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DESIGN OF A LARGE LOW MAINTENANCE 
BATTERY PACK FOR A HYBRID 

LOCOMOTIVE 

FIELD 

[0001] The present invention relates generally to the design 
of a large battery pack suitable for a hybrid locomotive and 
speci?cally to a battery pack using a predominantly free 
convection cooling system. 

BACKGROUND 

[0002] One of the principal objectives of hybrid locomotive 
design is to create a locomotive that can be operated in such a 
Way as to maximize the lifetime of its energy storage unit. 
This is because the cost structure of an energy storage unit 
such as, for example, a battery pack or capacitor bank is 
primarily one of capital cost and secondarily of operating 
costs. It is knoWn, for example, that operating a lead-acid 
battery pack in a preferred state-of-charge (“SOC”) range or 
With a preferred charging algorithm or With both tends to 
extend serviceable lifetime of cells in cyclical service toWards 
that of ?oat service. 
[0003] Donnelly has disclosed the use of a battery-domi 
nant hybrid locomotive Which has a ratio of energy storage 
capacity to charging poWer in the range of 4 to 40 hours in 
Us. Pat. No. 6,308,639 Which is also incorporated herein by 
reference. 
[0004] Large energy storage battery systems are knoWn, for 
example, from diesel submarines and from use as large sta 
tionary battery systems designed to stabiliZe a poWer grid by, 
for example, providing instantaneous poWer into the grid 
When demand Was high and absorbing excess poWer from the 
grid to alloW its normal generating units to operate under 
steady-state conditions. It has long been thought that to 
achieve optimum life and performance from a lead-acid bat 
tery, it is necessary to ?oat the battery under rigid voltage 
conditions to overcome self-discharge reactions While mini 
miZing overcharge and corrosion of the cell’s positive grid. 
This has resulted in batteries being used primarily in a 
standby mode. As used in a hybrid locomotive or as a poWer 
grid storage and control system, the battery is rapidly and 
continuously cycled betWeen discharge and charge over a 
preferred range of total charge (the so-called Hybrid Electric 
Vehicle [“HEV”] duty cycle). 
[0005] The design objectives of a large battery pack for a 
hybrid locomotive has a unique set of problems to achieve its 
principal design goals of high storage capacity, high poWer on 
demand, HEV duty cycle, long lifetime and a cost effective 
design for a large battery pack. These objectives must be met 
on a locomotive platform subject to shock and vibration as 
Well as extreme changes in ambient temperature conditions. 
There therefore remains a need for a battery pack design for a 
hybrid locomotive that is capable of operation requiring a 
combination of high storage capacity, high poWer capability 
for rapid acceleration, long battery pack lifetime, and a loW 
cost capital and replacement cost structure under diverse 
locomotive operating environments. These and other objec 
tives are met by the design approach described in the present 
invention. 

SUMMARY 

[0006] These and other needs are addressed by the various 
embodiments and con?gurations of the present invention. 
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The present invention is directed generally to a method for 
design and operation of an energy storage battery pack for a 
large hybrid vehicle, such as a hybrid locomotive, hybrid 
gantry crane, maritime vessel, hybrid bus, hybrid subWay or 
hybrid light rail vehicle. The method disclosed herein may 
also be applied to an energy storage unit comprised of energy 
storage capacitors. 
[0007] In one embodiment, a hybrid vehicle is provided 
that includes: 
[0008] (a) a prime mover for generating electrical energy; 
[0009] (b) a battery pack for receiving, storing, and provid 
ing, as needed, the electrical energy, the battery pack com 
prising a number of battery cells; and 
[0010] (c) at least one motor for consuming the electrical 
energy. 
[0011] To control operating conditions for the battery cells, 
the vehicle includes one or more of the folloWing features: 

[0012] (i) a hood assembly, the hood assembly comprising 
a chimney vent and hood and Wall members respectively 
de?ning upper and loWer plenums, the upper and loWer ple 
nums being in ?uid communication With the chimney vent 
and separated by the Wall member, the Wall member inhibit 
ing air?oW betWeen the upper and loWer plenums, and the 
loWer plenum being in ?uid communication With and remov 
ing heated air from the battery pack, Whereby heated air in the 
upper and/ or loWer plenums passes, by free convection, 
through the chimney vent and into the external environment; 
[0013] (ii) a number of air?oW channels in communication 
With the loWer plenum, a ?rst set of air?oW channels being 
positioned betWeen adjacent battery cells and a second set of 
air?oW channels being positioned betWeen battery cells and 
the Wall member, the air?oW channels in the ?rst set having a 
?rst cross-sectional area normal to the direction of air?oW and 
the air?oW channels in the second set having a second cross 
sectional area normal to the direction of air?oW, Wherein the 
?rst cross-sectional area is greater than the second cross 
sectional area; 
[0014] (iii) a rack structure, rack structure comprising a 
number of vertical and horiZontal ?re Wall members de?ning 
a number of containment sections, each section receiving a 
corresponding set of battery cells, Whereby a ?re in one 
section is retarded from spreading to an adjacent section; 
[0015] (iv) a fan positioned in a fan duct, the fan duct being 
in communication With the chimney vent, Wherein, When the 
battery pack is less than a ?rst temperature, the fan is disabled 
and removal of heated air from the battery pack is done by free 
convection alone and Wherein, When the battery pack is more 
than a second temperature, the fan is enabled and removal of 
heated air from the battery pack is done by forced convection; 
[0016] (v) a number of vertical and longitudinal shock 
absorbers, a set of vertical and longitudinal shock absorbers 
being positioned in each containment section to absorb at 
least a portion of shock imparted to the absorbers by move 
ment of and impacts to the vehicle; 
[0017] (vi) an electrically insulating material positioned 
betWeen the rack structure and a supporting deck of the 
vehicle and/or betWeen each cell and a supporting member in 
the rack structure; and 
[0018] (vii) a support plate structure supporting the battery 
rack, the support plate structure being operable to permit and 
limit movement of the battery rack relative to the support 
plate structure. 
[0019] The above-described embodiments and con?gura 
tions are neither complete nor exhaustive. 
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[0020] As Will be appreciated, other embodiments of the 
invention are possible utilizing, alone or in combination, one 
or more of the features set forth above or described in detail 
beloW. 
[0021] The following de?nitions are used herein: 
[0022] A “battery cell” is an individual sealed or vented 
unit comprised of one or more internal plate assemblies, each 
plate assembly comprised of a negative plate, a separator 
material and a positive plate. The battery cell may have one or 
more external negative and positive terminals. 
[0023] A “plate pair” is the basic unit of a cell and is 
comprised of a negative plate, a separator material and a 
positive plate. When the separator is impregnated With an 
appropriate electrolyte, a voltage typical of the particular 
battery chemistry is developed betWeen the positive and nega 
tive plates. In a lead-acid battery, this voltage is typically 
about 2.13 volts at full charge. 
[0024] A “battery rack” is a mechanical structure in Which 
battery cells are mounted. 
[0025] A “battery module” is a collection of cells mounted 
in a battery rack frame assembly of convenient size. 
[0026] A “battery pack” is an assembly of many individual 
battery cells connected electrically. The assembly may be 
comprised of subassemblies or modules comprised of indi 
vidual battery cells. The battery pack usually, but not alWays, 
has one overall positive and negative terminals for charging 
and discharging the cells in the pack. 
[0027] “Float service” as applied to a battery means oper 
ating the battery under rigid voltage conditions to overcome 
self-discharge reactions While minimizing overcharge and 
corrosion of the cell’s positive grid. 
[0028] “At least one”, “one or more”, and “and/or” are 
open-ended expressions that are both conjunctive and dis 
junctive in operation. For example, each of the expressions 
“at least one of A, B and C”, “at least one ofA, B, or C”, “one 
or more of A, B, and C”, “one or more of A, B, or C” and “A, 
B, and/or C” means A alone, B alone, C alone, A and B 
together, A and C together, B and C together, or A, B and C 
together. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1 is a schematic illustrating the key elements of 
a free convection, thermally controlled battery rack of the 
present invention. 
[0030] FIG. 2 shoWs plan and side vieWs ofa battery pack 
hood of the present invention. 
[0031] FIG. 3 is an isometric vieW ofa large HEV battery 
pack. 
[0032] FIG. 4 is a side vieW ofa tWo module battery pack. 
[0033] FIG. 5 is a close up vieW of cells in a rack. 
[0034] FIG. 6 shoWs the general direction of free convec 
tion air How. 
[0035] FIG. 7 shoWs a detail vieW of cells in a free convec 
tion system. 
[0036] FIG. 8 is an isometric vieW ofa hood assembly for a 
free convection battery pack. 
[0037] FIG. 9 is an isometric vieW of the battery rack struc 
tural attachment system. 

DETAILED DESCRIPTION 

[0038] The energy storage capacity of a battery cell can be 
characterized by its ampere-hour rating. 
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[0039] The lifetime of the battery cell can also be charac 
terized by a number of ampere-hours throughput of expected 
service. For example, a lead-acid battery cell may have a 
capacity rating of 1,500 ampere-hours and a lifetime esti 
mated at 1.5 million ampere-hours total throughput. The ratio 
of expected lifetime to storage capacity is therefore equiva 
lent to the number of cycles of full discharges that the battery 
cell can deliver over its lifetime. In the example above, this 
Would be 1,000 full discharge cycles. This does not necessar 
ily mean the battery cell can actually be fully discharged 
1,000 times but it is a means to characterize the lifetime of the 
battery cell under the operating conditions recommended to 
achieve its speci?ed lifetime. This method of estimating life 
time for a battery is appropriate to batteries that are continu 
ally discharged and recharged (cycled) during service, Where 
the discharging and recharging may be held Within a prede 
termined range that need not include full discharging and 
recharging. This can be contrasted to ?oat service Where the 
battery is operated under rigid voltage conditions Which usu 
ally result in a lifetime measured in years of operation rather 
than in equivalent full discharge cycles. 
[0040] An objective of hybrid locomotive design is to oper 
ate the locomotive in such a Way as to maximize the lifetime 
of its energy storage unit. This is because the cost structure of 
an energy storage unit, such as for example a battery pack or 
capacitor bank, is primarily one of capital cost and second 
arily of operating costs. It is knoWn, for example, that oper 
ating a lead-acid battery pack generally Within a predeter 
mined range of state-of-charge (“SOC”) range (preferably 
betWeen about 20% to about 95% and more preferably 
betWeen about 50% and about 95%), as Well as applying 
knoWn charging algorithms and procedures, tends to extend 
serviceable lifetime toWards that of ?oat service. 

[0041] In addition to operating the battery pack as 
described above, it is important to maintain all individual 
battery cells under nearly identical conditions, such as oper 
ating temperature for example, so that individual cells can age 
at approximately the same rate by minimizing the number of 
equalization charges that are required. When individual bat 
tery cells are exposed to substantially different environments, 
they may diverge in performance because of, for example, 
different reaction rates on the plates as a result of differing 
operating temperatures. The corrosion rates observed on bat 
tery plates are knoWn to be temperature dependent so main 
taining individual battery cells in a battery pack at approxi 
mately the same temperature reduces the uneven buildup of 
corrosion on the battery cell plates thereby extending the 
useful lifetime of the battery pack as a Whole. From time to 
time, these diverging cells can be brought back into rough 
balance by applying one or more equalization charges. A 
large number of equalization charges is knoWn to reduce the 
lifetime of all the battery cells. This has alWays been a prob 
lem in large battery packs since the battery cells in the interior 
of the battery pack are usually much more thermally insulated 
than cells on the outside of the battery pack and therefore tend 
to operate at a higher temperature than cells on the outside of 
the battery pack. The present invention can overcome this 
thermal variation amongst individual cells. When coupled 
With the practice of operating the battery pack in a predeter 
mined SOC range, the operating lifetime of the battery pack 
can be extended further. 

[0042] In order to be cost-effective for application to rail 
and other transportation hybrid systems, an energy storage 
unit must be: 
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[0043] packaged to conform to vehicle load and Weight 
distribution requirements 

[0044] readily serviceable, especially for replacement of 
individual energy storage components 

[0045] capable of its desired energy storage capacity and 
poWer output performance 

[0046] able to Withstand mechanical loads especially 
vibration and shock 

[0047] able to conform to various safety regulations 
especially With respect to overheating of battery cells 
that can lead to meltdoWn and/or ?re 

[0048] able to contain a battery ?re and prevent it from 
spreading 

[0049] able to operate in extreme ambient environments 
Without serious effect on equipment lifetime. 

[0050] resistant to electrical ground faults by improved 
electrical isolation 

[0051] A large battery pack suitable for use in a hybrid 
locomotive typically consists of one or more modules of cells 
Where all the cells are typically connected electrically in 
series. One or more modules may be connected electrically in 
series or electrically in parallel. In the embodiment described 
herein, all the cells are connected electrically in series so that 
the voltage across the battery pack is the sum of the individual 
voltages across the cells While the current output of the pack 
is the same as the current through each of the cells. 

[0052] The following is a description of a hybrid locomo 
tive battery pack design that utiliZes a free convection cooling 
system supplemented from time to time by an auxiliary 
forced air convection system to provide cooling for battery 
cells. The rack used to house the cells is designed to: provide 
a structural housing for the cells of the pack; provide shock 
and vibration mitigation for the cells; provide electrical iso 
lation of the cells from one another; alloW relatively straight 
forWard access for inspection, maintenance and cell replace 
ment; to have provision for a battery monitoring system; and 
provide a means of ?re containment through isolation of 
small numbers of battery cells in the event that one or more 
cells begins to degrade or fail. This latter is an important 
consideration since a large battery pack can be comprised of 
about 50 to 500 large battery cells electrically connected in 
series. As can be appreciated, When all the cells are connected 
electrically in series, the current through each cell is the same 
as the output current of the battery pack, so a degrading or 
failed cell can rapidly become a thermal energy hotspot that 
can cause locomotive shut doWn or lead to a cell meltdoWn 

and potential battery pack ?re. 
[0053] A battery pack for a large hybrid locomotive may 
Weigh as much as about 50,000 kg. Typically, a large battery 
pack is comprised of a least one module. The total Weight of 
the module is preferably in the range of 1,500 kg to 25,000 kg. 
Each module must be able to be removed by means such as for 
example an overhead crane, a forklift or a mobile crane. The 
Weight distribution of the battery pack When installed on a 
locomotive frame is such that the distribution of Weight of the 
battery pack on each axle of the locomotive is preferably in 
the range of about 15,000 kg to 30,000 kg. The need for 
additional ballast to be added to balance the Weight distribu 
tion of the battery pack on the locomotive, the Weight of 
ballast being no more than about 50% of the Weight of the 
battery pack. The Weight distribution of the battery pack and 
the additional ballast is su?icient to permit a tractive effort per 
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driving axle in the range of 0 to about 20,000 lbs force to be 
achieved for a rail adhesion coef?cient of about 18% or 
greater. 
[0054] A large battery pack commonly includes at least one 
module. A module is typically comprised of at least 12 roWs, 
more typically 21 to 30 roWs, and can be comprised of as 
many as 60 roWs. A roW commonly contains from 2 to about 
6 cells, depending on the siZe and Weight of the individual 
cells. The Weight of a large energy storage cell is typically in 
the range of about 50 to about 120 kg so a roW of cells is 
typically in the range of about 150 kg to about 500 kg. A cell 
must be able to be removed by means such as for example an 
overhead crane, a forklift, a mobile crane or manually by 
including lifting handles on the battery cells. Each roW of 
cells must be able to be removed by means such as for 
example an overhead crane, a forklift or a mobile crane. A 
typical battery pack maybe comprised of tWo modules. The 
siZe of the battery pack can be made larger by adding addi 
tional modules. 
[0055] An important component of a preferred embodi 
ment of the present invention is a roW in Which a relatively 
small number of battery cells are housed. The number of cells 
housed in an individual roW are preferably betWeen 2 and 10 
and more preferably betWeen 3 and 5 cells. Expressed alter 
nately, the energy storage capacity of the cells housed in an 
individual roW is preferably betWeen approximately 2,000 
and 20,000 kW-hours, Where the capacity is based on a 10 
hour discharge time. 
[0056] The battery rack is preferably made from a high 
strength, high heat conducting metal such as for example a 
steel alloy, an aluminum alloy and the like. This type of 
material is preferred because it provides mechanical strength 
Which is retained if the batteries contained Within overheat 
and melt doWn. It also provides high heat carrying capacity to 
help carry aWay and distribute heat throughout the battery 
pack if the batteries inside overheat and meltdoWn. 
[0057] The battery rack Which holds all the cells of the pack 
may be mounted using shock and vibration resistant spacers 
Which maintains the rack Within a small controlled distance 
relative to its desired position While mitigating any mechani 
cal vibration and shock loading experienced by the battery 
pack as a Whole. The spacers also function to provide electri 
cal isolation of battery pack as Will be discussed beloW. The 
battery pack and its components are preferably capable of 
normal operation under longitudinal or vertical shock loading 
of no less than 2 times the acceleration due to gravity (2 gs). 
Individual cells are preferably able to Withstand shock load 
ing of no less than 2 gs and a constant vibration loading of no 
less than 0.00003-m de?ection at 100 cycles per sec and 
0.03-m de?ection at 1 cps, and in betWeen being approxi 
mately linear on a log-log plot. 
[0058] It is preferable to design a battery pack having a life 
expectancy expressed as a number of equivalent full dis 
charge cycles greater than about 500, more preferably a num 
ber of equivalent full discharge cycles greater than about 
1,000 and most preferably a number of equivalent full dis 
charge cycles greater than about 1,500. It is also preferred to 
design a battery pack having a period betWeen routine servic 
ing expressed as a number of equivalent full discharge cycles 
greater than about 100 and more preferably greater than about 
500. 

[0059] In the present invention, a large energy storage bat 
tery pack is described Which includes a number of key design 
areas. These are: 
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[0060] thermal management 
[0061] ?re containment and mitigation 
[0062] shock and vibration control 
[0063] structural soundness 
[0064] battery pack and cell monitoring system 
[0065] electrical ground fault protection 
[0066] maintenance and servicing 

[0067] FIG. 1 is a schematic illustrating the key elements of 
a preferred embodiment of a free convection, thermally con 
trolled battery rack concept. The design embodies combina 
tion of natural convection and forced convection features that 
minimiZes the need for forced convection. That is augmenta 
tion by the forced convection means is used only from time to 
time under severe operating or environmental conditions. 
This strategy reduces the amount of auxiliary electrical poWer 
needed to keep the battery pack cooled. The hood assembly 
design and placement Were derived With the assistance of a 
numerical simulation of air being convected past the cells and 
upWards into a loWer plenum contained betWeen the top of the 
battery pack and a protective hood. A fan 111 is shoWn at the 
apex of the loWer plenum 140. The fan 111, When operating, 
forces air out of the loWer plenum 140 thereby augmenting 
the free convection cooling system With forced convection 
When needed. The fan 111 may be a ?xed speed or variable 
speed fan. A variable speed fan can be used to further control 
and reduce the poWer required to cool the batteries especially 
under moderate climate conditions and/ or moderate average 
current draW by the battery pack. FIG. 1 further shoWs a 
battery pack hood detail illustrating a radiation barrier 109. 
When a solar load 112 heats the hood 109, the air betWeen the 
hood 109 and upper plenum 130 Will naturally convect from 
the sof?t opening 110. The air Will also provide an additional 
insulating layer betWeen the Warm hood 1 09 and the insulated 
Wall 106 separating the upper and loWer plenums, 130 and 
140 respectively. All these features Will minimiZe the solar 
heating from the hood to the battery cells. 
[0068] The natural convection feature includes a corru 
gated, perforated metal inlet louver 101 at the base of the rack. 
This alloWs a greater than 100% projected area opening for 
minimiZing ?oW loss While maintaining structural and ?lter 
ing requirements. The air enters through the base louvers and 
?oWs as indicated by dotted paths 102 along the rack base and 
enters natural convection gaps 103 betWeen the stacked bat 
tery cells 104. Vertical solid Wall plates 105 are used to 
provide ?re Walls and provide vertical ?oW barriers for the 
convecting air. The battery cells 104 act as approximately 
constant heat ?ux sources and are oriented in the rack so the 
largest surface area sides (preferably the sides Where the cell 
plates are aligned perpendicular to the exposed sides) are 
exposed to the natural convection air gaps 103. The air ?oWs 
vertically up into a loWer plenum 140 that guides the air to the 
fan duct 131 Which provides a chimney effect. The chimney 
vent 145 has a cap 108 that prevents rain and debris from 
entering chimney vent 145 and duct 131. 
[0069] Another important natural convection feature is the 
section betWeen the upper plenum 130 and the hood 109. A 
louvered so?it 110 is used on the side of the hood 109 to alloW 
air ?oW as indicated by dotted path 121 to enter this cavity and 
naturally convect to the fan duct 131 and enter the chimney 
vent 145 via slots that are cut into the vent Wall. These slots 
are located vertically above the fan plane so When the fan 111 
is running it Will not draW air from this cavity but pull air from 
the loWer plenum 140 beloW Which the battery cells 104 are 
contained. These overall features provides a means for mini 
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miZing the solar radiation heat source 112 that is created by 
the solar load on the outer hood 109 surface. The hood 109 
outer surface is preferably painted With a high re?ectivity 
paint. The hood 109 inner surface is preferably thermally 
insulated. The Wall 106 separating the upper and loWer ple 
nums, 130 and 140 respectively is also preferably thermally 
insulated. When the solar load heats the hood 109, the air 
betWeen the hood 109 and upper plenum 130 Will naturally 
convect from the sof?t opening 110 and out the duct slots and 
subsequently out the chimney vent 145 as shoWn by air How 
120. The air Will also provide an additional insulating layer 
betWeen the Warm hood 109 and the upper plenum 130. All 
these features Will minimiZe the solar heating from the hood 
109 to the battery cells 104. 
[0070] A similar concept may be used for the sides of the 
hood Which are typically the battery hood doors. The doors 
are preferably double Walled With the same insulation fea 
tures described for the hood 109 and Wall 106. The bottom 
and tops of the double paneled doors may have air ?oW slots 
that alloW the air to naturally convect vertically betWeen the 
door Walls. The top slots may open into the loWer plenum 140. 
By opening into the loWer plenum 140, the door interiors Will 
be protected from rain, snoW, dust and other debris. They Will 
also have the bene?t of the forced air convection created by 
the fans 111 When the fans 111 are running. 
[0071] The air gaps 103 betWeen the cells are siZed to 
optimiZe the natural convection cooling for the approxi 
mately constant heat output of the cells 104. Where tWo 
adjacent battery cells 104 do not have a vertical ?re Wall 105 
and they both provide heat to the gap 103, this gap is speci?ed 
to be moderately larger than the gap 103 that is needed 
betWeen a cell 104 and a ?re Wall 105. These gaps 103 should 
be siZed in the range of approximately 15 mm to about 30 mm 
range for the smaller gaps With the larger gaps being about 1 .2 
to 1.3 times the Width of smaller gaps for optimum natural 
convection cooling. Gaps 103 that are too large Will result in 
natural convection re-circulation. 
[0072] Horizontal ?re Walls 113 are slotted to match the air 
gaps betWeen the battery cells While maintaining some ?re 
Wall capability. During extreme temperature conditions, a fan 
111 is activated and air is forced through the air gaps. The fan 
111 is siZed to provide su?icient velocity to keep the battery 
cells 104 cool and Within the preferred temperature variance 
under these extreme conditions. As can be appreciated one 
large fan or several smaller fans may be used. 
[0073] Testing on a 24 cell battery rack has shoWn that both 
the natural convection and forced convection systems Work as 
designed. 
[0074] The natural convection system described above may 
be made more e?icient by integrating into or onto the battery 
cell surfaces enhanced area features such as ?ns, pins, slots, 
dimples, and so on. These Will act to increase the heat transfer 
coe?icient betWeen the cell Walls and the air ?oW past them. 
[0075] FIG. 2 shoWs plan and side vieWs of a battery pack 
hood of the present invention. FIG. 2a shoWs a plan vieW. 
FIG. 2b shoWs a side vieW With battery pack 201 and illus 
trates tWo loWer plenums 203 topped by angled ducts 202. 
Fan shrouds 205 are shoWn protected by chimney caps 204. 
The dimensions shoWn in FIG. 2b are typical for a large 
battery pack suitable for a hybrid locomotive. 

Fire Containment and Mitigation 

[0076] The free convection system alloWs for a passive 
?re-suppression and ?re containment strategy Wherein any 
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anomalous heating event (including a battery cell ?re) is 
con?ned to a small number of cells, typically from about tWo 
to about six cells. The use of horizontal and vertical ?re Walls 
provides a containment system that is also part of the battery 
rack structural system. If an anomalous heating event or cell 
?re is detected by a battery monitoring system, then the 
forced air cooling fan or fans are typically turned off. A 
number of cells in a roW constitute a containment section 
Which is bounded by horizontal ?re Walls on top and bottom 
and by vertical ?re Walls on each side. Because the rack 
utilizes free convection, heat or ?ames can propagate 
upWards through the free convection channels. Thus a con 
tainment zone is considered to be comprised of all the roWs of 
cells in a column. This containment zone is bounded by 
vertical ?re Walls on each side and by horizontal ?re Walls at 
the top of the top roW and at the bottom of the bottom roW. The 
free convection channels may be shut off utilizing a fusible 
slot damper at each horizontal ?re Wall Which may be acti 
vated (closed) When the battery monitoring system detects an 
anomalous heating event or cell ?re. 
[0077] FIG. 3 is an isometric vieW of a large HEV battery 
pack 300. In this example, the battery pack 300 is comprised 
of tWo modules 301 and 302 joined together. The battery rack 
contains 48 roWs of cells. Every 2 roWs of cells are separated 
by vertical ?re Walls 308. The rack is divided horizontally by 
horizontal ?re Walls 306. In this example, tWo cells 304 and 
305 are shoWn betWeen each vertical ?re Wall 307. Also 
shoWn, are slots 308 in the top horizontal ?re Wall through 
Which air ?oWs vertically up into a loWer plenum (shoWn in 
FIG. 1). When the rack Width 303 is designed to ?t on the deck 
of a locomotive, it is typically Wide enough for 3 or 4 large 
energy storage cells. 
[0078] FIG. 4 is a side vieW of a tWo module battery pack 
400. This example illustrates a general layout for a free con 
vection system, shoWing horizontal ?re Walls 402 and vertical 
?re Walls 403. 
[0079] In this vieW, 2 roWs of cells 401 are shoWn Within 
top, bottom and side ?re Walls . As noted previously, there may 
be tWo or more cells in a roW at each cell location shoWn in 
this vieW. A typical deck mounting system 404 is also shoWn. 
[0080] FIG. 5 is a close up vieW of cells in a rack. This 
example further illustrates cells 501 Within top 505, bottom 
506 and side 504 ?re Walls. This example further illustrates 
cells 501 With center free convection vertical channels 502 
and side free convection vertical channels 503. The cells 501 
are shoWn on trays Which are preferably made of plastic. This 
approach can save cost, Weight, and most importantly pro 
vides a non-conducting reservoir to collect any leaking bat 
tery acid to further prevent unintended shorts or ground faults 
Which can lead to, for example, initiation of a cell meltdoWn 
or ?re initiation. In FIG. 5, these trays are shoWn having 
rollers 507 attached or built into the trays for ease of service 
and maintainability. 

Thermal Management 

[0081] A principal design objective of the battery pack of 
the present invention is to maintain all the cells in the pack 
Within a narroW temperature range, typically temperature 
variation amongst all cells in the pack of no more than about 
5° C. and preferably no more than about 3° C. The design 
objective is important because the cells are typically electri 
cally connected in series and maintaining uniformity of cell 
temperature helps to equalize the rate of deterioration of 
active negative plate and positive plate material so that each 
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cell has approximately the same lifetime as measured by 
ampere-hour throughput. A free convection cooling system 
(augmented during high poWer charging or discharging peri 
ods by some forced-convection cooling) minimizes the para 
sitic poWer required for cooling by requiring only a small 
number of large circulation fans. The forced convection sys 
tem (comprised typically of air fans for supplemental cooling 
during more demanding portions of the duty cycle and/or 
While operating in severe environmental conditions) may also 
be required to help control the ab solute temperature of all the 
cells in the pack. For example, on hot days, the forced con 
vection portion of the system can be used to increase the How 
of cooler air past the cells to reduce overall pack temperature 
and maintain the temperature of the pack beloW about 50° C. 
On cold days, the forced convection portion of the system can 
be operated to re-circulate Warm air from the engines, a heater 
and/or the heat generated by the cells themselves to increase 
the How of Warmer air past the cells to increase overall pack 
temperature to a more preferable range, typically above about 
0° C. 
[0082] The operation of the system is preferably managed 
by a battery monitoring system that includes temperature 
monitors located at numerous locations Within the pack (up to 
and including monitors on every cell). As one of its functions, 
this monitoring system can be used to control the operation of 
the forced convection portion of the system as needed. 
[0083] The free convection system Was designed using 
Well-knoWn free convection heat transfer analyses. The 
forced convection system Was designed using Well-knoWn 
forced convection heat transfer analyses. The parameters 
used in the analysis Were established by measuring cell tem 
peratures under expected operating conditions. Heat transfer 
coef?cients Were estimated using the knoWn material prop 
erties of materials typically used in the construction of the 
cells and rack components. 
[0084] FIG. 6 shoWs the general direction of free convec 
tion air ?oW for a typical free convection battery pack system 
of the present invention. This ?gure shoWs a portion of a 
battery cell rack containing 6 cells 601 bounded by ?re Walls 
602. The air-?oW gap 604 betWeen cells 601 and ?re Walls 
602 is smaller than the air-?oW gap 603 betWeen adjacent 
cells 601. The gap 604 betWeen the cell Wall and a vertical ?re 
Wall is sized to remove heat from a single side of a roW of 
cells. The gap on the 603 betWeen the cell Wall and an adja 
cent cell Wall Wider because it must remove heat from a both 
sides ofa roW ofcells. The Width ofgap 604 is in the range of 
about 15 mm to about 30 mm Which is appropriate for large 
energy storage cells used on large hybrid vehicles Which 
typically have a thermal heat output in the range of about 15 
to 30 Watts per cell over an average duty cycle. The Width of 
gap 603 is in the range of about 1.2 to 1.3 times the Width of 
gap 604. 

[0085] The thermal output of the cells in a large battery 
pack is a result of I2R losses occurring inside the cells of the 
pack. The level of current typical of an average current gen 
erated in a hybrid locomotive yard sWitching application is in 
the range of about 250 to about 500 amperes, With peak 
currents as high as about 1,500 amperes. Numerical simula 
tions of a free convection air cooling system shoW that a free 
convection air cooling system for the cells is su?icient for 
most operational yard sWitcher and road sWitcher duty cycles. 
[0086] Other numerical simulations of a forced convection 
air cooling system, such as might be used to augment the free 
convection system during times When the cells are being 
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discharged at a higher than normal rate, show that a fully 
turbulent forced air cooling system of 7,000 cfm Would be 
suf?cient to maintain the required uniformity of cell tempera 
ture for a hybrid locomotive battery pack of approximately 
300 to 350 cells Where each cell typically has a storage capac 
ity in the range of about 800 to about 1,500 ampere-hours. 
[0087] FIG. 7 shoWs a detail vieW of cells in a free convec 
tion system. This example further illustrates cells 701 and 
center free convection vertical channel 702 and side free 
convection vertical channel 703. A typical retaining strap 706 
for maintaining the cells ?rmly in position is shoWn. A verti 
cal ?re Wall/ structural member 704 and a horizontal ?re Wall/ 
structural member 705 are also shoWn. 
[0088] FIG. 8 is an isometric vieW ofa hood assembly for a 
free convection battery pack such as described previously in 
FIGS. 1 and 2. The hood assembly is comprised of sideWalls 
801 and a top hood 803. The hood assembly covers the battery 
pack 802. Also shoWn is a loWer plenum 804 Which vents into 
the outside atmosphere via chimney cap 805. This hood 
assembly is shoWn in cross-section and explained in more 
detail in FIG. 1. 

Shock and Vibration Control 

[0089] Another principal design objective is to control the 
shock and vibration environment of the cells in the battery 
pack. This is necessary in order to prevent, for example, active 
material on the positive and negative cells plates from damage 
that could cause electrical shorting Which, in turn, can lead to 
a cell ?re. This type of damage Would more likely substan 
tially reduce cell lifetime by changing the internal electrical 
characteristics of cell plates, resulting in reduced capacity for 
the affected cells. 
[0090] The shock and vibration design criteria cited beloW 
Were derived from calculations and measurements of the 
mechanical environment of a yard sWitcher locomotive. For 
example, it is often the case that a yard sWitcher Will impact a 
string of rail cars at speeds of about 1 to about 5 mph, resulting 
in an abrupt deceleration of approximately 5 gs or greater (1 
g is the acceleration due to gravity). This impact generates a 
shock that must be mitigated before it propagates into the 
cells of the battery pack. The design goals of a shock mitiga 
tion system for a large battery pack for a battery dominant 
hybrid locomotive are typically for a response reduction of 
about a factor of 10 in peak acceleration (or deceleration) as 
seen by the cells compared to the acceleration (or decelera 
tion) seen by the locomotive frame. Thus the shock mitigation 
system is designed to protect the cells in the battery pack from 
no more than: 

[0091] about 0.3 gs in the longitudinal direction (direc 
tion of deceleration When impacting a string of rail cars 
as for example during yard assembly operations) 

[0092] about 0.25 gs vertical acceleration 
[0093] about 0.1 g lateral acceleration 

[0094] These design goals are for a shock mitigation sys 
tem that must accommodate typically several thousand 
impacts. 
[0095] The system must also be able to mitigate vibration 
generated for example by the locomotive traveling along the 
rails at speeds up to about 30 mph in the case of a yard 
sWitcher. The vibration suppression system is designed to 
protect the cells in the battery pack from no more than typi 
cally: 

[0096] L about 0.3 inches peak-to-peak in the frequency 
range of 1 to about 10,000 hertZ. 
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[0097] The battery rack suspension system of the present 
invention has been designed based on expected shock and 
vibration requirements for a yard sWitcher hybrid locomotive. 
For example, shock isolation is based on the locomotive 
decelerating at 5 times the acceleration of gravity (5Gs) from 
5 mph to a complete stop such that the motion response of a 
large battery pack mounted on the deck of a locomotive is 
con?ned to displacements in the range of about :30 mm 
during deceleration to rest. This system is also compatible 
With response of a large battery pack to vibrations in the range 
of approximately 1 to approximately 3 hertZ using the marsh 
malloW type mounts under the battery pack. 

Electrical Ground Fault Protection 

[0098] Another principal design objective is to create a 
ground fault system for the cells in the battery pack. As 
discussed previously, the cells in the pack are typically con 
nected electrically in series so that the voltage across the 
battery pack is typically in the range of about 300 volts to 
about 1,200 volts. Therefore it is important that the cells be 
protected from unintended ground faults that might be 
caused, for example, by: 

[0099] cells venting small amounts of electrolyte Which 
can lead to a conductive ?lm on the cell case 

[0100] cell case cracking and leaking electrolyte, the 
cracking being caused by shock and vibration, very cold 
Weather and/or by manufacturing defect 

[0101] improper installation and/or failure to properly 
secure a cell in the rack 

[0102] Since the entire rack is electrically isolated form the 
main locomotive ground by the shock and vibration isolation 
system discussed previously, one battery pack grounding 
strategy is to provide a ground strap from the electrical 
ground of the locomotive (typically the metal deck of the 
locomotive) to a point on the negative side of the battery pack. 
While the ground strap can be attached anyWhere on the 
negative side, it is preferable to ground the battery pack at the 
midpoint of the series string of cells so that the maximum 
voltage differential to ground is half the total battery pack 
voltage. The grounding strap can also be used as source for 
measuring currents caused by short circuits or unintended 
ground faults caused by battery leakage such as described 
above. The battery pack can be grounded as a Whole or each 
battery pack module can be grounded individually. 
[0103] Individual cells may be isolated from the rack struc 
ture by placing the cells on a thin non-conductive plate such 
as for example a thin sheet of plastic such as nylon, polyeth 
ylene, mylar or the like. Another method is to place cells on 
plastic battery trays. This approach can save cost, Weight, and 
most importantly provides a non-conducting reservoir to col 
lect any leaking battery acid to further prevent unintended 
shorts or ground faults Which can lead to, for example, initia 
tion of a cell meltdoWn or ?re initiation. Further, these trays 
can have rollers attached or built into the trays for ease of 
service and maintainability. 
[0104] In addition, provisions must be made to avoid the 
rack or cells from contacting the sides of the hood during 
operation, especially deceleration during yard sWitching 
operations. This can be done by providing space for sWay and 



US 2008/0264291 A1 

providing non-conductive stops (hard rubber bumpers for 
example) for sway beyond normal operating conditions. 

Battery Pack and Cell Monitoring System 

[0105] A monitoring system is preferably required to moni 
tor the temperatures, voltages and state-of-charge (“SOC”) of 
cells or groups of cells in the pack. The monitoring system is 
also preferably required to monitor current and state-of 
charge (“SOC”) of the pack (as has been noted, the cells are 
typically electrically connected in series so the current is 
common to all cells and can be used to compute the SOC). 
Temperatures may be monitored by any number of Well 
knoWn sensors such as for example, thermocouples, thermal 
resistors and the like. Voltages may be monitored by any 
number of Well knoWn sensors such as for example, voltme 
ters, vieWing resistors and the like. The current through the 
pack may be monitored by any number of Well-knoWn current 
sensors. The current is the same through each cell (unless a 
cell of group of cells is electrically by-passed by a shunt). The 
SOC of the cells may be determined by their open circuit 
voltage or by accounting for its current input/output history. 
[0106] The monitoring system is typically managed auto 
matically by a controller Which can be con?gured to continu 
ously or intermittently display data to the engineer in the 
locomotive cab or to activate Warning devices if any param 
eter is detected out of its normal operating range. 

Structural Soundness 

[0107] The structural elements of a battery rack suitable for 
a battery-dominant hybrid locomotive (or locomotive With a 
smaller battery pack but still capable of providing substantial 
additional poWer and energy storage capacity for the propul 
sion system) must be capable of performing: 

[0108] mechanical functions (containment of the cells 
even in a derailment situation, ease of maintenance, 
couple to the shock and vibration mitigation system) 

[0109] thermal functions such as providing air ?oW 
channels 

[0110] electrical functions such as ground fault protec 
tion and poWer cable routing 

[0111] other functions such as protection from the ele 
ments such as rain, snoW and dust. 

[0112] The rack structure must also be lightWeight, typi 
cally no more than about 50% of the Weight of the cells it 
contains and preferably no more than about 20% of the Weight 
of the cells it contains. For example, a rack assembly might 
Weigh about 6,000 kg and contain about 15,000 kg of cells for 
a total assembled battery pack Weight of about 21,000 kg. In 
addition the rack must ?t on the deck of a locomotive With 
enough room for WalkWays on either side. The height of the 
rack assembly should alloW for good visibility especially if 
the operator’s cab is at the rear of the locomotive. 
[0113] FIG. 9 is an isometric vieW of a recent embodiment 
of the primary battery rack structural system. The rack is 
shoWn Without cells installed. This ?gure shoWs horizontal 
?re Walls 901, a central vertical ?re Wall 902 and spaces 903 
Where battery cells are installed. An example of a retention 
plate 904 is also shoWn. Such a retention plate may be used to 
remove the entire battery pack from the deck of a locomotive 
by a crane or other heavy lifting apparatus. 
[0114] The battery pack suspension system utiliZes shock 
absorbers or isolators that Work in combination to provide 
vibration and shock isolation in all three principle locomotive 
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directionsilongitudinal, lateral and vertical. Large isolators 
act to absorb primarily vertical shock and vibration but, 
because of their shear stiffness, also help mitigate shock and 
vibration in the side-to-side direction. The vertical lsolators 
also carry the dead Weight of the battery rack. Longitudinal is 
along the travel axis of the locomotive and lateral is side-to 
side. Other isolators act to absorb primarily longitudinal 
shock and vibration but, because of their shear stiffness, also 
help mitigate shock and vibration in the side-to-side direc 
tion. These longitudinal isolator assemblies are designed to 
limit longitudinal motion preferably to less than about 35 mm 
of total travel and more preferably to less than about 25 mm of 
total travel. HoWever, during normal use the expected travel is 
less than about 7 mm. The maximum travel is limited to 
preferably less than about 35 mm of total travel and more 
preferably to less than about 25 mm of total travel to keep the 
battery racks from damaging the equipment at the ends of the 
racks and the adjoining structure such as electrical connec 
tors, high voltage cabinet, generator-set hoods and the like. 
The above types type of isolators have a nonlinear spring-rate 
curve and become progressively stiffer as the dynamic 
motion increases. This reduces the shock load response at the 
loWer shock inputs but reduces the amount of travel at the 
higher shock loads. The longitudinal shock are preloaded to 
an initial preload during assembly so that under shock loading 
the isolators of each module assembly act together. This pre 
load is designed to keep the isolators in compression for all 
expected shock loads. This reduces the total load going into 
each isolator. 

Rack and Battery Retention Derailments 

[0115] The folloWing features of the battery rack provide 
retention of the rack to the locomotive deck and retention of 
the batteries in the rack during a locomotive derailment. The 
rack is mounted on shock isolators to reduce the load on the 
rack, batteries and accessory equipment for normal shock and 
vibration loads and motions. HoWever, excessive motion stop 
features have been added that capture the rack during extraor 
dinary locomotive events. 
[0116] A support plate structure that provides this feature 
so that the rack can move relative to the retaining pins alloW 
ing the isolators to move and attenuate the normal shock 
loads. The isolators also have retention and motion limiting 
features. For example, studs capture the excessive motion in 
the vertically upWard and lateral and longitudinal directions. 
The combination of the support plates and the isolator reten 
tion studs retain the rack on the locomotive deck. The shock 
absorber provide hard stops in all three directions. The 
amount of available travel is designed to alloW isolation at the 
expected shock loads and each stop is centered so that this 
alloWable motion can occur in the positive and negative direc 
tions. The support plate structure also provides lifting capa 
bilities for the battery rack. This alloWs for lifting the rack 
above the center of gravity for safer lifting. 

Maintenance and Servicing 

[0117] The battery pack of the present invention is also 
designed for accessibility to the cells and ease of replacement 
under ?eld conditions. Battery cell access is preferably from 
both sides of the battery pack. In some cases it is desirable to 
remove any cell in a tray from only one side, for example 
When removal equipment can only be positioned on that side. 
When removal equipment can be positioned on either side, it 
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is most preferable to be able to remove the cell from the side 
of the pack closest to the cell that is to be removed. This 
results in the minimum number of other cells that need be 
removed in order to remove the desired cell. The design 
preferably also alloWs for lifting entire rack on or off the 
locomotive. The design more preferably alloWs for lifting 
only modules on or off the locomotive. The rack assembly is 
based on a modular design Which can be easily con?gured for 
other applications (such as for a tugboat). 

[0118] A number of variations and modi?cations of the 
invention can be used. As Will be appreciated, it Would be 
possible to provide for some features of the invention Without 
providing others. For example in one alternative embodi 
ment, the various inventive features are applied to vehicles 
other than locomotives, such as cars, gantry cranes, railroad 
cars, and trucks. The control logic set forth above may be 
implemented as a logic circuit, softWare, or as a combination 
of the tWo. 

[0119] The present invention, in various embodiments, 
includes components, methods, processes, systems and/or 
apparatus substantially as depicted and described herein, 
including various embodiments, sub-combinations, and sub 
sets thereof. Those of skill in the art Will understand hoW to 
make and use the present invention after understanding the 
present disclosure. The present invention, in various embodi 
ments, includes providing devices and processes in the 
absence of items not depicted and/or described herein or in 
various embodiments hereof, including in the absence of such 
items as may have been used in previous devices or processes, 
for example for improving performance, achieving ease 
and\or reducing cost of implementation. 

[0120] The foregoing discussion of the invention has been 
presented for purposes of illustration and description. The 
foregoing is not intended to limit the invention to the form or 
forms disclosed herein. In the foregoing Detailed Description 
for example, various features of the invention are grouped 
together in one or more embodiments for the purpose of 

streamlining the disclosure. This method of disclosure is not 
to be interpreted as re?ecting an intention that the claimed 
invention requires more features than are expressly recited in 
each claim. Rather, as the folloWing claims re?ect, inventive 
aspects lie in less than all features of a single foregoing 
disclosed embodiment. Thus, the folloWing claims are hereby 
incorporated into this Detailed Description, With each claim 
standing on its oWn as a separate preferred embodiment of the 
invention. 

[0121] Moreover though the description of the invention 
has included description of one or more embodiments and 
certain variations and modi?cations, other variations and 
modi?cations are Within the scope of the invention, eg as 
may be Within the skill and knoWledge of those in the art, after 
understanding the present disclosure. It is intended to obtain 
rights Which include alternative embodiments to the extent 
permitted, including altemate, interchangeable and/or 
equivalent structures, functions, ranges or steps to those 
claimed, Whether or not such altemate, interchangeable and/ 
or equivalent structures, functions, ranges or steps are dis 
closed herein, and Without intending to publicly dedicate any 
patentable subject matter. 
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What is claimed is: 
1. A hybrid vehicle, comprising: 
(a) a prime mover for generating electrical energy; 
(b) a battery pack for receiving, storing, and providing, as 

needed, the electrical energy, the battery pack compris 
ing a plurality of battery cells; and 

(c) at least one motor for consuming the electrical energy, 
Wherein the vehicle comprises at least one of the folloW 
mg: 
(cl) a hood assembly, the hood assembly comprising a 
chimney vent and hood and Wall members respec 
tively de?ning upper and loWer plenums, the upper 
and loWer plenums being in ?uid communication With 
the chimney vent and separated by the Wall member, 
the Wall member inhibiting air?oW betWeen the upper 
and loWer plenums, and the loWer plenum being in 
?uid communication With and removing heated air 
from the battery pack, Wherein heated air in the upper 
and/ or loWer plenums passes, by free convection, 
through the chimney vent and into the external envi 
ronment; 

(c2) a plurality of air?oW channels in communication 
With the loWer plenum, a ?rst set of air?oW channels 
being positioned betWeen adjacent battery cells and a 
second set of air?oW channels being positioned 
betWeen battery cells and the Wall member, the air 
?oW channels in the ?rst set having a ?rst cross 
sectional area normal to the direction of air?oW and 
the air?oW channels in the second set having a second 
cross-sectional area normal to the direction of air?oW, 
and Wherein the ?rst cross-sectional area is greater 
than the second cross-sectional area; 

(c3) a rack structure, the rack structure comprising a 
plurality of vertical and horiZontal ?re Wall members 
de?ning a plurality of containment sections, each sec 
tion receiving a corresponding set of battery cells, 
Whereby a ?re in one section is retarded from spread 
ing to an adjacent section; 

(c4) a fan positioned in a fan duct, the fan duct being in 
communication With the chimney vent, Wherein, 
When the battery pack is less than a ?rst temperature, 
the fan is disabled and removal of heated air from the 
battery pack is done by free convection alone and 
Wherein, When the battery pack is more than a second 
temperature, the fan is enabled and removal of at least 
a portion of heated air from the battery pack is done by 
forced convection; 

(c5) a plurality of vertical and longitudinal shock 
absorbers, a set of vertical and longitudinal shock 
absorbers being positioned in each containment sec 
tion to absorb at least a portion of shock imparted to 
the absorbers by movement of and impacts to the 
vehicle; 

(c6) an electrically insulating material positioned 
betWeen the rack structure and a supporting deck of 
the vehicle and/ or betWeen each cell and a supporting 
member in the rack structure; and 

(c7) a support plate structure supporting the battery rack, 
the support plate structure being operable to permit and 
limit movement of the battery rack relative to the support 
plate structure. 

2. The hybrid vehicle of claim 1, Wherein the vehicle com 
prises feature (cl). 

3. The hybrid vehicle of claim 2, Wherein the vehicle com 
prises feature (c4) and Wherein a plane of the fan is positioned 
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below a plurality of louvres in the hood member, the louvres 
permitting air in the external environment to enter into the 
upper plenum. 

4. The hybrid vehicle of claim 1, Wherein the vehicle com 
prises feature (c2) and further comprising a second plurality 
of air?oW channels, the second plurality of air?oW channels 
being transverse to the plurality of air?oW channels and being 
positioned above and/or beloW the plurality of cells. 

5. The hybrid vehicle of claim 1, Wherein the vehicle com 
prises feature (c3) and Wherein closure members are posi 
tioned to inhibit air?oW betWeen adjacent containment sec 
tions in the event of a ?re. 

6. The hybrid vehicle of claim 1, Wherein the vehicle com 
prises feature (c4). 

7. The hybrid vehicle of claim 1, Wherein the vehicle com 
prises feature (c5). 

8. The hybrid vehicle of claim 7, Wherein each cell is able 
to Withstand shock loading of no less than 2 gs in the longi 
tudinal direction, no less than about 0.25 gs in the vertical 
direction, and no less than about 0.1 g lateral acceleration. 

9. The hybrid vehicle of claim 7, Wherein each cell is able 
to Withstand constant vibration loading of no less than 
0.00003-m de?ection at 100 cycles per second and 0.03-m 
de?ection at l cps. 

10. The hybrid vehicle of claim 1, Wherein the vehicle 
comprises feature (c6). 

11. The hybrid vehicle of claim 1, Wherein the vehicle 
comprises feature (c7). 

12. A method for operating a hybrid vehicle, comprising: 
(a) generating, by a prime mover, electrical energy; 
(b) receiving, storing, and providing, as needed and by a 

battery pack, the electrical energy, the battery pack com 
prising a plurality of battery cells; 

(c) providing to at least one motor the electrical energy; and 
(d) at least one of the folloWing additional steps: 

(dl) passing, by free convection, heated air through 
upper and/or loWer plenums and through a chimney 
vent into the ambient atmosphere, Wherein a hood 
assembly comprises the chimney vent and hood and 
Wall members respectively de?ning the upper and 
loWer plenums, the upper and loWer plenums being in 
?uid communication With the chimney vent and sepa 
rated by the Wall member, the Wall member inhibiting 
air?oW betWeen the upper and loWer plenums, and the 
loWer plenum being in ?uid communication With and 
removing heated air from the battery pack; 

(d2) passing heated air through a plurality of air?oW 
channels in communication With the loWer plenum, a 
?rst set of air?oW channels being positioned betWeen 
adjacent battery cells and a second set of air?oW chan 
nels being positioned betWeen battery cells and the 
Wall member, the air?oW channels in the ?rst set hav 
ing a ?rst cross-sectional area normal to the direction 
of air?oW and the air?oW channels in the second set 
having a second cross-sectional area normal to the 
direction of air?oW, and Wherein the ?rst cross-sec 
tional area is greater than the second cross-sectional 
area; 

(d3) providing a rack structure, the rack structure com 
prising a plurality of vertical and horiZontal ?re Wall 
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members de?ning a plurality of containment sections, 
each section receiving a corresponding set of battery 
cells, Whereby a ?re in one section is retarded from 
spreading to an adjacent section; 

(d4) providing a fan positioned in a fan duct, the fan duct 
being in communication With the chimney vent, 
Wherein, When the battery pack is less than a ?rst 
temperature, the fan is disabled and removal of heated 
air from the battery pack is done by free convection 
alone and Wherein, When the battery pack is more than 
a second temperature, the fan is enabled and removal 
of heated air from the battery pack is done by forced 
convection; 

(d5) providing a plurality of vertical and longitudinal 
shock absorbers, a set of vertical and longitudinal 
shock absorbers being positioned in each contain 
ment section to absorb at least a portion of shock 
imparted to the absorbers by movement of and 
impacts to the vehicle; 

(d6) positioning an electrically insulating material 
betWeen the rack structure and a supporting deck of 
the vehicle and/ or betWeen each cell and a supporting 
member in the rack structure; and 

(d7) providing a support plate structure, the support 
plate structure supporting the battery rack and being 
operable to permit and limit movement of the battery 
rack relative to the support plate structure. 

13. The method of claim 12, Wherein step (dl) is per 
formed. 

14. The method of claim 13, Wherein step (d4) is performed 
and Wherein a plane of the fan is positioned beloW a plurality 
of louvres in the hood member, the louvres permitting air in 
the external environment to enter into the upper plenum. 

15. The method of claim 12, Wherein step (d2) is performed 
and further comprising a second plurality of air?oW channels, 
the second plurality of air?oW channels being transverse to 
the plurality of air?oW channels and being positioned above 
and/or beloW the plurality of cells. 

16. The method of claim 12, Wherein step (d3) is performed 
and Wherein closure members are positioned to inhibit air?oW 
betWeen adjacent containment sections in the event of a ?re. 

17. The method of claim 12, Wherein step (d4) is per 
formed. 

18. The method of claim 12, Wherein step (d5) is per 
formed. 

19. The method of claim 18, Wherein each cell is able to 
Withstand shock loading of no less than 2 gs in the longitudi 
nal direction, no less than about 0.25 gs in the vertical direc 
tion, and no less than about 0.1 g lateral acceleration. 

20. The method of claim 18, Wherein each cell is able to 
Withstand constant vibration loading of no less than 
0.00003-m de?ection at 100 cycles per second and 0.03-m 
de?ection at l cps. 

21. The method of claim 12, Wherein step (d6) is per 
formed. 

22. The method of claim 12, Wherein step (d7) is 
performed. 


