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Abstract: A battery condition monitor can be realized using several methods. Some of these methods have been proven
to be more reliable than others. In this study, we focus on assessing a battery’s condition based on its internal resistance
value using a direct current method (DCM). We developed a simple, fast, and straightforward method, including the
necessary equipment for this purpose. Only measurements of the battery’s terminal (open-circuit) voltage and battery
voltage under a certain load are required. We measured around 100 non-rechargeable AA batteries (double-A batteries)
and estimated their internal resistances. Both alkaline and lithium-based batteries were tested. Our measurements show
that measuring the terminal voltage (open-circuit voltage) alone does not provide an accurate enough status of a battery’s
condition or state-of-health, SoH. Especially when the battery condition is declining, the internal resistance value gives a
better estimation of the battery’s condition and usability.
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1. Introduction

A battery condition monitor is critical in almost all applications, especially industrial applications where batteries
are used. With proper battery condition monitoring, it is possible to prevent unexpected maintenance breaks and reduce
unexpected extra maintenance and downtime costs. The importance of battery condition monitoring has been increasing
as many new battery-based applications have entered the market. Electrical transportation, especially electric cars, and
renewables are a few examples of these applications. Battery characteristics change with age due to operating environment,
temperature, loading, charging cycles, storage conditions, and battery construction, all of which contribute to the reduction
of their state-of-health, SoH and available storage capacity. Several methods have been proposed to estimate battery
condition or state-of-health, e.g., [1, 2, 3, 4, 5, 6, 7]. The state-of-health (SoH) can be defined as a percentage representing
the current capacity (Q) of a battery compared to its original capacity (Q,).

SoH (%) = 100 x Qg (1

n
where Q is battery’s available capacity (charge) and Q, is battery’s nominal capacity (charge). A dead battery status is
relatively easy to check by measuring the battery’s open-circuit voltage. The more challenging task is evaluating a battery
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whose performance is approximately between 20 and 100 percent. In general, accurately and reliably monitoring the
condition of batteries is rather challenging and complex. One challenge is that batteries cannot be reliably or easily tested
on the fly. Some tests are more reliable but also more time-consuming. However, the most popular estimation methods
are impedance measurement and pulse-based tests, as mentioned in [2]. In a pulse-based test, the battery is periodically
discharged for short periods (two to three cycles), and the voltage is constantly measured. The battery condition can be
estimated in this test by how closely the battery’s open-circuit voltage returns to its level before discharge. In the second
method mentioned, the battery’s internal impedance (resistance) is measured. The internal resistance describes the battery’s
capability to carry current [8, 9, 10]. A battery with high resistance has a low capability to carry current, which significantly
impacts its performance. This relationship comes directly from Ohm’s law: higher resistance results in lower current flow.

Additionally, smart battery management systems are becoming more popular. In these systems, the battery’s voltage
and output current are continuously monitored, and the battery’s remaining capacity can be estimated mathematically
based on this data. One of the most straightforward battery tests is impedance measurement, usually referred to as internal
resistance measurement. This study focuses on discussing battery state-of-health estimation based on internal resistance
measurement.

The internal resistance value also depends on the battery’s size, type, and quality. High-capacity batteries usually
have lower internal resistance than small-capacity batteries, and in general, their resistance values vary from milliohms to
several ohms. The internal resistance increases during the discharge process. For rechargeable batteries, it is important
to recharge the battery before measuring the internal resistance. The internal resistance can be measured with a specific
battery tester. However, high-quality battery testers suitable for all kinds of batteries can be very expensive, with prices
ranging from a few hundred to thousands of euros. The internal resistance can also be measured accurately enough with a
traditional multimeter and an extra load resistor. If the resistor is adjustable (a potentiometer), it enables measurements of
batteries with varying capacities. In this work, we present a simple solution for measuring a battery’s internal resistance
using only a multimeter and an adjustable resistor. A specific measurement box or unit was built for this purpose. Our
proposed system and method are repeatable, reliable, and cost-effective. This practical and straightforward solution can be
implemented without any specific, expensive measurement equipment, such as a dedicated battery internal resistance tester.

In Section 2, we describe the battery model used, the Thevenin battery model. The internal battery resistance
measurements and the developed measurement system are presented in Section 3. In the final Section 4, we provide
detailed conclusions and discuss future investigations and possibilities.

2. Thevenin battery model

The simplified equivalent circuit of the battery is consisting of voltage source (7)) and internal resistance (Ry). This
model is called Thevenin battery model with a one RC parallel branch, e.g., [11]. The equivalent circuit of Thevenin
battery model is also shown in Figure 1. The model does not take into account for instance the temperature dependency
of battery resistance. However, with the simplified Thevenin battery model it is possible to estimate condition of the
battery accurately enough. If we add one external resistance series with the battery. Together with external resistance (load
resistance, R;), we can define battery’s internal resistance. In Figure 1, the measurement circuit is also presented. The
value of this resistance has to be small enough that it does not loading battery too much, and thus circuits current is at a
reasonable level. Necessary, required measurements for defining the external resistance are listed below.

1. An external load resistance (R;) value must be measured including wiring etc.
2. The terminal voltage of the battery (7;) must be measured
3. The voltage over load resistance (7;) must be measured

All the listed measurement could be done using traditional multimeter. We can assume that terminal voltage (V;) is
equal with an open-source voltage (V). After completing above listed measurement, we can write a voltage formula for
voltage over load resistance as
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And further, we can solve unknown battery’s internal resistance value (R,) from the previous equation. Thus, the

internal resistance value (Ry) will get a form as
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We assume that the total internal resistance, Ry consists of the resistances R’ and R; (R; = Rls +R)).
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Figure 1. A simplified battery’s equivalent circuit (marked as a dashed black line) and the measurement circuit for battery’s internal resistance
measurement. Resistance (R}) is representing the battery’s internal resistance together with Ry, which have a major impact to battery’s total performance.
Necessary voltage measurements (V; ja V;) are also presented

A battery model also includes a term for capacitance (C), which models the transient conditions and properties of the
battery [11]. In this study, those features are not under investigation, and their effect on the battery’s general condition or
state-of-health (SoH) monitoring is rather small.

3. Measurements and measurement system-direct current method (DCM)

For measurement purposes, a specific measurement box (unit) was built. The box consists of an adjustable resistor
(ranging from 0.3 to 200 ohms), a potentiometer, and necessary measurement connections for the multimeter and the
battery under test. In Figure 2, the specific measurement box built for this purpose is shown. The total component cost of
the measurement box was approximately 50 euros. With the proposed method and system, all kinds of batteries (with
different capacities and sizes) can be tested without any modifications. The only required modification is the adjustment of
the load resistor value, which must be matched with the battery capacity.
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Figure 2. The battery’s resistance measuring system. The lower red circle indicates an adjustable resistor (potentiometer). For the measurements, only
specific boxes, certain measurement wires (red and black wires), and a reliable multimeter are required. The upper red circle marks the AA battery under
test

During the measurement, we adjusted the load resistance so that the discharge current equals the rated capacity. For
example, if the battery’s rated capacity is 1000 mAh, the discharge current is 1000 mA/10 = 100 mA (C-rate of 0.1).
Continuous allowed C-rates of AA batteries (double-A batteries) vary between 0.25 C and 0.5 C, depending on the battery
type and quality. With higher C-rates, batteries start to heat up noticeably if the loading continues. In our test, we used a
C-rate of 1. Such a high rate could be used since the test duration is short, up to a few seconds. Additionally, too small a
discharge current could distort the results and provide unreliable outcomes.

Every test reduces some amount of the battery’s capacity; thus, it is important that the test can be conducted rapidly
without needlessly consuming the battery’s capacity. For example, if the terminal voltage of an AA battery is 1.5 V and
the external resistance value is 6 ohms, the load current is 250 mA. Assuming the battery’s internal resistance value is
0.5 ohms, the voltage across the load resistance must be 1.38 V according to the earlier presented equation. The typical
parameters of an alkaline AA battery are as follows: nominal voltage 1.5 V, capacity range between 1800 and 2850 mAbh,
and internal resistance value between 0.1 and 0.9 ohms depending on the battery’s features (e.g., quality). This internal
resistance value is valid when the battery is new. The proposed method could also be called the direct current resistance
method. It has been reported earlier that the battery’s resistance can be estimated with an error of less than 5% using a
direct current method [11].

We tested our method with non-rechargeable AA (double-A) batteries, including both alkaline and lithium-based
batteries. However, the majority of the tested batteries were alkaline. We managed to measure batteries from different
manufacturers, including twelve (12) different brands in our tests. Additionally, we tested brand-new (unused), partially
used, and almost empty batteries. In total, 102 batteries were measured and tested. For each battery, the measurement was
repeated three times. A single battery measurement takes less than 10 s, making the testing fast and straightforward. The
measurements were repeatable.

In Figure 3, the open-circuit voltage (V7)) measurements and calculated internal resistance values are shown. The
plot illustrates the dependency between the battery’s open-circuit voltage and internal resistance. Figure 3 shows that two
different batteries may have a similar open-circuit voltage, but the difference in their internal resistance could be nearly one
ohm. This also emphasizes that open-circuit voltage cannot reliably indicate the battery’s state-of-health (SoH). Most of
our tested batteries were typical alkaline batteries, with a minor portion being lithium-based. These battery types are also
marked in Figures 3 and 4. All batteries were tested at room temperatures (from 20 to 22 °C), so the effect of temperature
on the battery’s internal resistance is negligibly small. Typically, higher ambient temperatures also mean higher battery
internal resistance.
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Figure 3. Measured batteries open-circuit voltages and their internal resistances. A dot represents a single measurement. Different colors indicate battery
status (type and usage status), as presented in the figure’s legend

In Figure 4, the measured voltage over the load resistance in relation to the battery’s internal resistance is shown.
Their relationship is almost linear, except for a few anomalies. We can also conclude that the voltage over the load provides
a better and more reliable indication of the battery’s condition than the open-circuit voltage.
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Figure 4. Measured voltage over the load (battery test circuit) and batteries’ internal resistances. Each dot represents a single measurement. Different
colors indicate the battery status (type and usage status), as presented in the figure legend

In Figure 5, all alkaline battery internal resistance measurements, as well as the exponential fit (y = ae~%¥) to the
measurements, are shown. The y represents the battery’s internal resistance, while the x represents the open-circuit voltage.
The values for factors a and b are 22.68 and 2.49, respectively. The model and measurement results exhibit a decent
relationship (correlation coefficient, R = 0.61). This behavior underscores the importance of the internal resistance value
as a battery condition indicator. The open-circuit voltage (V) value alone cannot reliably indicate the condition of the
battery, especially as the battery ages with use. If the voltage over load (V) could be continuously monitored, a better
estimation of the battery’s condition could be provided. This behavior is illustrated in Figure 4.
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Figure 5. Alkaline batteries’ (both new and used ones) open-circuit voltages and their internal resistances. A dot represents a single measurement.

The blue dashed line is a fit line (exponential fit, y = ae~”), which is done on the basis of measurements. The correlation coefficient (R?) between
measurements and a fit model is 0.61

4. Conclusions

Our measurement showed that the dependency between the battery’s open-circuit voltage (7)) and internal resistance
is not linear; rather, it follows a logarithmic pattern. When the open-circuit (terminal) voltage is around 1.4 V or higher, the
battery’s internal resistance value remains relatively stable. The resistance changes by only about 0.3 ohms. However,
when the voltage falls below that threshold value (1.4 V), the resistance increases rapidly, almost exponentially.

Pulse-based battery tests are also reliable but require more sophisticated technical solutions and special measurement
tools. Test repeatability is important in every method, but it stands out more in this specific method. These tests also
require a similar measurement principle and approach: the test should be conducted before the battery is put into use.
Considering these limitations, the direct current method used in this study has many advantages compared to pulse-based
battery test, such as its simplicity and shorter test duration.

Even a simplified battery model can accurately reveal the battery’s state and conditions. An open-circuit voltage alone
cannot accurately indicate the status of the battery, especially as the battery ages. Both open-circuit voltage and internal
resistance measurements should be conducted. The open-circuit voltage measurement is quick and can easily determine
if the battery is unusable. The battery’s internal resistance measurement provides more detailed information about the
battery’s condition. To have a proper battery condition monitor, the battery’s internal resistance should be measured before
it is put into use. This value could serve as a reference for later comparisons. Even if, for instance, traditional AA battery
internal resistance values are rather similar (usually between 0.3 and 0.45 ohms), the measurements also verify that the
battery is intact before actual use.

Our results also illustrate the performance of more expensive lithium-based batteries. AA-size lithium-based batteries
are still three to four times more expensive than alkaline batteries. This price difference will likely increase in the following
years. Lithium batteries have a higher open-circuit voltage, closer to 1.8 V. Their internal resistance remains lower (<1 ohm)
for longer periods, even though their initial internal resistance values are similar to those of alkaline batteries when new. In
general, lithium-based batteries offer better performance than alkaline batteries [12]. Their energy capacity and density are
higher than traditional alkaline batteries. However, as mentioned earlier, their prices are higher than alkaline batteries,
at least for now. It is justified to use more expensive lithium-based batteries in applications where battery operation and
performance are critical. We can also conclude that a developed, simple measurement unit is feasible for battery condition
monitoring.

The measurement system could also be automated. For instance, an Arduino-based microcontroller system could be
one possible solution. Arduino could control, for example, a relay, which could alternately connect the battery under test to
the load or disconnect it. Such a solution and system are relatively straightforward to implement. This type of system is
also capable of realizing a pulse-based battery test, allowing easy comparison of different battery condition monitor tests.
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This project would be ideal for a bachelor student project requiring knowledge of electronics and programming. Several
interesting technical proposals for automated battery testing have already been presented, e.g., [13].
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