Spacecraft Power Chapter 9

1. Power Systems

1 Options for electricabower production & storage f@pace missions, current and undevelopment,
are shown in the flwing figure in terms opower vs mission duration,
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Figure 9.1: Spacecraft power systefidyden.

1 Primary Batteries
- Producedirect current by electrochemistry
- Currently used: LiCFx (lithium polycarbon monofluoride) electrolyte
- Economical for small spacecraft for missions of relatively short duration.

i Solar PVi Battery:
- Photovoltéc cell, semiconductor material, directly converts sunlight to electricity.

- Most widely used energyonversion device for spacecraft
- Provide relatively high power levels over long duration (up to 10 to 15 years).
- Batteries required to provide pewduring eclipse.

1 Radioisotopelhemoelectric Generators (RTGS):

- Compact and continuous source of power

- Used in deeyspace missions over several decades

- Considered nuclear fuel but relatively easy to handle safely:
Curium-244 & Hutonium-238
[strontium90 les expensive buiot safe to handle]

- High energy particles heatthermoelectric material that, in turn, produces an electric potential
Lead telluride  SiGe (silicon germanium) doped w. phosphorous

1 Fuel celk:
- Producedirect current by chemicagaction of an oxidant and a fuel.

- Currently usedd, & H,.
- Work as long as supply of oxidant & fuel available.

I Solar Concentratdr Dynamic:
- Mirrors used to concentrate sunlight to heat a working fluid that powers a turbine

Steam Liquid metal, e.g. potassium chloride Gas, e.g. helium, xenon

Chemical Dynamic:
- Burn fuel & oxidant, e.gH, & O,, CH, & O,, to power a turbine.

—<
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T Power conversion & storaggptionsandstatus:

Table9.1: Power system current and estimated performgihpderet al).

System or Parameter Cirea  Estimated
Component 1983 2000
Solar-Battery Systems Power Qutput kW 100 kW
Specific Power 10Wikg 50 Wrkg
Solar Armray-Battery Costs F30000% S1000W
Solar Cells and Armays Cell Power Ouitput SEW 100 kW
Cell Efficiency (in space) 14% 25%
Array Specific Power 35 Wikg 150W kg
Amay Design Life (LEO/GED)  SynTyr 10yef1 Sye
Array Specific Cost F15000W F5000wW
Batteries
Primary
AgZn Energy Density 150W hr'kg
Desipn Life 2yt
LiSOCI, Energy Density 200W-hrikg 700 W-hrlkg
Design Life Iyr 3 yr
Secondary
NiCd (LED) Energy Density 10W-he/kg
MNiCd(GED) Energy Density 15 W-hr'kg
NiCd (LEQ/GED) Design Life Syr/10yr
MiH (LEO) Energy Density 25 W-hrfkg
NiH, (GED) Energy Density 30 W-hr'kg
Muclear Power
Reactors Power Level 10EW 10kW
Specific Power 10W/kg 10W/kg
Efficiency 10% 10%%
RTG Power Level 2EW 2EW
Specific Power 6 Wikg 10W/kg
Efficiency B% 12%
Typical Overall System Parameters
Power 12 kW 25EW
Voltage 2BY S0V
Frequency - D DC/AC
Cost —on-Orbit ~F1000%W-hr
Radiator Specific Mass 20kg kW
Table 9.2Power Limits & Performance
System Limit, kKW Eff, %  SP,_Wi/kg Source
SolarPV 20 1530 5-10 experience
RTG 1 7-15 7-15 sane
NuclearTEC 100 7-15 projected

R&D always seeking improvements:

SP is specific power

Example)NASA funding development of solar array design &= 100 W kg

- Copperindium-diselenide thirfilm PV cell

- Low-mass structure
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1 Basic Power System
- A general systers shown in the following block diagram,

Ene i ' Fower Distribution
mm:g},[rm regulation  |———— and
and control protection
Primary Rechargeable Power

energy enargy utilization
source storage (LOADS)

Figure 9.2: Power system block diagrépatel)

i SystemVoltage
- Initial spacecraft designed for 28 VDC (automotive typicaly/DC).
-Hi gher the power requirement Y higher the operat
P=1IV V=IR | = current, ampere R=resistance,ohn
Ross = I°R in conductors
For fixed powerHigher the voltage, lower the curtglower the loss.

- Standardl i st ri buwoltageg ( ibusod)
tod [12d [16d V

A
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Power level
Figure 9.3: Bus voltage versus power level for sevesghcecraf(Patel)
LM A2100: Communications satellite
LM7000: Communications, Intelsat, 1998
BSS702: Communications, VSAT2001
ISS: International Space Station
SP100: Space Power 100 kW (program canceled)

1 Rulesof-thumb for bus voltage in LEO orbits:
1. Above ~160 V, solaarray currenteakage to space plasma (negatively charged electron field) starts
to increase exponeatly, with electricarcingabove ~180 to 200 V.

2. At 100V, for every square meter of exposed conductor [E@@ge current 1 mj

Leakage current increases with voltage.
3. Above 160 V, conductors require insulation (additional mass).
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i A more detailed system diagram showing various power subsystgerisbelow,

Voltage Scaling Law:

Chapter 9

- Design experience has shown empirically,

where

MassScaling Law:

-An empirical scaling law to estimate mass of a new system, from degignience, is,

0.7
Pnew ]
exist

where

Figure 9.4: Spacecraft power system block diagjtdyder et al.)
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Voot = 0.025¢ P
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P =required system pow

Mhew = Meyistx [

P

Mo = Mass of a new syste
M.t = Mass of an existing, similar syst:

P.ew = POWer requirement of the new syst
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2.Solar PVi Battery System

1 The most common electricpbwergeneration system for spacecraft is the combination of-solar
photovoltaic arraysrad batteries as shown schematically in the following figure,

Orbit mechanics,  Array pointing
station geometry  and shadowing

Ao Distribution
ﬂpb and protection
2 g i PMAD  fxxsxidp

| LOADS
PRU
E Energy balance,
F load demand,
component data,
EPS sate, telemetry, and
load demand, commands
battery DOD

Figure 9.5:Photovoltaie battery system (Patel).
PMAD = power management and distribution
PRU = power regulation unit
BAT = batteries
EPS = electrical power syem
a = a—drive,rotates 360once per orbit

B

S —gimbals rotate +3° to compensate for the sojdrangle

The PV Cell

I The building block of the solar array is the PV cell:
- Diodetype junction of two crystalline semiconductors
- Generates electricity directly under sunlight
- Photons transferred to electron system of the material, create charge carriers
- Chargecarriers produce a potential gradient (voltage), circulate as current in an external circuit
- Concept illustrated in the following simple schematic,

A\

Front contact screen

a8

N-type semiconductor f '

P-type semiconductor .~
Back cortact

Figure 9.6: Photovoltaic cell crosection (Patel).
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1 Theconversion efficiencyf a PV cell is given by,
____ electrical power output IV
7= solar power incident on the cellPy

(92.1)

iConversion efficiency for threeommonPV cellmaterials

Silicon (Si) 12-14%
Gallium arsenide/Germanium

(GaAs/Ge) 1819%
GalnP2/GaAs/Ge 24-26%

I The useful energgbsorptiorof the sunlight spectrum for silicon is illustrated in the following figure,

A
100
) 50 _ Sunlight in space
H
?i: 60 rShu:u-t circuit response
[ # (Prnay is proportional to
.2 a0 s short circuit currant)
g L
]
i
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] | ] 1 ] h
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Wawvelength A (wm)

Figure 9.7: Sunlight spectrum and useable photovoltaic spectrum.
- About twothirds of solafradiation energy lies between wavelengthsp.4— 1.1z m

- Silicon has aut-off wavelength of about,=1.1,m.

-Radiation absorbed and not converted to electrical power is converted to heat in the cell material

ExampleA photon of blue light, energy of 3 eV, generates about 0.6felectricity and 2.5 eV of
heat.

1 Photon energy is given by,

e, =h (92.2)
where h= Planck's constant6.626x 10> J-s

v =frequency, cp
and,

v=c/1 (92.3
where c=speed of light 2.9979« 16 m/

A =wave lengtt
I The complex physics of a PV cell can be represented lsl¢h#ical circuitin the following diagram,
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Figure9.8: Photovoltaiecell equivalent circuit (Patel).
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- The cell acts as @onstant currergource shumtd by a perfect diode:
Here, I, =source or photo curre

I4 =the diode currer

I, = the ground shunt curre

R, =internal resistance of the mate

Ry, = resistance to internal current leakagegriounc

In anideal PV cell, R, =0 (no series los:

R, = % (no leakage to groun
In atypicalsilicon cell, R,=0.05to0 0.1Q2

R, = 200to 3000

- The current delivered to the external load is,
|:|5_|d+| sh (9.2.4)

-An important parameter for PV cells is tyeencircuit voltageV, ., and is the case for zero load
current, i.e. an open circuit, given by,

Voo =V+ IR (9.2.5
- Thediode currentis given by the classical dioaeirrent expression,

Iy =1 O[e @Voc/ AKT —1] (92.6
where |, = diode-saturation (dark) curre

q = electron charge 0.1592 10" coulomb

k = Boltzmann's constastl.381« 10 J,
T = absolute temperature,

A= curve-fit constar

-From (3.4) & (3.6), théoad currents,

_ _ quc/AkT _ _E
| =1 I o[e 1} o 92.7)
where V,./ Rn=ground leakagand can bénoredcompared td, &I

- The diodesaturation current is measured by applying an a@peuwit voltagey,, to the cell in thedark
and measuring the current going to the cell.

-Under sunlifpt, thediode currentl 4, is smallcompared to,.
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I Thel-V andP-V curves for a cell in sunlight are shown in the following figures,

1 P
1 t P
e !

v

0 Vg Vee O Vi Voo
(a) I-V characteristic (b} P-\f characteristic

Figure 9.9: Photovoltaicell currentvoltage and powevoltage characteristics (Patel).

-In figure (a), I . is theshortcircuit currenthat is determined by shorting the output terminals and
measuring the resultant current unfigr sunlight

-lgnoring the small diode and ground leakage curre(® 1), theshortcircuit currentis ~ equal to the
load current, wherthe load current is maximum
- This is the maximum current a cell can provide.

- At the bottom right of the curve, at zero current, isgpencircuit voltageV,,.

Ignoring groundeakage current, the opeircuit voltage an be obtained froig8.7) for | =0, where,
I =1 O[e QVye/ AKT _1}

or

Ve :A—k-rln[l—s+1j (9.2.8
a

-In practical photocells, the photo currene |,
-Under constant illuminatiom,/1 , is a function of cell temperature.

1 Cell output poweis the product of load current and voltage. The functional relationship is shown in (b)
in the figure at the top.

- Themaximum powenof a photo cell occurs at the knee in thécurve.
- Solar panels are designed to operate atgbint.
- Solar panels are modeled in the electrical systentassiantcurrent sourceper (a) above.

- Typical photecell characteristics:

Material Vmp, V. Imp, mA/cn?  Pmp, mW/cnf
Silicon 0.50 40 20
GaAs 1.0 30 30

T An important effecfor solararray design is PMell degradation fromadiationof charged particles in
space: Protons, electrons, alpha particles.
- Different particles have different damaging effect Q&.V
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. Radiationlevelsmeasured iMeV (10° electronvolts) for a given period of time.
- Degradation of p/n GaAs solar cells is shown in the next figure for proton fluence
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Figure 9.10: Photovoltaicell power output as a function of proton fluence (Hyder et al.).

3. Batteries

1 A satellite power system witkplararrays has to hawvenergy storage to provide power for eclipse
periods.

- The common methodf energy storagis a system ofechargeabléatteries.

~

I Batteries store energy @lectrochemicalorm and are of two bastypes:

-Primary i The electrochemical reactioniiseversible i.e. cannot be reused after discharge.
Applied in shoriduration missions, e.g. soundingcket payloads.

-Rechargeable T The electrochemical reactionrisversible
Device carbe recharged withirect currenfrom external source, e.g. solar array.
Applicable to longduration space missions, widely used.

—<

The internakonstructiorof a typical battery (cell) is illustrated schematically in the following diagram,

+ - T ............... Teminals
: : Electrodes
Electrode : : i
plates . ) 1] | Flectree
[-: ) ) .. Casing

Figure 9.11: Battery crossection (Patel).
-Electrode plates amgositiveandnegative(negative usually the ground termipe.g. auto system).
- The electrode plates separated by electrical insulator.

- Electrolyte fills volume and provides the electrochemical reaction with the electrode plates.
-Cellvoltaged et er mi ned by el ect r ocorfer &powarrf ysizand not

-Common voltage leveld.57 3.5 Vwhen fully charged (varies with degree of discharge).
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Battery Performance Parameters
I The following definitions commonly used to compare battery types (mainly the electrochemistry):

Specific energy= energy stored per unit of battery messg, W-h/kg

Energy density = energystoredper unit of volume, \Ah/n?® or W-h/I (per liter) [1 liter = 1x 10° n¥]
Specific power =power the battery capracticallydeliver per unit mass, W/kg
Specific density = power the battery capracticallydeliver per unit volume, W/fror W/l

- Internal battery resistandienits theratethat energy, i.e. power, can be discharged.

Cycle life = number of charge/discharge (C/D) cycles the battery can deliver and still meet the
minimum required voltage (cuiff voltage).

Battery Types
1 Battery types identified priarily by electrochemistrycompared by energy density vs. specific energy,

A
500 HEgs:
— ‘iEDGIEl L}
Z I Primany batteries T
d 4m - _ | 1 1 11 1 11 11 i
= 7 RN
= LiMnO, LISO,
2 am o o
Z
[ T
- HHHH
& 200 — NiMH F Li-ion 5
fui
=
w 1
'":"J ., ....... — ]
0 5 N
100 200 300 400 500

Specific energy (Wh'kg)
Figure 9.12: Energy density versus specific energy for various battery types (Patel).

Nickel cadmium, NiCd:  Most common type for satellite use up to atibe mid1980s.
Positive electrodeNickel impregnated witlhydroxide nickel oxyhydroxide NiOOH
Negative electrodeNickel impregnated witlkadmium hydroxidétoxic)
Electrolyte: Potassium hydroxide (KOH)

Nickel hydrogen, Nik Most widelyused type in the last 20 years, replaced NiCds, higher E
Positive electrodeNickel impregnated with an aqueous slurry (?)
Negative electrodePlatinum
Electrolyte: Potassium hydroxide (KOH)

Ni metal hydride, NiMH: Materials nontoxic, usechia few space missionssed in hybricautos(Prius)
Positive electrodeNickel oxyhydroxide NiOOH
Negative electrodeMetal hydride (hydrogen absorbing, nontoxic)
Electrolyte: Metallic hydride (solid)

Lithium-ion, Li-ion: High energy densit{Li, low atomic masg wide commercial application
Positive electrodeLiNiCoO,
Negative electrodeMixture of two graphites with neRVDF binder (?)
Electrolyte: LiPFg salt (solid)
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Silver zinc, AgGZn: Still used, missions with low number eha/discharge cycles, Apollo moon buggy
Positive electrodeSilver oxide

Negaive electrode:Zinc
Electrolyte: Sodium hydroxide (NaOH) or potassium hydroxide (KOH)

Lithium-polymer, Lipoly: Two commercialized technologieNASA funding develoment
Positive electrodeliCoO, or LiMnO,
Negaive electrode:Li or carbonlLi intercalationcompound
Electrolyte: Solid polymer, e.gpolyethylene oxid@r polyacrylonitrile

1 Performanceparameters foreveral battery technologies are given in the following tables:
Table 9.3Specific eergy and powerand energy and powdensityfor various battery types (Patel).

Electro- Specific energy Energy density Specific power Power density
chemistry (Whikg) (Wh/T) (Wikg) (Wil

NiCd 40-5 50-100 150200 300-500

NiH; 45-65 35-50 150200 200-300
MihH 50-70 140-180 150200 300500
Li-ion Q0-150 150-250 200-220 400-500
Lithium- 100-200 150-300 =200 =400

polymer '

Table 9.4Voltagecharacteristics for vasus battery types (Patel).

Charge
Electro- Cut-off Discharge  terminate
chemistry  voltage voltage voltage Remarks
NiCd 1.0 125 1.55 Exhibits memory effect
NiHz 1.0 1.25 1.55 No memory effect
MNiMH 10 125 1.55 Temperature sensitive
Li-ion 27 3.50 420 Safe, contains no metallic lithium
Lithium- 27 3.50 420 Contains metallic lithiom
polymer
Silver-zinc 1.3 1.50 2.05 Needs good air management to

-_Cutoff voltagei minimum useful discharge volt 4l s¢!f-discharge rate
- Discharge voltagé average voltage during discharge
- Charge terminate voltagevoltage at end of charge cycle

Battery Characteristics
I Cell capaciy defined in terms odmperehours(Ah) at some reference temperature, e.§C60
C=Ixt (9.3.1)
i.e.theproduct of theamount of current that can be supplied in a given time.
1 Voltage is a function of expended capacity or degfttiscahrge as shown in the following plot,

F Y
o 1.5 )
= Discharge
=
2 1.0
=
[&] 0.5 -
ﬂ T T T ."
1] 50 100 Ah discharged (%)
50 200 250  Ah charged (%)
1.0 0.5 0 0.5 1.0 S50C

Figure 9.13Voltage versus statef-charge for NiCd and Nikbattery cells (Patel).
9-11


http://en.wikipedia.org/wiki/Intercalation_%28chemistry%29
http://en.wikipedia.org/wiki/Polyethylene_glycol
http://en.wikipedia.org/wiki/Polyacrylonitrile

Spacecraft Power Chapter 9

‘Here,SOCis stateof-charge, SOC= remaining Ah capacit

9.3.2
rated Ah capacity (032
. Depthof-dischargds, DOD= Ah extracted from fully gharged ste (93.3)
rated Ah capacity
-From(3.2) & (3.9, DOD=1-S0OC (9.3.9
- The product of voltage and Ah rating gives #mergy ratingf the battery in Wathours,
E =VxAh W-h (93.5

- The battery nearly eonstatrvoltagesource as shown below in cell voltage vs deythischarge,

‘The point M
nr e

¥

150 ; Mormal full discharge
' M ¢ curve when new

Call voltage (V)

1.0

Discharge curve after
repeated 25% DOD

1 1 l 1 -

25,1 50 75 100
Depth of discharge (percent)

Figure 9.14: Cell voltage versus demthdischarge for NiCd batteries (Patel).

re
memberso that point and will not wor k

Charge & Discharge Rate

n battery | exicon the Aratedo of charge

Example)Charging a 100 Ah battery at 10 A takes 10 hours to 100% SOC.

The battery is said to be charging at a C/10 rate.

presents the fime mo rsgddo2poDODt :
a

A Ni C
wel | be
or di sch

Discharging the same battery at a C/2 rate means drawing 50 A and will deplete the battery

in 2 hours.

1 Charge/Discharge Ratio

(Cj _ ampere-hours input for 100% S(
R

= (9.3.6)
ampere-hours output

D

fully charged state than what was discharged.

9-12
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1 The charge/discharge cycle for a Nibattery in LEO in terms of cell voltage.\tsne for various levels
of DOD (discharge rate) is shown in the following figure,

o

Discharge i Charge
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1.2
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1
3
i
]
1
1
i
1
i
1
1
1
1
i
1

1 | |
20 40 60 80 100
Cycle time from eclipse inception (minutes)

Figure 9.15: Chargdischarge cycle for Nikbatteries (Patel).

i Typlcal charge/discharge cell voltages for hbrtteries:
1.55 V fully charged
- 1.25 V average during discharge
- 1.45 V average during charge
- 1.10 V at 80% DOD
- 1.00 V when fully discharged (coff)

1 Batterycycle lifeis a function of DODand operating temperature as shown in the following figure for
NiCd cells, 100,000

60,000

30,000

Cyela Life

10,000

6,000

3000

L

0 10 20 30 40 &0 80 F0
DOD %

Figure 9.15: Cycle life versus deptiirdischarge and temperature for NiCd cells (Brown).

1 Charging Efficiency
Charging efficiency relates the usable bgtapacity to the charging capacity,
ampere-hours stored 93.7)
ampere-hours input at external termir o
Charging efficiency is a function of charge rate and operating temperature as shown in the following
figures for NiH, batteries,

Tlehg =
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r'y &
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State of charge (% of nameplate) State of charge (% of nameplate)
(a) At different charge rates (b) At different temperatures

Figure 9.16: Charging efficiegosersus statef-charge for NiH batteries (Patel).
-Charge efficiency higher for lower charge rate, i.e. compare curves for C/40 (low) to C/2 (high).

-Charge efficiency higher for lower battery operating temperature.

1 Energy Efficiency

In both charge and discharge modes, a small fraction of energy is converted to heat.
The energy efficiency of a roustidp charge/discharge cycle is,

energy outpu
energy input
Viavg < C _ Vdavg
VeagX C/D gxC  Vaex G D
where Viavg = average discharge volta

e

Ne = (93.9

Veavg = @Verage charge volta
C = capacity
C/D , =charge/discharge rat

Energyefficiencyis afunctionof charge ratand operatingemperatures shown in the following
figure for a typical NiCd battery,

100 —
®
g 80 —
Lsi
3
= 60
= 10 A-h Battery
= Constant Charging Rate
Initial Temperature 25°C
4 -
L
| I | |
Crioo Ciis  Cno Cis
Charging Rate

Figure 9.17: Wathour efficiency versus charging rate for NiCd batteries (Brown).
- The energy efficiencincreases with charging rate.
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1 Theequivalentlectrical circuit to model a battery is,

>
Lo
R, * |

Figure 9.18: Battery equivalent circuit (Patel).

where the electrochemistry is modeled as a voltage s@&;jre@d the electrolyte and electrodes with a
small internal resistanch;.

- The electrochemistryoltagedecreaseand internatesistancencreasedinearly with depthof-
discharge as given by,

E =E -k xDOD (9.3.92)
R =R+ lgxDOD (9.3.9)
where E, = voltage in fully charged sta

k, = electrochemistry constant for volte
R, =resistance in fully charged st
ks = electrochemistry constant for resista
The electrochemistrgonstantaredeterminedrom curve fitsof test measurements.

- To achieve bus voltagé,, batteries are connectedgarieswhere thevoltageis additive i.e.

N
Y
Ve=>V, and N=2 93.1
B ,Z i v, ( 0
where V, = terminal voltage of individual batte

N = number batteries in series to gixge

- Battery voltagey,,,as a function of current,is given by,

Voat = E— IR (9.3.11)
-Under increasing loag, ., battery terminal voltage drops, from the current increase,

PIoad = IZRL Y I :\fpload/RL
Voat = Ei = Ry Raa/ R (93.12

- The operating point is the intersection of,
Vioad = IR and Voar = E— IR

as shown in the following figure,
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I""Illlzlafd (slope Ry}

\I;Mt = E| - I.Hl

—»
|

Figure 9.B: Load and battery voltage versus current (Patel).

-The precedindigure shows the intersection of thattery lineandload linethat gives th@perating
point, P, for the system.

1 Maximumpowerdeliverableto the load is,

Prax = 1 20R. (93.13
Fromthe maximurrpower transfer theorem, a battery can deliver maximum power to a DC load when
R =R.so, Pt = IE; = 1R+ 1R =2I°R
or, Prax = 2122R (93.19

so that maximum powe®,.,, deliverableto the load|?,R, , is 50%, i.e. half of the power is consumed
byR.
Also, summing voltages around the battkrgd circut (see p. 1p

E=lnx R+ R =21xR

or, EZ =412,R*= 4R P,y
ivin p B 93.1
giving, = 1 (9319

-Batteries not normally run at this condition aknitits their usefulife.

Cellinternalresistancés a function of deptof-discharge per (319 and temperature. The variation of

intemal resistance with temperature is shown for a B0MiH, cell at 100% statef-charge (SOC), i.e.
fully charged, in the following figure,

t

10 |

o
in
|

Cell resistance (m&d)
o
=
I

ha
en
I

I I I I I >
20 =10 0 10 20 30

Cell temperature (*C)
Figure 9.20 Cell resistance versus temperat @) for NiH, batteries (Patel).
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Battery Desion

i The following diagram shows the construction ofickelhydrogencell for a Comsat (communications
satellite in GEO),

Seal

Positive feedthrough

Pressure vessel ~— % |~ Top end plate

Positive bus bar
""'\-\.._\_\_‘-1

|- Megative bus bar

Electrode stack-—-._____'

Bottom end plate —__| Weld ring

Insulating washers —

Megative feedthrough \

Fill port

|

Figure 9.21NiH2 construction (Thaller & Zimmerman

- The pressure vessel is required to contain the hydnogeluced on dischaeg

1 The following picture shows a complete battery pack for a0 22cell assembly,

Figure 9.22: NiH2 battery pack (Patel).
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1 The effect of operating temperatune capacityfor NiCd and NiH, is shown in the following figure,

' Y

— — -k
s = S
=] =]

[ I !

discharge to 1.0 V at C/2 rate
i
L}

Capacity (% of rated Ah) when

I - I

| l >

—-20

-10 0 10

20 30

Battery temperature (°C)
Figure 9.23: Capacity versus operating temperature for NiCd angdditéries (Patel).

and onlife, with depthof-discharge as parameter, in the following two figures,

2 100
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i
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-k
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1 30%DOD

10%_D?JE_+‘_————___

S ! L ————\_\_._‘__\_

| 50% DOD - —
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Cell temperature (°C)

(b) NiH, battery life

Figure 9.24Battay life versus cell temperature with degifidischarge as parameter (Patel).
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Overall Performance Summary
I A summary of battery performance is shown in the next,

EGCHJL MNiH; 10 yrs in GEQ 70% DOD
' NiCd 10 yrs In GEO 60% DOD
= 4000 MiHa 5 yrs in LEQ 35% DOD
g
g 3000 |~ MICd 5 yrs in LEQ 15% DOD
E 2000 |—
a
1000 |-
| l | | »

200 400 600 800 1000
Battery mass (Kg)
Figure9.25: Load power versus mass for NiCd and NiHitteries with deptiof-discharge as parameter (Patel).

-In LEO the NiH battery provides a distinct advantage over Ni@amn the higher usable DOD.

1 A comparison of battersnassrelative to NiCd is shown for various electrochemistry and,Migsigns,

NiCd _
NiH,
SPY
65

IPV1 individual pressure vessel, i.e. one per cell
Figrue 9.26: Battery mass relative to NiCd (Patel).
CPVi common pressure vessel, i.e. housing two cells
SPVi single pressure vessel, one housing all cells
DPV'i dependent pressure vessel, each cell has own pressure vessel but with thin walls
and flat sides.

1 The final table listdife andcaostfor various battery types,

Table9.5: Battery life and relative cost (Patel).

Cycle life in full Self-discharge
Electo- discharge eycles Calendar life,  (percent/month Relative cost
chemistry  at 25°C in years at 25°C) ($/LWh)
MNiCd 10002000 10-15 H-30 1500
MiH; 20004000 10-15 2030 1500
MiMH 1000-2000 810 20-30 2000
Li<ion 50010007 a 510 3000
Lithivum- 50010007 a 1-2 =3000

polymer

*Under development.

-The 4" column lists battery selfischarge in percent per month.
A battery will effectively lose its charge without being discharged throughda |
This effect is often experienced in a car battery when the car sits unused for a long period of time.
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4. Fuel Cells

1 Thefuel cellis a device that directly and continuously converts chemical energy of a fuel and oxidant
to electrical energy in the form of direct current (DC).
-The fuel & oxidant, typically gases, flogontinuouslyinto the cell from outside, e.g.osage tanks.
-The process within the fuel cell occursahstanpressurdisobaric) andemperaturdgisothermal).

1 Similar to a battery cell, reactions occur at a cathode (+ terminal) and atedeigal) that produce a
flow of electrons. The pess is illustratedenerallyin the following figure,

SIECIIONS ————

Figure 9.27: Fuetell schematic (Decher).
T In general, the reactamsandB combine to form the produéB in theelectrolyte where the reactions
are:

Cathodg(+) B+e > B
Anode(-) A-e > A
Here, A"andB™ are ions that migrate in the electrolyte.

Tin a fuel cell, onef the ions is mucimore mobilethan the other and migrates to the side where the
less mobile ion is created.

T A measure of current production of a reaction isRedayexpressed as coulombs per unit molecular
mass and is,

F =9.6493% 10 Clkgoe (94.1)

where Cdenotes coulombs¢tdegrees Celsius)
Tin more practical terms, the capacity density of a substance can be determined by,

Cqy= NF/M x 1 A/coulomb/sx 1hr 3600+« A-h/kg (94.2)

where n = vaence change or number of electrons involiretkaction
M = molecular maskg/ kg e

1 Some cell substan@@pacity densitigare listed in the following table,
Table 9.6: Fuetell capacitance densitiesgbher).

Anode Capacity Cathode Capacity
materials (Ahfkg) materials (Ah/kg)
H, 26,591 O, 3,351
HC 11,440 CE".SNUI 1870
Be 5000 F, 1408
Li 3850 Cl, 755
In gis HgD 246
Ph** 257 Ag Cl 185

Hg Cl 196
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Cell Potential or Voltage
Note: Voltage is the potential energy of electrons, L&=1W/A=1 Js/ coulomb s= 1/J coulon

I The maximum voltage obtainable (at open circuit) from a cell reaction, per mole of reactant, is given

by,
AgM

V,.=E°=- F (94.3)
where Ag = the change in th&ibbs energyor the reaction asobaricandisothermal

conditions, J/ kg

T The Gibbsenergy, or more correctly, free energy, isdgfinition, on a peunit mass basis,
g=h-Ts (94.4)

where h =enthalpy, J/kg
s=entropy, J/kg-K
- Thechangdn the Gibbs energy is the important quantity in a chemical reaction, i.e.
dg=dh- Tds- sd

T For a chemical process that undergoes reaction at constant presspirssarest(isobaric) and
constant temperature, ife=consi(isothermaldT =0), from an initial state 1 to a final statetBe

Gibbs free energy is,
2 2 2
.[dg: J'l dh—LTds

or Ag=Ah-TAs (94.5)

where Ah= heat from the reactigrwan be positivéexothermic)or negativglendothermig
As= change in Btropy of the reaction.

I Thetable belowgives values of the valence change, n, the @renit voltage, E and the sensitivity
to temperature, dEIT, at 298 K, for severgommon reactions
Table 9.7: Fuetell reactions and operircuit voltage (Decher).

Reaction n E® dEYdT
V) (mV/K)
H, + 05 0, - H,0 () 2 123 -085
H, + 05 0, - H,0 (g) 2 119 -023
C +050, — CO (g) 2 0.71 +0.47
C + 0, — COo, (g) 4 102 4001
CO +050, -3 Co, (g) 2 1.33 0.45
CH, + 20, = C0, + 2 H,0 g 1.06
CH,0H + 150, —»CO,+2H,0 6 121
CH,+350, —>2C0,+3H0 14 1.09
C,HOH +30, —20C0,+3H0 12 1.14
NH, +0.750, — 5N, +I15H0 3 117

T A common type of fuel cell, in use on the Space Shuttle, isytieogeroxygencell where the
electrolyte igpotassium hydroxidandwater.
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1 This type of cell is showschematicallyin the following diagram,

2 glectrons
from circuft

Cathode
reaction | Owidizer

Figure 928: Potassium hydroxide hydrogerygen fuel cell (Decher).

1 In this cell, the reactions are:
- Catlode
1) Catalytic reaction of cathode with diatomic oxygen causes it to dissociate and become adsorbed,

i0,— %51 0+0=0 (94.6a)
2) Atomic oxygen reacts with water, picks up two electrons from cathode, forms the hydroxide ion,
O+H,0+2¢ — 20H (9.4.6b)

3) The hydroxide ion migrates thru the electrolyte to andde: Hydroxide also termed hydroxyl.
4) Theoverallreactian is,

(9.4.6¢)
-Anode
1) Catalytic reaction of anode with diatomic hydrogen causes it to dissociate and become adsorbed,
(94.7a)
2) Atomic hydrogen reacts with hydroxide ions, to form water,
(9.4.7b)
3) The electrons are transferred by the metallic anode.
4) Theoverallreaction is,
(94.7¢c)
-Electrolyte
1) Potassium hydroxide in the aqueagodution dissociates into potassium and hydroxide ions,
(94.8)

2) The positive potassium ion daast participate in the charge (electron) transfer.
3) The negative electrolyte ion facilitates thgid transfeof charg (electrons).
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