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METHODS AND APPARATUS FOR
THERMAL MANAGEMENT OF VEHICLE

SYSTL'MS AND COMPONENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 60i43S,SI2, filed Dec. 20, 2002, and is
incorporated herein by reierence.

lc

TECHNICAL FIELD

The field of the invention is methods and apparatus for
managing the cooling of electrical devices and electronic
coniponcnts in larger systems such as an clcctric vchiclc.

DF23('RIPIlON Ol FIIL'3A(.'KGROUND ARf

The reenhouse effect and the concern over decreasing
cncrgy resources imposes a huge dcmancl on hybrid clcctric
and till clcctric vchiclc designs. Thermal management con- zc

siclerations must inclmle the heaung ancl cooling of the
components of the vehicle as well as the passengers'nvi-
ronmental comfort levels

Innovations in thc thermal managcmcnt of semiconductor
clcvices used in power clcctronics have been limited. Meth- -''

ods for chssipaung large quanuiies of heat have traditionally
been restmctecl to passive cooling techniques, channel
cooling, solid heat sinks, or use of fans. With the advent of
larger, faster, higher current semiconductors, efficient cool-
ing methods are required tn dissipate ever-increasing
aniounts of waste heat It is estimatecl that 55% of clcctronic
product failures arc clue to cxccssive tempcraturcs. Univer-
sities and industry arc currently working to develop ncw
methods to provicle thermal management I'or circuit board
assembles as well as indiv«lual silicon dies. 35

The coolin in the thermal management of a vehicle is
currently conductecl in a picccmeal fashion. Separate cool-
in systenis are used for thc vehicle passenger compartment,
the motor and the electronic devices.

40
New methods of cooling electronic components have also

recently been proposed. Promising new technologies bein ~

examined include immersion conling, jet impingement and
spray coolin . Dielectnc fluids with high heat capacities and
advantageous electncal characteristics are being invcsti-

atcd to work with these new 'two-phase*'cchnologics.
New thermosyphon cooling techniques arc being applied to
electronics at both circuit board and inchvidual chip levels.

In one such method, the semicomluctors are immersed in
a dielectric which vaponzes as the chips increase in tem-
perature. The vapor condenses as it rises and is cooled by a
water pipe, changes hack to liquid phase, and then drops
back into thc pool. Thc temperature difl'crencc between the
vapor and thc liquicl is negligible. For a lower vapor
temperature, the water-c:ooled heat exchanger is compara-
uvely large ior a given heat extracted from the multichip
modules.

In another arrangement, the semiconductor chips are not
totally immersed in the dielectric fluid. Dowmvard mnve-
mcnt of thc liquid is causccl by ravity. On system start-up, c,n

thc pump must initially bc turned on to fill thc rcscrvoir
bcforc cncrgizing thc chips.

Other methods of cooling semicomluctor components
include impingement by lets of cooling liquid, as well as
cooling by spraying a coolant directly on the chips. In both as
cases the liquid can be vaporized, cooled, returned to a hquid
state and recirculated

A thermosyphon assembly may be usecl to implement a
two-phase liquid coolin system by indirect contact with
electronics. In this system the density difference between the
hquid and vapor creates a pressure head, which drives the
flow throu h thc loop so no driving force is necdcd. This
mcthocl is being usccl to dissipate heat from PC processors.

Research is being perlormecl in spray cooling of IGBT
power switching devices with results of up to 34e/e improve-
ment seen in their poiver handling capabilities Water is
being utilized as thc coolant in thcsc systems with thc
semiconductors coatccl with a conformal diclcctric.
Adchtionally, the technology involves the construction of the
nozzle array from silicon by reactive ion etching.

Yet another approach for cooling semiconcluctors
involves heat pipes in)bedded in an evaporator A heat pipe
incluclcs a vacuum tight cnvclope, a wick structure aml a
workin fluid. The heat pipe is cvacuatcd and then back-
lilled with a small quantity of working fluicl. The atmosphere
insula the heat pipe is set by an equilibnum of liquid and
vapor As heat enters the evaporator, the equilibrium is upset
generating vapor at a slightly hi her pressure This vapor
travels to the cnndenser end where the slightly lower tem-
peratures cause thc vapor to conclcnsc giving up its latent
heat of vaporization. The conclensccl fluid is then returned to
the evapiorator through capiflary action developed in the
wmk structure. This continuous cycle transiers large quan-
tities of heat with very loiv thermal gradients A heat pipe's
operation is passive, being driven only by the heat trans-
ferred

Heat pipes have been embedded in power amplilier mod-
ules. In one application the heat pipes were 0.375" in
diameter and flattened into grooves in the heat sink base with
a thermal epoxy at the interface. This approach recluces the
thermal resistance of the heat sink by 50cg

In lnnp thermosyphons, a circuit board is essentially
immcrscd in the coolant and vapor chambers. A vapor
chamber is a vacuum vcsscl with a wick structure lining thc
insula walls that is saturated with a working tluid. As heat is
applied, the flu«l at that locauon immediately vaponzes and
the vapor rushes to fili the vacuum Wherever the vapor
comes into cnntact with a cooler wall surface it will
condense, releasing its latent heat of vaporization The
conclcnscd fluid returns to thc heat source via capiflary
action, to bc vaporized again and rcpcat thc cycle. The
capillary acuon of the wick enables the vapor chamber to
worl in any oneniauon with respect to gravity A vapor
chamber heat sink consists of a vapor chamber integrated
with cooling fins and pins. Due to the way the vapor
chamber operates, the heat source can be placed anywhere
on thc base without affcctin its thermal resistance. In
addition, there can bc niultiple heat sources dissipating thc
same or chlferent amounts of power. The rate of fluid
vaponzation at each source will stabdize and ihe vapor
chamber will be nearly isothermal

I'he cooling approaches discussed above are solving
thermal problems in a piecemeal fashion The present inven-
tion solves thc coolin and heating problems of hybrid and
full electric vehicles from a system approach. In doing so,
the system may bc desi ncd so that indiviclual clcctrical
devmes aml mechamcal mimponents perform multiple func-
tions. This results in a lower cost, smaller volume, ancl

higher efliciency system

SUMMARY OF THE INVENTION

I'he inventinn provides a total thermal management sys-
tem that includes heating and coohng of critical electrical
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and electronic componenus as well as controlling the tem-
perature of the passenger compartment of a vehicle

Thc invention provides a total thermal management sys-
tem that shares harrlware for multiple functions.

The invention provides a total thermal management sys-
tem for hybrid electric vehicles

Thc invention proviclcs a total thermal management sys-
tem for full electric vchiclcs.

The invenuon provides a total thermal management sys-
tem that shares a digital signal processor (DSP) for mom-
toring and control functions as well as contnilling an
invcrter.

The invenuon proviiles a total thermal management sys-
tem that shares a compressor and conrlenser for muluple
thermal management functions

Thc invention provides a total thermal management sys-
tem that shares an invcrter for multiple functions. For
example, the invention provides for an inverter controlhn ~

both a traction motor aml a compressor motor. zc

The invention provides a system for cooling dies of power
semiconductors and an inverter which will withstand the
start up conrlitions of thc system.

The invention provirles for direct cooling of motors with
shalt seals.

Thc invention proviclcs for indirect coolin of motors
without shaft seals.

One embodiment of the invention is an mtegrated thermal
mana ement system having, a refrigeration subsystem hav- ic

ing a refrigerant and multiple components, an electrical
subsystem having multiple components, an electronic con-
trol subsystem having multiple components, wherein sairl
rcfrigcration subsystem is in thermal communication with at
least one of the componenas of the electncal subsystem and ss
at least one oi. the components of the electronic control
subsystem, and wherein saici electrical subsystem is in
thermal communication with at least one of the components
of the refri eration subsystem anil in electronic commum-
cation with at least onc of thc components of said clcctronic tc
control sulisystem, and wherein said clcctronic control sub-
system is in electronic communication with at least one of
the components of the electncal subsystem and at least one
of the components of the refngeration system. The refng-
erant can be any phase change working fluid, as defined in
ASI IRAL Standarrl 34, that transfers heat; such as haloge-
natcd compounds (CFC's) of thc methane, cthanc, anil
propane snics, cyclic organic compounds, zcotropcs,
azeotropes, nitrogen compounds, inorganic compounils and
elements such as water, and unsaturated organic compounds. o

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. Ia and Ib arc block diagrams of the system anil
sulisystems of the prcscnt invention for controlling thc
system heating and cooling requirements of a hybrid or full
electric vehicle,

I'IG 2 is a block diagram of a central compressor and
conrlcnser system in the system of FIG. I;

FIG. 3 is a schematic diagram illustrating the cooling of ac
thc semiconductor dies for thc system of FIG. 1;

FIG. 4 is a schematic longitudinal section vicv illustrat-
ing the cooling of a motor with a shaft seal in the system of
FIG. I,

FIGS. 5 anil 6 are schemauc section views illustrating the as
cooling of a motor without a shaft seal in the system of FIG.
I;

FIG 7 is a schematic view illustraung indirect cooling of
a traction motor and transmission in the system of I'IG I;
and

FIGS. 8 and 9 arc clcctrical schematic dia rams of an
inverter and its control circuits The inverter is shared by a

trachon motor and a compressor motor in the system of FIG.
I.

DETAILED DESCRIPTION

This invention is describcrl first in relation to thc cooling
anil heating of. the hybrid and the full electnc vehicles from
a system standpoint. This allows imhvidual components in
the system to perform multiple functions, thereby resulting
in a lower cost, smaller volume, and higher efficiency
system.

In a refrigeration cycle, thc refrigerant liquid is initially at
a higher prcssure P2& Pl (where P2 is the conclcnscr prcssure
anil PI is the evaporator pressure) anil a higher temperature,
T„„w&T, „,, (where Tconil is ihe the condenser iemperature
excluding the superheated vapor poruon and Tevap is the
evaporator temperature) The liquid tlows through an orifice
or a capillary reducing its pressure to a lower pressure Pl as
part of a constant enthalpy process An expansion then takes
place in an evaporator that gradually chan cs thc liquid to
vapor The evaporator has a lower pressure PI and a lower
temperature T,„„,. When the refri erani in the evaporator
absorbs the heat, the enthalpy of the refrigerant increases.
The refrigerant cycle then uses a compressor to compress the
low-temperature refrigerant vapor into a high-temperature
vapor The refrigerant vapor then starts to rhssipatc its heat
in a condenser, which gradually changes the refrigerant back
to a liquid phase. These processes will be apphed below to
electrical devices and to the electronic components in a

system, such as a vehicle.
Referring first to I'IG la, an integrated thermal manage-

ment system is shown in ivhich all the heating and cooling
sensor signals and control outputs are managed by a single
controller 10 includin a rli ital signal processor (DSP) ll
and an invcrtcr 12. Thc DSP 11 is utilized to control inputs
anil monitor the outputs of. a tracuon motor 13 ior the
vehmle, as well as the inputs and outputs for the passenger
compartment heating and cooling system 14, a compressor
motor 15 and a refrigerant system 16 for coolmg electrical
subassemblies and electronic components. In addition, the
DSP Il manages other themial sensors ancl control devices
17 on thc vchiclc, fuel cell signals and controls 18, diagnosis
anil warning rievices 19a, as well as auxiliary dc-dc con-
verters 19b. FIG. Ib is a block diagram of the communica-
uon paths between the three thermal management sub-
systems.

By controlling the thermal and motor controls with a
sinJc DSP ll, eflicicnt methods can bc rcalizccl to cnhancc
control of all systems. For cxamplc, an impcndin failure of
a power switching rlcvicc in thc invcrtcr, resulting in
increaseil current and nsing temperatures, could be sensed
anil controlled vui the DSP 11. The DSP 11 could respond by
decreasing the current through the poiver switching rlevices
or perhaps hy increasing of the tlow rate or volume of the
coolant to the power sivitching devices.

FIG. 2 shows a total thermal managcmcnt system using a

central compressor 20, conrlcnscr 21, ancl refrigerant reser-
voir 22. The reirigerant from the reservoir 22 is distributed
through ihlferent oriiices Z3, Z4, 25 or capillary tubes and
valves to various system componenas 26, 27. The compo-
nents 26, 27 can he an inverter, a motor or an evaporator,
such as the evaporator for the interior air conrhtioning The
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bacl pressures of the components 26, 27 are individually
regulateil by the pressure control 28 lor maintaimng the
proper tempcraturc of each component 26, 27. The heat
cxchangcr 29 rhssipatcs heat from the condenser 21 Thc
heat exchanger can be a fan blowing air thn&ugh the &x&n-

denser or other means for exchanging heats
Thc compressor 20 can bc driven by an clcctric motor or

by an engine. Thc heat prorluccd by thc components 26, 27
bein cooled is dissipated through the condenser 21.
Because the temperature nf the conrlenser 21 is reasonably

&c

h&gh, this makes the heat d&ssipation more elIecnve and
results in a more compact and cost-el)ective cooling system.

When the compressor 20 is driven by the compressor
motor Lx (FIG 1) controlled by the &nverter 12 (FIG. 1), the
cooling of the &nverter's power electronic components, such

i
as the main sw&tching sem&conductor dies, must be cooled
during the initial start-up pened, prior to the cooling system
becoming fully functional 'Ib assure the power switch&ng
dcviccs arc not ovcrhcated, their dies must be submersed in
the refrigerant for this short start-up period.

ZO
I'IG 3 shows an arrangement of dies 30 for pc&ver

electronic semiconrluctor components, which arc submcrgcrl
in a bath of liquid refrigerant 31. During normal operation,
the refngerant 31 corn&ng from the reservoir 2Z (see FIG. Z)
is use&I to blow oil the vapor bubbles. Capillary tubes 32 or
other types of nozzles can be unlized. The refrigerant vapor
can also be used to cool the less critical components of the
po&ver electronic assembly.

Motors can also be cnnled directly by spraying hqu&d
refrigerant onto the winrlings and cores in the motor frame
as shown in I'l(l 4. 'I'he locations of the inlet 33, outlet 34
and spray nozzlcs 35 can bc arranged as shown in FIG. 4.
Thc outside of the motor housing 40 is wrapped with thermal
insulation (not shown) &1 the motor housing 40 is cooler than
the ambient temperature.

Advanta cs in rhrcctly cooling a motor with a refri crant,
as opposed to cool&ng power electronic assemblies in this
manner are (I) the motor does not contain cot&eel compo-
nents such as ltlBTs or MOSI'L'Vs that have very small
thermal capacities and low temperature limits, anil (2) higher ap
heat transfer among components take place. This makes thc
spray positioning arrangcmcnt less critical than in a power
electronics assembly. In this construction, a compressor is
dnven by the motor, and it &s necessary to provide a shaft
seal 36 as seen in FIG. 4. a.

FIGS. 5 anil 6 illustrate an approach which rloes not
require shaft seals at locations 37 aml 37n. A built-in
evaporator has a liquid inlet 39, or 39n and a vapor outlet 30
or 30» formed in a motor housing 40 or 40a anil evaporators
41 or 41n, which are wrapperl around the end turns of the so
stator win&lings 43 This allows for the elimination of thc
shaft seal from locations 37 and 37n shown in FIGS. 5 anil
6. Thc outside of thc motor housing 40, 40u is wrapped with
thermal insulation (not shown) if the housing 40, 40u is
cooler than the amb&ent temperature. The wrappetl-around
evaporators 41 or 41a can be constructed of soft metal tubes,
such as those made of copper or aluminum, which can be
slid around thc cnd turn and then tightened to follow the
contour of thc end turn. Thermal paste 44 is applicrl to the
voids between thc wrapped-arouml cvaporators 41 and the re
end turns 43. FIG. 6 shows an opnon where the wrappe&l-
around evaporators 41a are ned to the end turns. Again, no
high-pressure shaft seal is required at location 37»

FIG. 7 shows an example of indirect cooling. An evapo-
rator 411& ix&ols the oil that &s used for cooling the vehicle es
transmission 42 and traction motor 13 without the need for
high pressure seals and chambers.

FIG g shows a traction motor 13b and compressor motor
156 controlled from one inverter 12 'I'he DSP 11 controls
the &nverter 12 through gate driver circuitry 50 The inverter
12 is connected to a DG source 51 and two DG bns
capacitors, C„Cc. Power switching rlcvices Sl—S6 form thc
main inverter 12 for thc traction motor 13b which is shared
by the compressor motor 151&. Two other sw&tching devices
S7—Sg are provided in a fourth leg 126 to dove the com-
pressor motnr 156 The zero-sequence components of the
three phases from the main inverter 12a are used to drive one
phase (Phase ri) of a two-phase compressor motor 15/& anil
thc other phase (phase i)) of thc two-phase compressor motor
15b is rlrivcn by thc sin lc lc 12b and thc center tap of thc
DC bus capacitors C„Cz. The compresso&r motor Lgb can be
either an induct&on motor or a full-wave brushless dc motor.

FIG 9 shows a three and one-half leg &nverter 12 which
can be shared by the main traction motor 13c and by a
brushless DC compressor motor 15c, but not by inrluction
motors. In this construction, only onc capacitor, C, is used
in thc DC'us, and only onc power switchin device S7 is
inclurlcd in thc extra lcg 126 of the invcrter 12. Thc
two-phase motor 15c is a hall'-wave brushless dc (BLDC)
motor.

From this descr&pt&on and the drawings, &t can be seen that
the mvention provides a total thermal management system
that mcludes heating and coolin of critical electrical anil
electronic components as well as controlling thc tempcraturc
of thc passcngcr conipartmcnt of thc vehicle. The invention
provides a total thermal management system that shares
hardware lor multiple functions. The invent&on provides a

total thermal management system lor hybnd electnc
vehicles and full electric vehicles. A d&g&tal signal processor
(DSP) is used for multiple monitoring and control functions
Thc thermal mana cmcnt system shares a compressor and
condcnscr. Thc invention provides a total thermal manage-
ment system that shares an inverter. For example, the
invention provxles for sharing of an &nverter by a traction
motor anti a compressor motor. The invent&on prov&des a

system for the cooling of power sem&conductor dies in an
inverter which &vill withstand the system start-up conrlitions
Thc invention provides for direct coolin of motors with
shaft seals, and thc invention also provides for indirect
cool&ng of motors without shaft mals.

We claim.
1 An integrate&i thermal management system compnsm,
a refrigeration subsystem bavin a refngerant and mul-

t&pie components,
an electrical subsystem having multiple cnmponents,
an electronic control subsystem havmg muit&pie

cnmponents,
wherein saul refngeration subsystem &s in thermal com-

munication &vith at least one of the components of the
electrical subsystem and at least one of the components
of the electronic control subsystem,

wherein said electrical subsystem is in thermal commu-
nication ivith at least one of the components of the
rcfri eration subsystem and in clcctronic communica-
tion with at least onc of the components of said
clcctronic control subsystem, and

whcrcin said electronic control subsystem is in electronic
communication with at least onc of thc components of
the electncal subsystem anil at least one of the com-
ponents ol. the refn aration system

2 The integrated thermal management system of claim 1
wherein said thermal communication &s direct refrigerant
contact
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3. The integraterl thermal management system of claim 1

wherein said electronic communication further compnses
digital signal processing signals

4 'I'he integrated thermal management system of claim I
wherein sairl refrigeration sulisysmm further comprises at
least onc dcvicc sclccted from thc group consisting of
refngerant compressors, refngerant control devices, refwg-
erant reservoirs, refrigerant condensers, refangerant
evaporators, and heat exchangers, each rlevice responsive to
said electronic control subsystem lo

5 'I'he integrated thermal management system nf claim I
ivhcrcin said clcctwcal subsystem further comprises at least
onc dcvicc selcctcd from thc group consisting of invcrtcrs,
traction motors, refrigerant compressor motors, luel celLs,
auxiluiry converters, gate drivers, and power electromc
devices, each device responsive to said electmnic control
subsystem.

6 'I'he integrated thermal management system of claim 5
wherein said rcfrigcrant evaporates in direct contact with thc
windings and core of sairl traction motors. ZO

7. The integrated thermal management system of claim 5
wherein said refngerant evaporates in inrhrect contact with
the ivindin s anil core of said tractinn motors

8 'I'he integrated thermal management system nf claim 5
wherein said refrigerant evaporates in inrlirect contact with
vchiclc transmission oil

9. Thc intc rated thermal management system of claim 5
wherein said inverter is a four leg inverter using zero-
sequence components to dnve at least one motor selected
from the group consisting of induction and brushless I3('. io

oiotors
10. The integrated thermal management system nf claim

5 wherein said invertcr is a thrcc and one-half Icg invcrtcr
usin zero-scquencc components to drive at least one brush-
less DC motor. 35

11. The integrated thermal management system of claim
1 wherein sairl elec(rome control subsystem further com-
prises at least one device selected from the group cnnsisting
of digital si nal processors, inverter cnntrollers, sensnrs, and
control wiring. to

12. The mtcgratcd thermal managcmcnt system of claim
11 wherein sairl sensors are selected from the roup con-
sisung of pressure sensors, temperature sensors, current
sensors, anil voltage sensors.

13. The integrated thermal management system nf claim
I wherein sairl electronic control subsystem controls the
rcfrigcration subsystem dcviccs and clcctrical subsystem
rlcvices within sct hmits of tcmpcraturc, prcssure, current,
and voltage.

14. A method of managing the thermal environment of a o

vehicle compnsing;
providing a refrigeration sulisystem having a refrigerant

and multiple components,
providing an electncal subsystem havmg multiple

components,
providin an clcctronic control subsystem having mul-

tiple components,

wherein saul refngeration subsystem is in thermal com-
munication with at least one of the componenas of the
clcctrical subsystem and at least one of thc components
of thr electronic control subsystem,

wherein saul electncal subsystem is in thermal commu-
nication v:ith at least one of the components of the
rcfri eration subsystem and in clcctronic communica-
tion with at icast one of thc components of said
electronic control subsystem, and

whcrcin said electronic control subsystem is in electronic
communication with at least one of thc components of
the electrical subsystem and at least one of the com-
ponents of the refrigeration system

15. I'he method of claim 14 wherein said thermal com-
munication is direct refrigerant contact

16. Thc niethod claim 14 whcrcin sairl clcctronic com-
munication further comprises digital signal processing sig-
nals.

17. The method claim 14 wherein said refngeration
subsystem further comprises at least one device selected
from the group consisting of refngerant compressors, refrig-
erant control devices, rcfrigcrant reservoirs, refrigerant
condcnscrs, refrigerant cvaporators, and heat exchangcrs,
each ilevice responsive to said electronic control subsystem.

18. The method of claim 14 wherein said electrical
subsystem further comprises at least one device selected
from the group consisting of inverters, traction motors,
refrigerant compressor motors, fuel cells, auxiliary
convcrters, atc drivers, anil power clcctronic dcviccs, each
rlcvicc responsive to said electronic control subsystem.

19. The method of. claim 18 wherein said reingerant
evaporates in rfirect contact with the windings aiul core of
said tracuon motors.

20 'I'he method of claim 18 ivherein sairl refrigerant
evaporates in indirect contact with the windings and cnre of
said traction motors.

21. Thc niethod of claim 18 whcrcin said refrigerant
evaporates in indirect contact with vehicle transmission oil.

22. The method of claim 18 wherein said inverter is a four
leg inverter using zero-sequence components to dnve at
least nne motor selected from the group cnnsisting of
induction and brushless DC motors

23. Thc method of claim 18 wherein said invcrtcr is a
thrcc and onr-half lrg invcrtcr using zero-scqucncc compo-
nents to drive at least one brushless DC motor.

24. The method of. claim 14 wherein sairi electronic
control subsystem further compnses at least one device
selected frnm the group consisting of digital signal
processnrs, inverter controllers, sensors, and control wiring

25. Thr method of claini 24 whcrcin said sensors arc
sclcctcd from the group consisting of prcssure sensors,
temperature sensors, current sensors, and voltage sensors.

26. The method of claim 14 wherein said electronic
control subsystem controls the reingerauon subsystem
devices and electrical subsystem devices within set limits of
temperature, pressure, current, and voltage


