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FIG. 7 
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FIG. 9B 
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FIG. 10A 
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FIG. 10B 
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FIG. 10C 
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SYSTEMS AND METHODS FOR PROVIDING 
COOLING IN COMPRESSED AIR STORAGE 

POWER SUPPLY SYSTEMS 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to systems and methods for 
removing heat from a system. More particularly, this inven 
tion provides heat exchanging techniques to remove heat 
from various components and/or subsystems of electrical 
generation systems such as thermal and compressed air 
storage (TACAS) backup energy systems or compressed air 
storage (CAS) backup energy systems. Electrical generation 
systems may include components and/or subsystems such as 
electrical machines and poWer electronics that may require 
cooling. 

[0002] Electrical machines such as generators and motors 
are Well knoWn in the art. Such machines are used in 
thousands of different applications, some of Which include 
the generation of electric poWer. Electric poWer is generated, 
for example, When the rotor of a generator is driven by a 
prime mover (e.g., turbine) to produce a rotating magnetic 
?eld Within the machine. The rotating magnetic ?eld induces 
voltage Within the stator Windings of the generator that is 
output as electrical energy. 

[0003] During operation, heat may be generated by the 
stator core, stator Windings, bearings, rotor, and/or other 
sources during generator operation. Such heat may be det 
rimental to generator performance and operation. For 
example, excess heat can decrease the ?ux capacity of 
permanent magnets in the generator and damage generator 
components such as bearings and generator Windings. 

[0004] Conventional methods for cooling the stator to 
remove heat include auxiliary cooling fans, circulating Water 
systems, and/or circulating oil systems. Other systems may 
use compressors to route bleed air over the stator to cool the 
generator. Though such cooling systems are able to cool 
generators, they require substantial maintenance and a sup 
ply of poWer to operate. Moreover, such cooling systems are 
typically unable to maintain an operating temperature of the 
generator beloW a desired temperature (e.g., an ambient air 
temperature). 
[0005] Generators are often coupled to a turbine by a shaft 
to form a poWer generation system knoWn as a turbine 
generator. Turbine-generators are highly customiZable for a 
given application such as a micro-turbine system available 
from Capstone Turbine Corporation of ChatsWorth, Calif. 
This micro-turbine system operates at high shaft speeds, 
drives a permanent magnet alternator (e.g., a generator 
rotor), and requires cooling to remove heat from the stator 
during operation. 

[0006] During operation, such micro-turbine systems 
derive stator cooling from shaft-mounted compressor inlet 
air, compressor bleed air, auxiliary cooling fans, or circu 
lating oil. The turbine is poWered by a fuel source (e.g., gas, 
coal, nuclear) that heats the air being supplied to drive the 
turbine. Thus, as long as fuel is supplied, the turbine 
generator can provide poWer. Accordingly, such micro 
turbines and other fuel-poWered turbine-generators can run 
continuously for thousands or tens of thousands of hours. 
HoWever, such turbine-generators are subject to several 
draWbacks, at least one being pollution. Combustion of fuel 
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(or in nuclear applications ?ssion of a fuel) is necessary to 
drive the turbine. Another draWback is that costly or main 
tenance intensive bearings (e. g., air bearings, oil ?lm journal 
bearings, or magnetic bearings) are needed to sustain the 
long operational lives of these turbine-generators. 

[0007] PoWer electronics are often used in electrical gen 
eration systems to perform various tasks including, but not 
limited to, driving electrical machines, conditioning poWer 
derived from an electrical machine, and selectively provid 
ing poWer to subsystems (e.g., a ?yWheel energy backup 
system or a thermal storage unit). Heat may be generated 
While poWer electronics are performing these tasks. Con 
ventional techniques for removing heat from poWer elec 
tronics include using a ?nned heat sink and a fan. The heat 
sink transfers heat from the poWer electronics to the ambient 
environment (e.g., the air surrounding the heat sink). The fan 
may be used to force air over the ?ns to improve the 
rejection of heat to the ambient environment. Water cooling 
may be used in poWer electronics that operate at a higher 
poWer density. 

[0008] These poWer electronic cooling techniques suffer 
from many of the same draWbacks experienced in cooling 
electrical machines. That is, substantial maintenance and a 
supply of poWer to operate the cooling mechanism may be 
required. In addition, such cooling systems are typically 
unable to maintain an operating temperature of the poWer 
electronics beloW a desired temperature (e.g., an ambient air 
temperature). Furthermore, the poWer density is usually 
limited to a ?nite poWer density because conventional 
cooling systems lack the requisite cooling capacity to pre 
vent the poWer electronics from overheating if such ?nite 
poWer density is exceeded. 

[0009] In vieW of the foregoing, it is an object of this 
invention to provide improved cooling of components and/ 
or subsystems of an electrical generation system. 

[0010] It is also an object of the present invention to 
provide improved cooling of an electrical machine and 
poWer electronics used in an electrical generation system. 

[0011] It is an additional object of the present invention to 
provide improved cooling that reduces maintenance require 
ments. 

[0012] It is still a further object of the present invention to 
promote electrical machine design ?exibility and to reduce 
electrical machine manufacturing cost. 

SUMMARY OF THE INVENTION 

[0013] These and other objects of the invention are accom 
plished using the expansion of stored compressed gas, Which 
is the same compressed gas used to drive a turbine-genera 
tor, to cool components and/or subsystems (e.g., electrical 
machine, poWer electronics, etc.) of an electrical generation 
system (e.g., a TACAS or CAS backup energy system). As 
gas expands, it cools. Thus, in accordance With this inven 
tion, compressed gas is expanded across a valve, the expan 
sion of Which cools the gas to, for example, sub-ambient 
temperatures, and is then routed to one or more components 
and/or subsystems of the electrical generation system. 

[0014] One of the components and/or subsystems cooled 
by the cool gas is an electrical machine, sometimes referred 
to herein as an electrical generator or generator. The cool gas 



US 2006/0059937 A1 

may be routed through a stator housing and removes heat 
from the electrical generator, thereby yielding a desired 
electrical generator operating temperature. The heat being 
removed by the cold gas may be generated by electrical 
resistance losses in the stator Windings, hysteresis and/or 
eddy current losses in the laminated stator core, stray load 
losses on the rotor due to laminated stator core slot harmon 

ics, and/or armature Winding current harmonics, rotor Wind 
age losses, and friction losses in the bearings located Within 
the electrical machine. In addition, the cold gas may remove 
heat transferred to the electrical machine by conduction 
from a turbine, Which drives the rotor of the electrical 
generator. 

[0015] The cool gas can be routed to other components 
and/or subsystems of the electrical generation system in 
addition to, or to the exclusion of, the electrical generator. 
For example, cool gas may be routed directly to bearings 
(e.g., thrust-end and non-thrust end bearings) housed in the 
electrical machine. As another example, cool gas may be 
routed directly to a bearing housed (e.g., a thrust-end bear 
ing) in the turbine. Cooling such bearings, regardless of 
Whether they are located in the electrical machine or turbine, 
extends their operational life. As a further example, cool gas 
may be routed to a poWer electronics housing to cool poWer 
electronics being utiliZed in connection With the electrical 
generation system. 

[0016] The cooling means according to the present inven 
tion may be implemented in a CAS backup energy system or 
a TACAS backup energy system. Such systems may provide 
emergency backup poWer in the event of a disturbance in 
utility poWer. For example, if utility poWer fails, compressed 
gas is draWn from an air reservoir (e.g., pressure tank) and 
supplied to a turbine. The compressed gas drives the turbine, 
Which in turn poWers the electrical generator. Thus, the 
compressed gas being used to ultimately generate electrical 
poWer is also used to cool the components and/or sub 
systems of the backup energy system. 

[0017] The cooling means according to the present inven 
tion may also be implemented in other systems that use 
compressed gas. For example, continuously operating 
TACAS or CAS systems (e.g., systems that do not provide 
backup poWer) may be used to provide a continuous supply 
of poWer. Such systems may use a compressor to provide 
continuous compressed gas for use in cooling components 
and/or subsystems and for driving a turbine-generator. 

[0018] In TACAS systems, a portion of the cool gas may 
be heated to a predetermined temperature before being 
routed to the turbine. The cool gas may be heated by a 
heating system, such as a thermal storage unit, to increase 
the operating efficiency of the turbine. If desired, the portion 
of the cool gas being heated by the heating system may be 
routed through certain components and/or subsystems (e.g., 
stator housing and/or poWer electronics housing) before 
being supplied to the heating system. Such an arrangement 
may improve the heating discharge efficiency of the heating 
system because heat loss picked up by the cool gas passing 
through the components and/or subsystems is recovered and 
delivered to the heating system. Thus, a regenerative heating 
mechanism is built into the operation of the TACAS system 
Which enhances its operating efficiency. 

[0019] An advantage of the present invention is that the 
temperature of the gas being routed to the components 
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and/or subsystems may be substantially loWer than the 
heat-exchanging mediums (e.g., ambient air, oil, Water, etc.) 
used by conventional heat exchangers. As a result, this 
correlates to a loWer operating temperature not previously 
achieved in prior art cooling systems. A loWer operating 
temperature promotes reduced generator siZing (e.g., smaller 
stator core and stator Windings and smaller rotors) and 
increased generator design ?exibility, and thus less cost. 
Moreover, reduced siZing further decreases spool-up time 
required for the turbine-generator to start producing emer 
gency poWer. Another advantage of the present invention is 
that independent cooling systems, such as fans, compres 
sors, oil circulating systems, are not needed to provide 
cooling. This correlates to less cost, elimination of a need to 
poWer such systems, elimination of maintenance, increased 
reliability, and a more compact system. 

[0020] Another aspect of the present invention includes a 
poWer electronics housing Which routes cool gas in direct 
contact With, or proximal to, the poWer electronics of the 
electrical generation system. The poWer electronics housing 
may include a thermally conductive body to Which the 
poWer electronics are mounted and heat sinks. Cool gas 
derived in accordance With the principles of the invention 
may be routed through the thermally conductive body to 
extract heat generated by the poWer electronics during an 
active mode of operation of the electrical generation system. 
The heat sinks may extract heat from the poWer electronics 
during both standby and active modes of operation of the 
electrical generation system. 

[0021] An advantage of cooling the poWer electronics With 
the expanded gas is that it increases the cooling capacity 
beyond that previously achieved With conventional cooling 
techniques, thereby permitting the poWer density of the 
poWer electronics to be increased to levels not previously 
sustainable by conventional cooling techniques. 

[0022] Another aspect of the present invention includes 
stator housings Which route cool gas in direct contact With, 
or proximal to, the Wound stator core of an electrical 
generator. The stator housing may be machined to ?t ?ush 
(e.g., air tight) against the stator core to maximiZe heat 
exchanging ef?ciency. Such stator housings may have one or 
more annular channels for routing cool gas around the stator. 
Stator housings may include a pressure sleeve to prevent gas 
from damaging the laminated stator core and/or Windings or 
appurtenances thereof during poWer generation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The above and other features of the present inven 
tion, its nature and various advantages Will become more 
apparent upon consideration of the folloWing detailed 
description, taken in conjunction With the accompanying 
draWings, in Which like reference characters refer to like 
parts throughout, and in Which: 

[0024] FIG. 1 is a schematic diagram of a knoWn thermal 
and compressed air storage backup energy system; 

[0025] FIG. 2 is a block diagram that generally illustrates 
hoW a cooling ?uid is derived in accordance With the 
principles of the present invention; 

[0026] FIG. 3 is a schematic diagram of a thermal and 
compressed air storage backup energy system shoWing a 
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valve and gas routing con?guration for cooling a generator 
in accordance With the principles of the present invention; 

[0027] FIG. 4 is a schematic diagram of a thermal and 
compressed air storage backup energy system shoWing a 
valve and gas routing con?guration for cooling bearings 
housed in a generator in accordance With the principles of 
the present invention; 

[0028] FIG. 5 is a schematic diagram of a thermal and 
compressed air storage backup energy system shoWing a 
valve and gas routing con?guration for cooling a bearing 
housed in a turbine in accordance With the principles of the 
present invention; 

[0029] FIG. 6 is a schematic diagram of a thermal and 
compressed air storage backup energy system shoWing a 
valve and gas routing con?guration for cooling poWer 
electronics in accordance With the principles of the present 
invention; 
[0030] FIG. 7 is a three-dimensional exploded perspective 
vieW of a poWer electronics housing in accordance With the 
principles of the present invention; 

[0031] FIG. 8 is cross-sectional vieW of a turbine-genera 
tor having a stator housing in accordance With the principles 
of the present invention; 

[0032] FIG. 9A is a three-dimensional perspective vieW of 
a stator jacket of the stator housing of FIG. 8 in accordance 
With the principles of the present invention; 

[0033] FIG. 9B is a three-dimensional perspective vieW of 
a jacket housing of the stator housing of FIG. 8 in accor 
dance With the principles of the present invention 

[0034] FIG. 10A is a three-dimensional perspective vieW 
of an alternative stator housing in accordance With the 
principles of the present invention; 

[0035] FIG. 10B is a cross-sectional vieW the stator hous 
ing taken along lines B-B of FIG. 10A in accordance With 
the principles of the present invention; 

[0036] FIG. 10C is a cross-sectional vieW of the stator 
housing taken along lines C-C of FIG. 10A in accordance 
With the principles of the present invention; 

[0037] FIG. 11 is a cross-sectional vieW a generator 
assembly having the stator housing of FIG. 10A in accor 
dance With the principles of the present invention; 

[0038] FIG. 12A is cross-sectional vieW of an alternative 
stator housing in accordance With the principles of the 
present invention; 

[0039] FIG. 12B is three-dimensional, partial cutaWay, 
perspective vieW of the stator housing of FIG. 12A in 
accordance With the principles of the present invention; 

[0040] FIG. 13 is three-dimensional, partial cutaWay, per 
spective vieW of another alternative stator housing in accor 
dance With the principles of the present invention; 

[0041] FIG. 14A is cross-sectional vieW of yet another 
alternative stator housing in accordance With the principles 
of the present invention; and 

[0042] FIG. 14B is three-dimensional, partial cutaWay, 
perspective vieW of the stator housing of FIG. 14A in 
accordance With the principles of the present invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] Cooling according to the principles of the present 
invention can be implemented in many different types of 
electrical generation systems, particularly systems that 
derive electrical poWer from stored compressed gas. Such 
systems include, but are not limited to, CAS systems and 
TACAS systems. To further facilitate understanding of the 
present invention, a brief discussion of such a system is 
provided to set forth a possible frameWork in Which the 
invention may be practiced. 

[0044] FIG. 1 shoWs a schematic of a knoWn TACAS 
backup energy system 100. Backup energy system 100 may 
be connected to utility input 110 Which supplies poWer to a 
critical load 180 during normal operating conditions. Per 
sons skilled in the art Will appreciate that utility input 110 
may be any type of primary poWer source, AC or DC. 

[0045] Backup energy system 100 includes motor 120, 
compressor 122, one Way valve 124, pressure tank 126, 
valve 128, thermal storage unit 130, turbine 140, electrical 
machine 150, poWer conversion circuitry 160, and control 
circuitry 190. If desired, optional transient poWer supply 170 
(e.g., ?yWheel energy storage system, ultracapacitor, batter 
ies, etc.) may also be provided. Electrical machine 150 may 
be a machine capable of functioning as a motor and a 
generator. During normal operating conditions, utility input 
110 supplies poWer to critical load 180. Utility input 110 
may also poWer motor 120, Which drives compressor 122 to 
charge pressure tank 126 With compressed air. The com 
pressed air may be pushed through one Way valve 124 to 
prevent feedback. Persons skilled in the art Will appreciate 
that pressure tank 126 can be substituted With a different 
type of air storage reservoir such as a cavern (e.g., under 
ground salt dome). 

[0046] Although control circuitry 190 is not shoWn to be 
connected to any of the components included in backup 
energy system 100, persons skilled in the art Will appreciate 
that control circuitry 190 can perform control and monitor 
ing functions Well knoWn and understood in the art. For 
eXample, control circuitry 190 can cause valve 128 to OPEN 
When utility poWer fails. 

[0047] In the event of a poWer failure, compressed air 
stored in pressure tank 126 is routed through valve 128 to 
thermal storage unit 130. Thermal storage unit 130 heats the 
compressed air prior to being routed to turbine 140. Thermal 
storage unit 140 may be an eXhaustless heater (e.g., a 
non-polluting heater). EXamples of and discussion of the 
operation of such thermal storage units can be found, for 
eXample, in co-pending, commonly assigned US. patent 
application Ser. No. 10/738,825, ?led Dec. 16, 2003, US. 
patent application Ser. No. , ?led (Attorney 
Docket No. AP-53), and US. patent application Ser. No. 

, ?led (Attorney Docket No. AP-46 CIP), 
each of Which are hereby incorporated by reference in their 
entireties. The heated compressed air drives the turbine 
Which in turn poWers electrical machine 150. Electrical 
machine 150 operates as a generator and provides electrical 
poWer to poWer conversion circuitry 160 Which conditions 
the poWer before providing it to critical load 180. 

[0048] The foregoing discussion of backup energy system 
100 is not intended to be a thorough discussion of TACAS 


















