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Abstract: In this paper, it is experimentally proven that the generalized Peukert equation
C@i,T) = Cu(T)/(1 + (i/ip(T))" D) is applicable to nickel-metal hydride batteries at any discharge
currents, while the classical Peukert equation can be used only in a limited range of the discharge
currents (approximately from 0.3 Cy, to 3 Cy). In addition, the classical Peikert equation does not take
into account the influence of the temperature of a battery on its released capacity. It is also proven
that for the nickel-metal hydride batteries, the generalized Peukert equation heavily depends on
battery temperature (via the parameters C,;(T), ip(T) and n(T)). The temperature dependencies of the
parameters of the generalized Peukert equation and their physical meaning are also established. The
obtained generalized Peukert equation, which considers the batteries” temperature, can be used at
any discharge current and temperature of the batteries.

Keywords: Peukert equation; lithium-ion battery; temperature dependence; current dependence;
capacity

1. Introduction

Batteries of various electrochemical systems are used in many technical devices, vehi-
cles and airplanes. For the operation of any technical object containing batteries, it is very
important to know the residual capacity of the batteries because the operation duration
of the whole technical object depends on the residual capacity of the batteries. Currently,
many methods are known for battery residual capacity assessment. However, the existing
methods developed for the batteries’ residual capacity determination do not provide suf-
ficient accuracy and reliability. Therefore, the problem of finding the batteries’ residual
capacity has not yet been solved. This is due to the fact that the batteries’ residual capac-
ity depends on many factors, including discharge current, and a battery’s temperature,
lifespan, operating mode, etc.

One of the first and simplest methods for the batteries’ residual capacity assessment
was estimating it by the open circuit voltage [1]. However, this method provides only an
approximate estimate of the batteries’ residual capacity as in the mode, when the discharge
current changes rapidly, the error is very large, up to 20% [2]. In addition, this method
is absolutely inapplicable to batteries with a flat discharge curve, for example, lithium
iron phosphate batteries. The method of counting ampere-hours on every discharge cycle
is also widely used. Then, the residual battery capacity can be calculated as a difference
between the ampere-hours spent on the previous full discharge cycle and the number of
ampere-hours spent during this unfinished discharge cycle. However, at different dynamic
discharge modes, this method gives an error of up to 10% [3].

The most accurate methods for assessing the residual battery capacity should be based
on physical models using the known natural laws describing processes in batteries [4-8].
However, such models are rarely used in practice. The reason is that these models are very
complicated and cannot be solved by the onboard computers of airplanes, vehicles, etc.
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Furthermore, these models contain various parameters describing the internal processes
in batteries. Many of these parameters are either absolutely impossible to measure (for
example, parameters describing processes running inside of a porous electrode) or the
parameters’ findings require very sophisticated electrochemical and chemical experiments.
It should also be noted that the physical models cannot describe thermal runaway [9,10],
hydrogen accumulation in electrodes [11,12], or other poorly studied processes in batteries.

In [13], it was noted that battery models are the preference to be solved by the on-
board computers of electric vehicles and airplanes for practical use. Moreover, the model
parameters should be found using simple experiments without the batteries” disassembling.
Therefore, for practical application, only semi-empirical (analytical) models [14-17] or
structural models [18-20] can be used.

An inherent part of any analytical model is empirical or semi-empirical dependencies.
Often, analytical models use either the Kalman Filter [21,22] or the Peukert equation [23].
For the first time, a relationship between the battery released capacity and the discharge
current was established by the Peukert equation [23], which was obtained for the lead—acid
batteries. In many papers [13,24], it is written in the following form

i) =% 1)

where C is the capacity, i is the discharge current, A and n are the empiric constants.

This equation is not applicable to batteries of any electrochemical systems at very
low discharge currents because at i — 0, C — oo, which is impossible for any battery. In
addition, the Peukert Equation (1) is not applicable to alkaline and lithium-ion batteries at
medium- and high-discharge currents [17,24,25] because the experimental function C(i) for
these batteries is both convex and concave at different discharge currents.

Meanwhile, in Equation (1), the function C(i) (n > 0) is always concave. In [25], it was
proven experimentally that for alkaline and lithium-ion batteries, the Peukert Equation (1)
is applicable only in the discharge currents range from approximately 0.2 C, to 2-3 C,
(Cpn is nominal battery capacity). It was exactly in this range of the discharge currents that
the Peukert Equation (1) was used in the Hausmann model [13] for the batteries’ residual
capacity assessment. Notably, the relative error in the batteries’ residual capacity estimation
was less than 5%.

This study aimed to improve the Peukert equation so that it can be used for the
nickel-metal hydride batteries at any temperature and discharge current.

2. Theory

The Haussman model [13] was developed to evaluate the batteries’ residual capacity
in the case of their dynamic discharge mode, i.e., when the discharge currents vary greatly
during discharging. In this model, the entire discharge time is divided into time intervals
At =1s. Within every time span At = 1 s, the battery temperature and the discharge current
can be considered constant. Consequently, within every time span At =1 s, it is possible to
use the empiric dependencies C(i) and C(T) experimentally obtained at constant discharge
currents and constant battery temperatures.

In [26], it is proven that the Hausmann model [13] uses the Peukert equation in the

following form:
B
. M( T
C(i,T) = i (Tref> )

where T, = 298 K is the reference temperature, and M, 1, and f are the empiric constants.

Thus, the Peukert Equation (2) takes into account both the discharge current and the
battery temperature as factors influencing the released battery capacity. In Equation (2),
the first multiplier is the classical Peukert Equation (1) and the second multiplier is the
empirical dependence of the released capacity on the battery temperature:
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T
a(T) = Cmref <Tf
re

B
> M = CmrefA 3)
where Cyy,yer is the maximum battery capacity at reference temperature T,,r = 298 K.
The classical Peukert equation is applicable to lithium-ion and alkaline batteries only
in the discharge currents range from 0.2 C, to 2-3 C,, [25]; meanwhile, the generalized

Peukert equation:
Con

o)

applies to any discharge currents [17,24-26]. In Equation (4), C;;, is the top capacity of a
battery, C(ip) = Ciu/2, i.e., ip is the discharge current, at which a battery released capacity is
half the maximum capacity. Besides, for the Equation (4):

C(i) = 4)

. d(C(i)/Cm) n
i =i/ & ©)

That is, in the standardized coordinates (C(i)/Cy;, i/ip), the parameter n/4 is equal to
the angle of inclination of the function C(i) (4) in the point i = iy. Hence, in Equation (4),
all the parameters have a clear physical meaning, while in Equations (1) and (2), all the
parameters are just empirical constants.

In addition, Equation (3) is applicable only in the limited temperature range, around
the temperature value T [16,26]. Indeed, in Equation (3), C — 0 at T — 0. However, in real
batteries, C — 0 at T — T}, where T} is a temperature value close to the electrolyte freezing
temperature. In addition, in Equation (3), C — co at T — oo. However, in real batteries, the
released capacity is always limited by the capacity obtained when the batteries are charged.

The experimental function C(T), applicable to lithium-ion batteries at any temperature,
has the following form [16,26]:

(TrTef_*Tka)ﬁ
-1+ (7))

Equation (6) corresponds to the above-noted boundary experimental data since
C(Ty) = 0, and I1im C(T) = CurefK. Thus, at a temperature growth, the parameter K
—00

c(T) = CmrefK (6)

determines the maximum possible battery capacity (CyefK).

In the Hausmann model [26], instead of Equations (1) and (3), Equations (4) and (6)
were used. Upon that, in the estimation of the residual capacity of the lithium-ion batteries,
the relative error decreased to 4%.

However, in [13,26], the authors believed that in Equation (4), only the maximum
battery capacity depends on a temperature, i.e., Cy,.

In this study, we check the temperature dependencies of all the parameters (Cy,, i,
and n) of Equation (4) for the nickel-metal hydride batteries.

3. Experimental

For our experiments, we used the nickel-metal hydride batteries (RS PRO Recharge-
able NI-MH); their nominal voltage is 1.2 V and the nominal capacity is C, = 2.7 Ah. The
standard charge rate is 260 mA * 16 h.

For the batteries’ charging, we used the computer-controlled QL355P power supply.
In order to discharge the batteries, a computer-controlled electronic load, BK Precision 8601,
was used. The discharge was performed by a constant current down to the voltage 1 V. In
the experiments, the discharge currents varied from 0.3 Cy, to 10 Cy,.

The experimental measurements were carried out at temperature values of 25 °C, 0 °C,
—12°Cand —18 °C in a Binder MK240 climatic chamber. The temperature control of the
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batteries was carried out using three LM35 temperature sensors fixed in the upper, middle
and lower parts of the batteries. In order to increase the heat exchange between the battery
and the interior of the climatic chamber, custom heat-sinks were attached to the battery
walls with f special clamps and a heat-conducting paste (Figure 1). In the climatic chamber,
the temperature of the battery was maintained close to the value necessary to study the
batteries; for this purpose, the LM35 temperature sensors were used.

6

[

X

Figure 1. Diagram of the setup (top view): (1) nickel-metal hydride battery, (2) heat-conducting
paste, (3, 4) two halves of a modified heat sink, (5) clamp, and (6) screw of the clamp.

In order to collect more statistical data, we conducted all experiments simultaneously
with five batteries. Based on the data obtained and using statistical methods, it was possible
to more accurately calculate the value of the battery capacity (as an average value) and
estimate the error of each measurement at a certain current and temperature.

The experimental measurements were included in the following stages.

Firstly, we performed five charge-discharge training cycles for ten batteries. The
charging was carried out by the standard method described above. The discharging
was performed by the current 0.2 C, down to the voltage of 1 V. Then, among those ten
batteries, five were selected with the lowest dispersion of the released capacity and further
experimental studies were carried out with the selected five batteries.

Secondly, prior to changing of the discharge current, we performed three charge—
discharge training cycles. This made it possible to avoid the mutual influence between the
different charge—discharge cycles.

Thirdly, after each measurement at a certain discharge current, the obtained values of
the released capacity were compared. If the released capacity of any battery differed by
more than 5% from the average capacity of other batteries, this battery was replaced with
another more stable one, and the experiment was repeated from the beginning.

Fourthly, to avoid the effect of battery aging, when changing the temperature of
batteries, all the above three stages were repeated for a new group of batteries at the
new temperature.

4. Results

Figure 2 presents the experimental values obtained in the coordinates (C/Cy, i/ip). As
the parameters (Cy, ip) are obtained for specific batteries by experiments, then in the ratios
(C/Cy, i/ip), the small unavoidable random processes associated with both the battery
manufacturing process and the measurement process will be compensated. More reliable
experimental curves can be obtained with this method.
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Figure 2. Dependence of the capacity of RS PRO Rechargeable NI-MH batteries on the discharge
current in standardized coordinates. Parameters ip and Cy;, are taken from Table 1.

Table 1. Optimal parameter values for Equation (4) at different temperatures.

Temperature (°C) —18 —-12 0 +25
Cwm (Ah) 1.212 1.614 2428 2.826
ig (A) 3.478 5.947 13.792 15.725
n 9.645 4.989 2.099 1.899

5 (%) 1! 0.7 22 2.7 21

1 Relative error of experimental data approximation by Equation (4) in Figure 2.

Using the obtained experimental data (Figure 2), with the aid of the least square
method and the Levenberg-Marquardt optimization procedure, the optimal parameters
were obtained for the generalized Peukert Equation (4) at different temperatures (Table 1).

From the results (Table 1), it follows that all the parameters (C,,, iy, and 1) of Equation (4)
depend on the battery temperature and not exclusively the parameter C,, (as it was believed
in the papers [13,26]). Hence, in the Hausmann model [13], when assessing the residual
capacity of batteries, it is necessary to take into account the temperature dependence of all
the parameters (Cy, ip, and n) of Equation (4).

Figure 3 shows the dependence of the Equation (4) parameters on temperature values
in standardized coordinates.

The dependence of the experimental values of the Equation (4) parameters on the tem-
perature (Figure 3) has a qualitative form quite similar to that of Equation (6). Accordingly,
the dependencies of all the parameters of Equation (4) on temperature can be summarized
in one vectorial equation:

P = (Cn, ig, 1/n) @)

()"

0 ()

Table 1 shows the compliance of Equation (8) with the experimental data (Table 1). In
doing this, we find the optimal parameters of Equation (8) using the least square method
and the Levenberg—Marquardt optimization procedure.

The results are represented in Table 2.

P(T) = (Pref)iKi

ﬁi/Pref = (Cmref/ ikref/nref) ®)
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Figure 3. Dependence of parameters Cy,, iy, and # in Equation (4) on the temperature in standardized
coordinates. Cyyef, lpref, and 1, are parameter values at the temperature T,.r = 298 K.

Table 2. Optimal parameter values for Equations (8).

Parameters Cm iy 1/n
Ty (K) 239.7 240.1 239.8
B 2.2 3.884 4.219
K 1.087 1.026 1.019

5 (%) 1! 23 29 2.8

1 Relative error of experimental data approximation by Equation (8) in Figure 3.

The relative error of the approximation of the experimental data (see Table 1) by
Equation (8) is less than 3% (Table 2). Thus, Equation (8) describes the dependence of

Equation (4)’s parameters on temperature.
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5. Discussion

The experimental studies have shown that the classical Peukert Equation (2) (taking
the temperature into account) has limited scope for nickel-metal hydride batteries in
comparison with the generalized Peukert Equation (4) (with due account of Equation (8)).

Firstly, the Peukert Equation (1) is applicable to the nickel-metal hydride batteries
approximately in the range of discharge currents from 0.3 C,, up to 3 Cy [27]. At discharge
currents less than 0.3 Cy,, the resulting value of the Peukert Equation (1) grows indefinitely,
which does not correspond to the experimental data for any batteries. At an increase
of the discharge currents to more than 3 C, for the nickel-metal hydride batteries, the
experimental function C(i) becomes convex and then concave (Figure 2). However, the
Peukert Equation (1) always has a concave curve (when n > 0). Meanwhile, the generalized
Peukert Equation (4) applies to the nickel-metal hydride batteries at any discharge current
(Figure 2).

Secondly, the applicability of the Peukert Equation (2) (accounting for temperature
is very limited (approximately by the range T,y + 10 K (Figure 3)). The main reason
for this is that for function (3), C(T) = 0 only at temperature T = 0. However, the studies
showed that for the experimental functions (Figure 3), C(T) = 0 approximately at the
temperature T = 240 K (Table 2). Therefore, in principle, function (3) cannot accurately
approximate the experimental data in Figure 3 in the appropriately large temperature range.
Meanwhile, Equation (8) from the generalized Peukert Equation (4) corresponds well to
the experimental data at any temperature of the nickel-metal hydride batteries (Figure 3).

Thirdly, it should be noted that in Equation (4), all of the parameters have their
clear physical meaning, whereas in Equations (1) and (2), all the parameters are simply
empirical constants.

Thus, in the Hausmann model [13], it is necessary to use the more accurate generalized
Peukert equation in the following form:

Cu(T)

1+ (i)

with a due account of Equation (8) for the functions Cy,(T), ip(T), and n(T).

Our preliminary experimental studies showed that in the framework of the Hausmann
model [13], the use of the generalized Peukert Equation (9) instead of the classical Peukert
Equation (2) increases the accuracy of the estimation of a battery’s capacity by at least
10-15%. In using nickel-metal hydride batteries at very low or very high currents or
at low temperatures, the use of Equation (9) in the Hausmann model [13] significantly
increases the accuracy of estimating the residual capacity of batteries. This is the topic of
our further research.

C@i,T) = ©)

6. Conclusions

Nickel-metal hydride batteries are used widely for standby power of communication
systems in photovoltaic systems, electric vehicles, etc. They are considered more envi-
ronmentally friendly than nickel-cadmium batteries, which explains the need for reliable
calculation models for nickel-metal hydride batteries. The Peukert equation is used in
many battery models [2,28-30]. However, a number of factors must be considered when
using the Peukert Equation (1). Firstly, for batteries at any discharge current, only the
generalized Peukert Equation (9) can be used as the classical Peukert Equation (1), which
has a limited scope. Secondly, in this paper, it was experimentally proven that the capacity
of nickel-metal hydride batteries depends strongly on their temperature. Therefore, the
generalized Peukert Equation (9) should be used to account for the dependencies of its
parameters on the batteries’ temperature. In this case, Equation (9) applies at any tempera-
ture and discharge currents. However, in many models, the temperature of the batteries
is considered [5,21,31]. This can result in a significant discrepancy between the calculated
values and the experimental data.
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