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The power electronic subsystems within electric vehicle (EV) powertrains are required to manage both
the energy flows within the vehicle and the delivery of torque by the electrical machine. Such systems
are known to generate undesired electrical noise on the high voltage bus. High frequency current oscil-
lations, or ripple, if unhindered will enter the vehicle’s battery system. Real-world measurements of the
current on the high voltage bus of a series hybrid electric vehicle (HEV) show that significant current per-
turbations ranging from 10 Hz to in excess of 10 kHz are present. Little is reported within the academic
literature about the potential impact on battery system performance and the rate of degradation associ-
ated with exposing the battery to coupled direct current (DC) and alternating currents (AC). This paper
documents an experimental investigation that studies the long-term impact of current ripple on battery
performance degradation. Initial results highlight that both capacity fade and impedance rise progres-
sively increase as the frequency of the superimposed AC current increases. A further conclusion is that
the spread of degradation for cells cycled with a coupled AC–DC signal is considerably more than for cells
exercised with a traditional DC waveform. The underlying causality for this degradation is not yet under-
stood. However, this has important implications for the battery management system (BMS). Increased
variations in cell capacity and impedance will cause differential current flows and heat generation within
the battery pack that if not properly managed will further reduce battery life and degrade the operation
of the vehicle.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Within the automotive and road transport sector, one of the
main drivers for technological development and innovation is the
need to reduce the vehicle’s fuel consumption and the emissions
of carbon dioxide (CO2) [1–3]. Legislative requirements are moti-
vating manufacturers and subsystem suppliers to develop new
and innovative technologies for low carbon mobility [4–7]. In con-
ventional vehicles, lightweight materials [8] and advanced com-
bustion engines [9] are continually being improved to increase
fuel economy. Concurrently, much attention is being diverted to
vehicle electrification as battery technologies become more acces-
sible [10]. Although electric vehicles (EV), hybrid electric vehicles
(HEV) and plug-in hybrid electric vehicles (PHEV) remain a small
fraction of the market today, electrified powertrains are expected
to become ubiquitous by 2030 [11,12]. Within this field, a key
enabling technology is the design and integration of the power
electronic subsystems that are required to manage the flow of
energy within the vehicle and the creation of torque by the electri-
cal machine during vehicle acceleration and regenerative braking.
A comprehensive review of different hybrid powertrain architec-
tures employed in commercial vehicles with detailed descriptions
of power electronic components can be found in Ref. [13]. Such
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Nomenclature

Terms and abbreviations
AC alternating current
BMS battery management system
CC constant current
CV constant voltage
DC direct current
DOD depth of discharge
EV electric vehicle
EIS electrochemical impedance spectroscopy
EMF electromotive force
FET field effect transistors
HEV hybrid electric vehicle
ICE internal combustion engine
IGNT insulated gate bipolar transistor
Li lithium

MOSFET metal–oxide–semiconductor field-effect transistor
Pb lead
PHEV plug-in hybrid electric vehicle
SEI: solid electrode interface
SOC state of charge

Mathematical notation
Cdl double layer capacitance (F)
IDC DC current value (A)
f c critical frequency (Hz)
f frequency (Hz)
Rct charge transfer resistance (X)
R0 ohmic resistance (X)
Xct reactance (X)
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electrified powertrains typically contain modern electronic switch-
ing circuits and power electronic components such as Insulated
Gate Bipolar Transistors (IGBT) and Field Effect Transistors (FET)
integrated within both DC–DC bi-directional converters and elec-
trical machine inverter drives [14] and can operate at switching
frequencies in the order 20 kHz� 50 kHz within a vehicle applica-
tion [15]. This switching operation coupled with the highly reac-
tive load associated with the vehicle’s electrical machine is
known to induce higher frequency harmonic signals that are cou-
pled with the DC battery current [16]. The rechargeable battery
employed within both EV and HEVs is often characterised as hav-
ing a useful life defined by the number of continuous charge–dis-
charge cycles with respect to a given level of capacity fade [17].
For example, the 40 Ah nickel manganese cobalt oxide battery pro-
duced by Dow Kokam designed for automotive applications is cited
by [18] as having a retained capacity of 89.5% after 1900 cycles at a
current rate of 1C and temperature of 25 �C. Within each cycle the
coulombic capacity of the battery is generally known to reduce
[19,20]. It follows that low coulomb charge–discharge cycles at
high frequencies may also have a detrimental effect on useful bat-
tery life. Alternating currents (AC), in essence, produce repeated
coulomb charge–discharge cycles that may affect the life of the
battery. As defined through electrochemical impedance spec-
troscopy (EIS) techniques both the reactive and ohmic components
of the cell’s impedance vary as a function frequency, implying that
any effect may equally be dependent on the frequency and magni-
tude of the applied current.

Little is reported within the academic literature about the
potential impact on battery system performance and the rate of
degradation associated with exposing the battery to coupled direct
current (DC) and AC excitation. Many early laboratory and real
world studies of lead acid (Pb) batteries have shown that AC ripple
may cause the cell to experience shallow discharge cycles, that in
turn may lead to gassing [21], grid corrosion [22–24] and internal
heat generation [21,22,25,26]. All factors that have a well under-
stood detrimental impact on the service life of lead acid batteries
[27]. In addition, for a fully charged lead–acid battery, high-
frequency ripple can be destructive through overcharge, especially
due the large differences in electrochemical efficiency for charge
and discharge [21]. More recently, Uno and Tanaka [28] have stud-
ied the lifetime performance of Lithium-ion batteries (2 Ah pris-
matic Sanyo battery with a LiCoO2 positive electrode and a
graphite negative electrode) when subject to AC ripple excitation
at frequencies ranging from 1 Hz� 100 kHz. The authors
employed a single AC current waveform (of a single frequency)
with peak-to-peak current of 2 A with no DC offset (e.g. zero mean)
as the excitation signal. This means that the tests were carried out
around a single SOC operating and therefore at a single voltage point.
The reference cell against which comparisons of performance degra-
dation were made was a single cell, under no-load, stored within the
same environmental conditions. It was shown that cells cycled at
frequencies above 10 Hz showed trends in performance degradation
commensurate with calendar aging. Conversely, the performance of
cells cycled using a low frequency current waveform (below 10 Hz)
significantly deteriorated. A capacity fade in the order of 14% was
noted for the latter test condition.

Though not experientially substantiated, this has often been
attributed to the time constant associated with the double-layer
capacitance (Cdl) and charge-transfer resistance (Rct) found in both
the anode and the cathode. When the time period of the high-
frequency cycles are significantly shorter than the RctCdl time con-
stant, the relatively slow charge transfer dynamics of the cell does
not have time to respond to the current perturbation [21,25]. This
hypothesis is consistent with previous studies into lead–acid bat-
teries that conclude that high-frequency current fluctuations only
charge and discharge the double-layer capacitance and do not
allow time for a significant amount of ionic diffusion to occur. Con-
versely, ionic diffusion in the solid phase is fully operative at lower
frequencies (below < 1 Hz [29]).

Simulation analysis reported within [28] using an equivalent
circuit model (ECM – with two RC branches approximating the
dynamics of each electrode) show little current flowing through
the charge-transfer resistor Rct at high frequencies (above
100 Hz). These results are further employed to argue that at high
frequencies the charge–discharge current is effectively ‘‘buffered”
since the majority of current will flow through the lower capacitive
reactance of Xct .
Xct ¼ 1
2pfCdl

ð1Þ

Conversely, the current through Rct will dominate heat genera-
tion at low frequencies. The internal heating of lithium-ion batter-
ies with very low frequency (< 1 HzÞ sinusoidal alternating
currents is documented in Ref. [30]. A correlation identified
between the degradation trend and the current distribution of Cdl

and Rct additionally indicates that significant degradation at low
frequencies is caused by side reactions that accompany the
charge-transfer process [28]. At high frequencies, it is argued that
ripple current only acts to cycle the energy throughput of Cdl and
therefore cell degradation mimics calendar degradation. While
the conclusions made are consistent with those reported in similar
studies, it is noteworthy that these conclusions are based on sim-
ulation results obtained through the use of an ECM. This represen-
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tation of the cell, inherently lacks the fidelity, most noticeably the
ability to define the electrochemical causality within the cell to
accurately predict the effect of AC current ripple.

Previous research into cycle life ageing of lithium ion batteries
have either considered degradation arising from direct current
loads only [31–33] or alternating current loads only [28]. These
signals do not accurately reflect the load current within the context
of real-life battery operation which involves a coupling between
AC and DC which is arguably more valuable to the engineering
community to understand. In this work therefore we carry out
novel research into long-term performance degradation of li-ion
battery cells when exposed to a coupled AC–DC current waveform
that is representative of real-world HEV use. In this work, we quan-
tify battery degradation caused by a coupled AC–DC excitation,
which is designed from measurements of current on the high volt-
age bus of a HEV, within a temperature controlled environment.

This paper is structured as follows: measurements of high fre-
quency ripple on the DC link of a series hybrid electric vehicle
are presented in Section 2. To generate a coupled AC–DC signal, a
bespoke test rig was created; the details of this new test environ-
ment along with the experimental method employed are explained
in Section 3. Within Section 4, the test procedure including the
characterisation method is presented. Experimental results, dis-
cussion and conclusions are provided in Sections 5,6 and 7
respectively.
2. Measurement of electrical noise on the DC link of the high
voltage bus

In this work we consider a series HEV powertrain where the
vehicle’s high voltage battery system is connected electrically in
series with the electrical machine used for vehicle propulsion. An
example configuration is illustrated in Fig. 1. The figure highlights
the inclusion of the different power electronic subsystems used
within the vehicle. These include the DC–DC bidirectional con-
verter, employed to step-up the voltage of the battery pack to that
employed on the high voltage bus or DC link. The AC–DC converter
(rectifier) employed to integrate the internal combustion engine
(ICE) with the electrical architecture of the vehicle and finally the
DC–AC converter (inverter) used to regulate the current and there-
fore the torque output of the electrical machine. It is beyond the
scope of this paper to discuss, in detail, the characteristics of each
subsystem. Their operation, within the context of new automotive
applications, is documented within a number of educational text
and research papers including [34].

Within an electrified powertrain AC signals are generated
within the electrical architecture by the power electronic subsys-
tems. The continual switching of the IGBTS or MOSFETs embedded
within their designs generate electrical noise at their respective
switching frequency and multiples of the switching frequency
thereafter (e.g. including even or odd harmonics from
Fig. 1. Typical series hybrid electric vehi
non-sinusoidal waveforms). This higher frequency content is often
filtered through a low-pass filter integrated within the output
stage of the power electronics before passing through to the DC
link. However, while it may be attenuated, it is not completely
eliminated. For a typical vehicle application, the DC–AC inverter
is responsible for producing AC waveforms typically in the order
of 8–10 kHz limited by the maximum switching frequency of the
power electronics and any DC–DC converter in the system (30–
50 kHz). If the vehicle has the ability to integrate with the electrical
grid, then the associated charger circuits will induce further elec-
trical interference in the order of twice the grid frequency due to
full wave rectification.

Another source of high frequency AC ripple on the DC link, is
from the electrical machine employed for vehicle propulsion. The
machine produces odd harmonics arising from the non-
sinusoidal back-EMF (electromagnetic force) waveform. The
machine produces even harmonics arising from changes in the
mutual inductance of the windings as the rotor moves within the
magnetic field established by the excitation currents. This higher
frequency content manifest itself at even harmonic values of the
rotational frequency due to the equal number of pole-pairs in the
machine design. A further source of high frequency ripple within
the electrical machine stems from subtle differences in the wind-
ing impedance that can be found in each of the machine’s phases.
For a three phase machine, in an ideal scenario the current through
each phase (separated 120� electrically), will sum vectorially to
zero. However, small differences in impedance for each phase will
result in differential current flowing through each phase that will
not, as a result, resolve to zero and hence generate AC ripple on
the DC link. This high frequency content manifests itself at odd
harmonic values of the fundamental motor excitation frequency.

In order to quantify the frequency content of the load current on
the DC link of an actual HEV, a sample of the DC–link current was
measured under a transient load conditions for a commercially
available PHEV during a regenerative braking manoeuvre. This
waveform was sampled at a frequency of 109 Hz to ensure the
bandwidth of the dataset was appropriate for this analysis. This
data was converted into the frequency domain using Welch’s
method [35] available as a toolbox within the commercially avail-
able Matlab software. This technique estimates the power content
of the signal at difference frequencies and its use is widely reported
[36]. The output from this algorithm is summarised in Table 1 and
presented graphically in Fig. 2.

3. Design of the bespoke AC ripple testing rig and the
experimental set-up

3.1. Description of the test cells

Within this study, 15 commercially available 3 Ah 18650 cells
were used. Each cell comprises of a LiC6 negative electrode,
cle (HEV) powertrain configuration.



Fig. 2. Top panels shows a high resolution measurement (nano-seconds) of current (y-a
The bottom panel shows a small sample of the power spectrum; the y-axis is normal
(p=sample frequency ðHzÞ).

Table 1
A summary of spectral analysis results.

Frequency (Hz) Power/frequency (dB=Hz)

0.15 101
53 57.17
106 67.34
255 48.8
361 35.13
510 30.81
1020 12.54
1529 17.29
2549 13.2
5704 2.9
9890 0.3539
14,828 �2.498
49,119 7.119
82,460 �6.02
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LiNiCoAlO2 positive electrode, separated by a polyethylene separa-
tor, sandwiched between two current collectors and immersed in
an electrolyte solution. The manufacturers recommended maxi-
mum continuous charge and discharge current rates are defined
as 1.2C and 0.3C respectively. The maximum instantaneous charge
and discharge current rates are defined as 5C and 1.5C respectively.
Fig. 3 presents one EIS plot for a cell under test, with a stored
energy of 50% SOC measured at ambient temperature (25 �C). To
further contextualise the research problem and to correlate the
cell’s impedance characteristics to the application domain intro-
duced in Section 2, a subset of pertinent frequency points are high-
lighted. Two further points are also defined, namely the impedance
when ImðZðf ÞÞ ¼ 0 the pure Ohmic resistance of the battery (R0)
and the real part of the battery impedance at the point where
the negative imaginary part has its local minimum (Rt). The latter
corresponding to the sum of R0 and Rct . The value of Rt is often
employed as a measure of the power capability of the battery
xis) on the DC link of a typical series hybrid electric vehicle during a braking event.
ised power (dB=p=sample frequency ðHzÞ) and the x-axis is normalised frequency



Fig. 3. EIS results for the 3 Ah 18,650 cell showing selected frequencies measured on the high voltage bus during a regenerative braking event.
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system [18] or the effective resistance of the battery measured by
the BMS at a measurement sample rate of 0:1 Hz� 1 Hz [37]. Also
highlighted on the EIS plot is the characteristic frequency ðf cÞ of
the cell, measured at the point were the vector 1

RC

� �
is at a maxi-

mum. The characteristic frequency defines the voltage response
dynamics of the battery. From Fig. 3, it can be seen that 55 Hz is
very close to the characteristic frequency for this cell. Based on
previous research [28], it is assumed therefore that electrical load-
ing of the cell below 55 Hz will cycle the SOC of the cell leading in
the longer term to performance degradation. Based on the results
presented in Fig. 3 and the discussion provided in Section 2, five
different excitation signals are defined to electrically load the
different cells. These are:

� An electrical AC signal at 55 Hz superimposed onto a DC signal
ðf ¼ f cÞ

� An electrical AC signal at 10 Hz superimposed onto a DC signal
ðf < f cÞ

� An electrical AC signal at 254 Hz superimposed onto a DC signal
ðf > f cÞ

� An electrical AC signal at 14:8 kHz superimposed onto a DC sig-
nal ðf � f cÞ to emulate the high frequency harmonic content
entering the traction battery.

� A pure DC signal to act as both the reference condition and to
emulate the traditional model of electrical loading the battery
cell within a HEV test scenario or battery ageing study.

To improve the robustness of the test method and the efficacy
of the conclusions made, 3 cells of the same type and are exercised
using each current waveform defined above.

3.2. Test cycle definition

Each cell is cycled using a DC current signal superimposed with
the AC ripple current waveform. Each cell is discharged using one
of the five current waveforms defined in Section 3.1 with a DC of
0:8Ccycle (where Ccycle is the de-rated battery C-rate defined after
each characterisation test) from 95% SOCcycle to 65% SOCcycle. Follow-
ing a rest period of 10 min, each cell is then charged using a stan-
dard constant current (CC) – constant voltage (CV) strategy. The
cells are charged with a DC rate of 0.3 Ccycle from 65% SOCcycle until
the upper voltage limit of 4.1 V (corresponding to 95% SOCcycle) is
reached. Each cell is then charged under CV conditions using a
simple DC current waveform, until the magnitude of the applied
current reduces below a threshold of 0.15 A. The DC portion of
the testing is based on the battery specification presented in
Section 3.1, the following constraints were derived to ensure the
safe operation of the experimental activity:

� Condition 1: I � IDC þ jIAC j sinð2pftÞ < 1:5CðIDC 6 0:3CÞ during
charge

� Condition 2: I � IDC þ jIAC j sinð2pftÞ > �5CðIDC P �1:2CÞ during
discharge

� Condition 3: ftcharge ¼ 2pncharge during charge
� Condition 4: ftdischarge ¼ 2pndischarge during discharge
� Condition 5: jIAC j ¼ 0 during constant voltage charging phase

IDC is the magnitude of the DC current (A), jIAC j is the magnitude
of the AC signal (A), f is frequency (Hz), t is time (s),
ncharge and ndischarge is the number of complete AC periods within
each charge and discharge mode respectively. Conditions 1 and 2
ensure that current during the test does not exceed the manufac-
turer’s recommended limits for the current rating. Conditions 3
and 4, ensure that the average energy throughput for each cell,
irrespective of the frequency of the applied current waveform is
equal to:
Z

IDCdt ð2Þ

over the complete charge–discharge cycle. While violating Condi-
tions 3 and 4 for higher frequency current signals may result in neg-
ligible amounts of differential energy being sunk and/or sourced
from each cell; for the lower frequency test signals, the cumulative
energy content contained within part of the period, may be signifi-
cant. Given that the primary focus of this research is to better
understand the potential impact of AC current ripple on battery per-
formance, the magnitude of the sinusoidal current element of the
excitation signal is fixed to 1:2 C peak-to-peak so that a significant
contribution of the total applied current is alternating. Applying
Conditions 1 and 2, the DC part of the test signal is summarised
in Table 2. It is noteworthy that current magnitudes defined in
the table are expressed relative to the de-rated capacity of each cell
(CcycleÞ, the value of which was repeatedly measured at ageing char-
acterisation points after 300, 600, 900 and 1200 complete charge–
discharge cycles. Using Ccycle accounts for capacity fade during the
text and ensure that the safe operating limits expressed by the
manufacturer are adhered too. For completeness, an example illus-
tration of the current profile that will be used to cycle the cells



Table 2
Definition of the DC part of the cycle, where Ccycle is the de-rated ampere-hour rating
of the cell (updated after each characterisation test) and SOCcycle is the state of charge
defined using Ccycle .

Mode Description Time

Discharge 0:8Ccycle discharge from 95% SOCcycle to 65% SOCcycle 22.5 min
Rest No current 10 min
Charge 0.3 Ccycle charge from 65% SOCcycle until 4.1 V (95%

SOCcycle) is reached or until the current falls below
0:15 A

�60 min

Rest No current 10 min
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(f ¼ 0:006 HzÞ is shown in Fig. 4. The total elapsed time to complete
one charge–discharge cycle is approximately 100 min.

3.3. Description of the bespoke amplifier circuit design

A high level representation of the experimental setup is pre-
sented in Fig. 5. The equipment employed comprises of a bespoke
Fig. 4. Example test signal as described in Section 3.3, showing a DC
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Fig. 5. High level exp
amplifier to generate the AC waveform, a Bitrode cell cycler (with
associated monitoring and control software) to generate the DC
load profile, a Tektronix non-contact current probe and oscillo-
scope, the battery cells under test, an AC coupling capacitance
between the amplifier output and the cells and finally, a thermal
management rig to ensure that ambient temperature is maintained
at 25 �C. As discussed below, the thermal management solution
adapted the use of a commercially available LAUDA (Model Proline
RP845C) heating and cooling unit to achieve the desired function.
Table 3 summaries the pertinent measurement and accuracy char-
acteristics associated with the equipment employed.

The primary requirement for the test environment is to exercise
each cell with a defined DC charge–discharge cycle that includes
the superposition of a stable and known AC ripple current wave-
form. To better understand the effects of specific frequencies on
battery performance and degradation, the excitation signal should
not contain any parasitic harmonics. For this reason, a bespoke
amplifier circuit was designed and commissioned for this research.
signal with a superimposed AC cycle (for illustrative purposes).
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erimental set-up.



Table 3
Table listing key test components with values, range, resolution and accuracy.

Component Values Measurement
range

Resolution Accuracy
(FSD)

Adjustable frequency current source As results 10� 20 kHz 9 bit ±2%
Oscilloscope + current probe n/a 0� 20 A 9 bit ±2%
Lauda thermo-regulator 25 L/min 0� 25 L=min ±0.01 �C ±0.1%
Bitrode cell cycler output Fig. 6 0� 5 V 16 bit ±0.1%
Bitrode cell cycler current measure Fig. 6 0� 100 A 16 bit ±0.1%
Bitrode cell cycler voltage measure Fig. 6 0� 5 V 16 bit ±0.1%
Capacitor 1000 lF n/a n/a n/a
Data logging PC n/a n/a n/a
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A detailed discussion into the design of the amplifier is beyond the
scope of this paper and will be the subject of another publication.
Key characteristics, pertinent to this research are discussed below
for completeness.

A class-AB amplifier architecture was employed. The amplifier
provides a harmonic distortion of less than ±0.03. The amplifier
was designed to have a constant gain of 0 dB from zero hertz to
the bandwidth frequency of 20 kHz. The amplifier essentially con-
stitutes a high accuracy voltage controlled AC current source. The
Bitrode cell cyclers (employed to generate IDC) have the negative
voltage terminal above the ground plane. As a result, it was neces-
sary to provide a floating voltage output for the amplifier to pre-
vent the circulation of parasitic currents (earth-loops) producing
current generation errors.

As shown in Fig. 5, the output from the amplifier is capacitively
coupled to the positive terminal of the cells under test and the local
isolated return path of the amplifier is connected to the battery’s
negative terminal. The output from the battery cycler (positive
and negative terminals) are connected to the battery to provide
the DC charging and discharging profile. The oscilloscope’s isolated
current probe is connected to the battery positive terminal to mea-
sure the AC ripple component added to the DC waveform. The AC
ripple current can be turned on and off as required by the control
system, which also monitors and controls the DC charging bias
from the Bitrode cell cycler. The control system ensures that the
AC ripple current is only applied to the cell during the charge
(CC) and discharge phases of the complete cycle and isolated from
the cells during the rest periods and during CV charging.

The Bitrode control programme provides the main charge-
dwell-discharge profile at the specified C-rate to the cells under
test using only a single DC return path. This single DC path is
ensured by the electrical isolation provided by the amplifier. Any
DC component present at the amplifier output stage is reduced
to a negligible level by the introduction of the AC coupling capac-
itor connected between the amplifier output and the positive ter-
minal of the battery. The amplifier introduced DC component is
limited to only capacitor leakage currents that were measured to
be in the order of 100 lA. Thus at 2.4 A the additional DC current
results in an error of less than 1 part in 24,000. A value that is well
within the measurement resolution of the Bitrode unit and there-
fore ignored. In addition to the control of the DC load current,
the Bitrode unit also provides data logging (current and voltage)
at a sample rate of 10 Hz with a 16 bit measurement resolution
of current and voltage (1.5 mA and 76 lV respectively).

The AC current component measured using the Oscilloscope
(Tektronix TCP312) with the non-contact probe and probe ampli-
fier (TCP300A) were calibration validated in combination to pro-
vide C-rate resolution to ±2% of the actual current value and
10�6% of the measured frequency. The ripple amplitude and fre-
quency present on the cell when measured at intervals over the
period of the test, was stable to within the ±1% of amplitude and
10�6% of frequency.
The temperature stability of the cells under test was ensured by
embedding the cells within a temperature controlled environment
in which the ambient temperature was controlled using a commer-
cially available LAUDA (Proline RP845C) unit. This thermo-
regulator unit provides 0.01 �C resolution for the control tempera-
ture. Short term fluctuations in the temperature of each cell was
minimised through conduction, in which water at a high flow rate
(circa: 25 L/min), was passed through a cooling jacket in contact
with the radial surface of each cell. The temperature at the water
cooled cell jacket was measured at the inlet to the LAUDA unit
and was found to be stable to 25 ± 0.5 �C.
4. Experimental procedure

The high level experimental procedure followed for this
research is presented in Fig. 6.

4.1. Initial characterisation test

In order to determine and quantify the performance degrada-
tion caused by electrically cycling the cells with a coupled DC
and AC test signal, it is first necessary to characterise each cell.
Standard methods employed within the energy storage research
community were employed and include for each cell:

� A measurement of open circuit voltage at ambient temperature
(25 �C)

� A retained capacity measurement at a temperature of 25 �C for a
constant discharge current of 1C, C/10 and C/25 respectively.

� The use of power pulse tests to estimate the resistance of each
cell, in which the voltage response of each cell is measured for a
10 s current pulse at 20%, 40%, 60%, 80% and 100% of the manu-
facturers recommended maximum continuous charge and dis-
charge current. Pulses are applied to each cell when
preconditioned to a SOC of 90%, 50% and 20% respectively, with
all tests conducted at an ambient temperature of 25 �C.

� The measurement of the cells impedance through EIS, with the
cells preconditioned to a SOC of 90%, 50% and 20% respectively.
All tests were conducted at an ambient temperature of 25 �C.

A detailed description of each characterisation stage, including
the relative accuracy of the test and the times allowed for the cells
to equilibrate between changes of SOC and temperature are
described fully within [38–40] and therefore will not be repeated
here.

4.2. The AC ripple test

Each cell was allocated a unique number ranging from 1 to 15
and exercised using the coupled AC–DC waveforms described in
Section 3.1 and presented graphically in Fig. 4. Cells 1–3 were



Fig. 6. Overview of experimental procedure.

Table 4
Results of 1C capacity retention tests (the first column are the initial characterisation
results). Note that after 300 cycles, cell 6 was found to be non-functional (cell voltage
was approximately 2 volts) therefore it was not tested further and the associated data
is not reported here.

Frequency Cell Cycle number

0 300 600 900 1200

0 Hz Cell 1 2.86 2.58 2.53 2.36 2.42
Cell 2 2.85 2.57 2.52 2.35 2.42
Cell 3 2.82 2.55 2.50 2.32 2.40
Std. dev. 0.0173 0.0129 0.0129 0.0173 0.01

10 Hz Cell 4 2.79 2.64 2.54 2.47 2.35
Cell 5 2.82 2.67 2.58 2.50 2.38
Cell 6 – – – – –
Std. dev. 0.0129 0.1190 0.1073 0.0616 0.0544

55 Hz Cell 7 2.82 2.60 2.46 2.41 2.38
Cell 8 2.82 2.69 2.55 2.49 2.45
Cell 9 2.82 2.57 2.47 2.41 2.35
Std. dev. 0.02 0.1212 0.0750 0.0383 0.0557

254 Hz Cell 10 2.83 2.48 2.44 2.39 2.35
Cell 11 2.81 2.43 2.44 2.35 2.30
Cell 12 2.83 2.52 2.50 2.42 2.36
Std. dev. 0.01 0.0367 0.0282 0.0289 0.0265

14.8 kHz Cell 13 2.80 2.51 2.43 2.43 2.43
Cell 14 2.83 2.39 2.33 2.34 2.28
Cell 15 2.81 2.40 2.32 2.34 2.26
Std. dev. 0.013 0.0545 0.0497 0.0424 0.076
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loaded with the pure DC signal direct from the Bitroide cycler and
are therefore employed as the reference cells within this experi-
ment. Cells 4–6, 7–9, 10–12 and 13–15 were electrically loaded
using the same DC signal, but with the addition of an AC ripple
component of magnitude: 10 Hz, 55 Hz, 254 Hz and 14:8 kHz
respectively. As discussed in Section 3.1 the peak-to-peak magni-
tude of the current ripple was maintained constant at 1.2C. Each
cell was exposed to 300 full charge–discharge cycles before being
re-characterised using the procedures defined in Section 4.1. In
total, each cell was exposed to 1200 full charge–discharge cycles
and 4 re-characterisation tests at 300 cycles, 600 cycles, 900 cycles
and 1200 cycles respectively.

4.3. Ageing characterisation test

After each 300 cycle period, the cells were re-characterised
using the same characterisation procedures noted in Section 4.1.
After each characterisation, the new measured value of cell capac-
ity was used to update the AC ripple test procedure with new val-
ues of peak current magnitude relative to the de-rated capacity
(Section 3.2). This is to ensure that the cells are cycled within the
safe operational limits defined by the manufacturer.

The total test duration for the experiment, including character-
isation and cell cycling was in the order of 100 days.

5. Results

5.1. Capacity retention

The results for 1C capacity retention are summarised in Table 4.
As it can be seen, there is a significant difference in the standard
deviation of the measured capacity between cells cycled with
and without the superposition of additional AC current ripple.
With a pure DC cycle, the measured capacity of cells 1–3 are clo-
sely aligned with the average standard deviation from characteri-
sation at 300, 400, 900 and 1200 cycles of 0.014 Ah and a
maximum discrepancy of 0.04 Ah (i.e., 1.6% of the average capac-
ity). However, for those cells electrically loaded with a coupled
AC and DC signal, the standard deviation in their 1C capacity is
much greater, with an average deviation of 0.052 Ah and a maxi-
mum discrepancy of 0.17 Ah (i.e., 7.3% of the average capacity).
During testing, it is noteworthy that cell 6 (that was cycled using
a 10 Hz AC signal) failed under re-characterisation at 300 cycles,
since it was no longer able to accept a charge. Further work is
ongoing to ascertain the cause of the cell failure through appropri-
ate post-mortem analysis.

5.2. Pulse power test results

Examination of pulse power results indicate that, for the same
SOC, the change in cell power density due to increasing the magni-
tude of pulse current is negligible. This implies that for this partic-
ular cell, diffusion limitation is not reached during the 10 s current
pulse, (even at the maximum current rate). As with the capacity
retention results, the primary observation, summarised in Table 5,
is that a significant change in the spread of power density between
DC only and the coupled AC–DC current waveform exist. Results
show that the average standard deviation for DC cycling is only
is 0.006 kW/kg with a maximum discrepancy of 0.02 kW/kg (i.e.,



Table 5
Results of the pulse power tests, 10 s discharge power capability at 90% SOC; all values are in kW/kg (the first column are the initial characterisation results). A dash means the
cells were not able to complete 10 s discharge pulse therefore data is not reported here.

Frequency Cell Cycle number

0 300 600 900 1200

0 Hz Cell 1 1.247 1.173 1.148 1.067 1.125
Cell 2 1.246 1.162 1.138 1.054 1.114
Cell 3 1.244 1.153 1.135 1.048 1.114
Std. dev. 0.001414 0.008185 0.005568 0.007958 0.005196

10 Hz Cell 4 1.253 1.199 1.186 1.149 1.116
Cell 5 1.249 1.198 1.186 1.154 1.125
Cell 6 – – – – –
Std. dev. 0.001633 0.000577 0 0.002082 0.003697

55 Hz Cell 7 1.244 1.188 1.163 1.128 1.107
Cell 8 1.247 1.198 1.175 1.142 1.125
Cell 9 1.246 1.202 1.176 1.149 1.129
Std. dev. 0.001414 0.005888 0.005916 0.008737 0.009592

254 Hz Cell 10 1.249 1.139 1.133 0.000 1.091
Cell 11 1.249 1.127 1.148 1.121 1.103
Cell 12 1.253 1.171 1.151 1.126 1.104
Std. dev. 0.001915 0.018574 0.007874 0.529627 0.005916

14.8 kHz Cell 13 1.249 1.128 1.042 1.089 1.063
Cell 14 1.250 1.159 1.119 1.101 –
Cell 15 1.251 1.169 0.992 1.097 –
Std. dev. 0.000816 0.017455 0.052237 0.005 0
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1.8% of the average power density); the average standard deviation
for cells subject to AC current ripple is approximately six times lar-
ger at 0.034 kW/kg with the maximum discrepancy being
0.127 kW/kg (i.e., 12% of the average power density). It is notewor-
thy that in addition to cell 6, cells 14 and 15 were unable to sustain
an output voltage for the duration of the 10 s pulse at 90% SOC after
1200 cycles. Further work is ongoing to ascertain the cause of these
cell failures through appropriate post-mortem analysis.

5.3. EIS results

Fig. 8 presents the impedance spectrums captured through EIS
measurements taken during the initial characterisation tests per-
formed on each cell. As it can be seen, there is very little difference
between the different spectra for each cell before electrical loading
commenced. EIS results presented in Fig. 9 indicate that in general,
Fig. 7. EIS results for the reference c
cell degradation (measured via Rt) is more severe for cells exer-
cised with current ripple at higher frequencies. In the case of pure
DC electrical loading, the EIS results presented in Fig. 7, indicate an
increase in charge transfer resistance and a decrease of double
layer capacitance. Table 6 provides the numerical results for Rt (a
sum of ohmic resistance R0 and charge-transfer resistance Rct) for
all 15 cells.

Fig. 9 presents EIS results after 600, 900 and 1200 cycles for a
subset of cells in each frequency band: cell 1 (0 Hz), cell 47
(10 Hz), cell 7 (55 Hz), cell 10 (254 Hz) and cell 13 (14:8 kHz).
The results indicate that at 254 Hz and 14:8 kHz there is an addi-
tional increase of both solid-electrolyte interphase (SEI) and dou-
ble layer capacitance and decrease of charge transfer resistance
compared with the case of pure DC cycling. Furthermore, in all
cases, the results indicate that the total resistance (Rt � R0)
increases as the frequency of the AC waveform increases towards
ell (cell 1 – DC excitation only).



Table 6
Ohmic resistance (R0) and Rt (a sum of R0 and charge-transfer resistance Rct) from the
EIS tests (the first column are the initial characterisation results). All values are in mX.
Cell 6 was found to be non-functional, therefore it was not tested further and the
associated data is not reported here.

Frequency Cell 0 Cycle 1200th Cycle

ROhmic Rt ROhmic Rt

0 Hz Cell 1 26.30 44.36 34.07 58.59
Cell 2 26.34 44.16 34.56 60.12
Cell 3 26.52 43.48 34.70 59.67

10 Hz Cell 4 24.71 44.71 31.61 54.18
Cell 5 23.29 44.61 29.69 52.33
Cell 6 – – – –

55 Hz Cell 7 25.70 45.34 32.70 53.74
Cell 8 24.68 45.19 29.83 52.67
Cell 9 25.88 43.23 31.88 51.19

254 Hz Cell 10 24.63 45.42 25.65 57.56
Cell 11 25.00 45.60 24.17 55.67
Cell 12 22.13 47.68 23.61 55.32

14.8 kHz Cell 13 24.94 45.07 29.45 63.61
Cell 14 24.33 45.37 29.21 57.36
Cell 15 25.42 46.37 33.51 73.90
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14:8 kHz. However, the rate of increase is not monotonically
increasing with respect to frequency.

By comparing the EIS results presented in Figs. 8 and 9, it can be
seen that cells cycled with a current ripple at 14:8 kHz, experience
a relatively rapid rise in Rt (circa: 0.02 Ohms) between 0 and
600 cycles; the rate of rise of resistance (Rt) for the same cells then
reduces considerably between 600 and 1200 cycles. In contrast
with other frequencies, cells cycled with a current ripple at
254 Hz show the formation of two clearly distinct semi-circles that
is usually attributed to the formation or thickening of a film layer
over the negative electrode [41]. While values of surface film resis-
tance and charge transfer resistance are approximated by extrapo-
lating the semi-circles to the Re(z) axis using an equivalent circuit
model, the distinctness of the semi-circles may be interpreted as
arising from electrode surface roughness [42]. The significance of
this, including the underlying causality between the AC current
excitation and the variations in the EIS results exhibited by each
cell are not yet fully understood and is the subject of ongoing
research within the University.
Fig. 8. Initial EIS results for all c
6. Discussions

6.1. Cell ageing

Capacity fade and power fade results, depicted in
Figs. 10 and 11 respectively, along with EIS measurements suggest
that the principle mechanism of degradation is the loss of cyclable
lithium to thickening of the SEI layer. The growth of the SEI layer is
widely attributed to cell operation at elevated temperatures [43].
The difference in cell surface temperature depicted in Fig. 12 for
cells cycled with an AC–DC coupled load compared with the refer-
ence case (DC cycle only) shows a discrepancy no greater than 2 �C
Under thermal management, this surface temperature difference is
completely suppressed.

In elucidating why cells under an AC–DC coupled load are rela-
tively more degraded than under a DC load only, temperature
effects cannot be dismissed. Even though the surface temperature
of the cells was thermally managed to ±25 �C, it is difficult to com-
pletely rule out temperature as an ageing factor due the possibility
of internal temperature gradients forming, thus leading to larger
SEI growth [44]. Since the value of cell impedance is a function
of frequency, for a given current magnitude, different excitation
frequencies will result in varying levels of heat generation. This
may be attributed to the transference number for lithium ions
being less than 1 at small timescales [45]. As a result, a portion
of the anions will carry the current until the steady state diffusion
gradient is established. At this point, the anions are in a state of
equilibrium. However, in a system that is constantly being per-
turbed (with an AC ripple current), a state of equilibrium is never
achieved.
6.2. Implications for the BMS control system

The results presented in Section 6 imply that the rate and mag-
nitude of cell performance degradation is sensitive to variations in
the frequency of the AC ripple current used to electrically load the
cell. Cells exercised with an AC waveform of 14:8 kHz exhibit an
increased level of capacity fade (circa: 2.4%) and a greater reduc-
tion in power fade (circa: 5%) when compared to the cells loaded
with a pure DC signal for 1200 cycles. This is in general agreement
with the EIS results presented in Fig. 9. However, it appears from
these results that the rate of cell performance degradation is not
ells measured at 50% SOC.



(a) Cell impedance at 50 % SOC after 600 cycles for one cell for each test condition 

(b) Cell impedance at 50 % SOC after 900 cycles for one cell for each test condition 

(c) Cell impedance at 50% SOC after 1200 cycles for one cell for each test batch

Fig. 9. EIS results for cells at different frequencies: (a) after 600 cycles, (b) after
900 cycles and (c) after 1200 cycles.
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linearly dependant on frequency. Irrespective of any absolute vari-
ations in cell ageing, arguably a more important observation is that
all cells exercised with a component of AC current ripple experi-
ence a greater spread in both capacity fade and resistance rise.
Managing this diversity may potentially drive further complexity
in the systems engineering functions required to scale-up individ-
ual cells into a complete battery pack. A number of articles discuss
the need to minimise cell-to-cell variations within the system as a
mean to reduce the differential heat generation with the pack [46].
This challenge is particularly pertinent when cells are connected
electrically parallel, when such variations can drive significant dif-
ferences in current flow within adjacent parallel strings of the bat-
tery assembly [46]. The impact of AC ripple induced ageing may
therefore require increased levels of cell energy balancing and
thermal management.
6.3. Further work

A number of opportunities exist where the research presented
here may be further extended and refined. The results collected
from this experimental study imply that the rate of cell degrada-
tion is not uniform and varies considerably with the inclusion of
an AC waveform superimposed on a DC signal. However, given
the limited dataset employed for this initial study, definitive con-
clusions regarding the underlying causality between the different
ageing mechanisms cannot be made. The authors believe that
these initial results warrant further research. Firstly, using novel
cell imaging and autopsy methods, as discussed within [47] to bet-
ter quantify the changes that occur within the material composi-
tion and structure of the cell post AC electrical loading. A better
understanding of the underlying causality may also be achieved
through the extension of electrochemical models, such as those
described in [48] to study the possible causes such as temperature
gradients internal to the cell (noted in Section 6.1). The second area
of further work, is to reduce the potential impact of cell-to-cell
variations by expanding the scope of the experimental study to
encompass a greater number of cells of a given type. Expanding
the experimental programme should also include using cells from
a broader cross-section of manufacturers and chemistries. This will
identify if the experimental results presented here are transferable
to other cell technologies. Finally, given that the aim of this study
was to assess the impact of varying frequency for the given AC cur-
rent, further research should be undertaken to assess the relative
degradation associated with varying the peak–peak amplitude of
the AC current waveform in addition to the excitation frequency.
7. Conclusion

This paper documents an experimental investigation that stud-
ies the long-term impact of current ripple on battery performance
degradation. A novel test environment has been designed to ther-
mally manage the cells to 25 �C while simultaneously exciting the
cells with a coupled DC and AC load profile that is representative of
real-world vehicle use. Based on the impedance characteristics of
the cell under test and a study into real-world data recorded from
a HEV, five frequencies were highlighted for investigation:
10 Hz;55 Hz;254 Hz;14:8 kHz and 0 Hz. The latter constituting the
reference condition against which comparisons of relative ageing
were made. Initial results highlight that both capacity fade and
impedance rise increase as the frequency of the superimposed AC
current increases. After 1200 full charge–discharge cycles, with a
pure DC excitation, the measured capacity of the cells was found
to be closely aligned with a standard deviation of 0:01 Ah and a
maximum discrepancy of 0:02 Ah (i.e., 0.8% of the average capac-
ity). However, for those cells electrically loaded with a coupled
AC and DC signal, the standard deviation in their 1C capacity was
observed to be much greater, having an average deviation of
0:076 Ah and a maximum discrepancy of 0:17 Ah (i.e., 7.3% of the
average capacity). A similar divergence of cell properties was also
observed with the power density of the aged cells after being
cycled 1200 times. Cells exercised with a DC signal, the standard
deviation was 0:005196W=g. Conversely, for cells cycled with an
AC ripple current of 14:8 kHz, the spread of values was found to
be 10 times greater (circa: 0:052237 W=g after 600 cycles). This
has important implications for the BMS control algorithms.
Increased variations in cell capacity and impedance will cause dif-
ferential current flows and heat generation within the battery pack



Fig. 10. Average capacity retention in percentage (� 100� capacity fade) as a function of charge–discharge cycle number for different AC ripple frequencies. Dotted lines
indicate polynomial 3rd order) lines of best fit with matching colours with markers. The capacity of each cell is normalised such that every cell is defined to have no capacity
fade initially.

Fig. 11. Average power delivery capability in percentage (� 100� power fade) as a function of charge–discharge cycle number for various AC ripple frequencies. Dotted lines
indicate polynomial 3rd order) lines of best fit and have matching colours with markers. The capacity of each cell is normalised such that every cell is defined to have no
capacity fade initially.

Fig. 12. The difference in temperature during discharge for cell 15 (cell exhibiting highest resistance rise after 1200 cycles) with and without AC ripple at 10 Hz). This test was
carried out at ambient temperature without the cooling circuit after the final characterisation test was completed.
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that if not properly managed will further reduce battery life and
degrade the operation of the vehicle.

In conclusion, the experimental results presented highlight the
potential for key electrical properties within the cell to diverge,
over time, due to the inclusion of an AC excitation signal in addi-
tion to the traditional DC electrical loading. Unless this phe-
nomenon is well understood at the design stage of the vehicle
(e.g. during cell characterisation or technology selection) it may
drive further complexity into design of the battery system. It is
noteworthy that International Standards on battery cell character-
isation methods, such as ISO and USABC [39,40] do not include
tests to evaluate ageing under AC loading conditions. At this stage,
the underlying causality between the frequency of the AC wave-
form and the rate of cell degradation is not fully understood. Defin-
ing these relationships is the focus of on-going research within the
University. For example; by using novel cell imaging and autopsy
methods to quantify changes in material composition and struc-
ture. Expanding the experimental programme to also include cells
of different form-factor and chemistry will identify if the experi-
mental results presented here are transferable to other cell
technologies.
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