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Abstract: Batteries in energy storage systems are exposed to electrical noise, such as alternating
current (AC) harmonics. While there have been many studies investigating whether Lithium-ion
batteries are affected by AC harmonics, such studies on Nickel Metal Hydride (NiMH) batteries are
scarce. In this study a 10 Ah, 12 V NiMH battery was tested with three different harmonic current
frequency overlays during a single charge/discharge cycle: 50 Hz, 100 Hz, and 1000 Hz. No effect on
battery internal temperature or gas pressure was found, indicating that NiMH battery aging is not
affected by the tested harmonic AC frequencies. This can reduce the cost of energy storage systems,
as no extra filters are needed to safeguard the batteries. Instead, the capacitive properties of the
batteries give the possibility to use the battery bank itself as a high pass filter, further reducing system
complexity and cost.

Keywords: accelerated aging; batteries; battery aging; energy storage systems; NiMH batteries;
power conversion harmonics; power system harmonics

1. Introduction

Industrial scale Nickel Metal Hydride (NiMH) batteries have many different uses,
both as stationary systems and in traction applications. Stationary applications include,
e.g., uninterruptible power supply (UPS), smart grid energy storage, fast charging buffer
for electric vehicles, and home storage. In many of these applications, the batteries are con-
tinuously exposed to direct current (DC) loads that contains a certain amount of harmonics.
This can be caused by the converter itself, e.g., by the control method and the switching
frequency of the converter, and/or through incomplete filtering of harmonics present in the
grid voltage [1,2]. In some systems, another source of superimposed alternating currents
(AC) can be the pulsating AC power of a single-phase electric motor and other single-phase
AC loads, which are connected to the battery via an unfiltered DC/AC-inverter [3].

Previous work on Li-ion batteries for traction systems disagree on what effect AC
frequency overlay has on the batteries. Some studies show no effect on aging when cycling
with an AC frequency overlay [4–7]. The studies that do show an effect disagree on what
frequencies are causing it. Uddin et al. find that the capacity fade and the impedance
increases with increasing frequency [8], while other studies point to the lower frequencies
as the culprit in changing the battery behavior [5,9,10]. In contrast to these studies that
place importance on the frequency of the overlaid harmonics, Juang et al. conclude that it is
the amplitude that is the main contributing factor, with higher amplitudes having a higher
impact irrespective of frequency [11]. Osswald et al. investigate the current path taken
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through the cell using impedance measurements and conclude that it varies with overlaid
frequency, identifying the risk of uneven aging caused by AC overlay [12]. However,
studies on how batteries of the NiMH chemistry are affected are scarce, with one found that
studies impact on capacity [13]. Understanding the impact of system related AC frequency
overlay on NiMH batteries is important to ensure the longevity of affected battery energy
storage. The study presented in this paper aims to investigate the short-term effect of DC
current overlaid with AC frequencies on the behavior of a NiMH battery, to assess whether
battery life is affected.

In a NiMH battery, the temperature and gas pressure behaviors are closely related
to the aging mechanisms, both as causes and symptoms. This allows for investigation of
aging effects of AC frequency overlay through studying the temperature and gas pressure
behaviors during individual cycles, which simplifies testing and decreases testing time.
Studies investigating only a single cycle [9] or a part of one [11] have been made for
different Li-ion battery types. To apply similar methods to a NiMH battery, the behavior
specific for this battery type needs to be considered. The primary aging mechanism in the
NiMH battery is corrosion of the negative electrode, which leads to increased resistance.
The process is accelerated by high temperature as well as a high oxygen partial pressure in
the cell. Increases in temperature and/or gas pressure can therefore be indicators of the
battery being harmfully affected by the frequency overlay [14]. Taking these mechanisms
into account, this study uses the temperature and gas pressure behavior of a NiMH battery
when subjected to AC frequency overlay to assess the effect on battery aging.

2. Materials and Methods

In this study, the battery tested was a starved electrolyte configuration Nilar 10 Ah
EC 10-cell battery (Gävle, Sweden) with a nominal voltage of 12 V. A pressure sensor
(P51-100-A, ±0.5% inaccuracy, SSI Technologies, Inc., Janesville, WI, USA) measured the
inner gas pressure of the battery through a gas channel which is shared by all cells. The
temperature sensor (PT100, ±0.4 ◦C inaccuracy, IST, Wattvil, Switzerland) was placed in an
electrically insulated slot in the contact plate on the negative side of the battery case. All
tests were carried out at room temperature, 22 ± 1 ◦C.

The experimental setup contains a voltage source converter (VSC), allowing the
superposition of modulated sinusoidal current waveforms with frequencies up to 2 kHz on
top of a DC current. A cDAQ data acquisition system (cDAQ 9174, National Instruments,
Austin, TX, USA) exchanges data with a computer.

A layout of the experimental setup is shown in Figure 1. A more detailed explanation
can be found in Appendix A, with Figure A1 providing a picture of the experimental setup,
and the setup is described in further detail by Soares et al. [15].

To study the effect of frequency overlay on the NiMH battery, a battery at beginning
of life was cycled one charge/discharge-cycle with constant DC current for each frequency.
The current is given as a C-rate, where C is the current needed to discharge the battery fully
in 1 h. The tested cycles consist of a charge immediately followed by a discharge and is
defined by an upper and lower voltage boundary, where the lower boundary is 1.000 V/cell
in all cases. In this study two different C-rates were tested, 0.3C, with an upper voltage
boundary of 1.475 V/cell, and 0.5C, with an upper voltage boundary of 1.505 V/cell. For
each C-rate there were three different frequencies tested as well as a reference test without
any frequency overlay. The frequency overlay was sinusoidal with an amplitude of 70% of
the tested DC C-rate. The three frequencies selected were 50 Hz, 100 Hz, and 1000 Hz. The
first two were chosen as they are possible frequencies occurring on the DC side when a
battery system is connected to the grid through an AC/DC-converter [1,2]. To study the
effect of a higher frequency current oscillation on battery behavior, 1000 Hz was chosen to
make the results comparable to previous studies [4].
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Figure 1. Schematic representation of the experimental setup. Numbers in cDAQ corresponds to used acquisition cards.

The tested battery module was characterized after the frequency tests, using Electro-
chemical Impedance Spectroscopy (EIS, Zahner, Kansas City, MO, USA). The EIS measure-
ment was done at room temperature in a galvanostatic mode with a 100-mA amplitude
and a range of 10 mHz–50 kHz.

3. Results

To evaluate the effect of frequency overlay on the NiMH battery, its temperature,
voltage, and gas pressure behaviors were studied. These behaviors are presented in
Figure 2. Observing the temperature behavior of the battery at the different test conditions
shows no significant effect of adding an AC overlay to the DC current during charge.
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Figure 2. NiMH battery voltage, temperature, and absolute gas pressure vs. State of Charge (SOC) for different overlay
frequencies. The sinusoidal AC-amplitude is 70% of the C-rate. Ambient temperature: 22 ± 1 ◦C. (a) Charge 0.3 C;
(b) Discharge 0.3 C; (c) Charge 0.5 C; (d) Discharge 0.5 C.
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Similarly, the temperature behavior during discharge is unaffected. Likewise, the volt-
age characteristics do not change as the battery is subjected to an AC overlay, independent
of the frequency of the overlay, neither for charge nor discharge. Finally, the gas pressure
behavior of the battery shows no effect of introducing an AC current overlay. Each DC
current rate has a gas pressure behavior that is replicated for all tested frequencies. The
slight differences seen between the tests cannot be significantly tied to any of the specific
AC frequencies and are likely a result of natural fluctuations in test conditions.

4. Discussion

In this study, the effect of AC current overlay on the NiMH battery is examined at
the beginning of life (BOL) by observing voltage, temperature and gas pressure behaviors
during a single charge/discharge-cycle, as they can give a good indication on whether
aging will be affected. It is known that exposure to singular events can negatively affect
the life span of batteries, and short-term changes can give an indication whether this has
occurred. As none of the measured properties in the NiMH battery were affected by the
frequencies used, it is unlikely that the tested AC-frequency overlay increases the rate of
aging of the battery.

The major aging mechanism for a NiMH battery is corrosion of the negative electrode
which consumes metal, creating metal hydroxide [14]. A metal hydride stores hydrogen
in free spaces between the metal atoms in a crystal lattice, so called intercalation sites.
The oxidation of the metal to metal hydroxide destroys some hydrogen storage sites, and
the hydrogen produced in the oxidation reaction also occupies additional intercalation
sites. Both mechanisms reduce the total amount of available hydrogen storage sites. For
each corroded site, a bit more than twice the hydrogen storage capacity is lost [16]. In
addition, the corrosion process consumes water from the electrolyte causing dry-out in
the separator, which is a porous polymer layer separating the electrodes, increasing the
electrical resistance of the battery [14]. The corrosion rate of the negative electrode is
increased by higher temperatures [14,16–19].

A NiMH battery is designed to be capacity limited by the positive electrode with
a negative electrode over-capacity. As the negative electrode material is oxidized, the
capacity balance of the electrodes is shifted, eventually causing the battery to instead be
limited by its negative capacity. With the negative electrode unable to receive all of the
hydrogen produced during the charge process, the gas pressure in the battery during
charging is increased. This causes the gas pressure limit to be engaged earlier in the charge
cycle, decreasing the usable capacity of the battery. A slower pressure drop during the
discharge part of the cycle can indicate a presence of gaseous hydrogen, since the oxygen
recombination rate is lower in an oxygen hydrogen mix than in an environment free of
gaseous hydrogen [20].

Just like temperature, the gas pressure balance can affect the aging of the battery. An
increase of oxygen partial pressure aggravates the corrosion of the negative electrode mate-
rial. A discharged negative electrode is more vulnerable to this process, since the charged
electrode is protected by the presence of intercalated hydrogen. Changes in pressure be-
havior with increased pressure levels during charge can indicate problems for the negative
electrode to intercalate hydrogen, increased oxygen production during charging, as well as
reduced gas recombination rates. As oxygen pressure drives the corrosion reaction and
hydrogen intercalation limits the corrosion reaction, all three scenarios as described above
could lead to a higher corrosion rate of the negative electrode material [21].

Considering the aging behavior of the NiMH battery type as discussed in previous
paragraphs, the lack of effect on temperature or gas pressure found in this study indicates
that the aging is not aggravated by the superimposed AC-frequencies tested.

While this study shows no effect of AC frequency ripple on a NiMH battery at
beginning of life, there are further tests to be made to ensure that AC frequency overlay
is not a factor that affects the long-term performance of the battery. To confirm that the
aging is unaffected, long-term cycling experiments could be carried out. In addition to
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temperature and gas pressure, discharge capacity and resistance should also be studied to
evaluate the effect on aging.

When describing the electrical properties of an electrochemical system it is useful
to refer to EIS measurements. EIS is used to characterize batteries regarding electrical
resistance, electrode surface area, reaction kinetics, and diffusion properties. In this study
only one EIS measurement is performed, at 50% SOC, but performing EIS measurements
over the whole SOC range is a good way to map battery characteristics dependence
on SOC [22]. Looking at a Nyquist plot of the tested battery, Figure 3a, it consists of an
inductive region above 7 kHz, a high frequency region between 7 kHz and 0.5 Hz, and a low
frequency region Warburg diffusion tail below 0.5 Hz. All of the AC-overlay frequencies
tested in the present study are located in the high frequency region. Previous studies made
on Li-ion use EIS to analyze AC frequency overlay response. Uno et al. argue that low
frequencies, slow enough to activate the charge transfer reactions, are the cause of aging
due to side reaction activity [10]. Another study expanding on this theory claims that
the critical frequency, dubbed the corner frequency, below which this process happens,
can be found at the top of the arc of the high frequency region [5]. Considering that the
frequencies used in this study are all higher than the corner frequency, the fact that no effect
from the AC frequencies can be seen on the battery is in accordance with both of these
theories. A common analysis method of EIS data is to adapt an electrical circuit chosen
to approximately model the internal processes of the system, i.e., an equivalent electrical
circuit. For battery systems the chosen circuit is commonly a variation of the Randles
circuit [23], where the chemical reactions and mass transport properties of the battery are
represented by a capacitance connected in parallel to a resistance and a Warburg element—
a representation of the electrochemical mass transport—in series. This parallel circuit is
then combined with a resistance in series representing the ohmic resistance, Figure 3b.
Considering the capacitive properties of the battery illustrated by the Randles circuit, the
battery should behave as a high pass filter. Since the current ripple investigated in this
study has been found to have no negative effects on the battery, a NiMH battery bank could
be used as a high pass filter in a system where there is a risk of superimposed frequencies.
This would decrease system cost and complexity for systems where frequency overlay is
common. To further investigate this and confirm that the battery would behave as a high
pass filter over the whole SOC range, more EIS measurements could be made at different
SOC levels.
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5. Conclusions

When subjecting a NiMH battery to three different AC-overlay frequencies, 50 Hz,
100 Hz and 1000 Hz, no short-term effects could be seen on the battery voltage, tempera-
ture, and internal gas pressure behavior. These results show that there are no signs that
the battery is aged by the frequencies tested. This as the primary aging mechanism is
accelerated by high oxygen pressure and elevated temperature. Due to this result, no filters
would be needed to safeguard the batteries in a grid connected energy storage system.
In addition, the capacitive properties of the battery make it behave like a filter, and so a
battery bank could be used in lieu of added filters in an energy storage system, further
decreasing system cost and complexity.
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Appendix A

This appendix contains a more detailed explanation of the experimental setup. For an
even more detailed description, please refer to Soares et al. [15].

The main hardware device of the experimental setup is a voltage source converter
(VSC). The VSC has been designed such that the current can be set to AC, DC, or a
combination of both, with a maximum current of 50 A. The VSC is fed by a 24 V DC
controllable power supply, which is connected in parallel with an energy buffer (lead-acid
battery). This configuration enables both charge and discharge since the currents can flow
back-and-forth between the lead-acid battery and the NiMH battery. The VSC is controlled
using a microcontroller that allows a switching frequency of up to 70 kHz, where a closed-
loop current controller sets the duty-cycle of the pulse-width modulation (PWM) voltage
signal [4]. This allowed the superposition of a modulated sinusoidal current waveform
with frequencies up to 2 kHz on top of a DC current.

A cDAQ data acquisition system exchanges data with the computer during the ex-
periment via USB. Four acquisition cards were mounted into the rack: a NI9861 for the
controller area network (CAN) protocol communication with the VSC, a NI9229 (±0.3%
gain error) and a NI9216 (±0.2 ◦C error for temperature measurements, voltage error not
given) for measuring the voltage of the NiMH battery and the gas pressure sensor, respec-
tively, and a NI9217 (±0.2 ◦C error) for measuring the ambient and battery temperature.
A picture of the experimental setup is shown in Figure A1.
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Figure A1. Experimental setup: (1) Oscilloscope DS0 1024A (Keysight Technologies, Santa Rosa, CA,
USA), (2) Power supply (TDK-Lambda, Tokyo, Japan), (3) Current amplifier TCPA300 (Tektronix,
Beaverton, OR, USA), (4) Power supply (24 V DC), (5) Power supply (± 5 V DC), (6) PC with LabVIEW
(2018), [24] (7) Measurement equipment NI cDAQ, (8) VSC, (9) Current probe A622 (Tektronix,
Beaverton, OR, USA), (10) NiMH battery, under test, (11) Energy buffer (lead-acid battery).
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