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Abstract

The electric machine and power electronics in electric and hybrid electric vehicles inevitably cause AC harmonics on the vehicle’s DC-link.
These harmonics can be partially filtered out by large capacitors, which
today are overdimensioned in order to protect the vehicle’s battery
pack. This is done as a precaution, since it is not known whether
ripple-current has any harmful effect on Li-ion cells.
We have measured and analyzed the ripple-current present in a hybrid
electric bus, and found that a majority of the power was carried by
frequencies in the range 100 Hz to 1 kHz. The single most energetic
harmonic in this particular vehicle is believed to have been caused by
a misaligned resolver in the motor.
We have also designed and built an advanced experimental set-up in
order to study the effect of ripple-current on Li-ion cells in the lab.
The set-up can cycle up to 16 cells simultaneously, with currents of up
to 50 A including a superimposed AC signal with a frequency of up to
2 kHz. The cells’ temperatures are controlled by means of a climate
chamber. The set-up also includes a sophisticated safety system which
automatically acts to prevent dangerous situations before they arise.
Using this set-up we tested whether superimposing AC with a specific
frequency improves the charging performance of Li-ion cells. Statistical
analysis found no improvement over regular DC cycling, and a physicsbased model explains the experimental findings.
We have also investigated whether ripple-current accelerates the aging
of Li-ion cells. Twelve cells were either calendar or cycle aged for
one year, with some cells being exposed to superimposed AC with a
frequency of 1 Hz, 100 Hz, or 1 kHz. No effect was observed on any of
capacity fade, power fade, or aging mechanism.
Finally we also tested whether it is possible to heat Li-ion cells from
low temperatures using only AC. We propose a method for AC heating
of Li-ion cells, and open the discussion for generalizing the technique
to larger battery packs.
In conclusion, ripple-current has negligible effect on Li-ion cells, except
for heating them slightly.
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Sammanfattning

Elmaskinen och kraftelektroniken i el- och hybridfordon orsakar oundvikligen växelströmsövertoner fordonets DC-länk. Dessa övertoner kan
till viss grad filtreras bort med hjälp av stora kondensatorer, vilka idag
överdimensioneras för att skydda fordonets batteri från övertonerna.
Detta har gjorts enligt principen “ta det säkra före det osäkra”, inte
för att någon faktisk negativ effekt varit känd.
Vi har mätt och analyserat växelströmsövertoner i en hybridbus under
körning, där vi fann att de mest energibärande frekvenserna återfanns
i spannet mellan 100 Hz till 1 kHz. Den överton med högst effekt i just
detta fordon tros ha orsakats av att motorns resolver var något ur linje
med statorn.
Vi har även byggt en avancerad testutrustning för att undersöka växelströmmens effekt på Li-jonceller i labbskala. Testutrustningen kan
cykla upp till 16 celler samtidigt med strömmar upp till 50 A, inklusive en överlagrad växelströmston på upp till 2 kHz. Ett integrerat
klimatskåp kontroller noggrant cellernas temperatur. Testutrustningen har även ett sofistikerat säkerhetssystem som automatiskt agerar
för att förhindra farliga situationer.
Med hjälp av denna testutrustning har vi testat om växelström med
en specifik frekvens tillåter snabbare uppladdning av Li-jon celler. En
statistisk analys fann ingen förbättrande effekt.
Vi har även undersökt om växelström med frekvenser om 1 Hz, 100 Hz
eller 1 kHz har någon negativ effekt på åldrandet av cyklade eller
kalenderåldrade celler. Tolv celler åldrades under ett år, och inte heller
här observerades någon effekt på vare sig kapacitetsförlust, effektförlust
eller åldringsmekanism.
Slutligen har vi testat om det är möjligt att värma Li-jonceller från
låga temperaturer med hjälp av växelström. Vi presenterar en möjlig
metod för att värma Li-jonceller med växelström, och öppnar för att
vidare diskussion om hur metoden kan utökas till större batteripack.
Sammanfattningsvis har vi inte sett någon signifikant effekt, vare sig
positiv eller negativ, av växelströmsövertoner på Li-jonceller, förutom
cellerna blir varmare.
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Chapter 1

Introduction
In today’s world more and more people are escaping poverty, achieving
higher education, and gaining access to advanced healthcare. People across
the globe are living longer, more comfortable lives, and the number of people who can afford luxury items such as cars is increasing exponentially [1].
While this development is positive, it brings with it challenges as resource
consumption rises along with life expectancy and purchasing power.
The Intergovernmental Panel on Clime Change (IPCC) writes in their fifth
assessment report that the global mean surface temperature is likely to increase by at least 1.5 °C by the end of the century, and pessimistic projections predict an increase of as much as 4 °C [2]. The pessimistic projections
assume that emissions of greenhouse gases, especially CO2 , will continue to
rise. This rise in emissions is a direct consequence of the increased standard
of living enjoyed by more and more people across the globe. The western
hemisphere has historically been the largest contributor to greenhouse gas
emissions, and continue to be so on a per capita level, but in recent years
large developing nations such as China and India have risen to the top of
the list in terms of absolute emission levels.
Obviously, people in developing nations who have recently gained the economic power to change their lives for the better through increased consumption cannot be expected to refrain from doing so in order to stave of
climate change. Even if, hypothetically, western nations agreed to drasti-

1

2

CHAPTER 1. INTRODUCTION

cally reduce their own consumption levels through far-reaching legislation,
developing nations could hardly be expected to follow suit when the west
has already enjoyed an irresponsibly high level of consumption for decades.
Addressing climate change through widespread lifestyle change is simply not
going to happen.
The solution, then, must be technological. 14% of the world’s emissions of
CO2 come from the transportation sector [2], so a decrease of emissions from
vehicles would go a long way toward avoiding the worst case scenarios of over
2 °C temperature increase before the end of the century. Transport emissions
stem from the fact that virtually all motorized vehicles, from mopeds to jet
aircraft, are powered by the combustion of fossil fuels. If a significant portion
of these vehicles could be converted to using electric propulsion instead, it
would lead to a large reduction in greenhouse gas emissions.
Electrifying the world’s vehicle fleet is no small task. In 2013, the total
number of registered road vehicles was nearly two billion worldwide [3],
with only a negligible percentage of them being electric. However, with a
turnover of perhaps 10-15 years, the transition to a largely or even fully
electric electric vehicle fleet could happen faster than most would expect.
The limiting factor, as always, is cost.
Most contemporary efforts to create affordable electric vehicles focus on
battery electrification, although alternatives such as fuel cells and electrified
roads are also looked into. The most common battery type for mobile applications today, from handheld electronics to cars and trucks, is lithium-ion.

1.1

The lithium-ion cell

First, a note on terminology. “Cell” or “battery cell” will be used to refer to
a single pair of electrodes, separated by an electrolyte and separator, while
“battery” will be used to refer to several such cells connected in series or
parallel, often together with some form of battery management unit (BMU).
A lithium-ion battery cell consists of two electrodes with an electrolyte separating them, like any electrochemical cell. The electrolyte facilitates the
transfer of ions (lithium ions, specifically) between the electrodes when an
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external circuit is closed. The two electrodes have different redox potentials,
and the difference between these two potentials is what drives the chemical reactions occurring in the cell during galvanic operation, i.e. discharge.
Since the lithium-ion cell is of secondary type, meaning it can be recharged
once depleted, it can also be operated electrolytically. When the cell is operated electrolytically, i.e. charged, an external voltage source is used to
(mostly) reverse the aforementioned reactions by increasing the potential
difference between the electrodes.

Operating principles
The electrochemical reactions which are fundamental to the workings of every type of lithium-ion cell are the insertion and removal of lithium ions
into and out from the positive and negative electrode materials. The insertion reaction is also called “intercalation”, and the removal reaction is
called “deintercalation”. The lithium-ion cell is special among battery cells
in that the electrode reactions do not change the layered structure of the
electrodes very much; the lithium ions are inserted into or removed from the
electrodes while leaving the remaining electrode material largely unaffected.
The electrodes can be thought of almost as a kind of scaffolding, where the
lithium ions fit in-between the atoms of the electrode’s active material.
This operating principle, where the lithium ions are shuffled back-and-forth
between mostly unaffected electrodes, gives the lithium-ion cell very favorable longevity compared to other secondary battery chemistries. Electronic
appliances which are powered by lithium-ion batteries are commonly cited
as being able to be cycled up to 1000 times before the battery needs to be
replaced. For vehicle-grade cells that number is significantly higher, as will
become apparent later in this thesis.
Figure 1 shows a schematic overview of a generalized Li-ion cell. The movement of lithium ions during both charging and discharging is shown, in
green and red respectively. When the cell is discharging, lithium ions move
from the negative electrode to the positive, and vice-versa. Importantly,
the lithium ions always move from the anode to the cathode, regardless of
whether the cell is charging or discharging. This fact is sometimes cause for
confusion since the negative electrode is sometimes referred to as the anode
and the positive electrode as the cathode, but these identities only hold true
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Figure 1: A schematic overview of a general Li-ion cell. Adapted
from “Li-Ion-Zelle (CoO2-Carbon, Schema).svg” by Cepheiden [CC BYSA 2.0 DE (https://creativecommons.org/licenses/by-sa/2.0/de/deed.en)],
via Wikimedia Commons.
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while the cell is discharging.
The convention of referring to the negative electrode of a battery cell as
the anode and the positive electrode as the cathode comes from the field of
primary (i.e. non-rechargable) batteries, where the identity always holds.
For secondary cells like the Li-ion cell however, the anode and cathode switch
places depending on whether the cell is being charged or discharged. Since
this is a possible source of confusion, I will avoid using the terms anode
and cathode in this thesis, preferring instead to use positive electrode and
negative electrode, since each of these terms will always refer to the same
electrode, regardless of what processes are occurring in the cell.
As shown in figure 1, the positive electrode invariably consists of some kind of
salt, typically a transition metal oxide (thought exceptions such as LiFePO4
exist). The negative electrode is typically made of graphite. The electrode
reactions, then, have the following form:

P os :
N eg :

charge

+
−
LiMO2 −
)−−−−*
−− Li1−x MO2 + x Li + x e
discharge
charge

−−−−−*
C + y Li+ + y e− )
−− Liy C
discharge
charge

−−−−−*
Overall : LiMO2 + x / y C )
−− Li1−x MO2 + x / y Liy C
discharge

(1)
(2)
(3)

Several different types of metal oxides have been and are being used in the
positive electrode, while graphite has yet to be dethroned as the dominant
material for the negative electrode.

Safety
Few could have missed the media attention on Li-ion batteries a few years
ago when all Boeing 787 airplanes were temporarily grounded due to safety
concerns relating to the on-board Li-ion batteries [4]. Later the same year,
Tesla came under fire after several of their Model S EVs had, literally, caught
fire. Again, the vehicels’ Li-ion batteries were the cause [5]. More recently,
the value of Samsung’s stock took a hit after their flagship phone, the Note
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7, started catching fire spontaneously and ultimately had to be recalled en
masse [6, 7]. In all of these cases, the batteries had experienced thermal
runaway.
Thermal runaway is a general term that refers to any process that generates
heat at an accelerating rate due to some form of positive feedback loop. In
the case of Li-ion cells, the reaction rate of several side-reactions increases
with temperature, creating the potential for an accelerating chain-reaction.
At a certain temperature, the rate of heat production will exceed the rate
of cooling. At this point, the heat production will spiral out of control,
resulting in a thermal runaway [8, 9, 10, 11, 12, 13].
In equation 3, x and y are different because a full cell will typically not be
designed with perfectly balanced electrodes, capacity wise. The negative
electrode is usually designed to have a higher capacity than the positive
electrode. This is done in order to avoid over-lithiation of the negative
electrode even in the event of overcharging [14, 15]. The negative electrode
is also physically larger than the positive, for much the same reason; if no
negative electrode is present opposite the positive during charge, the lithium
deintercalating from the positive electrode will instead be deposited on top
of the current collector. This design of having a larger negative electrode is
known as electrode overhang [16].
Without these measures, over-lithiation of the negative electrode can otherwise cause deposition of metallic lithium on top of the negative electrode,
possibly forming a mound or “spike” of metallic lithium called a dendrite.
The dendrite may pierce the separator and cause a short-circuit, leading to
rapid heat evolution. If enough heat is generated quickly enough, thermal
runaway may occur [17, 18].
Thermal runaway can also occur in Li-ion cells for other reasons, such as
external trauma damaging the separator and causing a short-circuit, or simply because the ambient temperature surrounding the cell is too high due
to insufficient cooling. This highlights the need for safety measures when
dealing with Li-ion cells. Li-ion cells can hardly be said to be less safe than
other high-density energy sources (such as gasoline or hydrogen), but endusers who are more familiar with water-based battery chemistries such as
alkaline primary cells, lead-acid, or nickel-cadmium may not always treat
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Li-ion powered devices with the necessary care.

Positive electrode materials
Early commercial Li-ion cells used lithium cobalt oxide (LCO, LiCoO2 ) for
the positive electrode and graphite (LiC6 ) for the negative. While graphite
is still used in most Li-ion cells, LCO has been largely superseded by several competing materials for the positive electrode material. Today, the
most common active material found in the positive electrode is lithium
nickel manganese cobalt oxide, typically containing equal amounts of nickel,
manganese, and cobalt (NMC111, LiNi1/3 Mn1/3 Co1/3 O2 ), but other compositions of NMC also exist. Other positive electrode materials include
lithium manganese oxide (LMO, LiMnO2 ), lithium nickel manganese oxide (NMO, LiNi0.5 Mn1.5 O2 ), lithium nickel cobalt aluminium oxide (NCA,
LiNi0.8 Co0.15 Al0.05 O2 ), and lithium iron phosphate (LiFePO4 ), among others.
All of these materials have their own advantages and drawbacks in terms
of capacity, power capability, cost, longevity, safety, etc. LCO for example
offers excellent capacity at moderate cost, having a potential of about 4 V
vs. Li / Li+ for most of its capacity range [19]. However, its ability to deliver
high current is limited, it ages faster than newer materials, and is less safe
than most alternatives. LCO undergoes thermal runaway at approximately
150 °C, and can reach temperatures of up to 900 °C during such an event
[20].
NMC offers even higher capacity at similar nominal voltage (depending on
the composition of the NMC) though its voltage profile is less flat than
LCO. NCM is also capable of delivering much higher currents, which makes
it ideal for vehicle applications. While NMC is also susceptible to thermal
runaway, its onset temperature is about 20 °C higher than for LCO and the
maximum temperature reached is about 200 °C lower [20]. Due to having a
lower cobalt content than LCO, NMC is also cheaper.
LiFePO4 is perhaps the safest option for the positive electrode material.
Although it can also undergo thermal runaway, its onset temperature is
an additional 30 °C higher than even NMC, and the peak temperature is
“only” 400 °C [20]. Unfortunately, it offers rather mediocre energy density
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due to having a comparatively low redox potential of only about 3.4 V vs.
lithium [19].
In addition to the purely technical considerations, one of the reasons for
the development of alternative positive electrode materials besides LiCoO2
is that cobalt is primarily sourced from the Democratic Republic of Congo.
The mining conditions in that region are poorly regulated and causes extensive damage to the health of the local populace and the local ecosystem. [21].

Negative electrode materials
On the negative electrode side, graphite remains all but ubiquitous. Its high
capacity, low potential, excellent conductivity, and perhaps most importantly its low cost has made it very difficult to dethrone as the be-all-end-all
of negative electrode active materials. There have been several contenders,
such as various kinds of silicon alloys which could theoretically offer specific
capacities an order of magnitude above that of graphite. Unfortunately,
these materials all exhibit very poor cycle life, due to them undergoing large
changes in volume during intercalation [22].
Tin alloys or tin oxides have been suggested as a material for the negative
electrode [22, 23, 24], but these materials ultimately have the same problem as silicon; although they offer unmatched specific capacity and energy
density, they degrade within hundreds or even tens of cycles.
The one material that has had some success as a negative electrode active
material beside graphite is lithium titanate (LTO, Li4/3 Ti5/3 O4 ). LTO offers
unmatched longevity and excellent safety, but ultimately faces the same
problems as LiFePO4 : LTO has a redox potential of about 1.5 V vs. lithium
[19], which means that a full cell using LTO as its negative electrode would
have much lower cell voltage and therefore also much lower specific energy
than a comparable cell using graphite as the negative electrode. LTO is also
more expensive than graphite.

Electrolytes
Li-ion cells necessarily use organic electrolytes rather than aqueous ones,
since the cell voltage is greater than the stability window of water (1.2 V)
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and because lithium reacts violently with water. Li-ion cells typically use
some kind of carbonate-based solvent, such as ethylene carbonate (EC),
ethyl methyl carbonate (EMC), diethyl carbonate (DEC), dimethyl carbonate (DMC), propylene carbonate (PC), or a mixture thereof [25, 26]. The
formulation of the electrolyte solvent affects the electrolyte’s wetting property, its viscosity, and its ionic conductivity.
Other than the solvent, the current-carrying salt is of course of great importance to the performance of the electrolyte and the overall cell. In this
area one salt in particular holds a position nearly as dominant as that of
graphite in the negative electrode: lithium hexaflourophosphate (LiPF6 ).
LiPF6 has been the standard since the conception of the Li-ion cell. It has
a high diffusion coefficient, which is desirable as it decreases mass transfer
losses in the cell and allows for higher currents, but unfortunately it degrades
spontaneously at elevated temperatures [26].
A significant amount of work has been put into finding suitable replacement
salts, and some promising candidates have appeared. For example, lithium
(bisoxalato)boron (LiBOB), offers good thermal stability. Unfortunately it
is difficult to purify [26], and may undergo unfavorable phase changes at
low temperatures [27]. Other alternatives include salts similar in structure
to LiPF6 , such as LiAsF6 , LiSnF6 , or LiClO4 , but these are all either also
similarly unstable, too toxic, or both [27].
In addition to the solvent and lithium salt, a third component of most commercial electrolytes is any number of “additives”. These additives serve a
multitude of functions: from reducing electrolyte flammability, improving
SEI properties; reducing harm from overcharge by adding a reversible redox couple to shuttle charge between the electrodes as occurs naturally in
water-based electrodes; to intentionally evolve gas under certain conditions
to trigger a current interrupt device. These additives are invariably kept
secret by manufacturers, so relatively little information is available in published literature [28].

Current collectors
The porous electrodes of a Li-ion cell are coated onto a pair of metal sheets,
which provide mechanical stability and provide a high-conductivity pathway
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for the current going to and from the electrodes. These metal sheets are
called the current collectors.
It is essential that the current collectors are as inert as possible in the cell
environment. It wouldn’t do to have the positive current collector dissolve
and deposit onto the negative when charging the cell, or vice versa during
discharge. Not only would that compromise the function of the current
collector, it might also cause metal dendrites to form. Just like lithium
dendrites, dendrites made of other metals may cause a short-circuit and
ultimately a thermal runaway.
A Li-ion cell operates at a very high voltage, from an electrochemical point of
view. Most reach cell voltages of up to 4 V, and some experimental designs
can approach 5 V. Considering that most metals on the electrochemical
potential series, from Li / Li+ to Au / Au+ , fit within a 4.5 V window it
is clear that the environment inside a Li-ion cell pose a challenge to the
long-term stability of its current collectors.
Given that the positive electrode can reach such high potentials, it is necessary to use a metal that is resistant to oxidation up to at least 4.5 V vs.
Li / Li+ . Considering only the redox potentials in the electrochemical potential series, that would essentially mean that gold would be the only option.
If that were the case, then Li-ion cells would be prohibitively expensive. Fortunately, some metals form highly stable passivation layers, allowing them
to be stable for long periods of time far outside of their theoretical potential
window. Aluminium is a well known example of such a metal. In air, the
surface of pure aluminium rapidly oxidizes to form a thin layer of Al2 O3 ,
which prevents further air from reaching the metal.
Aluminium, it turns out, is also passivated in the highly oxidizing environment of the positive electrode of a Li-ion cell. The identity of the passive
layer and its properties depend on which lithium salt is used in the electrolyte
and on the operating temperature. However, in all cases the air-formed layer,
Al2 O3 , seems to play a very important role in the passivation [29].
The low potential at the negative electrode is highly reducing, with potentials between 0.25 V vs Li / Li+ to 0.01 V vs Li / Li+ depending on the SOC.
From a thermodynamic point of view, one might expect aluminium to be a
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suitable current collector at the negative electrode as well. Unfortunately,
it turns out that although the metal itself is stable, the air-formed passivation layer is reduced. The resulting metallic aluminium alloys with lithium,
making aluminium an unsuitable material for the negative current collector.
Most metals are thermodynamically stable at the potentials so close to the
lithium redox couple. Copper is the most common, but both iron and nickel
may also work [29].

Aging mechanisms
As mentioned above, Li-ion cells have good longevity compared to most
other secondary battery chemistries, especially when using highly stable electrode materials such as LiFePO4 and LTO. Even so, Li-ion cell do slowly lose
their ability to hold charge and to handle high currents. The exact mechanisms behind these phenomena depend on the type of electrode materials
and the type of electrolyte used in any particular cell, but some fundamental
causes of aging are shared in common among all Li-ion cells.
Perhaps the most-studied and best understood aging mechanism is the formation of a solid-electrolyte interphase (SEI) layer on the negative electrode,
specifically when the negative electrode is made up of graphite (i.e. almost
always). One of the advantages of graphite is its low potential vs. lithium,
which yields a high specific energy to cells which use graphite for their negative electrode. However, this very advantage has a very significant drawback:
The electrolyte is not stable at such low potentials, and therefore reacts in a
decomposition reaction at the negative electrode [30, 31]. This decomposition reaction also consumes lithium, which is permanently lost and thereby
reduces the cells available capacity. Fortunately, the decomposition of the
electrolyte forms a passivating layer on the negative electrode, preventing
further decomposition from occurring (or at least slowing it by a very large
degree!). This passivating layer is the above-mentioned SEI layer. The SEI
layer is largely impermeable to the electrolyte, thereby preventing it from
reaching the graphite particles in the negative electrode. The SEI layer is
permeable to lithium ions however, which of course is required for the Li-ion
cell to retain its function [32, 33].
Unfortunately the graphite particles grow and shrink during charging and
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discharging, respectively, as lithium is intercalated and deintercalated in
between the graphite sheets. This change in volume is not nearly as dramatic
as that of silicon or tin negative electrodes, but it is enough to cause the
SEI layer to crack slightly each time the cell is cycled. These cracks allow
the electrolyte to reach the graphite, which in turn repair the SEI layer at
the cost of additional loss of cyclable lithium [32, 33]. This effect becomes
larger at elevated temperatures [34].
The growing and shrinking of the graphite particles is also the cause of
another form of aging, namely graphite exfoliation. Exfoliation happens
when the individual sheets of carbon that makes up the graphite loosen
from each other, which decreases the negative electrode’s capacity to store
lithium and its total surface area, which increases impedance. Exfoliation
is tightly tied to SEI formation, as the loosening of graphite sheets causes
cracks that allow electrolyte to pass through the SEI layer. This in turn
promotes additional exfoliation. Exfoliation can also occur if solvent is cointercalated into the graphite along with lithium [35, 36].
A third form of aging that affects the negative electrode is lithium plating.
The redox potential of the lithium intercalation into graphite is slightly
higher than the redox potential of pure lithium, which is why the potential
at the negative electrode is normally too high for lithium plating to occur.
However, under certain conditions the potential at the negative electrode can
fall below the redox potential of lithium, at which point metallic lithium will
deposit on top of the graphite particles. If only a small amount of lithium
is deposited, it will simply react with the electrolyte and form additional
SEI. However, if the plating happens at a higher rate than the reaction of
lithium with the electrolyte, the plated lithium will eventually grow to form
a dendrite. The dendrite may pierce the separator, causing a short-circuit to
form between the electrodes. This may lead to thermal runaway [37, 38, 39].
The potential at the graphite particles can fall below the redox potential
of lithium for a few different reasons. One reason has already been mentioned above, namely over-lithiation of the negative electrode. When the
negative electrode is fully charged, it is no longer able to intercalate further
lithium ions. If there is still lithium available in the positive electrode, then
additional charging is still possible. However, in that situation the lithium
that would normally intercalate into the negative electrode is unable to do
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so, and must instead deposit on top of it as metallic lithium. This is why
the negative electrode is typically designed to have higher capacity than the
positive, since overcharging such a cell will not cause lithium plating, but
merely electrolyte decomposition at the positive electrode.
Another reason lithium plating can occur, and indeed the most common
cause of lithium plating in the wild, is charging Li-ion cells at low (subzero) temperatures [40, 41, 42]. At low temperatures, the rate of chemical
reactions and rate of diffusion slow considerably, which may result in the
graphite particles becoming locally “full” of lithium and unable to intercalate any further lithium ions. This is effectively the same phenomenon
as above, except that low enough currents would be able to charge the cell
without causing lithium plating as long as the current is low enough to allow
the intercalated lithium to “get out of the way”, as it were.
Finally, it is theoretically possible to cause lithium plating at higher temperatures with high enough currents. Again, this is ultimately the same
phenomenon as before; with high enough current the rate of intercalation
may exceed the rate of lithium diffusion in the graphite particles and cause
them to become locally “full”. The currents that would be necessary for
this to occur at room temperature are high enough for this to only be a
hypothetical problem, unlikely to ever occur in normal use-cases. However,
it can be a problem in fast-charging applications [40, 43, 44].
All of the above-mentioned aging mechanisms of the negative electrode affect
primarily graphite, not LTO. LTO is far less susceptible to aging because
its volume changes less with cycling, and because the potential of an LTO
electrode is not low enough for electrolyte decomposition to occur [45, 46,
47].
The positive electrode is also susceptible to aging, although significantly
less so than the (graphite-based) negative electrode. The aging effects at
the positive electrode depend on the exact material used, and are less wellunderstood than the aging of graphite-based negative electrodes [32]. The
most commonly cited cause of aging in the positive electrode is loss of active material through particle cracking, i.e. the active material particles
crack and lose electrical connection to the current collector [31]. Unlike
graphite, the metal oxides used in the positive electrode are not good elec-
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trical conductors in their own right, and the positive electrode therefore also
contains a small amount of a more conductive material (usually some type
of high-surface area carbon) to increase conductivity. Cycling may cause
the conductive pathways through the positive electrode to break, resulting
in some parts of the electrode no longer being available for lithium intercalation. Some sources claim that a type of SEI forms on the positive electrode
particles as well as the negative, but the consensus on this point is not nearly
as strong as for the graphite SEI layer [48].
The types of aging that occur in Li-ion cells can be divided into three main
types: loss of cyclable lithium, primarily through SEI formation at the negative electrode; loss of active material, through exfoliation of the graphite or
loss of conductive pathways in the positive electrode; and electrolyte decomposition, also primarily due to SEI layer formation [32, 33, 49, 50]. Of these
aging mechanisms, loss of cyclable lithium only decreases the cell’s capacity,
while loss of active material also increases impedance and thus decreases
the cell’s power capability. Electrolyte decomposition also causes a buildup
of gases to occur inside the cell, which increases internal pressure and may
ultimately lead to failure of the cell casing [51].
To summarize, although modern Li-ion cells can be cycled thousands of times
before needing to be replaced, aging remains a significant cause for worry
among both manufacturers and consumers. Consumers have become used to
needing to replace the battery in hand-held electronics after a few years, but
that is only because no alternative exists. In electric vehicles, on the other
hand, needing to replace the entire traction battery after only a year or two
would pose an insurmountable obstacle toward consumers choosing EVs over
ICE vehicles. This problem is exacerbated by the fact that some possible
causes of aging that are unique to EVs are poorly studied. Which brings
us to the raison d’être of this thesis: To study the interactions between
the battery and the power electronics in an EV drivetrain, and particularly
to investigate whether these interactions might cause accelerated aging in
Li-ion cells compared to similar cells used in other applications.
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Perturbations of electrochemical systems

Voltage perturbations have long been used in the study of electrochemical
systems. The voltage perturbation gives rise to a current response, which
can be measured to quantify various processes in the system. Examples of
techniques where some form of voltage perturbation is used include cyclic
voltammetry, where the voltage is sweeped slowly, and chronoamperometry,
where the voltage is stepped with no time delay [52].
Another technique which uses small voltage perturbations to study electrochemical systems is electrochemical impedance spectroscopy (EIS). In EIS,
a small voltage perturbation with an amplitude of 10 - 20 mV and a specific
frequency is applied to the studied system. The voltage signal is typically
sinusoidal, and can be described as
V = V̄ + ∆V sin (2πf t)

(4)

where
V is the voltage signal [V ],
V̄ is the cell’s equilibrium voltage [V ],
∆V is the amplitude of the voltage perturbation [V ],
f is the frequency of the voltage perturbation [Hz], and
t is time [s].
The current response can be divided into faradaic and capacitive parts. The
faradaic current response is determined by by Butler-Volmer equation,


if = i0 exp



αa F η
−αc F η
− exp
RT
RT






(5)

where
if is the faradaic current density [Am−2 ],
i0 is the exchange current density, i.e. the current density of the cathodic
and anodic reactions occurring during dynamic equilibrium [Am−2 ],
αa,c are the anodic and cathodic charge transfer coefficients [−],
F is Faraday’s constant [Cmol−1 ],
R is the gas constant [Jmol−1 K −1 ],
T is the temperature [K], and
η is the overpotential [V ].
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Equation 5 is non-linear, which poses a problem for the analysis of the
current response. If the current response is not linear with regards to the
input signal, then it is difficult to predict how a change in the input signal’s
amplitude will be reflected in the amplitude of the current response. In
contrast, if the relationship between an input x(t) and output y(t) is linear,
then the response to ax(t) is ay(t) and the response to x1 (t) + x2 (t) is
y1 (t) + y2 (t) [53].
Fortunately, equation 5 can be linearized through Taylor expansion:
if = i0

(αa + αc )F η
RT

(6)

Equation 6 is an acceptable approximation as long as this term of the Taylor
series much larger than the next, i.e.,
i0

(αa + αc )F η
(α2 + αc2 )F 2 η 2
>> i0 a
RT
2R2 T 2
αa + αc 2RT
η << 2
.
αa + αc2 F

(7)
(8)

For single-electron reactions in room temperature, the right-hand side of
equation 8 works out to 100 mV, i.e. the overpotential must be much smaller
than that. In practice, η is typically cited as needing to be at most 10 mV
[53] to 25 mV [54]. Under these conditions, the faradaic current response to
equation 4 becomes
nF
if = i0
∆V sin (2πf t)
(9)
RT
The capacitive current can be described as
iC = −Cdl

dV
= 2π∆V Cdl cos (2πf t)
dt

(10)

Together, equations 4, 9, and 10 give the impedance of the system under
linear conditions [53]:
Z=

V
V̄ + ∆V sin (2πf t)
= nF
I
i0 RT ∆V sin (2πf t) + 2π∆V Cdl cos (2πf t)

(11)
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At low frequencies the effects of mass transport become important, and
at high frequencies the system becomes increasingly inductive. Equation 11
also does not take current distribution into account, but for sufficiently large,
planar electrodes at frequencies between approximately 1 Hz to 1 kHz, equation 11 adequately describes an electrochemical system exposed to a voltage
perturbation. In general, the acute effects of applying a voltage perturbation
to an electrochemical system are well studied and well understood.
However, although techniques such as EIS and different kinds of voltammetry have been used to study electrochemical systems for a long time, they
are only applied for minutes or hours. In contrast, a battery in an electric
vehicle is exposed to ripple-currents for the entire duration of its life. On
those timescales, effects which are too small to matter in the abovementioned
techniques may start to become relevant.

1.3

DC-link current in electric vehicles

The overwhelming majority of aging studies on battery cells in general, and
Li-ion cells in particular, use only direct current (DC) during cycling. This is
not surprising; although many devices that we interact with on a daily basis
use alternating current (AC), electrochemical cells are inherently DC-based.
Try to charge a battery with AC and you will get exactly nowhere, because
the net current is zero. A light bulb can function with both DC and AC,
because only the magnitude of the current matters to the light bulb, not the
current’s direction. The generators you will find in power plants produce
AC, and with the advent of cheap microcontrollers in recent years this is
increasingly true for smaller electric machines as well. But if you apply AC
to a battery, all you are doing is moving ions back and forth through the
electrolyte with to no net change in state-of-charge (SOC).
Therefore, any circuit which includes any AC components (such as a connection to the power mains) must also include a rectifier (a device that converts
AC to DC) if the circuit contains a battery. The conversion between AC
and DC is never perfect; for example, a switched-mode power converter
(SMPC) will inject harmonics with, among others, the same frequency as
the converter itself is switching at.
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Figure 2: Simplified overview of an EV drivetrain.

Almost all battery chargers get their power from the AC mains, meaning
that most batteries will be exposed to some amount of ripple-current when
being charged. Even so, the effect of ripple-current on the performance and
aging of Li-ion cells has not been well studied until now. With the advent of
EVs and HEVs however, the need to understand the effects of AC on vehicle
batteries, especially Li-ion, has become apparent.
Figure 2 shows an overview of a generalized EV drivetrain. From right to
left, it shows the electric motor, the SMPC, the DC-link capacitor, and
the battery pack. The electric motor is in this case a three-phase machine,
which eliminates the need for a current return path since the three phases
cancel out exactly. The current across each component except the SMPC is
shown. Note especially the different magnitudes of the ripple current across
the DC-link capacitor and the battery pack. If the former component were
to be made smaller, a larger amount of the ripple current would dissipate in
the battery pack instead.
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Current understanding of the effects of ripple-current on
Li-ion cells
The available literature on the effects of ripple-current on Li-ion cells is
sparse, but in the past few years interest in the topic has increased. One
of the first groups to study the matter was Uno and Tanaka [55], who investigated how calendar aged 2 Ah LCO/graphite cells were affected by
high-frequency current ripple. They observed no effect for frequencies of
100 Hz and above, but 10 Hz and 1 Hz ripple-current both accelerated the
capacity fade.
Since then, several groups have performed similar tests, with sometimes
conflicting results. Bala et al. [56] found that high-amplitude ripple with
a frequency of 120 Hz significantly increased the temperature in large 36cell LiFePO4 /graphite batteries, which may accelerate aging. Osswald et
al. [57] observed uneven current distribution in cells exposed to high frequency ripple-current, which may cause localized aging, and ultimately accelerate overall aging. Of particular note is a recent study by Uddin et
al. [58], which found that ripple-currents not only accelerate the aging of
Li-ion cells, but additionally found that the effect increases with frequency.
This result is contrary to that of Uno and Tanaka [55]. Finally, Juang et
al. [59] found a small aging effect based on the total RMS of the current,
i.e. including both AC and DC components. However, they were unable to
rule out temperature as the fundamental cause of this effect.
On the other hand, several studies have failed to find any significant effect
of ripple-current on the aging of Li-ion cells. Beh et al. [60] tested two 15 Ah
LiFePO4 /graphite cells by cycling them for 2000 cycles, one with DC and
the other with current pulses with a frequency of about 100 Hz. The cells
lost capacity at approximately the same rate. De Breucker et al. [61] found
that ripple-current from DC-DC converters did not affect either capacity
fade or power fade in large 40 Ah Li-ion batteries. Prasad et al. [62] even
found that LMO / graphite cells lost slightly less capacity when exposed to
ripple-current than when not.
Suffice it to say that the uncertainty about the effect of current ripple on Liion cells is not entirely unwarranted. The available literature is split cleanly
down the middle on whether an effect actually exists or not. Only a single
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long-term study has found a detrimental effect, while several small studies
have found no effect. Thus the stage is set for the research question answered
by this thesis: What effect, if any, does ripple-current have on Li-ion cells?

Chapter 2

Experimental
Over the course of the project, we performed both field tests on real HEVs
as well as laboratory experiments. The first step of was to determine the
type of ripple-current one might expect to find in a real EV/HEV drivetrain.
Whichever frequencies dominate in a real drivetrain are the most interesting
for further study in the lab.

2.1

Controller Area Network

Since both field tests and laboratory work relied heavily on the Controller
Area Network (CAN) protocol, I will begin by describing it. A more thorough description can be found in the software documentation meant to accompany Paper II [63].
CAN is a message-based protocol, where each device or node on the network
is continuously transmitting and receiving messages or frames to and from all
other nodes. During a communication cycle, all nodes send their frames at
the same time and simultaneously read all other frames during an arbitration
period. The arbitration determines which frame has the highest priority,
based in the IDs of the transmitted frames. For this reason all frames being
transmitted on the network must have unique IDs. Once priority has been
established all nodes except the one with priority stop transmitting. After
the prioritized node has finished transmitting its frame the cycle repeats,
and the node that won arbitration last cycle does not transmit again until
21
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Figure 3: Components of an extended CAN frame. Modified from “CANBus-frame in base format without stuffbits.svg” by Erniotti [CC BYSA 3.0 (https://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia
Commons

a timeout has been reached. This allows the frames with lower priority to
be transmitted eventually.
Figure 3 show the different parts that make up a CAN frame. In this case
the frame is of extended type, meaning that it has a 29-bit identifier. Nonextended frames have only 11 identification bits, but we are only concerned
with extended frames since all nodes in this project use them.
We are primarily concerned with the colored parts of figure 3. The green
part is the identifier, which also determines priority. Each node, i.e. every
DCG and every CRG, must have its own unique identifier to avoid collisions.
A smaller ID gives a higher priority. The yellow part is the data length code,
which is necessary because the size of the data field (red) is variable.

2.2

Field study on a hybrid-electric bus

We were fortunate to be given the opportunity to perform measurements
on a real hybrid-electric bus at Scania’s test site in Södertälje. The vehicle
in question was a commercially available parallel hybrid model, and had
previously been used in traffic. This test is the subject of Paper I.
The experiment was done with multiple independent instruments, all of
which were connected to a Dewetron data acquisition system. The Dewetron
had several channels and was capable of reading data at high sampling rates
(200 kHz) from several sources at the same time.
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Figure 4: The instruments used to measure the ripple current in the hybridelectric bus.

First of all, we connected the Dewetron to the bus’s internal CAN bus.
From the CAN bus we had access to a multitude of data, including but
not limited to the vehicle’s velocity, battery current, battery voltage, motor
speed, motor torque, and whether or not the windshield wipers were active.
However, the sample rate of this data was rather low.
Therefore, in order to measure the high-frequency ripple-current across the
DC-link capacitor, we had to use additional equipment. Initially, we had
thought to simply install a shunt resistor into the drivetrain and measure
the current across it. Unfortunately, this idea had to be scrapped due to
safety concerns; the voltage on the DC-link was approximately 700 V, and in
accordance with Scania’s (no doubt well-founded) internal safety regulations
such high voltages had to be galvanically isolated from any personnel.
Instead of measuring the current across a shunt resistor, we used a Rogowski
coil to measure the ripple-current. After encountering issues with noise in
the Rogowski measurement, we added a Tektronix TCPA300 to the measurement. The TCPA300 was able to measure both AC and DC, up to a
maximum of 160 A total current. Between these instruments, we had two
independent measurements of both DC (the vehicle’s own sensors which we
accessed via CAN, and the TCPA300 using the Hall effect) and AC (the
Rogowski coil and the TCPA300 acting as a current transformer).
Figure 4 shows the instruments which were used in the field study. The
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leftmost picture shows a break-out box with the Rogowski coil inside. The
break-out box also contained a shunt resistor, but as mentioned above it
was not used in this experiment for safety reasons. The center picture shows
the Dewetron oscilloscope, and the right picture shows the TCPA300 along
with its amplifier. In addition to the instruments shown here, we also used a
differential voltage probe to get high-resolution data on the DC-link voltage.

2.3

Experimental set-up

In parallel with the field study, we also built a laboratory set-up to test
whether ripple-current had any effect on Li-ion cells. The design and construction of this experimental set-up is the subject of Paper II.
In total, the design, construction, and testing of the set-up took in excess
of two years to complete. The design changed and grew considerable during
this time. Originally, the design was based on the equipment described by
Svens et al. [64], which will be referred to as “direct current generator” or
“DCG” in this thesis. While the final product does include four DCGs, they
serve a supporting role in the overall design rather than being the linchpin
of the entire set-up, as was originally envisioned. The completed set-up is
shown in figure 5.
The primary reason for the change was that the DCG proved unable to
supply ripple-currents of sufficiently high frequencies for our purposes; they
were able to generate triangular waveforms with satisfactory accuracy up to
approximately 50 Hz, but at higher frequencies than that the shape of the
waveforms were too degraded to be useful. This was reported in an early
publication which is not part of this thesis, since Paper II largely supersedes
it [65]. Additionally, the DCGs were unable to produce currents above
±40 A, which was only barely enough for our purposes. The devices have
also proven to have rather unreliable performance in general, for example
only intermittently generating current or not generating current at all. Since
some DCGs performed satisfactorily and others not despite running the same
firmware, this discrepancy in performance was likely due to the age of the
equipment.
In light of this, it was decided that a new piece of equipment be developed
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Figure 5: A photo of the experimental set-up.

specifically for this project. This device will be referred to as “current ripple generator” or “CRG” throughout this thesis. The same company that
developed the DCG, Elektronikkonsult AB, was contracted to develop the
CRG. The requirements on the CRG was that it must be able to deliver
superimposed DC and AC currents up to ±60 A at frequencies up to 2 kHz
with arbitrary waveforms. Since we were already using CAN to communicate with the DCGs, the CRGs were designed to also use this protocol.
The firmware for the CRGs were written by Rudi Soares and Sunilkumar
Vadivelu, and the complete source code can be found in appendix C of
Sunilkumar’s master’s thesis [66].
As originally envisioned after the conception of the CRG, the DCGs and
CRGs were supposed to work in unison to create the current waveforms. As
their respective names imply, the DCGs were supposed to be responsible for
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the DC part of the signal, while the CRGs were supposed to provide the
AC part. The two signals would then be superimposed by means of a filter,
allowing for currents up to ±100 A. This was never implemented, and the
DCGs and CRGs therefore operate independently of each other.
The set-up was designed to be able to cycle up to 16 cells simultaneously.
This enabled us to test multiple different scenarios while including at least
two cells in each scenario for the sake of redundancy. Six of the 16 channels
are controlled by the DCGs while the remaining ten are controlled by CRGs.
The six channels which are controlled by DCGs can provide a maximum
of ±40 A, including both the DC and superimposed triangular AC with
frequencies up to 50 Hz. The channels which are controlled by CRGs can
provide up to ±60 A of DC plus AC with triangular, sinusoidal, or square
waveforms with frequencies up to 2 kHz.
A National Instruments PXI system was used to measure voltages, currents,
and temperatures, as well as handle the CAN communication with the DCGs
and CRGs. For voltage and current measurements, a NI PXIe-6124 DAQ
was used. It was chosen due to its very high sampling rate, up to 4 MHz
per channel on each of its four channels simultaneously. This feature was
important since we needed to be able to measure high frequency ripple with
good resolution. However, since the PXIe-6124 only had four channels while
the set-up had 16, we had to use a multiplexer. The multiplexer is visible
in the lower center of figure 5, above the white-blue PXI-system and below
the ten CRGs. Figure 6 shows a schematic overview of the set-up, with the
multiplexer shown in the top part. The multiplexer muxes two of the setup’s 16 channels to the PXIe-6124 at the same time, with each channel being
made up of one voltage reading and one current reading for four readings
in total. We typically took one second’s worth of measurements on each
channel before muxing to the next channel.
The PXIe-6124 had a bit resolution of 16 bits, and configurable voltage
limits of ±1, ±5, or ±10. The voltage resolution is the measurable range
divided by the number of intervals, i.e.
Q=

Vhigh − Vlow
216

(12)

which corresponds to 31 µV bit−1 , 150 µV bit−1 , or 310 µV bit−1 , respectively,
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Figure 6: A schematic overview of the experimental set-up.

where lower is better. Since the cell voltages of the Li-ion cells we were
testing lay between 3.0 V and 4.1 V, we chose the middle setting.
The PXIe-6124 was also used to measure the current, albeit indirectly. The
current was routed across a shunt resistor, with one for each channel. The
shunt resistor had a resistance of 500 µΩ, meaning that a current of 1 A
would affect a voltage drop of 500 µV across the resistor. Since the voltage
and current necessarily had to be measured simultaneously in order to ensure
that we captured the same waveform in both, and since the PXIe-6124’s
bit resolution could not be set on a per-channel basis, this meant that we
1A
300mA
achieved a current resolution of only 150µV
bit 500µV ≈
bit .
Such a low current resolution was deemed insufficient. In order to achieve
a higher current resolution, voltage amplifiers were added to the set-up between the shunt resistors and the PXIe-6124. The amplification was done
by LT1999-50 linear amplifiers, which in addition to amplifying the signal
50 times also low-pass filtered it to remove noise above 2 MHz. After amplification the current resolution became 6 mA.
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However, the amplifiers also introduced a current offset, i.e. their output
voltage was non-zero even when the input voltage was zero. This offset
varied throughout the day, though not very quickly. Figure 7 shows how the
offset varied over one week for one of the channels. The box-and-whiskers
plot shows the mean value (red line), the first and third quartiles (box), and
the total data range (whiskers). Quartiles, for those not familiar with the
term, refer to the three values which split the sorted data into four sets of
equal size. Another word for the second quartile is the median, and the first
and third quartiles are the medians of the data below and above the (second
quartile) median, respectively.
In order to remove this offset from the measurement, any experiments running on the set-up were stopped once per hour and the output voltages of
the amplifiers were measured. These measurements were then subtracted
from subsequent current measurements for the following hour, effectively
eliminating the current offset introduced by the amplifiers while simultaneously allowing us to continue to benefit from the higher resolution granted
by the amplification.
The cell temperatures were measured with PT100 resistance thermometers
(RTDs) connected in 2-wire mode to a National Instruments PXIe-4357 data
acquisition card. The temperature was deemed too safety critical for the low
time resolution offered by a multiplexer solution, which is why the 20-channel
PXIe-4357 was acquired. The precision of the temperature measurements
was much lower than the precision of the voltage or current measurements,
but in return was continuously and simultaneously sampled for all cells.
The set-up also includes a rather elaborate safety system. If an unsafe condition were detected, the set-up could automatically shut off either a single
channel or all channels, depending on the nature of the unsafe situation.
Specifically, single channels were turned off in the event of under- or overvoltage, while all channels were turned off in the event of over-temperature.
Channels were only turned off automatically, never turned on; after a channel had been turned off for any reason, it had to be manually restarted by
an operator.
When a channel was shut off, its temperature (but not its voltage) was still
monitored. In the event that any channels temperature continued to rise

Current offset [mA]
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Figure 7: A graph of the current offset introduced by the amplification,
measured over one week on channel 5.

after it had been switched off in an over-temperature condition, an alarm
would automatically be triggered. The alarm was made up of a siren which
produced a flashing light and a loud, repeating noise. Additionally, in the
event of an alarm the power to the DCGs and CRGs was cut in case the
situation was caused by a malfunction in one of these devices that had
somehow remained undetected by other automatic checks.
In addition to these automatic safety measures, the set-up also has the
ability to send alerts to operators via email and GSM text message when
issues arise. Table 2.3 shows a complete list of all situations which can be
handled automatically, as well as the automatic safety measure which will
be taken in each scenario.
The control software for the set-up was written in LabVIEW. It is based

30

CHAPTER 2. EXPERIMENTAL

Table 1: Automatic safety action taken by the set-up in case of unsafe situations. In all cases operators were also alerted via email and text message.
Type
Under-voltage
Overvoltage

Overtemperature
(warning threshold)
Overtemperature
(alarm threshold)

Symptom
Cell voltage <
2.6 V
Cell voltage >
4.2 V

Cell temperature > 50 °C

Cell temperature > 55 °C

Risk
Cell becomes unusable
Cell becomes unusable, may lead
to thermal runaway
Thermal runaway

Action
Stop channel

Thermal runaway
imminent

Sound siren,
cut power to
CRGs
and
DCGs

Stop channel

Stop all channels

around the concept of state machines, wherein each cell is assigned a discrete state such as “charging”, “discharging”, “offline”, etc. Each cell’s
state is then dynamically changed based on certain criteria, for example
the “charging” state is changed to “discharging” if the voltage crosses a
certain threshold, and vice versa. Figure 8 shows the user interface of the
control software.

2.4

Sinusoidal ripple-current charging

The experimental set-up was used in the investigation of whether if not
ripple-currents can enhance the charging performance of Li-ion cells, which
is the topic if Paper III.
In this experiment we used three prismatic 25 Ah Li-ion cells from Panasonic,
with NMC111 positive electrodes and graphite negative electrodes. Each of
the three cells were cycled a total of fifty times in the set-up, first ten times
with only DC, then ten times with triangular (TRI) superimposed AC, ten
times with sinusoidal (SIN) superimposed AC, ten times with square (SQR)
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Figure 8: A screenshot of the set-up’s user interface.

superimposed AC, and finally ten times with only DC again. The magnitude
of the DC was 1C, i.e. 25 A, during both charging and discharging in
all cases. The amplitude of the superimposed AC was 15 A in all cases,
meaning that the root mean square (RMS) amplitude differed between the
waveforms. The triangular waveform had the lowest RMS amplitude of
8.66 A, the sinusoidal had 10.6 A, and the square had 15.0 A.
The frequency of the superimposed AC was set to each cell’s “minimum AC
impedance frequency”, fZmin , which is the frequency for which the magnitude of the cell’s AC impedance is at its minimum. This frequency was
determined via electrochemical impedance spectroscopy (EIS), specifically
using a Zahner IM6 frequency response analyzer (FRA).
After the three cells had finished cycling, the energy efficiencies of each
type of cycle (DC, TRI, SIN, and SQR) were compared using a Student’s
t-test [67]. Developed by William Sealy Gosset in 1908 under the pen-name
Student, a Student’s t-test can be used to test whether two samples are
derived from populations with the same mean. Here, sample means a set
of values that were measured using a certain experimental configuration,
and population means the set of all possible values that could be measured
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using that experimental configuration. A Student’s t-test answers the question, “how probable is it that these two samples’ populations have the same
mean?” If the answer is less than 5%, then the populations are considered
as having different means.
In the context of this experiment, what was tested was whether or not the
populations of energy efficiencies of the charging methods TRI, SIN, and
SQR had the same means. If they had different means, that would indicate
that the method with the highest mean is the most efficient way to charge
Li-ion cells of this type.
In addition to the statistical analysis, we also used a physics-based model
to test whether a difference in energy efficiency should be expected when
charging with superimposed AC. The model was based on the typical Newman pseudo-2D model for Li-ion cells, with a slight modification in that it
also considered the electrode particles’ double-layer capacitance.
This model was used to see how much of the superimposed AC actually affected the electrode particles, and how much was filtered out by the double
layer capacitance. A DC-only charge was modeled for several minutes in
order for the model to reach a steady state and to avoid seeing any transient
effects of turning on the current. After several minutes had passed, a sinusoidal AC signal was superimposed on top of the DC signal and the current
through the double layer was compared to the total current.

2.5

Long-term aging effects of ripple-current

The main function of the experimental set-up was always to be used for longterm cycling of Li-ion cells in order to investigate whether ripple-current has
a detrimental effect on their aging. It was used for this purpose in Paper
IV.
Twelve prismatic 28 Ah Li-ion cells with NCM111 positive electrodes and
graphite negative electrodes were aged for approximately one year with an
ambient temperature of 40 °C. The twelve cells were divided into six groups,
with two cells in each group. Of the six groups, four were cycled at a
rate of 1C:1C, i.e. both charging and discharging was done with 28 A.
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Additionally, the charging followed a CC-CV profile, where the cells were
charged potentiostatically at 4.1 V until the current fell below 2.8 A. This
was done in order to ensure that each cycle began and ended at the same
SOC. There was no period of rest between the cycles; a completed charge
period was immediately followed by the start of a discharge period, and vice
versa.
Of the four groups that were cycled, one was cycled with only DC. The other
three were cycled with superimposed triangular AC with an amplitude of
21 A and frequencies of 1 Hz, 100 Hz, and 1 kHz, respectively.
The two remaining groups were not cycled, but rather held at their nominal
voltage of 3.67 V. One of these two groups was exposed to triangular AC
with an amplitude of 21 A and a frequency of 100 Hz, while the other was
not.
The experiment was periodically stopped and the cells were characterized
using several different methods. The cells’ impedance was tested using both
hybrid pulse power characterization (HPPC) and electrochemical impedance
spectroscopy (EIS). The cells were also cycled at a low rate (C/20, or 1.4 A),
and the data from that cycle was used for incremental capacity analysis
(ICA).
The HPPC measurement was adapted from USABC Procedure #3 [68]. It
was performed by measuring the equilibrium voltage of the cell for sixty
seconds, followed by a ten second pulse at 2C (56 A), followed by another
60 seconds of relaxation, followed by another pulse at 2C. The first pulse
was positive, while the second was negative. After the second pulse a final
60 seconds of relaxation are measured, after which the test is complete. This
was done at two SOCs, 10% and 80%, each time the experiment was halted.
Figure 9 shows an example of such a procedure. The cell’s resistance was
then calculated as the voltage difference between the equilibrium voltage
and the voltage at the end of the ten second pulse, as per Ohm’s law:

R10s =

∆V10s
Ipulse

(13)
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Figure 9: An example of an HPPC test.

In ICA, the differential dQ/dV is calculated and plotted versus the cell
voltage. In such a plot peaks appear in voltage regions where the cell is able
to accept or output large amounts of charge while its voltage changes very
little. Such regions correlate with specific reactions and phase transitions in
the electrodes, and changes in peak position or intensity can reveal details
about the aging mechanisms that have affected a certain cell.
However, the differential dQ/dV is normally very noisy, since a small error in
the current measurement is multiplied many fold by the small voltage step.
Therefore, it was necessary to filter the differential. We used a lowpass Butterworth filter implemented in Python, by means of Scipy’s signal library.
The filter parameters were automatically adjusted based on the sample rate
of the input data, which could vary from 1/2 Hz to 1/6 Hz depending on
how many cells were in use at the same time. Since the main source of noise
was the hourly calibration event, the filter was designed with a passband of
0 - 1/3600 Hz and a stopband above 10/3600 Hz.
Unlike the other characterization methods, EIS was not performed every
time the experiment was paused. This was because the equipment used for
EIS, a Zahner IM6 FRA, was located in a different building than the exper-
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imental set-up. Moving it was not only difficult, but also risked damaging
the instrument. Therefore, EIS was performed at beginning of life (BOL),
after approximately 750 cycles (about 5 months), and at end of life (EOL).
After the year-long experiment had been completed, the cells’ capacity fade,
power fade, and aging mechanisms were compared in order to determine if
the superimposed AC had had any effect. A Student’s t-test was used here
also, like in Paper III.

2.6

AC heating of Li-ion cells

A miniature version of the set-up was constructed during the long-term test
detailed in Paper IV in order to test a related hypothesis: whether or not
pure AC without a DC component could be used to effectively heat Li-ion
cells (and by extension, Li-ion batteries) from sub-zero temperatures to safe
operating temperatures. This is the subject of Paper V.
In this experiment we used two of the same type of Li-ion cell as in Paper
IV, with the exception that three type-K thermocouples had been built into
the cells at strategic locations. This allowed us to monitor the temperature
of the cells far more precisely than before.
The two cells’ impedances were measured at various temperatures ranging
from -30 °C to 30 °C , using the same Zahner IM6 as was also used in Papers
III and IV. The cell impedances were important to know, since the amount
of heat generated by injecting AC into the cells is directly proportional to
their impedance via Ohm’s law (assuming the frequency is high enough that
faradaic reactions can be neglected).
One of the cells was encapsulated in expanded polyethylene foam for insulation and placed inside a climate chamber capable of controlling the
temperature between -30 °C to 30 °C. Since this study was intended as
a proof-of-concept of whether or not it is even possible to heat Li-ion cells
efficiently in this manner, we used the insulation to provide optimal conditions for heating. The cells were then cooled to -20 °C and an AC signal was
applied over them, while their temperature was monitored over the course
of several hours.
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Figure 10: A simple thermal circuit, which was fitted to experimental data
in order to find Cth and Rth .
The results from the impedance measurements were used to develop a model
of the impedance at different temperatures, based on the transfer function
Zmodel (s) =

s2 + n1 s + n0
d2 s2 + d1 s + d0

(14)

where
s is a complex variable, and
ni and di are model parameters.
Equation 14 was used to model the impedance at several different temperatures from -30 °C to 30 °C, and this modeled impedance from was then used
as input to a thermal model of the of two cells,
q̇ = Cth

d∆T
1
+ ∆T
dt
Rth

(15)

where
q̇ = <(Zmodel )i2rms ,
Cth is a thermal capacitance [JK −1 ],
∆T is the temperature difference between the heat source (modeled as a
point at the cell’s center of mass) and the heat sink (the outer cell wall or
the outside of the insulation) [K], and
Rth is a thermal resistance [m2 KW −1 ]. The thermal capacitance and thermal resistance was derived from experimental data by fitting a simple thermal circuit to it, as shown in figure 10.
These models were implemented in a control loop in order to set the correct
current in the CRG which was connected to the cells.

Chapter 3

Results and discussion
This chapter summarizes the results and discussions of Papers I, III, IV,
and V, but not Paper II since it focuses entirely on methodology and has
already been summarized in the previous chapter.

3.1

Field study on a hybrid-electric bus

Of the different driving situations that were measured at the test track, the
one resembling city driving was deemed to most representative of the type of
ripple-current that might be expected in a real-world scenario. The harmonics were also more prominent in this data than in other driving scenarios,
which is why it was used as the foundation of Paper I.
The vehicle was driven in a way so as to imitate the frequent starts and
stops that might occur when driving in a densely populated area, with plentiful traffic lights and bus stops. The maximum speed was therefore only
20 km/h. Figure 11 shows the bus’s traction battery’s voltage, current, and
power under this driving scheme.
Note in particular the noise which is visible in the raw TCPA300 current
graph. Clearly, there was a significant component of current ripple on the
DC-link. Figure 11 c) shows a zoom of the battery current for a duration
of 50 ms. Current spikes are clearly visible in the raw TCPA300 data, with
high enough amplitudes to briefly double the total magnitude of the current,
37
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Figure 11: Voltage, current, and power on the vehicle’s DC-link. The colors
in the current graphs correspond to the raw TCPA300 data (blue), low-pass
filtered TCPA300 data (green), and CAN data (red).
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or to briefly reverse the flow of current. The frequency of these spikes was
exactly 100 Hz, which may indicate that it was actually a harmonic from a
rectifier supplying 50 Hz mains AC. These spikes were not observed when
the measurement was repeated on a different vehicle, which on the other
hand suggests that they were some kind of artifact of the measurement.
In addition to the high-amplitude spikes there was a significant amount of
lower amplitude noise. Figure 12 shows a short-time Fourier transform of
of the raw TCPA300 current data from figure 11. Here, the different components of the noise that together make up the ripple-current are visible.
Amplitude-wise, the main components appear at relatively low frequencies
of about 100 Hz. This does not include the current spikes that can be seen in
figure 11 c), which are instead spread out evenly in 100 Hz intervals throughout the spectrum as an artifact of the interaction between the windowing
function and its invariable frequency.
There were also significant contributions from higher frequency noise sources,
especially at 2 kHz, 4 kHz, and 8 kHz. Additionally, the peak at 4 kHz is
surrounded on both sides by a pair of “smeared out” peaks extending about
500 Hz in both directions. The 4 and 8 kHz peaks are harmonics of the
inverter’s switching frequency, and the sidebands around the 4 kHz peak
are the result of the pulse width modulation of the inverter. There are in
fact similar sidebands around the 8 kHz peak, though they are difficult to
make out in figure 12.
The frequencies with the highest intensities in figure 12 were found to correspond to multiples of the electrical machine speed. In particular, a pair
of harmonics in the 100 Hz range carried the most power by far, reaching
a peak magnitude of 17.6 A which was more than 10% of the highest measured DC value. In fact, these spikes often reached and even exceeded the
TCPA300’s rated maximum of 160 A, which means that the true amplitude
may be higher still. These harmonics had frequencies which were five and
ten times the speed of the electric motor, respectively. We believe that these
harmonics were actually caused by a misaligned resolver, i.e. the device that
measures the speed of the motor and feeds it back into the control loop. If
the resolver were misaligned, it would “see” harmonics which do not actually exist, which would cause the control loop to try to compensate for the
nonexistent harmonics. Ultimately, the control loop would stabilize when
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Figure 12: Frequency domain of the ripple-current. The lower graph shows a
zoom in of the upper, limiting the y-axis scale to better show high-frequency
components of the ripple-current.

3.2. SINUSOIDAL RIPPLE-CURRENT CHARGING

41

actual harmonics exist that exactly cancel out the nonexistent harmonics
that the resolver “saw”. The resolver had five pole pairs, compared to the
motor’s ten. This also explains why these harmonics are multiples of five
and ten times the motor speed.
This experiment was repeated on a second hybrid-electric bus, but that data
is not yet published as of the writing of this thesis.
These results showed that there are indeed harmonics with significant power
content, and that the most power are carried by frequencies below 1 kHz.
The fact that the harmonic amplitude could be high as 10% of the DCmagnitude indicated that there may in fact be cause for concern for the
battery’s health. These results also provided the basis for the design of later
experiments.

3.2

Sinusoidal ripple-current charging

Paper III looks into whether charging Li-ion cells with a superimposed AC
signal improves its performance, either through greater efficiency or some
other metric. It also tests whether the type of AC signal matters. This
experiment arose as a side-project during the final phase of the construction
of the experimental set-up that would later be used in Paper IV. We needed
a smaller project than a year-long aging study for the Master degree worker
who developed the firmware for the CRGs. In recent years there has been
some discussion in the literature about using superimposed AC to achieve
fast-charging of Li-ion cells, with several groups reporting positive results
[69, 70, 71, 72, 73, 74, 75]. We realized that our set-up was perfect for
this application, and since all other publications on the subject came from
the field of electrical engineering we thought that adding an electrochemical
perspective on the issue could be enlightening.
The three cells that were used in this experiment were first tested with EIS
to determine their fZmin . The result of these tests is shown in figure 13. All
cells had minimum AC impedance frequencies of a few hundred hertz, which
is lower than most values that have been previously reported in literature
[69, 70, 71]. However, the magnitude of the impedance of our cells was also
significantly lower; it is possible that higher impedance somehow correlates

Magnitude [mΩ]
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Figure 13: Bode plots for the three tested cells. The minimum AC
impedance occurred at 228 Hz for cells 1 and 2, and at 158 Hz for cell
3.

with higher values for fZmin .
Interestingly, the cells’ fZmin were in the same range as the most energydense frequencies found in Paper I. The cells used in this study were of a
type meant for use in EV and HEV applications. If these frequencies could
in fact affect the cells’ charging performance, as the literature indicated,
then it is not unreasonable to expect that it could also affect the cells’ aging
mechanisms (which were briefly covered in the Introduction).
These frequencies were used to study the charging performance of the cells
with sinusoidal, triangular, and square waveforms. Figure 14 shows the
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mean energy efficiency, charge time, charge current, and charge temperature
for each of the tested waveforms, as well as the DC reference case. The
mean round-trip energy efficiencies for each charging strategy, shown in
figure 14 a), were all very similar. Statistical analysis of the data revealed
that there was, in fact, no significant difference between the DC reference
case and any of the superimposed AC test cases.
Figure 14 b) shows the mean time it took to charge the cells with each strategy, and here there actually is a significant difference between the reference
case and the TRI and SQR strategies, with the reference being significantly
faster. However, figure 14 c) shows that the mean current during charge was
significantly higher for the reference than the superimposed AC test cases.
The difference between the DC reference case and the TRI test case was as
much as 300 mA. However, the amount of charged capacity was the same for
all charging strategies. The difference in mean current was determined to
be due to waveform dependent miscalculations in the CRG firmware when
applying superimposed AC. That means that the observed effect on charge
time was actually just an artifact, and not a true effect.
Figure 14 d) shows the mean cell temperatures during charge, as measured
by the PT100 affixed to each cell’s positive terminal. Here, a significant
difference between the DC reference case and the SQR test case did exist,
with the latter being significantly warmer (“significant” is used in the statistical sense here) by about 0.2 °C on average. This effect was most likely
due to the SQR test case having the highest RMS current. The difference in
temperature was very small in this experiment, but without the heat sinks,
the convection in the climate chamber, and when packed closely together in
a battery the difference would be greater. This result indicates that superimposed AC does not have any beneficial effect on charging performance,
and might in fact cause the cells to age more rapidly by increasing their
temperature. These results are shown in detail in table 3.2.
In addition to the experimental results, we also used a physics-based model
to predict whether the superimposed AC was likely to have an effect on the
charging performance. Implemented in COMSOL Multiphysics, the model
charged a Li-ion cell with only DC current with a magnitude of 1C for
30 minutes before applying a superimposed sinusoidal AC signal with a
frequency of 100 Hz and an amplitude of 0.6C. The reason for applying DC
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Figure 14: Mean energy efficiency (a), charge time (b), charge current (c),
and charge temperature (d) for each of the waveforms and the reference
case. The error bars represent the standard error of the mean.

Table 2: Summary of results (Paper II)
Mode
Efficiency [%]
DC
SIN
TRI
SQR
Temperature [°C]
DC
SIN
TRI
SQR

Mean ± SEM

p-value

96.32
96.22
96.20
96.23

±
±
±
±

0.04
0.06
0.06
0.06

N/A
0.14
0.07
0.21

28.57
28.59
28.60
28.76

±
±
±
±

0.03
0.03
0.02
0.02

N/A
0.57
0.43
9e-6
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Figure 15: Output from the COMSOL model showing the relative amounts
of alternating current being dissipated in the electrochemical double-layer
(blue) and participating in electrode reactions (red).

without AC for the first 30 minutes was to eliminate any transient effects
from switching on the current and to allow the model to reach steady state.
The model showed that a majority of the AC would pass through the electrochemical double-layer rather than react faradaically with the electrodes,
which would indicate that little to no effect was to be expected. Figure 15
shows how much of the AC participates in the electrode reactions and how
much is absorbed in the electrochemical double-layer.
The model supports the experimental results, strengthening the conclusion
that superimposed AC has little to no effect on the performance of Li-ion
cells at frequencies of 100 Hz and above, at least in the short term.
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Long-term aging effects of ripple-current

Having successfully used the experimental set-up in Paper III, we soon after
started a long-term aging test to see if any effect of superimposed AC would
appear after several months. While the result from Paper III did not support
the idea that superimposed AC has an aging effect (as long as the battery
pack is properly cooled), it was only a short study on three cells. A much
longer study is the topic of Paper IV.
After one year, the cycled cells had completed approximately 2000 cycles
and lost about 20% of their original capacity. Some cells had completed
slightly more cycles than others, primarily due to the set-up occasionally
switching off certain channels due to automatic safety actions or hardware
problems. Some channels were more affected by this than others; channel 14
for example stopped more than any other channel because its CRG sometimes stopped producing current. That CRG for some reason had trouble
balancing the delivered current between its three phases, which occasionally
caused one phase to carry more current than what was considered safe and
thereby triggering the firmware’s automatic safety shut-off. Cell 14 therefore
only completed 1836 cycles. Overall, the spread in number of completed cycles lay between 1836 for cell 14 to 2152 for cell 9, with the mean number of
completed cycles being 2036. We decided against continuing the experiment
until all cells had completed the same number of cycles, because then the
cells would have experienced unequal amounts of calendar aging. Table 3
shows exactly how many cycles each cell completed, as well as how much
capacity it lost.
The amount of capacity fade does not appear to correlate with the frequency
of the superimposed AC, or even with whether AC was superimposed or
not. Cells 9 and 10 (both shown as cell 1 in test groups 1 Hz and 100 Hz,
respectively) lost the most capacity, finishing at 78.9% and 78.8% of their
original capacity, but both also completed more cycles than the average cell.
Cell 1 (cell 1 in the DC-only test group) lost the least amount of capacity,
finishing at 81.6% of its original capacity, but it also completed the second
fewest cycles after cell 14. After 1800 cycles, which all cells completed, the
spread in capacity fade was even lower, which is shown in figure 16. This
figure shows the mean capacity of the cells as a function of the number
of completed cycles, with the capacity being normalized against each cells’
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Table 3: Summary of results
Test group
No DC or AC
Cell 1
Cell 2
AC-only
Cell 1
Cell 2
DC-only
Cell 1
Cell 2
DC+AC (1 Hz)
Cell 1
Cell 2
DC+AC (100 Hz)
Cell 1
Cell 2
DC+AC (1 kHz)
Cell 1
Cell 2

Cycles
completed

Norm. capacity
of final cycle

N/A
N/A

95.6%
95.0%

p-value

Mean [°C]
temperature

N/A
41.2
41.2
0.13
N/A
N/A

96.0%
96.2%

2077
2153

81.6%
79.9%

40.9
41.2
N/A
42.3
41.9
0.20

2133
2157

78.9%
79.3%

2173
2118

78.8%
80.0%

2105
1891

79.1%
81.0%

42.3
41.9
0.31
42.3
42.2
0.64
42.0
43.2

beginning of life capacity. For clarity only every 100:th cycle is shown, and
each data point represents the mean capacity of the two cells in that test
group. The error bars around each data point show the full data range, i.e.
the capacity of the individual cells lay on either end of the error bars. Toward
the end of the curve are shown data points of single cells which completed
more cycles than their group partner. These data points are shown with a
hollow marker instead of a filled one, and does not have error bars.
Figure 16 shows clearly that, although there is a small degree of spread in
the capacity fade between the different test groups, there is no divergence. If
superimposed AC had a significant aging effect, we would expect the aging
curves to diverge from each other, but no such effect was observed. This,
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Figure 16: Capacity fade as a function of completed cycles. Filled markers
show the average of two cells from a certain test group, while hollow markers
show data from a single cell from that test group. The error bars represent
the full data range for each group.

more than anything, suggests that superimposed AC does not affect the
capacity fade of Li-ion cells.
The same lack of an effect was also observed in the calendar aged cells.
Table 3 shows that all calendar aged cells lost between 3.8% to 5.0% of their
original capacity over the course of the year. If anything, the cells which
were not exposed to superimposed AC appear to have lost slightly more
capacity (a mean of 4.7% lost) than the cells which were exposed to 100 Hz
current ripple (a mean of 3.9% lost). However, a 0.8% difference over one
year, based on only four data points is more likely to be random noise than
an actual effect. It does show rather clearly that the AC was not harmful.
Figure 17 shows how the cells’ capacities evolved over the course of the year.
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Figure 17: Capacity fade as a function of time for the calendar aged cells.

This figure also contains some hollow markers representing data from only
a single cell from a certain group. For the calendar aged cells, this was due
to the terminals of some of the cells being damaged, making it impossible to
cycle them at 1C without unacceptable heat generation at the contact point.
The positive terminals of the cells were made of aluminium, including the
threaded bolts. This material proved unable to withstand the manufacturer
specified mounting torque of 40 Nm, which we discovered to our chagrin
early on in the project. The damaged cell (cell 3 / cell 1 of test group No
DC or AC ) was selected to be calendar aged specifically because it could
not be cycled. However, this meant that its beginning of life capacity could
also not be determined. Instead, the average beginning of life capacity of all
other cells was used. The cell was eventually repaired after several months,
after another cell was damaged in the same manner.
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Table 3 also shows each cells’ mean temperature throughout the experiment. The cycled cells were, unsurprisingly, slightly warmer than the calendar aged cells. The cycled cells’ temperatures differed by no more than 1.4
°C on average, while the calendar aged cells differed by a mere 0.3 °C. The
temperatures sometimes diverged briefly by more than this, with some cells
occasionally reaching temperatures as high as 50 °C. When that happened
an over-temperature warning automatically switched off all channels. The
fundamental reason for why this happened seemed to be the contact resistance at the terminals increasing over time due to the nut slowly coming
loose. The solution was to tighten it, after which the temperatures would
return to normal. This happened seldom, and with the average temperatures being so close it is unlikely to have had any effect on the cells’ aging.
The heat sinks seem to have done their job well.
Finally, a statistical analysis of the spread in aging failed to support a rejection of the null hypothesis (“there is no difference between the test groups”).
The p-values are shown in table 3. One must of course be extremely cautious
when interpreting statistical results that are based on just two samples, as
in this case. Student’s t-test is specifically developed for very small sample
sizes, but even so any hypothetical effect would have to be large to be visible. Thus, the statistical results must be considered together with the other
results, and by no means stand on their own.
We also quantified the cells’ aging through other means than the capacity
fade. Figure 18 shows the internal resistance of four test groups as determined by HPPC. In this figure the data point also show the averages
between the two cells in each test group, with error bars showing the values
from each individual cell. All cells, both cycled and calendar aged, show the
same general trend (or rather, lack of trend); there was an initial decrease
in resistance after the beginning of life, after which the resistance remained
very stable throughout the remainder of the experiment. The internal resistance was 20% - 30% lower at higher SoC, a relation which also held stable
over the course of the year for all test groups. Test groups DC+AC (1 Hz)
and DC+AC (1 kHz) are not shown, but they displayed the same (lack of)
trend. Clearly, the superimposed AC has not had any detrimental effects on
these cells’ power capability.
This result was further confirmed by EIS. Figure 19 shows how the test
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Figure 18: Evolution of the 10 second pulse resistance over time. From the
upper left and clockwise, the figure shows average resistances for DC-only,
Calendar, AC-only, and 100 Hz.

groups’ impedance changed over time. The three tested frequencies are
marked in the graph, with 1 kHz being located at positive =(Z) in the inductive region, 100 Hz about halfway up the depressed semi-circle in the
capacitive region, and 1 Hz right at the minimum between capacitive region
and the mass transfer region. The drop in impedance immediately following
beginning of life is more apparent here than in figure 18. The impedance
drop happened more slowly in the calendar aged cells, which still had significantly higher impedance than the cycled cells after 5 months, at which
points the cycled cells had completed roughly 750 cycles. The cause for the
decreased impedance is not known and to our knowledge has not been reported before, but since it occurred in the calendar aged cells as well as the
cycled cells it may be related to the elevated temperature (40 °C) at which
the cells were tested. The cycled cells showed a tendency toward increased
impedance at end of life, at which point the zero-intercept with the real axis
had moved toward higher real impedance for all cycled test groups. Again,
the main takeaway from these result is the absence of any difference between

−=(Z) [mΩ]

−=(Z) [mΩ]
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Figure 19: Impedance evolution over time. From the upper left and clockwise, the figure shows average impedances for DC-only, Calendar, AC-only,
and 100 Hz.

the cells which were exposed to superimposed AC and the cells which were
not. Between the HPPC and EIS data, we can say with confidence that
ripple-current has no effect on the power capabilities of Li-ion cells.
Finally, we also used ICA to check for differences in aging mechanism between the different test groups. Figure 20 shows dQ/dV vs. cell voltage at
beginning of life and end of life for the same four test groups as in figures 18
and 19. The two calendar aged groups, shown in the two rightmost graphs,
displayed barely any aging at all; the first peak, appearing at 3.45 V had
shifted very slightly toward higher voltage and actually increased a bit in
intensity. The third peak at 3.75 V had also shifted a little toward higher
voltage and lost a small bit of intensity. Overall, no clear aging mechanism could be made out for the calendar aged cells, regardless of whether
superimposed AC was present or not.
The two leftmost graphs show cycled cells, which had clearly aged signifi-
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Figure 20: Change in incremental capacity change as a function of cell
voltage. Here, the plots represent only a single cell from each test group.

cantly at the end of the experiment. In both of the cells shown in figure 20,
as well as all other cycled cells, the entire dQ/dV curve had shifted toward
higher voltages at the cells’ end of life. Such a shift in peak position in
the dQ/dV curve is typically associated with an increase in resistance, since
a higher resistance would lead to larger polarization for the same current,
which would in turn cause the peaks to shift toward higher voltages. However, we knew from the HPPC and EIS results that the resistance at end of
life is in fact lower than at beginning of life. Thus, the shift in peak position
must have had a different cause. In differential voltage analysis, where the
inverse differential dV /dQ is used, a change in peak position is typically
attributed to “electrode slippage”, i.e. the relative capacities of the positive
and negative electrodes having changed due to uneven aging [76]. This phenomenon is more difficult to identify in ICA due to the full cell curve not
being the sum of the individual electrode curves, but nevertheless the same
effect must exist here as well. Since the shift in peak position was not due to
an increase in resistance, it must therefore have been due to one of the electrodes aging faster than the other. Most likely, the primary cause of aging
was solid electrolyte interphase formation at the negative electrode [77].
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In addition to the shift in peak position, the peaks also lost a great deal of
intensity. Lower intensity correlates directly with lower capacity, since the
capacity is the integral of the dQ/dV curve. Thus, lower peak intensity can
be attributed to loss of active material in the electrodes, which thereby had
lost some of their ability to intercalate lithium [78].
Unlike the previous figures, figure 20 only shows a single cell from each test
group, not the average of each test group. This is because calculating the
average would in this case have required interpolation, since the measurements of the two cells in each test group were not done at the exact same
voltages. However, the dQ/dV curves of all cycled cells looked very much
alike, as did the curves of all calendar aged cells. In other words, no effect
from superimposed AC could be gleaned from this result either. It seems
that superimposed AC has little to no effect on the aging mechanism of
Li-ion cells, at least for cells with NMC111 vs. graphite cell chemistries. It
is possible that some of the other chemistries mentioned in the materials
sections in the Introduction could be more susceptible to damage from AC
harmonics, but the available literature does not provide a strong reason to
suspect this.
We still cannot completely rule out that ripple-current has some effect on
the aging of Li-ion cells. The number of papers that are being published
on this topic has increased in recent years, and we have a ways to go still
before a consensus is reached. However, at this point we can say with certainty that if an effect exists, it is very small. The take-home message from
Paper IV should be this: Ripple-currents should not be a primary concern
when designing EV or HEV drivetrains (and probably not a secondary one
either).

3.4

AC heating of Li-ion cells

From Paper III we knew that the only short-term effect of AC on Li-ion cells
is a slight amount of heating, and we decided to investigate whether this
could be applied intentionally. A few months into the aging study detailed
in Paper IV we developed a miniature version of the set-up to test whether
it is possible to use AC to effectively heat Li-ion cells from low temperatures
to a temperature where they are safe to use without worrying about lithium

3.4. AC HEATING OF LI-ION CELLS

55

104

-3

103
-2.
8

-2
-1.8
-1.6
-1.
4

-20

-3

10−1
-30

8

100

-2.4
-2.2

-2.

101

-2.6

-2.6

Frequency [Hz]

102

-10

0

10

20

30

Temperature [°C]
Figure 21: A contour plot of the real part of the cell impedance as a function
of frequency and temperature.

plating. If this were possible, it could help mitigate an important contributor
to aging at sub-zero temperatures. This experiment is the topic of Paper V.
The impedances of the two tested cells were measured at each temperature
decade from -30 °C to 30 °C. The results are shown in figure 21 as a contour
graph of log10 <(Z) as a function of frequency and temperature. Note that
the real impedance increases by several orders of magnitude as the temperature drops from 30 °C to -30 °C. High impedance is normally undesirable,
since it causes more losses. However, for a heating application this result is
actually very promising, since the whole idea is to heat the cell using the
ohmic losses caused by high impedance. The impedance results were used
to fit the parameters of the impedance model described in equation 14.
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Figure 22: Measured, fitted, and modeled temperature increase in the insulated cell when injected with 0.75C of 1 kHz AC for several hours. The blue
curve shows the measured temperature, the orange represents the thermal
circuit shown in figure 10, and the yellow curve is the modeled temperature
as described by equation 15.

The thermal model was validated by comparing the measured and modeled
increase in temperature when injecting a 1 kHz AC signal with an amplitude
of 0.75C into the insulated cell. Figure 22 shows the measured temperature
along with a fitted curve which was used to derive Cth and Rth , as well as
a modeled curve based on equation 15. The model was able to predict the
temperature increase with a high degree of accuracy, only lagging behind by
a fraction of a degree during the steepest temperature incline.
After validation, the model was used to control the current generated by
the CRG connected to the cells. Figure 23 shows the result of commanding
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the control loop to raise the temperature of the insulated cell by 7 °C. The
desired increase in temperature was achieved in a little less than three hours,
based on temperature data from the thermocouples. The thermocouples also
showed that the temperature distribution inside the cell was quite even when
heated with AC, including during fast temperature increase. An uneven
temperature distribution could have caused, material stress inside the cell
due to uneven thermal expansion, but this result shows that there is no need
to worry about that when heating Li-ion cell with AC.
The PT100 consistently reported a significantly lower temperature than the
thermocouples, which was not surprising considering the PT100 was located
on the outside of the cell, attached to its negative terminal. However, in
a real application external temperature data would likely be the only data
available, due to the high cost of building sensors into each and every cell.
Therefore, in order to demonstrate the viability of the method even such scenarios, the control loop was adjusted to use the PT100 data as input. This
was implemented by means of a look-up table of the differences between the
thermocouples and PT100 at different values for the ambient temperature
and amplitude of the applied AC. The result of this adjusted control loop
is shown by the dashed lines in figure 23. The blue dashed line represents
the modeled cell temperature when using the PT100 data as input without
compensating for the difference between the PT100 and the thermocouples.
On the other hand, the black dashed line represents the modeled cell temperature when using the PT100 data input when this difference is accounted
for.
While these results show that it is possible to heat a single, insulated Li-ion
cell by several degrees using only AC, we did not succeed in heating it to
temperatures above freezing. However, it may be possible to do so when the
technique is applied to an entire battery pack. A full pack would not only
yield a much higher power output, but it could also be designed such as to
optimize the heat retention during a hypothetical heating application.
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Figure 23: Results from an experiment using the control loop to heat an
insulated cell by 7 °C. The three upper solid lines show measured data
from the thermocouples while the lower solid line shows measured data from
the PT100. The dashed lines represent modeled cell temperature when
using only the PT100 data as input. The black dashed line includes a
compensation for the temperature difference between the PT100 and the
thermocouples, while the blue does not.

Chapter 4

Conclusions
This work combines real-world data on the ripple-current present in hybridelectric vehicle drivetrains with laboratory-scale measurements on the effect
of said ripple-current on Li-ion cells. The effect on charging performance,
the effect on aging, and the viability of using controlled AC to heat Liion cell has been studied. In addition, the design of the rather extensive
experimental set-up used in the lab-scale studies is reported in detail.
In-operando measurements on a Scania hybrid-electric bus revealed the presence of several different AC harmonics on the DC-bus connected to vehicle’s
battery pack. The harmonics carried significant amounts of power, with
some AC frequencies exceeding 10% of the magnitude of the delivered DC.
The frequencies of the most prominent harmonics lay in the 100 Hz to 10 kHz
range, with the majority of the power being carried by the lower frequencies in this range. These harmonics originated from several different sources.
The switching of the power converter caused harmonics at 2 kHz and at multiples of 2 kHz, though these harmonics carried comparatively little power.
A 100 Hz signal believed to be caused by a 50 Hz load such as a ticket
machine or similar caused large spikes in the measured current, indicating
a high power content. The largest source of current ripple appeared as a
multiple of the speed of the electric motor with frequencies in the several
hundreds of Hertz range, and was likely caused by a misaligned resolver.
With the results from the field test having laid the foundation, an experi-
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mental set-up was developed at the department of electrical engineering at
KTH. The purpose of the set-up was to expose several large, commercial
Li-ion cells of the type that might be found in an electric vehicle to ripplecurrents similar to those measured in the Scania bus. After several years
of development, the set-up was used to test whether injecting ripple-current
with a specific frequency intended to minimize the AC impedance of a Li-ion
while simultaneously charging it improved the charging performance. Three
Li-ion cells were cycled several times with different kinds of ripple-current
superimposed during charge, and the results were analyzed statistically using a t-test. No effect was observed by any kind of ripple-current, except
that superimposing a square AC waveform was found to increase the cells’
temperature by a small but statistically significant amount. A simple model
of a Li-ion cell confirmed that the electrochemical double-layer would absorb
the brunt of the ripple-current, explaining why no effect was observed.
The experimental set-up was also used to study the long-term effects of
ripple-current on the aging behavior of Li-ion cells. Twelve cells were aged
for one year at elevated temperature (40 °C), while being exposed to ripplecurrent of different frequencies ranging from 1 Hz to 1 kHz meant to mimic
the harmonics observed in the field study. Four of the cell were only calendar
aged, two of which were exposed to ripple-current and two of which were not.
Of the remaining eight cells, two were only cycled using DC, i.e. without
current ripple. Six cells were cycled with superimposed ripple-current.
Periodically over the year the experiment was halted to characterize the
cells using HPPC, EIS, and ICA. At the end of the experiment, no effect
was observed in either capacity fade, power fade, or aging mechanism. The
capacities of the cycled cells varied slightly, as is to be expected, but after
having completed approximately 2000 cycles there was no divergence in the
capacity fade curves of those cells which had been exposed to ripple-current
and those which had not. All had lost roughly 20% of their original capacity.
The cells which had not been cycled had also all lost about the same amount
of capacity, circa 4%, after one year, regardless of the presence of current
ripple.
Based on the HPPC and EIS measurements the ability of the cells to deliver power had not diminished after one year. The cycled cells showed
the slightest hint of increased impedance in the EIS measurement, but the
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HPPC tests were flat as a highway in Holland for both the cycled and calendar aged cells. The ICA results also failed to detect any difference between
those cells which had been exposed to ripple-current and those which had
not. The reason for the lack of effect was attributed to the electrochemical double-layer for the higher frequencies, and to the fact that the current
did not cross zero even for those cells which were exposed to low frequency
ripple.
Since ripple-current did not appear to have any negative effect on Li-ion cells,
it was investigated whether it could be used productively instead. Specifically, the possibility of heating Li-ion cells from sub-zero temperatures using
only AC was tested. Two models were developed for the Li-ion cells used in
this experiment. One modeled their impedance at different frequencies and
temperatures, while the other modeled their thermal properties. Together,
these models were used to control the amplitude of the AC injected into the
cells in order to heat them from -20 °C. An insulated cell was successfully
heated by 7 °C in several hours using only injected AC. While that is not
sufficient in and of itself, it serves as a proof of concept that it is feasible to
heat even cells which have a very low impedance using only AC, especially
in a battery back which could be designed with that application in mind.
In conclusion, ripple-current has negligible effect on Li-ion cells in most
cases. It cannot be used to increase charging performance, and if an effect
on aging exist it is very small indeed. The design of the DC-link capacitor
in EV drivetrains does not need to take the effect of ripple-current on the
battery into account.
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