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ABSTRACT
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LEGEND OF ABBREVIATIONS AND ACRONYMS

A Unit of electrical current = Ampe mAh Milli-ampere-hours

A/D Analogue to Digital conversit mm Unit of length = millimetres
A-h Unit of capacity = Ampel-hour ms Unit of time = milliseconc
CSIR  Council for Scientific and Industrial Resee | NiCd Nickel Cadmiun

DC Direct Curren NiMH Nickel Meta-hydride

FET Field-effect Transistc MIL-STD Military Standart

gm Unit of mass (gram) PCE Printed Circuit Boar

GPS Global Positioning System RF Radio Frequenc

IC Integrated Circu s Unit of time = seconc

kg Unit of mass = kilograi SM Surface Mounted (components)
LED Light Emitting Diode uuT Unit Under Tes

Li-ion  Lithium lon Greek Letters

LiPo Lithium Polyme °C Unit of temperature = Deees (
m Unit of length = mete Q Unit of resistance = Oh

mA Unit of electrical current = Mil-amper: T Unit of time = micr-second

1. Introduction

Currently, future soldier programmes are concenjaostly on the soldiers’ uniforms, weapons
systems, sensors and communication capabilities, thiese are going through a period of
revolutionary development. The most critical ofdbenew developments are power supply systems
[1].

In developing countries it is often required to lgpmmmercial grade components in military systems.
This is usually not done as a standard procedudenanmally before any such decision is made,
extensive tests are performed to qualify the coraptmito be applied in the military systems against
military standards, especially with respect to de¢germination of how well the components stand up
against environmental stress.

It is expected that the system of the future soldi## use a central power source to supply thergye

for all the different components [3]. Figure 1 dgpithe typical battery management system of the
dismounted soldier (drawing courtesy of Smart FDells). A soldier would make use of various
sources (whichever are available in the operatianed — see left hand side of the diagram) to power
the equipment (on the right hand side of the diajyrd he equipment may directly be powered by the
Power Manager, or the equipment batteries may begeld by the power manager using a suitable
power source. The boundaries of this study weteraigned by the search for a battery to serve in
position “A” in Figure 1.

Batteries are more often than not a life line far tismounted soldier, and therefore much attemsion
given to manage the power of all man-carried eqaeipimsuch as GPS, Communications, Situational
Awareness Computers, torches, magnified sightsGateiously the soldier would require the portable
equipment to be as user-friendly as possible, dictyits size and weight (“as small as possible @snd
light as possible™). The most critical new devel@nts are power supply systems. The requirement is
to allow the new electronics-based equipment tatfan effectively for missions up to 72 hours [1],
and therefore the military operators want to redtiee weight by a factor of five [4]. Extensive
research is therefore being performed world widegiimise battery and power management systems.

The emerging technologies for batteries seem toobeentrated around the Lithium family, even in
the motor car industry as propulsion batteriegdrticular, the Lithium Polymer (LiPo) technology i
very popular with hobbyists in propulsion systerhaodel aircraft, cars and boats. The LiPo batserie
in conjunction with the new technology brushless BfGtors have, in most cases, replaced the
ethanol-fuelled or diesel-fuelled main propulsigstems of these models due to its more favourable
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size and weight for these applications. Buchmansfdied that the NiMH technology (authors also
assume that it included NiCd) was an interim stejpithium battery technology.

Source Power Manager Consumer
Jeny Radio

Military Battery Fuel Cell with BB-2590

BA-5590, BB-2590, battery box

BA-5390

12V
Car Battery/
Generator

Solar Panel
P3-55

Power Manager
High Efficiency

Zinc-Air Battery
BA-8180, BA-8150

Figure 1: The Battery Management System of a dismou nted soldier,
drawing courtesy of SFC

A LiPo battery employs a thin profile which is ajoraadvantage for Li-polymer cells. The soldier can
benefit from Li-polymer mostly when looking at hdradd electronic devices and requirements which
need very flat form factors. Recent improvements&iipolymer cells have expanded their reach to
military applications. The energy density is risangd may soon exceed that of other Li-ion cells [9]

A LiPo battery was therefore chosen for an expaninte determine its characteristics in a military
communications radfo(in position “A” in Figure 1) under certain envinmental stress conditions.
The specific radio has a battery with relativelgthtapacity, and it is therefore also consideredhe
battery in position “B” in Figure 1. The one bagtevould then act as a backup of the other.

The experiment also investigates the success afyusilar panels and fuel cells as back-up to its
normal charging sources, as shown on the left katelof Figure 1.

2. Definitions

2.1 Definition of “C”
“C” is an indication of a charge or a dischargerent relative to the manufacturer ratédnpere-hour
capacity of the battery.

For example, if the manufacturer rated the battapacity at 2 A-h (or 2000 mAh), then a charge or a
discharge current of “1 C”, is 2 A, and “¥2 C” woudd 1 A, etc.

2 No specific radio was used, but common characteristics of similar radios were used to determine discharge currents. The
physical battery pack of an older generation radio was used to house the battery. The model of this radio is not mentioned and
is not relevant to the study.

® The manufacturer rates its products according to a specific (usually small) discharge current. It should be understood that this
capacity is not valid at all the possible discharge rates, and it is advised to measure the capacity at the usage current if the
capacity plays a role in the application.
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2.2. Definition of Coulomb-metric Efficiency

Coulomb-metric efficiency is the efficiency with weh a battery is charged, by calculation of thérat
of Coulombs stored in the battery to the Coulompgliad via a power source during a charging
process.

3. Experimental Procedure

3.1. General

An older generation two-way radio was obtained dsamtrol” radio. This radio was specifically
chosen to determine the dynamics of the load agwptd which the batteries would be tested. This
radio draws a low receiver current of 200 mA, ardgh transmitter current of 3.7 A. To complicate
the problem, the transmitter output power was ddeen upon the battery voltage in a linear
relationship described by Equation 1.

Power = O.96><1 2 -1016 Where x is the Battery Voltage 1

The radio-battery technology was NiCd using 19asexlls with (manufacturer specified) capacity of
2800 mAh to produce voltages between 19 V and 2B Yiew pack was assembled specifically for
the purposes of this study (see Figure 2) as atfabrattery.

Figure 2: A new NiCd battery pack assembled for thi s study

This study considered replacing the NiCd batteryhwa (hobbyist) commercial (manufacturer
specified) 4900 mAh 6-cell LiPo battery (see FigbyeThe high-current capability of this batterysva
manufacturer-rated to be 20 C continuously. A conaiaé hobbyist intelligent charger and cell
balancer was used for charging this battery.

This LiPo battery was empirically compared withimikar standard military Li-ion battery. The latter
battery was used in communications equipment oflairfunction, as well as other applications. The
comparative tests were designed to use equivalegrams according to the manufacturer-rated
capacity, and voltage. The discharge program wasstedl according to both “C” and voltage to
accommodate these differences and to produce aazathe result.

In general, the discharge set-up was constructestding to Figure 3.
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Figure 3: The discharge set-up for all batteries

The amount of energy that can be supplied by angbadtery varies significantly, depending on how
the energy is drawn [5]. This study examines thebaperformance by application of a typical radio
load which is pulsed between the low receiver curamd the high transmitter current.

The pulsed load model as shown in Figure 4 was.uBeth the LiPo and the NiCd were pulsed
between 0.2 A and 3.7 A, because the intentiontavagrectly replace the NiCd battery with the LiPo
battery. However, to compare the results fairlyhvifie Li-ion technology, the load currents of the L
ion battery was reduced in accordance with itsdrdfeA-h) capacity value, which presents a ratio
reduction of 4 : 4.9. The receiver current for théon battery was therefore set at 0.16 A, whilst
transmit current was set at 3.0 A. The rationaletlics reduction was based on the fact that a more
suitable Li-ion battery (with capacity upgraded4@00 mAh) could be obtained on special order. A
Li-ion battery of capacity 4900 mAh was not readilailable for this study. The results are themfor
scaled accordingly to ensure a fair comparison.

3T e _\ 410 seconds 10 seconds
Load for NiCd and LiPo
3.0A
0.2 90 seconds T 90 seconds T QQ_s_e_c_onds
' Load for Li-ion
0.16A [ ——

Figure 4: Pulsed load model that was used for the d ifferent batteries

It was assumed that for every 10 seconds the i@uioator would transmit, he would be in a receive-
mode for 90 seconds. This is a 1 : 9 transmit-veceatio, according to which the discharge current
was programmed.

It is generally known that limitations are placedtbe temperature environment when using Lithium
batteries. The operational temperature is spechigdeen -20 °C and +60 °C. Charging below 0 °C
or above 60°C is not recommended [10]. It was cgusitly important to characterise the batteries at
various temperatures. As a result, the generalackenistics of the battery were established fitst a
room temperature, and then at low and high tempersit making use of the transmitter and receiver
discharge currents as depicted in Figure 4.
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3.2. Introduction of the technologies that are comparedn this study

3.2.1. The LiPo battery

The LiPo battery that was chosen for this studghewn in Figure 5. The six different cells can be
seen as they are packed in slices next to each othe

140mm

Battery
holder of
Figure 2

Figure 5: The LiPo battery, showing the reduced siz e (space in
packaging) as compared to the original NiCd battery shown in
Figure 2

Hoffart [7] states that Lithium batteries contaim ltithium in a metallic state, but instead use iith

ions that shuttle back and forth between the cathad anode of the battery during charge and
discharge. The Lithium Cobalt chemistry (relatiogtlte cathode material) has become more popular
in laptops, cameras and cell phones mainly becatigs greater charge capacity. However, he [7]
emphasises that the Li-ion battery technology isyeb mature, and strides are being made towards
greater capacities and improved performance. TRe biattery is a Li-ion battery which uses a solid
ion conductive polymer [7] instead of the liquiceerolyte used in standard Li-ion batteries. This
change in electrolyte seems to have given the bidttery enhanced capabilities, one of which is its
lower internal resistance which leads to the cdipplof delivering higher currents. The lower imet
resistance altered both the charge and the diseldw@racteristics. The charge characteristics show
lower drop in voltage when the load current is @ased, and the constant-voltage stage of the charge
curve is reduced significantly (see Figure 11).

The mass of this LiPo battery pack is 741 gm, drmewolume is 0.00037 InFrom Figure 8 the
capacity after full discharge (by various dischacgerents) was measured to be very nearly 4 Ah. To
calculate the energy density, the Watt-hours haveetcalculated, making use of each corresponding
voltage reading. The calculation for this LiPo battat a load of 1A, is 89 Wh (not shown).
Therefore its Gravimetric Energy Density is 89 WRAL kg = 120 Wh/kg. Its Volumetric Energy
Density is 89 Wh/0.00037 fr= 240 540 Wh/rh The mass and volume of the battery protection
electronic circuitry is not taken into account.

3.2.2. The Li-ion Battery

The commercial Li-ion battery that was comparedhwiiPo and NiCd during this study was
specifically chosen because it is presently beirsjuated for use in a militahsystem (see Figure 6).
Unfortunately (for the purposes of this study) thégtery utilises only four cells in series (twaks in
parallel), and a voltage calculation adjustmemh#le to compare the performance of this battery wit
the 6-cell LiPo and the 19-cell NiCd batteries.

* For security reasons the specific application and country of service is not mentioned and is not relevant to the study.
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Figure 6: The Li-ion battery pack showing the physi cal size

The mass of the Li-ion battery is 363 gm, and thsembled pack volume is 0.000173 firom
Figure 9 it is shown that the capacity of the Li-ioattery at a 1 A load approximates 3.2 Ah. As for
the LiPo battery, calculation of the energy dengilgkes use of each corresponding voltage reading.
The calculation for this Li-ion battery at a load DA, is 48 Wh (not shown). Therefore its
Gravimetric Energy Density is 48 Wh/0.363 kg = 23®¥Vh/kg. The Volumetric Energy Density is
48 Wh/0.000173 th= 277 200 Wh/rh The mass and volume of the battery protectiostidaic
circuitry is not taken into account.

3.2.3. The NiCd Battery

The battery is shown in Figure 2.

The NiCd battery that was chosen for this studyreates from a NiCd pack that was used in similar
conditions as for this study. It also powered adcagith approximately the same specifications as
described in Paragraph 3.1, and this study thexgfoesents an ideal comparison with the “older”
technologies.

The mass of the NiCd battery pack (cells assemligetl 68 kg and the pack volume (not including the
battery holder) is 0.000670°mThe calculation of the Power Density for the NiBdttery at a
discharge rate of 1A is 53.6 Wh (not shown). Theoluvhetric Energy Density is
53.6 Wh/0.000670 in= 80 000 Wh/mx The Gravimetric Energy Density is 53.6 Wh/1.68 kg
31.9 Wh/kg.

3.3. Comparison Results

3.3.1. Power Density Comparison

In a value system, the soldier would choose toycasrlittle mass as possible, and the volume should
be as small as possible. A discharge was perfoforegach of the three batteries at a constant ourre
of 1 A, according to which the Power and Energy $¥gncould be calculated. Both the Volumetric
Energy Density as well as the Gravitational Endbgynsity is shown in Figure 7. It should be noted
that the Lithium family outperforms the NiCd bagtem both these results (Figure 7 A and B). The Li-
ion performs the best in both these sub-results.
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Volumetric Power Density Comparison Gravimetric Energy Density comparison
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Figure 7: The Volumetric Energy Density (A) and the Gravitational Energy
Density (B) of the different technologies

3.3.2. Comparative characteristics of constant current disharge at room temperature

3.3.2.1. LiPo results

Discharges using the LiPo battery were performed2@ mA, 1A, 3.7A, and 5A at room
temperature. The results (shown in Figure 8 A) degie time-related discharge results, which shows
that the higher the discharge current, the shtietime of discharge becomes, as would be expected
The results in Figure 8 B represent the capacityutated discharge curves showing that the capacity
remained relatively constant irrespective of theclarge current. This result is a very attractive
feature of the LiPo technology in military applicais where the exact figures of status are always
required, and performance of equipment is requivdze predictable.

25 1

Time related discharges of LiPo Capacity of 4900mAh LiPo at different loads
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Figure 8: LiPo battery discharged at various load ¢  urrents at room

temperature

It is noted that the measured capacity was arobedttA-h-mark (Figure 8 B). This is less than the

manufacturer-stated capacity of 4.9 A-h. It musbdle noted that the capacity was reduced from an
initial 4.17 A-h (see Figure 30) probably due toiacorrect storage method. The tests for Figure 8
were performed after the test results of Figure 30.
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3.3.2.2. Li-ion results

The discharge curves of the Li-ion battery are shanvFigure 9. It is noted in Figure 9 B that the
capacity of the Li-ion also demonstrates a simdaaracteristic as the LiPo, i.e. that the capacity
remains roughly the same at all discharge rategdest 0.5 A and 3.7 A.

Time related discharges of Li-ion Capacity of 4000mAh Li-ion at different loads
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Figure 9: Li-ion battery discharged at various load currents at room
temperature

The discharge curves of the NiCd battery are showhkigure 10. The NiCd battery illustrates a
characteristic that the capacity increases whenldhe decreases. This is different to the Lithium
family that were tested for this study. This metinat the Lithium-family would be more acceptable to
a dismounted soldier than NiCd batteries, due ¢éof#ict that the capacity is more trustworthy. The
remaining capacity (when calculated by internalctetmic firmware) for the Lithium family is
therefore calculated more accurately.

3.3.2.3. NiCd results

It is also known in general that the self-dischamge of a NiCd battery is more than the self-disgh
rate of the Lithium batteries, and also that thellGmb-metric efficiency is less. These charactiesst
are not investigated in this study.

Time related discharges of NiCd Capacity of 2800mAh NiCd at different loads
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3.3.3. Importance of Charge characteristics

Parket al [8, 892] states that there has been an increadenrand for reducing the charging time of
lithium ion batteries for the applications of powenpls, electric vehicles, portable electronics and
military devices.

The importance of the charge characteristics fer dismounted soldier is quite obvious: a soldier
needs to spend as little time as possible in theratipnal area replenishing, yet ensuring that
maximum power is replenished. Soldiers prefer biadewhich accept the maximum amount of
current that can be supplied from available souyreesl prefers to sustain this current until the
batteries are fully replenished.

Unfortunately it is not always possible to meetsthitringent requirement, due to the charge
characteristics of the batteries. Most batteriesdrte limit the charge current to typically ¥2C, &€

2C to ensure maintenance of maximum life. The Uithibatteries also need to limit the maximum
voltage of each cell, thereby reducing the currémen this voltage is reached. The current therefore
has to be reduced to comply with this characteristiawing out the charge time. The NiCd batteries
could accept the full 1C or 2C charge, but its agét then increases to typically 1.5V (or even\).6
per cell, depending upon charge current, and iatdasses are experienced, lowering the Coulomb-
metric efficiency. One advantage of the charge-gioce of NiCd batteries, is the fact that a coristan
current could be applied up to the point whers dletected (by intelligent chargers) that the baite
fully charged.

3.3.4. Comparison of Charge characteristics

The charge procedure for the Lithium family of katts first starts with a constant-current souare (
current-limited source) whilst the battery is dbillow 4.2 V per cell. As soon as the battery reach
voltage equal to 4.2 V per cell, then the currergradually reduced to keep the cell voltage exaattl
4.2V per cell. The voltage stays constant durlig period, and hence the name “constant-voltage”
stage. When the current reduces to <0.1C A, thercliarge must be removed, or else it is expected
that the battery performance would be reduced [7].

Within the Lithium family, the period of the constecurrent stage and subsequently the period of the
constant-voltage stage differ. The LiPo battery &agpical 13:1 ratio (constant-current to constant
voltage time ratio - see Figure 11 - dependinghencharge current limit), whilst the Li-ion battdrgs

a typical 1:1 ratio. In effect this means that, fioee same applied current during the constant-otrre
stage, the LiPo battery is charged to a “full” statuch quicker than its Li-ion counterpart. Figliie
shows that the constant current was applied td.itPe battery for 97 minutes, after which the cutren
was reduced according to the requirement to keeprolitage constant. A “full” status was reached
after 110 minutes.
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Figure 11:  The charge characteristics of a LiPo bat  tery

The results of the experiment shown in Figure 1 anmthat the LiPo battery is very nearly at full
charge when the constant-current stage is comp{@&2bmAh/1693mAh=96%). This means that the
charge may be stopped at the moment that the aghaxifs the constant-current stage, and such a



Page 11 of 32

charger would be less complex than the usual lnththargers. When the battery is not fully charged,
the life span of the battery is extended [7], whachis to the reliability that is required from dtéey

by the soldier in the battle field. By increasimg tcharge current, the LiPo battery could be clthrge
even quicker.

A similar experiment was performed on a Li-ion battwith measured capacity of 3.6 A-h. The
constant-voltage stage results are shown in FigRrehere it can be seen that 21% (0.76 A-h) of the
capacity was added during the constant-voltagesstabich means that 79% (2.84 A-h) was added
during the constant-current stage. At 1A chargeeauy the time taken in the constant-current stage
was 2.8 hours, and the time taken in the constaltége stage was 3 hours. This ratio approaches 1:1
if the charge current limit is increased slighipd thus the charge time for Li-ion approachesuisio
The constant-current stage could be shorteneddfuittihe charge current is increased, but thegehar
current is again reduced according to Figure 1 #fie cell-voltage of 4.2 V had been reached.

Capacity Added vs. Charge Current during Constant V. oltage Mode
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Figure 12:  The charge characteristics of a Li-ionb  attery

The charging characteristics of the NiCd batteffediextensively from the Lithium family, due tit
charge-termination method. For many years the usfetfee NiCd batteries suffered NiCd technology
characteristics such as “memory” build-up. This whe result of the application of a small charge
current (0.1C) which was sustained for 14 hourgh@early years of charging the NiCd battery). The
small current produced dendrites which short-ctezlithe plates. This meant that less of the plates
were available to act as a battery. In those tithesbatteries were first fully discharged before
applying the small charge current for a certaimgterof time.

One characteristic of the Nickel-family of battaries that, when it is overcharged, the electrolyte
breaks up by electrolysis, rendering the batteisewiceable depending on how much and how often
this overcharge occurs.

Since the early years of NiCd development, improvedhods have come onto the market to charge
the NiCd battery faster, and without the “memoriféets. These new methods also concentrated on
terminating the charge process by detecting a negabltage slope during the charge current
application, which signified that the battery walyf charged. The addition of the measurement of a
temperature gradient and termination of the chestgen this gradient exceeds a threshold, formed part
of the modern NiCd charging methods. It was alscaliered that some of the Nickel-family of
batteries displayed a build-up of internal resistawhen left on the shelf for a period of time. The
chargers therefore allows for a “warming-up” perthating the first minutes of the application of a
charge, before the voltage and temperature measuterare taken. This then also implied that the
battery did not have to be discharged before tlaegehprocess commences, and also that the battery i
not overcharged. The “memory” effect has disappkardoth the NiCd as well as the NiMH batteries
when the modern chargers are used. Note that ivesdional “14-hour” chargers are used, the
“memory-effect” will re-appear.

The new methods of charging the NiCd (as well @NiMH) battery allowed a faster charge to be
applied, and it has recently become a standardeguwe to charge these batteries within one hour.
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This is a very attractive feature to the dismourdettlier in the case where an appropriate current
source is available.

This study investigates sources which do not hamenited current production for the charge process,
e.g. solar panels and small fuel cells.

3.3.5. Internal resistance

There are various means to determine the inteas#tance of a battery, with various outcomes. The
outcome is the important factor for military applion, especially how the performance of the tattic
equipment is affected by the internal resistanaaitteristic of the battery. Buchman [2] agrees$ tha
the internal resistance is the gatekeeper of @iyatind largely determines the performance and run-
time. The military application that this study isvestigating is the medium power tactical radio,
usually carried in a “man-pack” as described in ititeoduction. The temperatures at which it was
expected to get full capability, was between®°cfmnd +50C, and it was expected to be able to
transmit for 10 seconds at full power.

Therefore the tests were designed to determinéentémal resistance and overall performance of the
batteries between -20 and +60C to allow for some overlap with respect to theuisgments.

The significance of the internal resistance onttaasmitted power is demonstrated in this section,
taking into account that Equation 1 is valid fdrthé batteries.

In broad terms, when the transmitter is emitting #kles into the atmosphere, a current of 3.7A (for
this specific radio) is drawn from the battery, lshithe current drawn when not transmitting is
200 mA. It was expected that the time taken fohaensmission would be approximately 10 seconds
and hence the interest in a 10-second internaldanpee. The internal resistance causes the voltage t
drop more during the transmit period, and the highe internal resistance, the lower would be the
voltage available to the transmitter.

3.3.5.1. LiPo Internal Resistance

The following tests were performed to determineliesecond internal resistance of the LiPo battery.
At first the environmental chamber was set to 508ad the discharge results at this temperature
shown in Figure 13 were obtained. The internaktasce was relatively low, at an average of0.12

LiPo pulsed at 50 Degr C
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Figure 13:  LiPo battery pulsed at 50°C to determine  the 10-second internal
resistance
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The environmental chamber was then adjusted to,489@ the discharge results at this temperature
shown in Figure 14 were obtained. The internalstasce was relatively low, also at an average of
0.120.

LiPo Pulsed at 40 Degr C
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Figure 14:  LiPo battery pulsed at 40°C to determine  the 10-second internal
resistance

The environmental chamber was then adjusted to,2&9@ the discharge results at this temperature
shown in Figure 15 were obtained. The internalstasce was still relatively low, at an average of
0.27%, and climbing towards Ocbtowards the end of the discharge process. Wheuord-ith is
compared with Figure 14, it is noticed that thetagé drop due to the higher current pulses, i®targ

The environmental chamber was then adjusted toC;168t measurements were taken during the
process that the temperature dropped. When therpatas completely soaked at -10°C (point “A” in

Figure 16), the chamber temperature was re-adjustebturn to room temperature. The results
showing the variation of the 10-second internaistaace with temperature are shown in Figure 16,
highlighting the reaction of the internal resistamdth changes in temperature, at point A.
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Figure 15:  Pulsed discharge of the LiPo battery at room temperature to
determine the 10-second internal resistance
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Figure 16:  LiPo battery pulsed at -10°C to determin e the 10-second internal

resistance

This experiment was performed to show how the materresistance changes in the colder

temperatures. When the colder temperatures ardedathe voltage-drops due to the high current
pulses increase. This phenomenon is even more taeted when the chamber temperature changed
from room temperature to -15°C, as is shown in feidLr.
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LiPo Pulsed at -15 DegrC
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Figure 17:  LiPo battery pulsed at -15°C to determin e the 10-second internal
resistance

It was also necessary to determine whether thergatharacteristics would return to “normal” after
the temperature stress. The chamber temperaturgpnegeammed to start at +30°C, then to drop to
-20 °C, and then to return to room temperature. réalts are shown in Figure 18, and it is visible
that the battery performance returns to “normaéathe temperature stress.

LiPo pulsed at varying temperatures
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Figure 18:  LiPo battery discharge curve using atem  perature profile

The internal resistance was calculated from theltesf Figure 18, and is shown in Figure 19 refati
to the measured chamber temperature. It is notieehat the internal resistance increases nondyea
as the temperature decreases, and is restoregitalty 0.3%2 at room temperature towards the end
of its discharge cycle. This corresponds well wiith results obtained in Figure 15.
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Figure 19:  Internal resistance of LiPo batteryvst  emperature
3.3.5.2. NiCd Internal Resistance

The internal resistance of the 24 V NiCd battent thriginally powered the radio, was determined by
pulsing the battery between 200 mA and 3.7 A, asvshin Figure 4. The voltage differential was
divided by the current differential to obtain timeirnal resistance. The high current pulse duratias

10 seconds, and thus the result was obtained éot@hsecond internal resistance (see Figure 2@). Th
internal resistance was maintained to less tha€@ @r most of the discharge process, but increased

faster towards the end of the discharge process.

NiCd 2800 pulsed between 0.2 A and 3.7 A at room temp  erature
30 \ \ \ \ 1.2
| | | o
1 1 1 o
| | | |
25 [ Tmmmeme - - - fo Foooooooo- o mm oo - 1.0
m | (]
| | I 2
20 -~ i e Mty = o T r 08 »
| | DD ! g
| | (] D\ | hd
@ 1 pogomo 0F : 1 T
% 15 DDDDUDUDUDDUDUDEH:}DLLD****T**********T ********** T T T T T T T T r 0.6 c
g 1 1 1 1 £
| | | | -_—
| | | | e]
e T H S A 1048
| | | | fr)
| | | | UI)
1 . L 1 S
STt [ T T ] r 0.2
| | | |
| | | |
| | | |
0 1 ‘ 1 1 1 0.0
- 50 100 150 200 250 300
minutes

Figure 20:  NiCd battery pulsed at room temperature

resistance

to determine internal
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A discharge was performed at varying temperatwekustrate the effect of temperature on the NiCd
battery, and the results are presented in FigurédZime-phased temperature result is shown due to
the fact that the battery takes time to soak teethéronmental temperature.

The NiCd battery voltage, under pulsed load, dgsificantly during the high current pulses as the
temperature drops (see Figure 21).

NiCd Temperature tests
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Figure 21: The effect of temperature on battery vol tage for the NiCd
battery

In this instance, the measurements of the integsstance were taken (see Figure 22) only upgo th
point where the minimum temperature was obtainedabse at that time the battery capacity started
to become depleted. It is noticeable that the matieresistance increased significantly after ptdxit

in Figure 22.

Internal Resistance vs Temperature for NiCd
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Figure 22:  The effect of temperature on battery int  ernal resistance of the
NiCd battery
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3.3.5.3. Li-ion Internal Resistance

The internal resistance of the Li-ion battery paas determined exactly in the same way as for the
other batteries. The result is shown in FigureBA8visual inspection it can be seen that the irgtlern
resistance kept constant at @6Q@vithin reason, and for the extrapolated 6-celtdyg), until the
capacity reached its end, when the resistanceaseceupwards to @8 The fact that the internal
resistance remained constant is attractive to fitiearp designers, due to the fact that the equipime
designs that would utilise these batteries are Iffieth

Li-ion pulsed between 200mA and 3.7A at room tempera  ture
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Figure 23:  Li-ion battery pulsed at room temperatur e to determine internal
resistance

In this case an experiment was also conducted terrdae whether the Li-ion battery would be
restored to “normal” after it was subjected to tenapure stress. The temperature was set aPG60
after which the temperature was adjusted ta®€0The chamber was kept at -ZD for approximately
half hour, after which it was returned to room temgture. The results are shown in Figure 24. This
battery showed an interesting feature, in thatitiernal resistance at low currents did not change
significantly when the temperature was lowered2@°C, due to the fact that the voltage at the low-
current areas (point “B” in Figure 24) did not dae significantly from a “normal” discharge curie a
room temperature. The high current pulses, howelisplayed a significant drop in voltage at the
lower temperatures (point “A” in Figure 24).
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Li-ion Temperature tests using pulsed load
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Figure 24:  The effect of temperature on the Li-ion technology

3.3.5.4. Comparison of Internal Resistance of different techologies

The comparison of internal resistance for the thidferent technologies of this study at room
temperature is shown in Figure 25. This depictibows that the LiPo technology has the lowest
internal resistance at room temperature, and tieaititernal resistances of Li-ion and NiCd are kimi
when the battery is fully charged. When the NiCdtdsg expends its charge through a load, the
internal resistance increases significantly towetds end of the discharge process (see point A in
Figure 25).

The internal resistance of Li-ion and LiPo show iEmcharacteristics during the discharge curve,
although the internal resistance differ in amplkutlVith a theoretical compensation included in the
comparison between Li-ion and LiPo (Li-ion beindragpolated to equal the capacity of the LiPo), the
two batteries finished roughly at the same poiritmre (“B” in Figure 25).

Comparison of Internal Resistance
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Figure 25:  Comparison of different technology inter nal resistance at room
temperature



Page 20 of 32

3.3.5.5. Internal resistance at varying temperature

To compare the internal resistance variations assalt of temperature changes, the results of the
temperature tests were combined, and the compagisgh is shown in Figure 26. This graph shows
that the internal resistance of NiCd and Li-ion sirilar at high temperature (6G — point “A” in
Figure 26), but also that the Li-ion battery intdrmesistance diverts to higher levels at cold
temperatures (-28C — point “B” in Figure 26). The LiPo battery diagk the lowest internal
resistance at all temperatures. The graph alsosskimat the internal resistance of the NiCd batigry
the least affected by temperature variations, aigdis probably why the military preferred the NiCd
technology in the past.

Technology Comparison
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Figure 26:  Comparison of internal resistance variat  ions of three battery
technologies

3.3.6. Importance of Internal Resistance

The importance of internal resistance is due tceffect that it has on the equipment it powers. ther
batteries that were used for these tests, the taupoe is defined by Equation 1 where the transaditte
RF power is reduced as the battery voltage redddesresults in Figure 27 show that the transmitted
RF power reduces as the voltage is reduced asulk oéghe internal resistance. It should be kept i
mind that the voltage also changes as the battgrgaity is depleted, and hence the transmitted RF
power is a function of both the remaining capaa#ywell as the internal resistance.
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NiCd 2800 pulsed between 0.2 A and 3.7 A at room temp  erature
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Figure 27:  The transmitted power using the original NiCd battery at room
temperature
LiPo4900 pulsed at 25 degrC
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Figure 28:  The transmitted power using the substitu te LiPo battery at

room temperature

On face value one may not easily see the advanfaggng the LiPo battery over the NiCd battery or

the Li-ion battery. Therefore the three resultsehbegen combined in Figure 29, extrapolating the Li-
ion voltage to equal a 6-cell battery. The curneulses were in accordance with Figure 4 and the
temperature was between 20°C and 25°C.

Figure 29 clearly shows that both the Lithium famibf batteries performed better than (at
approximately 190% capacity) the NiCd battery thas originally used in this radio, due to both the
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capacity characteristics as well as the internsistence characteristics. The LiPo performed diight
better than the Li-ion battery at room temperatwieen the current program of Figure 4 is followed.
However, as a matter of interest, for one test dhly current for the Li-ion battery was also
programmed to pulse between 200 mA and 3.7 A, thithresult shown in blue circles in Figure 29.
By visual inspection the transmitted power from Mi€d battery was better than the Li-ion battery,
until the capacity of the NiCd battery neared esdfian. The difference between this result and the
result indicated by red squares (slightly lowerent pulses) is caused by the internal resistaht®eeo
battery.

Comparison of Transmitted Power
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Figure 29: The transmitted power of all three batte ries at room
temperature

The battery internal resistance therefore playargel role when the battery powers equipment of
which the performance is coupled to battery voltaged the current supply to the equipment is not
constant. Care should be taken by military acdarsibrganisations to check the battery management
of the equipment being acquired in accordance thighresults obtained by this study.

3.3.7. Short term shelf life or non-usage store charactestics

The LiPo battery was discharged before storageKgpee 30, curve indicated by triangles), and then
charged to a “full” condition and stored for 30 dayAfter this 30 day period the battery was
discharged (see Figure 30, curve indicated by dms) The battery was then charged to a full
condition immediately after, and discharged agaiee(Figure 30, curve indicated by blocks). All
discharges were terminated at 19V (3.17 V/cell).

The two curves after the storage period deviatéd less than 0.01% from each other, but deviated by
approximately 6% from the before-storage dischafigeés may indicate a permanent deterioration,
and according to Hoffart [7] this may be attribuéato the fact that it was stored at full chargeari
tests have to be performed to confirm this posgiblEnomenon.



Voltage

Page 23 of 32

Discharges @1A after 30 days full charge storage
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Figure 30:  One discharge performed before storage, and two discharges
performed after 30 days storage at full charge

3.4. Battery Simulation

In the battery simulation, a generic formulation $gstem-level models of Li-ion batteries was used.
The formulation accounts for nonlinear equilibriputentials, rate and temperature dependencies,
thermal effects and response to transient powetaddmro simulate all of this data, the equivalent
circuit model (Lijunet al [11]) has three components: an equilibrium po&dlij an internal resistance
having two component®, andR,, and a virtual capacito€ that represents localised storage of
chemical energy within the porous electrodes (sger€ 31). During the empirical evaluation of the
equivalent diagram, the theoretical results wermagared with the practical results. It was found tha
the model represented in Figure 31 compared wétl @iperimental data at a certain temperature, but
deviated from the experimental data particularijoat temperatures. By adjusting component values
in the diagram shown in Figure 31, the data obthitelow temperatures could be matched with the
simulation data. The schematic diagram does notgsha

It is therefore reasonable to assume that somdl af dhe components shown in Figure 31 are
temperature dependant.

lo

I "
R,

< o Vi

Figure 31:  Equivalent circuit diagram of a Li-ionb  attery
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To present an overall picture of the effect thatgerature changes have on a battery, the 4-ceinLi-
battery of Figure 6 was pulse-loaded between 200amé 3 A, first at a low temperature (-20),
then at a high temperature (+30). The results were plotted in graph form to visgathe effect in
Figure 32. It can be seen that the pulses havegerlaariation at low temperature than at high
temperature. The effect is accentuated (enlargedjigure 33, for easy cross-correlation with the
simulations. The simulation results are superimgaseFigure 33 and shown in Figure 34.

Li-ion equivalent circuit tests at different temper atures

Enlarged depiction
shown in Figure 33
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Figure 32:  Measured Li-ion voltage variations as a result of temperature
variations during pulsed load
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Figure 33:  Measured Li-ion voltage variations as a result of temperature
variations during pulsed load, with time axis expan ded
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Comparison of load changes at different temperature s
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Figure 34:  Simulation results compared with experim ental results for a Li-
ion battery

The equivalent circuit (Figure 31) was used in lbthhigh temperature simulations as well as the lo
temperature simulations to determine which of tbmponents were temperature-dependent. In the
high temperature (+3®) simulation the component values were:

Rl= 032¢Q
R2= 0@
C= 002F

Battery Voltage = 15.6 V

In the low temperature (-AT) simulation the component values were:

Rl= 07¢
R2= 0480
C= 21F

Battery Voltage = 15.3V

Comparing the battery equivalent circuit valueshat two different temperatures, it is reasonable to
conclude that all the components are temperatuperdient, some more than others, including the
ideal battery in the equivalent circuit. An intdfieg observation is the amount that the equivalent
capacitor changes between the two temperatureghwhay indicate that the stored energy in the
porous plates is larger at low temperatures thanigt temperatures, which works in favour of the
soldier at low temperatures. However, the totaknml resistance increased by an amount which
exceeds the advantage gained by increased capaeitoe, giving an overall decrease in battery
effectiveness.
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The changes of the individual components areineat with changes in temperature, as can be seen
by the results shown in Figure 26. The exact eqnafor the temperature dependency of each
component is not calculated for the purposes sffitaper.

A noticeable difference between the measured vabfiesltage in Figure 34, is the fact that the
voltage end-value (at the end of the simulatior),risnlarger than the measured battery voltages Bhi
attributable to the fact that the equivalent bgtteras not programmed to drop voltage in the
simulation process due to the energy which was redg during the discharge procedure, hence
ending with a higher voltage.

3.5. The Fuel Cell

Some programmes are presently investigating ful$ @s a possible alternative to conventional
batteries [5]. This study investigates briefly tiuaction of the fuel cell in the role as depictegd b
Figure 1. In this Figure the attention was drawnhi® batteries at points A and B, which formed the
main focus of this paper. It would, however, beiacomplete study if other sources were not
investigated to augment the battery at point B asuace to charge the battery at point A. It i®als
reasonable to move the battery at point B to thsitipa at point A, to enable charging the battdy (
with other available sources.

Two such additional sources are Fuel Cells andr3daels. This study investigates briefly the role
that these two sources would play in the operakiand tactical activities of a dismounted soldier.

3.5.1. Fuel Cell general characteristics

Two types of fuel cells which are available on ¢ipen market are shown in Figure 35. Commercially
available fuel cells are relatively new and therefib may be expected that the development cydle wi
continue into the future. The available cells hawth advantages as well as disadvantages. Thatsalie
advantages are:

One cartridge of methanol fuel will charge a 60 W-h battery approximately 10 times.

The mass of a spare cartridge is much less than one spare battery, making the fuel cell a
viable alternative to carrying spare batteries.

Fuel Cartridge

L -

I

ol ol ol el almlel el ol Y ——
~ g -

frrre

Figure 35:  Two of more types of fuel cells availabl e on the open market
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The main disadvantages of fuel cells for the dismed soldier are:

There is a waiting period after fuel cell switch-on before it is ready for use. This waiting
period can vary between 5 minutes and 30 minutes, depending on manufacturer.

The fuel cell makes use of a physical pump, driven from its own internal battery, as part
of the fuel cell internal mechanics to generate power. This pump makes a certain amount
of noise, limiting the available usage area for soldiers who have to keep their position
undisclosed in stealth operations.

The general available small fuel cells produce only approximately 25 W of power, and
therefore most soldier-carried equipment cannot be driven directly from the fuel cell. It is
only used to replenish ancther battery, i.e. in positions A and/or B in Figure 1, either
directly or through the power manager.

In general the voltages available from the fuel cell are programmable between 12 V and
30V, which limit the number of cellsin a battery which are directly charged from the fuel
cell. In the cases where the batteries require a larger voltage to be charged (e.g. 8-cell
Li-ion or LiPo) one would either have to make use of a power manager (introducing
losses) or one would have to charge groups of cells individually (4-cell-groups to be
charged individually in the case of a 8-cell battery). This would mean that two fuel cells
will have to be carried if charge-time is important, or the charge-time should be doubled
in the case of an 8-cell battery.

If, however, the batteries in positions A and B in Figure lare limited by design to a 6-cell
LiPo or Li-ion, then the fuel cells which are programmable to 25.2 V would be adequate
to charge the battery without intervention of a DC-DC converter, which istheideal case.

3.5.2. Source characteristics of the fuel cell

A fuel cell containing internal power managemesetgbnics may be programmed to supply the exact
voltage which is required for the battery to berged. Its internal electronics will limit the suppl
current to the maximum that is available at theggpammed voltage.

In the case of a 25 W fuel cell, a 16.8 V (4-calidn or LiPo) battery could be charged directlyaat
charge current limited to 1.488 A. This would mehat a 4-cell 4900 mAh LiPo battery would be
charged in approximately 3.5 hours to 4 hours, dejpg on the Coulomb-metric efficiency of the
charging system (charger, cell-balancer and battery

This study found that, on average, the Coulomb-imaetfficiency of a commercial charger plus
commercial cell-balancer plus a commercial LiPadigitwas on average between 80% and 90%,
which would mean that the 4900 mAh LiPo battery lddue charged to 96% capacity (see Figure 11)
in between 3.5 hours (90% Coulomb-metric efficigranyd 4 hours (80% Coulomb-metric efficiency).

To charge a 6-cell LiPo battery using a fuel dedittcan produce only 16.8 V, a power manager would
have to be used, acting as a DC-DC converter tease the charge voltage to 25.2 V. This would
introduce a further percentage of less than 100%hesystem efficiency. E.g. if the power manager i
95% effective, then the charge time would incraasketween 3.7 hours and 4.2 hours respectively.
Nevertheless, there are fuel cells on the open ehavkich could produce 25.2 V (or more), with
which a 6-cell Li-ion or LiPo battery could be chad without the intervention of a power manager
and its associated losses.

3.6. The Solar Panel

Solar panels have enjoyed much development attergicently, and soldier-portable panels of 55 W
and more are now available on the open market. €dich panel was available to investigate its
effectiveness of charging the batteries.
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A characteristic of most solar panels is their higlernal resistance which would be a disadvantage
having to charge the batteries in any fast-charggram. Moreover, the voltage of most man-carried
solar panels is only 12 V, which would allow (in sh@ases) to only charge batteries of typically 9 V
or less, if charged directly without a DC-DC corteer

Figure 36: A 55 W solar panel

If the soldier carries more than one solar pahely ttould be connected in series, which would allow
for the charging of higher voltage batteries.

This paper investigates an interesting applicatitrere the soldier only carries one solar panel of
12V, and a LiPo battery of 25.2 V (6-cell) (Figdiehas to be charged. This study investigates the
possibility of using a DC-DC converter to step thatage up to the required level with which to
charge the battery.

3.6.1.

A 55W solar panel can theoretically supply 4.58tA12 V. The incident light, however, would
probably change as clouds form, or the daylightsta fail.

A 55W solar panel was chosen with which to take ssoneasurements. A power manager which was
specifically designed with a solar panel port, waed to charge the 4-cell Li-ion battery shown in
Figure 6. The battery was pre-charged to 50% uisindedicated charger, before the solar panel was
plugged in. The following measurements were takhitstvcharging with the solar panel on a cloudy
day:

Solar Panel characteristics through a power manager

Table 1: Solar panel measurements
Voltage | Current | Power
) (A) (Watt)
16.12 0.76 12.25
16.36 0.72 11.78

More tests were performed in full sun, using aafalg resistor to measure power transfer, and tb fin
a power maximum point. The results are depicteBigure 37. A curve-fit Equation was applied to
both the Current (diamonds) and Power (squaresjumeaent points. A fit of R= 91% was obtained
for a second-order polynomial Equation on the pomeasurements, and a fit of R 99% was
obtained for a linear Equation on the current meamants, which was expected.

However, the power curve peaked at approximately,hich was well below the expected 55W.
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12V Solar Panel

Current (A)
Power (W)

Voltage

Figure 37:  Solar panel power transfer characteristi  cs

A power manager would usually have to form an fats between the 12 V solar-panel and the
battery, and would have to be able to manage impliges from 8 V to the maximum open-circuit
voltage of the solar panel. A 25.2 V LiPo batteoyld therefore supposedly be charged via the power
manager at a charge current of theoretically 12\2254.58A*Eff. Table 1 shows that the efficiency
on the day of the measurements were only (apprdrig)a20%. The results shown in Figure 37
suggest that the efficiency would probably stabilis (approximately) 25% in full sunlight. The fota
efficiency (if a power manager with efficiency &% is utilised) would be lowered to approximately
24% in full sunlight. Using these figures, a batterith voltage of 25.2 V would be charged at
12V/25.2V*4.58A*.24 = 0.52A during its constant pemt stage.

An effective 0.52 A charge current would charged88tmAh LiPo battery in approximately 9.4 hours
to 10 hours, depending on the Coulomb-metric efficy of the battery. Theoretically a 55 W solar
panel is more efficient than a 25 W fuel cell, that fuel cells usually guarantee their 25 W output,
whilst the output of a solar cell is dependent arrerfactors. As in the case of the tests recorded i
Table 1 and Figure 37, the fuel cells would be nesfieient than the solar panel which was tested.

Many questions are asked about the internal resistaf a solar panel. One of the methods for the
determination of internal resistance is to folldwe tmaximum-power-transfer-law which states that
maximum power is transferred at the point whereitkernal resistance equals the external resistance
Figure 38 shows in graphical form the relationsbgtween external load resistance and transferred
power, of which the curve-fitted graph peaks at flwent where the external load resistance is
approximately 1@, hence it is concluded that the solar panel imfenesistance is also ID.
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Solar Panel Power vs Load Resistance
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Figure 38:  Determination of internal resistance

4. Concluding Remarks

In the search for a battery for a tactical radiotfe dismounted soldier, the overall charactesstif
the Lithium Polymer technology proved in this studyoe more applicable than the Li-ion technology
as follows:

The charge characteristics of the LiPo battery ramge attractive, because the constant
current stage is much longer that the constanageltstage (see Figure 11), which means
that, for the application of the same constant ghaurrent, the LiPo would charge faster
than the Li-ion.

The internal resistance of the LiPo battery is bbss that of the Li-ion battery over all the
tested temperatures (see Figure 26), allowingHerapplication of a higher voltage during
the radio transmission periods.

The LiPo battery (which was tested to be a direptacement of the NiCd battery) proved to be more
applicable than the NiCd battery for the radio aion of this study, due to the following:

The volumetric as well as gravimetric power densifythe LiPo battery (see Figure 7) is
significantly larger than that of the NiCd battelore energy is carried in the LiPo battery,
which allows for a longer life for the radio befdraving to replenish the capacity. This also
means that the soldier carries less weight for rmasrgy (roughly half the mass and half the
volume for twice the energy), when carrying thed_iBattery in stead of the NiCd battery. It
must be noted that the battery pack holder shoeldrddesigned to make use of the
volumetric advantage.

The charge characteristics have not been compatdbsistudy.

The internal resistance of the LiPo is lower th&wattof the NiCd at all measured
temperatures of this study (see Figure 26), althadugs less affected by low temperatures.
This means that for the radio application of thisdg, the transmitted power of the LiPo
battery was applied for approximately 180% londemtthat of the NiCd battery, and was
maintained higher than that of the NiCd batteryZ®5% longer (see Figure 29).
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The LiPo and the NiCd batteries have not been sitadl to determine their equivalent circuit
characteristics at varying temperatures.

The charge characteristics at the extreme tempesatuere not investigated.

The time allowed for this study did not allow fottensive testing of power sources. Only qualitative
remarks were recorded, based on little experimientalt seems, however, that all sources should be
tested extensively to determine their applicability the military milieu. It is advisable for the
dismounted soldier to carry both fuel cells as vesdl solar panels. The logistic burden would be
lightened if the sources could be shared amongl gm@aips.

The Li-ion battery outperforms both the LiPo asIwad the NiCd batteries with respect to the
characteristics of volumetric and gravimetric povademsity. This is an attractive feature for the
dismounted soldier in applications such as GP®sysivhen it is required to supply low currents for
long periods of time.

By comparison of the results shown in Figure 1&wiite results shown in Figure 24, it is shown that
the voltage drop during the low-current cycles JA” in both figures) is less for Li-ion than for
LiPo at the low-temperature extreme. This meansahdow current loads and at all temperatures, it
would be more advisable to utilise a Li-ion battdrgn a LiPo battery due to its better energy densi
characteristics.
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