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Abstract: In this paper, the applicability of the Peukert equation and its generalizations were in-
vestigated for capacity evaluation of automotive-grade lithium-ion batteries. It is proved that the
classical Peukert equation is applicable within the range of the discharge currents from 0.2C; to 2C,
(Cy is the nominal battery capacity). As a rule, the operating currents of many automotive-grade
lithium-ion batteries are exactly within this range of the discharge currents. That is why, successfully,
the classical Peukert equation is used in many analytical models developed for these batteries. The
generalized Peukert equation C = Cy, /(1 + (i/i0)") is applicable within the discharge currents range
from zero to approximately 10C,. All kinds of operating discharge currents (including both very
small ones and powerful short-term bursts) fall into this discharge currents range. The modified
Peukert equation C = Cy,(1 — i/i1)/((1 — i/i1) + (i/i0)") is applicable at any discharge currents. This
equation takes into account the battery’s internal resistance and has the smallest error of experimental
data approximation. That is why the discussed modified Peukert equation is most preferable for
use in analytical models of automotive-grade lithium-ion batteries. The paper shows that all the
parameters of the generalized Peukert equations have a clear electrochemical meaning in contrast to
the classical Peukert equation, where all the parameters are just empirical constants.

Keywords: Peukert equation; lithium-ion battery; capacity; automotive-grade battery; internal
resistance

1. Introduction

Currently, lithium-ion batteries are increasingly becoming widespread among both
small-format batteries [1,2] and large-format batteries [2-5]. For optimal lithium-ion battery
operation, both at the design stage and at the stage of their operation, reliable models of
these batteries are needed. The most functional models of the batteries are based on the
fundamental laws of physics and electrochemistry [6-8].

However, these models are not applicable in aviation and for electric vehicles [9]. First
of all, those models are too complex and cannot be solved by onboard computers of electric
vehicles or airplanes. In addition, fundamental electrochemical models require new and
complex calibration when batteries of certain manufacturers or types are replaced with
others. Many parameters of these models cannot be measured experimentally. For example,
this concerns the parameters of the medium inside of the porous electrode. Usually, those
parameters are found by fitting the model to the results of various experiments.

Therefore, in practice, the most often used are the battery analytical models [9-14] built
up based on various empirical equations or the non-linear structural model [15]. In addition,
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analytical models are used as part of complex fundamental electrochemical models when
simulated processes are poorly understood (for example, the battery thermal runaway
process [16-19], the process of the hydrogen accumulation in battery electrodes [20,21],
Li-S batteries [22,23], etc.).

When using the batteries in electric vehicles, one first needs to know the battery’s
state of charge (SoC) as the electric vehicle’s operation duration depends on this parameter.
Currently, there are many ways to evaluate SoC. For example, the following methods are
used to evaluate SoC: The open-circuit voltage measurement [24] can be used (however, in
dynamic operation mode, this method gives an error up to 20% [25]). Additionally, models
based on the Kalman filter are applicable [26-30] (with an error of up to 10% [31]). The
most widely used method of SoC estimation is based on two parameters: the voltage profile
and the ampere-hours counting consumed by the battery (however, this method contains a
number of disadvantages, too [1]).

According to our experimental studies, the most reliable method of SoC finding is the
assessment based on the Hausmann model [9]. The analytical Hausmann model calculating
the battery’s residual capacity is as follows:

! . . . N Tref p
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where At is the time-step; i;, T, C; are the current, temperature, and remaining capacity of
the battery at time t; a, B, vy are empirical constants; Cy, is the battery top capacity; T, is
the reference temperature for the tested battery (298 K).

The Hausmann model (1) was developed specifically for the dynamic operation mode
of electric vehicles. It works as follows: The entire range of the electric vehicle’s operating
time is divided into a series of very small time intervals (usually At =1 s). In this case, the
total released capacity of the battery will be equal to the sum of the released capacities at
every time interval At. Within a very small time interval At, the current and temperature
can be considered constant; therefore, within the time interval At, it is possible to use both
the Peukert equation and the empirical equation describing the dependence of the battery
capacity on the temperature.

It should be noted that the functions I4(i,T) and C(i,T) are related by the ratio [10]
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Hence, within every time interval At (in the Hausmann model (1)), the released
capacity is related to the discharge current and the battery temperature by the equation

B
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Thus, in model (1), the Peukert equation (in Equation (3), this is the first multiplier)
determines the dependence of the battery capacity on the discharge current C(i). In contrast,
the second multiplier C(T) (3) determines the dependence of the capacity on the temperature
of the battery.

In paper [10], it was experimentally proved that the function C(T) has a much more
sophisticated form over the entire range of battery temperature changes.
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Indeed, C(T) must be zero at the freezing point of the electrolyte (T}) (4). However, in
Equation (3), it turns out that C(i,T) = 0 at T = 0, which is wrong. K is an empirical constant.
Additionally, the equation from Peukert’s paper [32] (which is written often as
follows [9,10])
A
C== ©)
incorrectly describes the experimental equation C(i) for lithium-ion batteries (Figure 1) both
at low and high discharge currents. Indeed, when the discharge current decreases, the
battery capacity in Peukert’s Equation (5) tends to infinity, which has no physical meaning.
At high discharge currents, the experimental function C(i) is as shown in Figure 1.
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Figure 1. Comparison between experimental data for lithium-ion batteries and Peukert Equation (5).

It is fundamentally important that the experimental function C(i) for the lithium-ion
batteries has three absolutely different sections (Figure 1). The first section of function C(7)
is located at the currents from zero to the first curve inflection point (approximately 50 A).
In this section, function C(i) is concave. The second section of function C(i) is located at
the currents from the first inflection point to the second inflection point (approximately
150 A). In this section, function C(i) is convex. The third section of function C(i) covers
the currents from the second inflection point to the maximum current values used. In this
section, function C(i) is concave again (Figure 1).

The Peukert Equation (5) describes only concave sections of function C(i) (at n > 0) as
the equation was obtained originally for lead-acid batteries whose capacity dependence on
the discharge current is always concave.

However, the Peukert Equation (5) is used successfully in many models of lithium-ion
batteries [9,10,33,34].

In our previous paper [31], it was proved that the operating currents of most parts of
the small-format lithium-ion batteries fall within the discharge currents range of the first
section of function C(i) (where it is concave) (Figure 1). Therefore, the Peukert Equation (5)
can be used in many models of lithium-ion batteries.
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In paper [13], the generalized Peukert equation was obtained, which corresponds to the
experimental values of function C(i) at any discharge current for small-format lithium-ion
batteries. It looks like the following;:

i) = —"
1+ (%)

where C,, is battery top capacity, C(i0) = Cy, /2.

However, at very high discharge currents, there is such a current as i1, at which, at
the moment of the battery discharge mode turning on, the voltage at the battery terminals
will be equal to the lower cutoff of voltage. Therefore, at current i1, when the battery
discharge is turned on, the battery capacity will be zero. This fact is not taken into account
by Equations (5) and (6). In paper [12], on the basis of the transformation of the Shepherd
equation [35], it was proved that the internal resistance of the batteries is the reason for the
existence of the extremely large discharge current i1. It should be noted that in Equations
(5) and (6), the internal resistance of the batteries is not taken into account. If the internal
resistance of the batteries is taken into consideration, the generalized Peukert Equation (6)
for small-format lithium-ion batteries will take the following form [12]:
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where i1 is the current, at which C(i1) = 0; E is the electromotive force (EMF) of a fully
charged battery; R is the internal resistance of the battery; u, is the voltage drop due to the
relaxation processes in the discharge process beginning; 1 is lower cutoff voltage.

This paper is aimed at the improvement of the Hausmann model (1) for the assessment
of the residual capacity of the automotive-grade lithium-ion batteries using a more accurate,
modified Peukert Equation (7).

2. Experiments, Methods, and Errors Calculation

In our experiments, we used commercial automotive-grade lithium-ion batteries of
the types shown in Table 1.

Table 1. Characteristics of investigated commercial automotive-grade lithium-ion batteries.

Model SE100AHA LFP90 38120S SLPB96255255
Manufacturer CALB ThunderSky Headway Kokam
Cathode material LiFePOy4 LiFePOy4 LiFePOy LiCoO,
Structure prismatic battery prismatic battery cgilg?;g;a(llf;alt&e;;y pouch battery
Nominal capacity (Ah) 100 90 100 60
Charge current (A) 40 40 40 30
Upper cutoff (V) 3.60 425 3.65 4.20
End-current (A) 2.5 225 2.5 1.5
Discharge current (for initial cycles) (A) 20 18 20 12
Lower cutoff (V) 2.50 2.50 2.00 2.70

The batteries were charged in the mode of constant current and constant voltage
(CC/CV) in accordance with the parameters shown in Table 1. The discharge of the batteries
was carried out in the constant current mode (CC) in accordance with the parameters shown
in Table 1 (for initial cycles).

For battery charging, the electrochemical workstation ZENNIUM together with the
potentiostat PP242 were used. The top operating current of the latter was +40 A. The
discharge process was performed with the electronic load ITECH 1T8945-150-2500 (with
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a top operating current of 2500 A). The battery temperature was measured with four
temperature sensors attached to the battery on its sides in different places.

In order to stabilize the battery temperature during its discharge, the battery was
placed into the climatic chamber Binder MK240 at a temperature of 25 °C. In addition,
radiators (used for computer processors cooling down) were attached to the battery from
all sides by a heat-conducting paste and special clamps. The radiators enhanced the heat
exchange and the battery cooling down. As a result of those measures, the temperature of
the batteries did not exceed 55 °C at any discharge currents.

Three batteries of each type were used in the experiments (Table 1).

The experimental research procedure consisted of the following stages:

Firstly, in order to stabilize the SEI layer of new batteries, eight initial cycles were
performed in accordance with the parameters specified in Table 1. Nevertheless, if in
the last three cycles, the resulting capacity differed by more than 5%, then an additional
3-5 initial cycles were performed (Table 1). If the stabilization capacity was still not possible,
some batteries were replaced with new ones of the same type, and the experiment was
started over again.

Secondly, the charge of the studied batteries was carried out in accordance with the
parameters specified in Table 1. In the subsequent research-related cycles, the battery
discharging was carried out at constant currents in a range from 0.2C,; up to around 10C,
(Cy, is the nominal battery capacity).

Thirdly, at each discharge current, measurements were carried out for all three selected
batteries of the same type. However, if the resulting capacity differed by more than 5%,
some additional initial cycles were performed with the purpose of stabilizing the batteries
up to 5%. If stabilization was not possible, some batteries were replaced with new ones of
the same type, and the experiment started over again.

Fourthly, as an experimental value of the capacity at a certain discharge current, the
value was taken, which was the average value of three measurements for three batteries of
the same type.

Fifthly, before each measurement, three of the initial cycles were carried out (Table 1).
These initial cycles needed to be carried out for two reasons. Firstly, in order to exclude
the mutual influence of some discharge cycles on other discharge cycles. However, if the
resulting capacity differed by more than 5% in the three initial cycles, some additional
initial cycles were performed. If stabilization was not possible, some batteries were replaced
with new ones of the same type, and the experiment started again in order to eliminate
the effect of the loss of battery capacity due to their aging during cycling. Therefore, the
average capacity of each battery in these three initial cycles was compared with the average
capacity of these batteries (in the three initial cycles) before the very first measurement
(after stabilizing the SEI layer). If the measured average capacity was less than 4% of its
original capacity, the batteries were replaced with new ones.

The verification of Equations (4) and (6) for the studied batteries (Table 1) was per-
formed in paper [10]. The experimental studies showed that when using Equations (4) and
(6) in model (1), the relative error in the calculation of the battery’s residual capacity was
less than 4% [9]. Notably, when using Equation (3) in model (1), the relative error was
about 5% [10].

Therefore, it follows from the experimental studies [10,12,13] that in practice, the
capacity of the lithium-ion batteries almost does not change within the temperature range
from 25 °C to 55 °C (the relative deviation of the capacity from the average value is less
than 10/0).

According to the procedure of experimental measurements (described above), at each
discharge current, the released battery capacity was measured three times for three batteries
of the same type. That is, nine measurements were performed at each discharge current.
Then, the average value for these measurements was found, and it is this average value
that is shown in all Figure 2. Using the averages in the Figure 2 has two advantages. First,
the scatter of experimental values in the Figures is significantly reduced, which improves



Energies 2022, 15, 2825

60f 11

its quality. Secondly, the error for the average value is y/n times less than the error for an
individual measurement (n is the number of measurements at a certain discharge current).
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Figure 2. Comparison between Equations (5)-(7) and experimental data for automotive-grade lithium-
ion batteries: (a) batteries CALB SE100AHA; (b) batteries ThunderSky LFP90; (c) batteries Headway
38120S; (d) batteries Kokam SLPB96255255.

The error of approximation of experimental data by Equations (5)—(7) determines the
accuracy of the correspondence of these equations to the obtained experimental data.

The error in measuring the parameters of batteries of a certain type depends not
only on the accuracy of the instruments, but also on various random processes in the
manufacture of batteries and when they are discharged. Therefore, we found the true
error of any measurement by statistical methods by measuring each experimental point
several times.

In this article, the approximation error by Equations (5)—(7) of the experimental data
and their optimal parameters were found using the least square method and the Levenberg—
Marquardt optimization procedure in the framework of a statistical computer program.

It should be noted that when finding both the experimental data approximation errors
by Equations (5)-(7) and the optimal parameters of these equations, all measured capacity
values were used, not just the averages from Figure 2.

3. Results

Figure 2 show the experimental data for the batteries under study (see Table 1). Addi-
tionally, it makes a comparison between Equations (5)—(7) and the obtained experimental data.
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In order to make the difference between Equations (6) and (7) clearer at the large discharge
currents in Figure 2, all the values are presented in the logarithmic coordinate system.

After that, the experimental data obtained (Figure 2) approximation was performed
using Equations (5)-(7), and the optimal parameters for these equations were found. The
approximation was performed using the least square method and the optimization proce-
dure by Levenberg-Marquardt. The values of the optimal parameters found are presented
in Tables 2—4 for Equations (5)-(7), respectively.

Table 2. Optimal values of parameters for generalized Peukert’s Equation (6).

Parameters CALB LiFePOy4 ThunderSky LiFePOy LiFePO4 Kokam LiCoO,
n 1.87 1.87 1.98 2.14
Ci (Ah) 106.9 104.5 107.8 59.4
i0 (A) 1107.8 1088.2 692.9 391.9
5 (%) 1! 3.1 35 34 3.6

! Relative error of experimental data approximation by Equation (6) in Figure 2.

Table 3. Optimal values of parameters for modified Peukert’s Equation (7).

Parameters CALB LiFePOy4 ThunderSky LiFePO4 Headway LiFePO4 Kokam LiCoO,
n 1.62 1.52 1.58 1.43
Cm (Ah) 107.1 104.9 108.6 60.4
i0 (A) 1431.8 1478.7 886.6 578.2
il (A) 32414 3138.6 2305.5 974.4
5 (%) 1 1.1 1 0.9 1.2
R (mQ) 0.259 0.258 0.568 1.406

! Relative error of experimental data approximation by Equation (7) in Figure 2.

Table 4. Optimal values of parameters for classical Peukert’s Equation (5).

Parameters CALBLiFePO,4 ThunderSky LiFePO4 Headway LiFePO4 Kokam LiCoO,
n 0.019 0.015 0.033 0.044
A 114.5 109.8 120.6 68.074
imax (A) 2 200 185 200 118
5 (%) 1! 0.65 0.82 2.06 2.19

! Relative error of experimental data approximation by Equation (5) in Figure 2. 2 The maximum current at which
the Peukert Equation (5) is applicable for the batteries under study.

For Equation (7), the optimal parameters (Table 3) were found using all the experimen-
tal values obtained. For Equation (6), the optimal parameters (Table 2) were found using
experimental values at discharge currents from zero to the second inflection point of the
experimental curve C(i) (that is, up to about currents i0 (Table 2)).

Equation (5) is applicable only in the range of the discharge currents from zero to
the first inflection point (Figure 1) of the experimental function C(i) for the lithium-ion
batteries [31]. That is why, as for the optimal parameters of Equation (5), they were found
only with the use of the experimental values from this range of the discharge currents
(Table 4).

In Table 4, imax is the value of the current starting from which the error of approxi-
mation of the experimental data by Equation (5) begins to increase. Usually, this current
is slightly larger than the current corresponding to the first inflection point of the exper-
imental function C(i). Thus, imax is the top current, at which the Peukert Equation (5) is
applicable for the batteries under study.

4. Discussion

Equation (7) approximates the experimental data at any discharge current. Notably,
for the error of the experimental data approximation, when the approximation was made
using Equation (7) (which does take into account the internal resistance of a battery), the
error was almost thrice less than in the case of Equation (6) (which does not take into
account the internal resistance of a battery) (Tables 2 and 3). Thus, this study proves that
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the reason for the drop in the capacity released by the batteries at the very large discharge
currents is due to the voltage drop in the internal resistance of the batteries.
Now, using the found ratios (8), we estimate the internal resistance of the studied batteries.

E—u. —u,

R =
il

©)

The values of parameter i1 for the batteries under study are shown in Table 3, and the
values of parameter uy (lower cutoff) are shown in Table 1.

The values of parameters E and u, were found in separate experiments as they depend
very much on relaxation processes. To determine parameters E and u,, at first, the batteries
were stabilized by performing five initial cycles (Table 1). Then, five initial measuring cycles
were performed with the battery’s EMF measurement after each round of charging and four
hours of relaxation. Using the obtained values, we calculated the EMF value to be average
for the batteries and the absolute measurement error. As a result, the following values
were obtained for the EMF of the charged batteries: E = 3.55 & 0.02 V (for the batteries
LiFePOy) and E = 4.18 & 0.02 V (for the battery LiCoO,). After the EMF measurement,
the batteries were discharged (in our initial measuring cycles), and the dependence of the
battery’s voltage on its released capacity, U(C), was found. Using the experimental function
U(C), we found the voltage drop due to the relaxation processes in the discharge process
beginning, i.e., u;.

As a result, for parameter u,, the following values were found: u, = 0.24 = 0.02 V (for
the batteries LiFePPOy) and u, = 0.11 £ 0.02 V (for the batteries LiCoO;).

Based on the obtained values for all the parameters, the internal resistance for all the
types of batteries under study was found from Equation (9). The results of calculating the
internal resistance of the batteries under study are presented in Table 3.

The comparison between the obtained values of the internal resistances (Table 3) and
the experimental data (Figure 2) lets us conclude the following: The greater the internal
resistance of the battery (Kokam LiCo0O3), the lower discharge currents will be (i0 = 578.2 A),
at which this resistance must be taken into account, i.e., at which Equation (7) must be used
instead of Equation (6).

Additionally, a number should be noted regarding the advantages of using
Equations (6) and (7) in various analytical models as compared to the classical Peukert
Equation (5).

Firstly, in Equations (6) and (7), all the parameters (Cy,, i0, i1, ) have a clear electro-
chemical meaning, while in Equation (5), the parameters (A, n) are just empirical constants.
Indeed, the meaning of the parameters (C, i0, i1) is evident from Equations (6) and (7),
while the parameter (1) from Equation (6) is equal to

. d(C(i)/Cm)
N (O o
Thus, the parameter (1) is equal to the rate of decrease in the released capacity by the
batteries depending on the discharge current (at the point i = i0) in relative coordinates
(i/i0, C/Cy;). The parameter (1) has a similar meaning in Equation (7) too.

It should be noted that the values of the currents (i0, i1) depend not only on the
battery capacity but also on the electrodes’ material and the design features of the battery.
This fact follows from the fact that the rations i0/C,, = (14.318, 16.43, 8.866, 9.637) and
i1/Cy, = (32.414, 34.873, 23.055, 16.24) for the batteries CALB, ThunderSky, Headway, and
Kokam (Table 3) differ greatly; notably, this difference is great both in the case of batteries
with the same cathodes (LiFePOy,) and in the case of batteries with different cathodes
(LiFePOy4 and LiCo0Oy).

Secondly, with very high discharge currents, there is a current value at which (already
at the moment, when the battery is switched on for discharge) the voltage at the terminals
of the battery will be equal to the lower cutoff of voltage. At this current i1, the battery
capacity will be zero when the battery is turned on for discharge. Notwithstanding,
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currently, this obvious fact is not taken into account by any of the existing equations, except
for Equation (7).

Thus, for many lithium-ion batteries (in analytical models) at normal operating dis-
charging currents, the classical Peukert Equation (5) [9] can be used. However, from a
theoretical point of view, it is necessary to use Equation (7) as the more correct one. These
things considered, for lithium-ion batteries with significant internal resistance, it is also
necessary to use Equation (7).

5. Conclusions

The conducted experimental studies allow us to draw a number of conclusions.

Firstly, the classical Peukert Equation (5) is applicable for automotive-grade lithium-
ion batteries within the range of discharge currents from 0.2C;, to imax (approximately 2C;,)
(Table 4). Note also that current imayx is approximately equal to the current corresponding to
the first inflection point of the experimental function C(i) (Figures 1 and 2). At current values
less than 0.2C;,, the classical Peukert Equation (5) is not applicable for the batteries under
study. When the discharge currents obtain less, the capacity tends to infinity, which does
not fit the experimental data. It should be noted that the operating currents of the batteries
under study during their operation in cars just belong to the range of the discharge currents
from 0.2C;, to 2C,,. This fact explains the successful use of the classical Peukert Equation (5)
in the Hausmann model (1) for the determination of the battery’s residual capacity.

Secondly, the generalized Peukert Equation (6) is applicable in the range of the dis-
charge currents from zero to i0. Notably, current i0 corresponds approximately to the
second inflection point of the experimental function C(i) (Figures 1 and 2). Notwithstand-
ing that during the operation of the studied batteries in cars, the operating currents are
mainly within the range of the discharge currents from 0.2C, to 2C;, yet, the generalized
Peukert Equation (6) using in the Hausmann model (1) has a number of advantages. Firstly,
during the operation of the batteries under study, their discharge is possible with currents
less than 0.2C;,. In this case, the classical Peukert Equation (5) is not applicable. That is why
the use of Equation (5) at these currents in the Hausmann model (1) will lead to significant
errors when determining the residual capacity of these batteries. Secondly, during the
operation of the studied batteries in cars, the possibility is not excluded of the appearance of
short-term currents exceeding the limit current imax (around 2C). In this case, the classical
Peukert Equation (5) is not applicable. Hence, the use of Equation (5) in the Hausmann
model (1) with very large short-term currents will also lead to significant errors. So, the
conducted studies show clearly that the use of Equation (6) in the Hausmann model (1) is
preferable as compared to the use of the classical Peukert Equation (5).

Thirdly, the modified Peukert Equation (7) is applicable at any discharge current. In
addition, the error of the experimental data approximation using Equation (7) is more
than twice less than in the case of Equation (6) (Tables 2 and 3). This is despite the fact
that when approximating using Equation (7), significantly more experimental data is used
(Table 3) than when approximating using Equation (6) (Figure 2). Thus, the accuracy of
approximation by Equation (7) is not related to an increase in the number of factors in the
equation but to the fact that Equation (7) more accurately reflects the processes in batteries.
However, this can be seen in Figure 2.

It should also be noted that only Equation (7) indicates the existence of a limiting
discharge current (which is experimentally observed in all batteries), at which, at the
moment the battery is turned on for discharge, the released capacity will already be equal
to zero.

These facts alone show the advantage of using Equation (7) in the Hausmann model (1)
as compared to Equations (5) and (6).

The Peukert Equation (5) and its generalization (6) are used in many analytical
models [9,10,33,34]. That is why problems such as the determination of the applicability
of Equations (5)—(7) for automotive-grade lithium-ion batteries, their refinement, and the
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identification of the physical meaning of the parameters used in those equations are of
great theoretical and practical importance.
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