceleration
and climbing performance of the electric vehicle.
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e Crate: C rate refers to the output value of the battery within the specified time, and the
output value is equal to the multiple of the rated capacity. C rate represents the magnitude
of charge/discharge current.

2.1.3. SOC Definition
According to the United States Advanced Battery Consortium (USABC), the traditional SOC

defined as the ratio of the residual electricity to the rated capacity under the same condition,
which describes the state of charge of the battery in the charge-discharge process. It is numerically
defined as the ratio of battery remaining capacity to battery nominal capacity:

SOC = Qr )

Qn
where Q; is the remaining capacity of the battery, Q, is the nominal capacity of the battery for
discharging at constant current.

The battery state of charge directly reflects the remaining battery capacity. The accurate SOC
estimation of the electric vehicle is one of the key technologies and is the most basic and critical task
in the battery management system. The battery state of charge cannot be directly measured from
the battery itself, but can only be obtained by measuring the voltage, current, internal resistance,
temperature and cycles of the battery. In order to make SOC more accurately reflect the state of charge
of the battery, many scholars have revised the definition of SOC. The accurate SOC definition should
meet the following requirements:

1. It can accurately reflect the battery real state of charge with different discharge C-rate, temperature,
self-discharging and cycle life.

2. The SOC correction method should be simple and clear enough to correct the operating process
of different kinds of batteries. The complexity of the correction method and the acquisition of
correction parameters should be simple; thus the can meet the performance of embedded system
in real use.

In this paper, the effect of battery discharge C-rate, temperature, cycle times and charge-discharge
efficiency on battery capacity is considered. The revised definition of SOC is modified as follows:

nI(t)] / ‘
SOC[I(t),T(t),n,t] =1— =——=< [ «[I(t)]B[T(t)]I(t)dt 3
[1(8), T(#),m,1] QuoN) Jo “UMIBIT ]I ®)
where SOC[i(t), T(t),n,t] is the revised SOC, Q, the nominal capacity of the battery, I(t) is the load
current at time t, T(t) is the battery temperature at time ¢, N is the cycle number, «[I(t)] is the battery
capacity change factor caused by the discharge ratio, [T (t)] is the temperature caused by the capacity
change factor, 7 is Coulombic efficiency, ¢(N) is the capacity influence factor of the cycle number.

2.1.4. SOP Definition

According to [44], A battery’s SOP is defined as the ratio of peak power to nominal power.
Generally speaking, the peak power of battery can be calculated by the following equations:

bat
PPg}f = [ucell,min'(uOCcell,dis - cell,min)/Rcell,dis] (4)

PPcb;zzt = [ucell,max'(ucell,max - uOCcell,ch)/Rcell,ch] (5)

where PPCb}ft or PP[?i“st is the peak power of the battery, U i, is the minimum battery cell voltage,
Ucell mayx is the maximum battery cell voltage, Uoc e gis and Uopccerrcn is the open circuit voltage of
the battery under the discharge or charge state, R 4is Or R ¢y is the resistance of the battery under
the state.
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However, the available power for charging or discharging the battery is then limited by the
maximal or minimal charge current I and the maximal or minimal cell voltage U at the end of the
charging or discharging pulse with duration T. Under the designed power constraints, current, voltage,
SOC, and the maximum power that a battery can persistently provide for T seconds is defined as the
battery’s peak power.

Taking multiple constraints of current, voltage, SOC, and power into account, we can obtain the
final peak power during prediction time horizon T at the kth moment, as shown in follow equations:

c

PPy, = min (PP}, PPS, PPSCC, PP ©6)

PPjs = max (Ppuilis/ PPy, PPGIC, Ppgiast) @)

where PP, is the final peak power under charge state, PPy is the peak power under discharge
state, PP, or PP.. is peak power under current constraint, PPY, or PP, is peak power under voltage
constraint, PPCShOC or PPZ?C is peak power under the SOC constraint.

As the peak power of the battery has been obtained, the state-of-power can be calculated by

follow equations:

SOP,;, = % % 100% ®)

n
PPdis

n

SOPdis = x 100% (9)

where P, represents the nominal power of the battery.

2.1.5. Lithium-Ion Battery Equivalent Circuit Model

ECMs are the most commonly used in lithium-ion batteries state of charge estimations for
EV applications for their simple model structure. The 2RC model is a typical ECM battery model
because of its special physical meaning compared with other models and the capacity realized in
engineering. The dynamics of some battery cells are better predicted by a model with a second-order
resistance-capacitance (RC) circuit network. The 2RC model is shown in Figure 1. It contains three
parts besides the voltage source (U,.). The first part is the Ohmic resistance (Ry). The second part R1C;
circuit block which characterizes the diffusion of Li+ ions across the concentration gradient and the
mass transport effects and dynamic voltage performances and the accumulation and dissipation of
charge in the electrical double layer. It consists of a parallel equivalent resistance (R;) and capacitor
(C1). The last RyC; circuits block part accounts for the elements described as the diffusion resistance
and diffusion capacitance. It consists of a parallel equivalent resistance (Ry) and capacitor (Cy) [45].

uoc -

Figure 1. 2RC circuit battery model.
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From the circuit model shown in Figure 1, the battery ECM model relationship between
polarization voltage and current can be obtained according to Kirchhoff’s law:

: 1 1
=—— —1I 1

U, RC, u; + ol (10)

: 1 1
Uy = —5——U + =1 11
2 RG, 2Tl (11)

Terminal voltage U; could be written as follows:

U =Uy —Uy —Uy—IRg+e (12)

where I} is the current through the battery. Ry is the internal Ohmic resistance, R; is the charge transfer
over-potential polarization resistance, C; for the double layer polarization capacitance, the RyCy circuits
networks representing the transient dynamic voltage response and diffusion process during charging
and discharging. U; and U, are the voltages across the RC blocks, U, is the open circuit voltage, U;
is the terminal voltage. e is the measurement noise.

2.2. Experiment Tests for Battery Characterizations

2.2.1. Test Bench

The schematic of the battery test bench for battery characterization built in the laboratory is as
shown Figure 2. It consists of a BT2000 battery test system (Arbin, College Station, TX, USA) a host
computer equipped with the MITS Pro software and a SC-80-CC-2 thermal chamber (SANWOOD,
Dongguan, Guangdong, China) for environmental control. The measured data is transmitted to the
host computer through TCP/IP ports. The BT2000 can charge/discharge a battery according to the
designed program with maximum voltage of 60 V and maximum charge/discharge current of 300 A
with three range (5 A/50 A/300 A), and its recorded data include current, voltage, temperature,
charge/discharge Amp-hours (Ah) and Watt-hours (Wh) etc. The measurement error of the current
and voltage sensors inside the Arbin BT2000 cycler is less than £0.1%. The test was carried out under
the conditions of standard temperature (25 £ 2 °C) and specific temperature, standard humidity
(65 £ 20% RH) and atmospheric pressure (86~106 kPa). All tests were carried out in a clamping fixture
with a clamping force of 100 £ 10 kgf/pcs.

- A
TCP/IP
| Cell1
---------- >
Host Computer ;
Arbin's Mits | epervsor ( cez )
Pro Software i  GE—— )
Data Logging { Cell3
Maximum current { Celld
300A
Lithium-ion
AC Power battery cells
Supply
Arbin BT2000 Thermal Chamber
Battery Test System SANWOOD SC-80-CC-2
4
o ——o Current +
Voltage +
P ° I > Current -
Voltage -
Power Cable Communication Cable Current/Voltage Cable

Figure 2. The schematic of the battery test bench.
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2.2.2. Static Capacity Test

The battery capacity testing determines the battery cell capacity in Ampere-hours at a constant
current (CC) discharge rate. The test procedure follows the constant current constant voltage (CC-CV)
protocol and consists of the following steps [46].

The battery capacity test flow chart as shown in Figure 3. At first, we choose a new long relaxation
period battery, install it and leave it for a 10 min’ relaxation period before discharging the battery cell.
In the initialization phase, we charge the battery at 1 C rate (75 A) to 3.8 V, the fully charged state,
using a constant current-constant voltage (CC-CV) mode under the specified temperature. The battery
is fully charged to 3.8 V when the current reaches 1 mA. Then, we discharge the battery at 1 C rate
(75 A) until the voltage reaches the battery minimum limit of 2.8 V, and rest for 60 min. Finally we
charge the battery at 1 C rate (75 A) to 4.25 V the fully charged state using a CC-CV mode again. In the
capacity test phase, take different measurements of the battery discharge capacity with 0.05 C, 0.33 C,
0.5 C and 1 C discharge rates. The test data is recorded every 20 s.

’ 10 mins rest [
v
1C CC-CV charge to 3.8V, 60 mins rest
v
1C CC discharge to 2.8V, 60 mins rest
v

1C CC-CV charge to 4.25V, 60 mins rest

!

0.05C CC discharge to 2.8V, 60 mins rest

'

0.33C. 0.5C. 1C is finished?
Replacement

discharge scheme
Test End

[  Initialization phase [] Capacity test

Figure 3. The battery capacity test flow chart.

2.2.3. Pulse Test

The hybrid pulse power characterization (HPPC) test is a typical test method to conduct pulse
tests. The pulse test is carried out in reference to the HPPC test. The pulse discharge test characterizes
the battery cell voltage response (cell dynamics) at various SOCs and temperatures.

The test procedure is as follows: first, battery cells used the CC-CV charging protocol, a battery
cell would be considered fully recharged to 100% SOC upon the completion of the charge regime and
we leave them static for about one hour to reach the steady state; then, battery cells were discharged
with constant current making sure to decrease SOC with 0.05 or 0.1, and we measure the OCV after one
hour [47]. The data points in the range of 100~80% SOC and 20~0% SOC weres collected in 5% intervals;
and, in the range of 80~20% SOC, at 80%, 70%, 50%, 30%, and 20%, respectively. During the battery
test operation, the sampling time of current and voltage was 1 s. The battery ambient temperatures
were set to —30 °C, —20 °C, —10°C,0°C, 10 °C, 25 °C, 35 °C, 45 °C and 55 °C. The battery pulse test
profile was as shown in Figure 4.
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42

20 -

| 5%SAC

H 136

30 -

Current (A)
Voltage (V)

—132

60 -

70 -

Time (s) x10*
Figure 4. The battery pulse test profile.
3. Results

3.1. Battery Capacity

The accuracy of the battery rated capacity seriously influences the SOC estimation accuracy,
which drives us to take different measurements of the battery discharge capacity with 0.05 C, 0.33 C,
0.5 C and 1 C discharge rates. The corresponding results are 73.3 Ah, 74.1 Ah, 78.9 Ah and 81.2 Ah,
respectively. It is shown that the battery discharge capacity at higher rates is lower than that at low rates
and it is different from the nominal value. The battery discharge capacity under different discharge
rate as shown in Table 2. The discharge voltage curve at different C rate as shown in Figure 5. Due to
the inconsistencies of the battery in the manufacturing and production process, and different battery
charge-discharge rate will also affect the capacity of the battery. Besides, different battery cell capacity
definitions and the value used for the SOC estimation will also lead to certain errors. Therefore, it is
necessary to consider this phenomenon.

Table 2. The battery discharge capacity under different discharge rate.

Charge Rate (C)  Discharge Rate (C)  Total Charge Capacity (Ah)  Total Discharge Capacity (Ah) n [I(¢) ]

1 1 71.3 73.3 102.8%
1 0.5 72.0 74.1 102.8%
1 0.33 77.6 78.9 101.6%
1 0.05 76.7 81.2 105.8%
4.4 T
4.2 B
4 i
~38 i
2
()
£36 ]
o
>
34 J
3.2 1
\
3 \ i
|
28 ) ) ) ) ) ) P [
0 10 20 30 40 50 60 70 80 90
Capacity(Ah)

Figure 5. The discharge voltage curve at different C rate.
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The amount of lithium ions released is affected by current (C-rate) factors. First of all, a high
current will inevitably bring about polarization phenomena, and the direct impact is that the kinetic
performance of diffusion is reduced, secondly, high current will bring about a reduction in the effective
release time, because the larger the rate of charge and the less the discharge time is, then the effective
diffusion distance is also affected to a certain extent. Therefore, the capacity of batteries under large
current or large C-rate will be reduced.

The maximum discharge capacities under specified ambient temperatures as shown in Table 3.
The correlation between battery capacity and temperature is shown in Figure 6. It is shown that the
battery maximum discharge capacity at higher ambient temperature is higher than that at low ambient
temperature. These changes in battery capacity need to be considered in SOC estimation.

Table 3. Maximum discharge capacities under specified ambient temperature.

Temperature (°C) -30 —-20 -—10 0 10 25 35 45 55
Maximum Discharge Capacity (Ah) 546 625 631 667 714 764 791 800 80.8

85

(o)) ~ ~ [e ]
(3} o [$;] o
T T T T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Battery capacity (Ah)

(o]
o
T

-30 -20 -10 0 10 20 30 40 50 60
Temperature (°C)

Figure 6. The correlation between battery capacity and temperature.

3.2. Battery Internal Resistance

Estimation based on internal resistance can be considered as a special case based on impedance
estimation. Battery direct current (DC) internal resistance battery is usually defined as the ratio of
voltage and current variation, which can represent the capacity and a special state of the battery in DC.
But the value of estimated resistance may have error in the long sample time, so that a small interval
less than 10 ms is needed to capture the Ohmic effect. Besides, the internal resistance changes slightly
with a wide range of SOC which is difficult to observe [48].

The battery charge/discharge direct current internal resistance at room temperature is shown in
Figure 7. From Figure 7, when SOC is low, the battery has a high internal resistance which maximum
is about twice higher than in high SOC interval in discharge. This is because the activity of chemicals
inside the battery decreases at the end of the battery discharge.
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2 T T T T T T T

1.7

Resistance (m2)
o

Figure 7. Characteristic Ohmic resistance curves of the battery.

The experiment under 3 C pulse discharge 10 s is also carried out in this paper. The internal
resistance value of the battery under the discharge of 3 C is shown in Table 4. The table shows the
internal resistance of the battery under different SOC and different temperature conditions. Under the
condition of high temperature, the internal resistance of the battery cell is relatively small. However,
there are dozens of differences between high temperature and low temperature resistance.

Table 4. Battery ohmic resistance value under different battery internal temperature and SOC levels.

SOC —30°C —20°C —10°C 0°C 10°C 25°C 45°C 55°C
100% 14.69 10.07 6.51 4.01 2.65 1.56 1.06 0.92
95% 14.36 9.75 6.31 3.83 2.59 1.56 1.07 0.93
90% 14.10 9.50 6.17 3.74 2.57 1.57 1.09 0.95
80% 13.77 9.20 6.01 3.67 2.54 1.60 115 1.00
70% 13.58 9.10 5.94 3.67 2.57 1.64 1.18 1.04
60% 13.58 9.10 5.90 3.72 2.61 1.66 1.16 1.02
50% 13.67 9.22 5.81 3.66 247 1.46 0.97 0.84
40% 13.94 9.46 5.88 3.64 2.39 1.45 0.98 0.87
30% 14.51 9.95 6.16 3.82 2.49 1.53 1.00 0.88
20% 15.66 10.90 6.69 4.16 2.76 1.67 1.06 0.92
10% 18.32 13.68 8.28 5.16 3.57 2.14 1.16 0.96
5% 29.98 27.81 1091 6.77 5.06 3.17 1.43 115

The parameters of the two order RC model are identified by using pulse recovery curve and
off-line parameter identification method. The parameter identification results of 2RC battery model
identification under the different temperatures are shown in Figures 8-12.
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Figure 8. RO value of 75 Ah battery at different temperature.
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Figure 12. C2 value of 75 Ah battery at different temperature.

3.3. OCV-50C Relationship

Open-circuit voltage is used to correct the estimated SOC, the SOC-OCV relationship could be very
important not only in OCV-based estimation but also in model-based estimations [49]. For the battery
discharge data, the battery SOC-OCV relationship at different temperatures as shown in Figure 13.
The OCV-SOC function is very different, especially when the influence of severe environmental
temperature changes.

Achieving an accurate OCV is the key issue for model-based estimation. The relationship depends
on the battery capacity and material. For the obtained the OCV-SOC curve, we can fit the OCV-5OC
curve with the OCV and SOC points, the OCV-SOC function can be determined by:

Upe (5) = a18™ +aps" 1 4 ...+ ays + a1 (13)

where a, is the parameters to fit the relationship between the OCV and the SOC. s denotes the SOC of
the battery.

aF ]

0 10 20 30 40 50 60 70 80 90 100
SOC(%)

Figure 13. The battery SOC-OCV relationship at different temperatures.

3.4. Battery Cell Power Limitation

In order to obtain a battery cell power data, firstly, we need to obtain the maximum charge or
minimum discharge current of the battery. Battery discharge/charge current limitation obtained by
testing as shown in Figure 14.
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Figure 14. Battery current limitation.

According to the test results, the maximum power limit of battery cell in 10 s is shown in the
Figure 15. It can be seen clearly from the Figure 15, the output power of the battery is higher when
the SOC and the battery temperature is a higher value during the discharge. The maximum power of
the battery can reach to 2500 W. When the battery is in the charging process, the SOC is in the lower
value and the temperature is at a higher value, the allow charging power is larger and the maximum
charging power can reach 1900 W. With the increase of SOC, the maximum charging power should be
gradually reduced to protect the battery cell.
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Figure 15. The power requirement of the battery.

3.5. Battery Cell Temperature Limitation

As the NMC material lithium-ion battery has the problem of thermal runaway, it indicates that the
battery will generate heat during the use of the battery. Furthermore, while the battery thermal change,
the battery model parameter will also change. Therefore, it will affect the state estimation of the battery,
thus exacerbating this reaction phenomenon. It is necessary to study the heat generation of the battery
cell under pulse discharge at different temperatures. The changes of battery surface temperature
during pulse discharge of lithium battery at different test temperatures as shown in Figure 16.

As we can be seen from the Figure 16, under the same conditions, the temperature rise of the
battery at low SOC is significantly higher than that at high SOC. At room temperature, the temperature
rise of the battery is about 0.8 degree during the 10% SOC discharging process in the high SOC while
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the surface temperature of the battery increases by about 1 degree during the 5% SOC discharging
process in the low SOC. The maximum temperature rise occurs in the range of 20% in the SOC
state. At cold temperature, the surface temperature of the battery increases sharply, the temperature
will rise up to 15 degrees during the 5% SOC discharging. During the 30 to 50% SOC discharging,
the battery surface temperature rise is minimized, which means this is the thermal safest phase in use.
Figure 16a shows that the excess capacity of the battery can't be discharge because of the influence of
low temperature, while the Figure 16i shows that the extra capacity has not been fully released due to
the high temperature of the battery cell, so the battery test system did a couple more cycles.
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Figure 16. The changes of battery surface temperature during pulse discharge of lithium battery at
different test temperatures. (a) tested at —30 °C; (b) tested at —20 °C; (c) tested at —10 °C; (d) tested at
0°C; (e) tested at 10 °C; (f) tested at 25 °C; (g) tested at 35 °C; (h) tested at 45 °C; (i) tested at 55 °C.

4. Discussion

The capacity and pulse test of the battery at different temperatures are determined in this paper.
Through these experimental data, the electrical characteristics of different parameters of the high
capacity battery, such as capacity, internal resistance, OCV-SOC relation curve, power and temperature
rise are analyzed.

In the process of developing the pulse test, a 5% SOC discharge is carried out according to battery
0~10% SOC and 90~100% SOC, and, 10% SOC discharge is carried out between 10% and 90% SOC.
It can be seen that in the high temperature environment, the amount of capacity that can be released
is greater than the capacity value of the defined 100% SOC. In the low temperature environment,
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the amount of capacity that can be released is much less than the corresponding capacity value of the
100% SOC. This indicates that the diffusion rate of lithium-ion battery cell is slow at low temperature
while the activity of lithium-ion battery cell and the discharge capacity will increase with the rising
temperatures. Besides, in different discharge rates, the capacity of the battery is also inconsistent.
Therefore, if the change law of battery capacity is not master, it is obvious that the battery state of charge
cannot be estimated correctly and the estimation error of the battery state of charge can be increased.

In the off-line parameter identification of the second order RC model, due to the difference in
the partial hysteresis curve, the initialization parameters of the identification method in the high
temperature and low temperature are different. The values shown by Ry, Ry, Cy, and C; illustrate
a time constant data problem, and cannot be completely used to analyze the values of polarization
internal resistance and polarization capacitance. From the overall analysis, the larger temperature of
the battery, the smaller the Ohmic internal resistance of the battery. And the temperature is too large
will accelerate the thermal reaction and thermal runaway of the battery. On the other hand, in the
process of applying the Kalman filter algorithm, the parameters of the battery model are generally
set as constant. Through the study of this paper, it is found that the variation of the parameters of
the battery model at different temperatures is quite different. What’s more, the SOC-OCV curve of
the battery is not consistent with the discharge and charge. Even under the same charge/discharge
conditions, the SOC-OCV curve is still affected by the ambient temperature and inside temperature of
the battery. It shows that the relationship between the SOC and OCV is high nonlinear and changeable.

From the study of this paper, the dynamic characteristics of the battery are influenced by the
internal temperature and discharge rate of the battery, and these effects will lead to a certain error if no
attention is paid to the design process of the state estimation algorithm. There are many factors that
affect the battery state estimation error, such as self-discharge rate, battery aging and so on. However,
due to the limitations of the conditions, self-discharge, battery aging process has not been further
studied, which will be carried out in the next stage. For example, The GNL nonlinear equivalent circuit
model which takes into account the influence of the self-discharge on characteristics of battery [50].
Lavigne et al. [23] proposed a two stage OCV curve model to estimate lithium-ion battery SOC.

However, many of the current algorithms are developed based on the test data at normal
temperature, and the influence of temperature is not considered. Therefore, it will have a greater impact
on the results of the algorithm under the high temperature environment or the larger temperature
difference region or under the management of the heat management system. Charging and discharging
at different temperatures will also produce hysteretic effects. These phenomena and problems are also
worthy to pay attention in future research.

In summary, it is necessary to study an on-line parameter identification method that can detect
battery capacity change and battery model parameters in real time. On-line parameter identification
methods combined with a Kalman filter can be used to estimate the state of charge of the battery,
and the ideal results may be obtained.

5. Conclusions

This paper focuses on the study of the electrical characteristics of high capacity batteries under
the influence of different temperatures. The characteristic data of the high lithium-ion power battery
is obtained and shows that the battery capacity, the battery model parameters and the OCV-SOC
characteristic curve are greatly influenced by temperature changes. At the same time, the quantitative
results of battery power limitation and pulse discharge temperature rise are also obtained. These battery
test data can be used as reference data for new battery development and verification, as comparison
data and basic data for battery model on-line parameter identification and battery state estimation in
the next stage, and these results can be used in battery management system design for electric vehicles.
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Nomenclature

Acronyms:

A Ampere

BMS Battery management system

CcC Constant current

cccv Constant current-constant voltage

CKF Cubature Kalman filter

Ccv Constant voltage

EKF Extend Kalman filter

ECM Equivalent circuit model

EV Electric vehicle

KF Kalman filter

LCO Lithium cobalt oxide

LMO Lithium manganese oxide

LFP Lithium iron phosphate

LTO Lithium titanium oxide

NCA Nickel cobalt aluminum

NMC Nickel manganese cobalt

oCcv Open circuit voltage

PF Particle filter

SMO Sliding mode observer

SOC State of charge

SOH State of health

sor State of power

SPKF Sigma-point Kalman filter

STCEKF Strong tracking cubature extended Kalman filter
UKF Unscented Kalman filter

Symbols:

alI(t)] Battery capacity change factor

¢(N) Capacity influence factor of the cycle number
BIT(1)] Capacity change factor caused by temperature
7 Coulombic efficiency

Ca Actual cell capacity

Cn Capacity of the battery

G Capacitor of the first circuits block of ECM

C Capacitor of the second circuits block of ECM
k Time step

Ir, Load current

N Cycle times

PPgi‘;t Peak power of the battery during discharging

PPf,ft Peak power of the battery during charging



Energies 2018, 11, 2275 18 of 20

Py Nominal power of the battery

Qr Remaining capacity of the battery

Qn Nominal capacity

Ry Ohmic resistance

Ry Resistance of the first circuits block of ECM
Ry Resistance of the second circuits block of ECM
Reer disr Reell ch Resistance of the battery under the state

t Time

T Sampling period

Ueell min Minimum of the battery cell voltage
Ueell max Maximum of the battery cell voltage

Uoc el disUoccelicn  Open circuit voltage of the battery

Uy Open circuit voltage

u; Terminal voltage

Subscripts:

min Minimum value

max Maximum value
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