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1

THERMAL MANAGEMENT SYSTEM USING
A PHASE-CHANGE MATERIAL FOR

VEHICLE WITH ELECTRIC TRACTION
MOTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Applications No. 61/499, 776, filed Jun. 22, 2011 and
61/569, 515, filed Dec. 12, 2011, the disclosures of both of
which are incorporated by reference as if fully set forth in
detail herein.

FIELD

Aspects of this disclosure relate to vehicles that are pow-
ered at least partly by an electric motor and more particularly
to battery electric vehicles with no internal combustion
engine on board.

BACKGROUND

Vehicles offer the promise of powered transportation
through the use of electric motors while producing few or no
emissions. Some electric vehicles are powered by electric
motors only and rely solely on the energy stored in an on-

board battery pack. Other electric vehicles are hybrids, and
include an internal combustion engine, which may, for
example, be used to assist the electric motor in driving the
wheels (a parallel hybrid), or which may, for example, be used
solely to charge the on-board battery pack, thereby extending
the operating range of the vehicle (a series hybrid). In some
vehicles, there is a single, centrally-positioned electric motor
that powers one or more of the vehicle wheels, and in other
vehicles, one or more of the wheels have an electric motor
positioned at each driven wheel.

While currently proposed and existing vehicles are advan-
tageous in some respects over internal-combustion engine
powered vehicles, there are problems that are associated with
some electric vehicles. A particular problem is that their range
is typically relatively short as compared to internal combus-
tion engine-powered vehicles. This is particularly true for
battery electric vehicles that are not equipped with range
extender engines. A reason for this limitation is the weight
and cost of the battery packs used to store energy for the
operation of such vehicles. It would be beneficial to provide
technology that improves the efficiency with which power is
used in the operation of the vehicle, so as to improve the range
of such vehicles.

SUMMARY

In a first aspect, a thermal management system is provided
for an electric vehicle. The thermal management system
includes a motor circuit for cooling a motor circuit thermal
load and a second circuit, which may be, for example, a cabin
heating circuit for heating a cabin heater or a battery circuit
for managing the temperature of a battery circuit thermal
load. The second circuit can be isolated from the motor circuit
so that the coolant in the second circuit can be brought to a
temperature that is di fferent from the temperature ofthe cool-
ant in the motor circuit. In an embodiment, a single valve can
be moved from a first position wherein coolant flow passes
between two of the circuits to a second position wherein the
two circuits are fluidically isolated from each other.
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In a particular embodiment of the first aspect, the thermal
management system includes a motor circuit, a cabin heating
circuit for heating a passenger cabin, a motor circuit tempera-
ture sensor, and a control system. The motor circuit is con-
figured for cooling a motor circuit thermal load including the
traction motor. The motor circuit thermal load has a motor
circuit thermal load inlet and a motor circuit thermal load
outlet. The motor circuit includes a radiator, a first motor
circuit conduit fluidically between the radiator and the motor
circuit thermal load inlet, a second motor circuit conduit
fluidically between the radiator and the motor circuit thermal
load outlet, and a motor circuit pump positioned to pump
coolant through the motor circuit. The cabin heating circuit is
configured for heat exchange with a cabin heating circuit
thermal load which includes a cabin heater for heating the
cabin. The cabin heating circuit thermal load has a cabin
heating circuit thermal load inlet and a cabin heating circuit
thermal load outlet, a first cabin heating circuit conduit flu-

idically between the motor circuit and the cabin heating cir-
cuit thermal load inlet, a second cabin heating circuit conduit
fluidically between the cabin heating circuit thermal load
outlet and the motor circuit, a third cabin heating circuit
conduit fluidically between the second and first cabin heating
circuit conduits, a cabin heating circuit heater positioned to
heat coolant in the cabin heating circuit, a cabin heating
circuit valve positionable in a first position wherein coolant
flow between the motor circuit and the cabin heating circuit is
substantially prevented and a second position wherein cool-
ant flow between the motor circuit and the cabin heating
circuit is permitted, and a cabin heating circuit pump posi-
tioned to pump coolant through the cabin heating circuit. The
motor circuit temperature sensor is positioned to detect the
temperature of coolant in the second motor circuit conduit.
The control system is operatively connected to the cabin
heating circuit valve, the cabin heating circuit heater and to
the cabin heating circuit pump. The control system is pro-
grammed such that when the cabin heating circuit thermal
load requires heat and the temperature sensed by the motor
circuit temperature sensor is sufficiently high the control sys-
tem turns off the cabin heating circuit heater and moves the
cabin heating circuit valve to the second position, and when
the cabin heating circuit thermal load requires heat and the
temperature sensed by the motor circuit temperature sensor is
sufficiently low the control system turns on the cabin heating
circuit heater, operates the cabin heating circuit pump and
moves the cabin heating circuit valve to the first position.

In another particular embodiment of the first aspect, the
thermal management system includes a motor circuit, a bat-
tery circuit for controlling the temperature of a battery circuit
thermal load which includes at least one battery pack, a motor
circuit temperature sensor, and a control system. The motor
circuit is configured for cooling a motor circuit thermal load
including the traction motor. The motor circuit thermal load
has a motor circuit thermal load inlet and a motor circuit
thermal load outlet. The motor circuit includes a radiator, a
first motor circuit conduit fluidically between the radiator and
the motor circuit thermal load inlet, a second motor circuit
conduit fluidically between the radiator and the motor circuit
thermal load outlet, and a motor circuit pump positioned to
pump coolant through the motor circuit. The battery circuit is
configured for controlling the temperature ofa battery circuit
thermal load which includes the at least one battery pack. The
battery circuit thermal load has a battery circuit thermal load
inlet and a battery circuit thermal load outlet. The battery
circuit includes a first battery circuit conduit fluidically
between the motor circuit and the battery circuit thermal load
inlet, a second battery circuit conduit fluidically between the
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battery circuit thermal load outlet and the motor circuit, a
third battery circuit conduit fluidically between the second
battery circuit conduit and the first battery circuit conduit, a
battery circuit heater positioned to heat coolant in the battery
circuit, a battery circuit valve positionable in a first position
wherein coolant flow between the motor circuit and the bat-
tery circuit is substantially prevented and a second position
wherein coolant flow between the motor circuit and the bat-
tery circuit is permitted, and a battery circuit pump positioned
to pump coolant through the battery circuit. The motor circuit
temperature sensor is positioned to detect the temperature of
coolant in the second motor circuit conduit. The control sys-
tem is operatively connected to the battery circuit valve, the
battery circuit heater and to the battery circuit pump. The
control system is programmed such that when heating of the
battery circuit thermal load is required and the temperature
sensed by the motor circuit temperature sensor is sufficiently
high the control system turns off the battery circuit heater and
moves the battery circuit valve to the second position, and
when heating of the battery circuit thermal load is required
and the temperature sensed by the motor circuit temperature
sensor is sufficiently low the control system turns on the
battery circuit heater, operates the battery circuit pump and
moves the battery circuit valve to the first position.

In a second aspect, a thermal management system is pro-
vided for an electric vehicle including a motor circuit for
cooling a motor circuit thermal load, a cabin heating circuit
for heating a cabin heater and a battery circuit for managing
the temperature of a battery circuit thermal load. All of these
circuits can fluidically communicate with each other and a
single radiator can cool the coolant from all of these circuits.
In an embodiment, the system includes a main cooling circuit
which includes a compressor and a condenser.

In a particular embodiment of the second aspect, the ther-
mal management system includes a motor circuit, a cabin
heating circuit for heating a passenger cabin, a battery circuit
for controlling the temperature of a battery circuit thermal
load which includes at least one battery pack, a motor circuit
temperature sensor, and a control system. The motor circuit is
configured for cooling a motor circuit thermal load including
the traction motor. The motor circuit thermal load has a motor
circuit thermal load inlet and a motor circuit thermal load
outlet. The motor circuit includes a radiator, a first motor
circuit conduit fluidically between the radiator and the motor
circuit thermal load inlet, a second motor circuit conduit
fluidically between the radiator and the motor circuit thermal
load outlet, and a motor circuit pump positioned to pump
coolant through the motor circuit. The cabin heating circuit is
configured for heat exchange with a cabin heating circuit
thermal load which includes a cabin heater for heating the
cabin. The cabin heating circuit thermal load has a cabin
heating circuit thermal load inlet and a cabin heating circuit
thermal load outlet, a first cabin heating circuit conduit flu-

idically between the motor circuit and the cabin heating cir-
cuit thermal load inlet, a second cabin heating circuit conduit
fluidically between the cabin heating circuit thermal load
outlet and the motor circuit, a third cabin heating circuit
conduit fluidically between the second and first cabin heating
circuit conduits, a cabin heating circuit heater positioned to
heat coolant in the cabin heating circuit, a cabin heating
circuit valve positionable in a first position wherein coolant
flow between the motor circuit and the cabin heating circuit is
substantially prevented and a second position wherein cool-
ant flow between the motor circuit and the cabin heating
circuit is permitted, and a cabin heating circuit pump posi-
tioned to pump coolant through the cabin heating circuit. The
motor circuit temperature sensor is positioned to detect the
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temperature of coolant in the second motor circuit conduit.
The battery circuit is configured for controlling the tempera-
ture of a battery circuit thermal load which includes the at
least one battery pack. The battery circuit thermal load has a
battery circuit thermal load inlet and a battery circuit thermal
load outlet. The battery circuit includes a first battery circuit
conduit fluidically between the motor circuit and the battery
circuit thermal load inlet, a second battery circuit conduit
fluidically between the battery circuit thermal load outlet and
the motor circuit, a third battery circuit conduit fluidically
between the second battery circuit conduit and the first bat-
tery circuit conduit, a battery circuit heater positioned to heat
coolant in the battery circuit, a battery circuit valve position-
able in a first position wherein coolant flow between the
motor circuit and the battery circuit is substantially prevented
and a second position wherein coolant flow between the
motor circuit and the battery circuit is permitted, and a battery
circuit pump positioned to pump coolant through the battery
circuit. The control system is operatively connected to the
cabin heating circuit valve to control the flow of coolant
between the motor circuit and the cabin heating circuit and
operatively connected to the battery circuit valve to control
the flow of coolant between the motor circuit and the battery
circuit, such that heat transferred to coolant in the motor
circuit by the motor circuit thermal load is removed from the
coolant by at least one of the group selected from the cabin
heating circuit thermal load, the battery circuit thermal load
and the radiator.

In a third aspect, a thermal management system is provided
for an electric vehicle including a traction motor and at least
one battery pack. The thermal management system is capable
of heating the at least one battery pack using a low voltage
heater.

The thermal management system includes a battery circuit
that is configured for controlling the temperature of a battery
circuit thermal load including the at least one the battery pack,
and including a battery circuit thermal load inlet and a battery
circuit thermal load outlet. The battery circuit includes a first
battery circuit conduit extending to the battery circuit thermal
load inlet, a second battery circuit conduit from the battery
circuit thermal load outlet, a third battery circuit conduit
fluidically between the second battery circuit conduit and the
first battery circuit conduit, and a battery circuit pump in the
first battery circuit conduit configured to pump coolant
through the battery circuit. The thermal management system
includes a battery charge control module. When the vehicle is
plugged into an electrical source the battery charge control
module receives energy from the electrical source and pro-
cesses the energy for storage in the at least one battery pack.
When the at least one battery pack is below a selected battery
pack temperature and the vehicle is plugged into an electrical
source the control system is programmed to position the
battery circuit valve in the second position wherein heat gen-
erated in the battery charge control module heats coolant
passing through therethrough. The coolant is circulated to the
at least one battery pack to heat the at least one battery pack.
A battery circuit heater is positioned to heat coolant in the
battery circuit. The battery circuit heater is configured to
operate with an inlet voltage of 12 VDC.

In a fourth aspect, a thermal management system for an
electric vehicle including a traction motor and at least one
battery pack. The thermal management system includes a
motor circuit a battery circuit, a main cooling circuit, a motor
circuit temperature sensor and a control system. The motor
circuit is configured for cooling a motor circuit thermal load
including the traction motor. The motor circuit thermal load
has a motor circuit thermal load inlet and a motor circuit
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thermal load outlet. The motor circuit includes a radiator, a
first motor circuit conduit fluidically between the radiator and
the motor circuit thermal load inlet, a second motor circuit
conduit fluidically between the radiator and the motor circuit
thermal load outlet, and a motor circuit pump positioned to

pump coolant through the motor circuit. The battery circuit is
configured for controlling the temperature of a battery circuit
thermal load which includes the at least one battery pack. The
battery circuit thermal load has a battery circuit thermal load
inlet and a battery circuit thermal load outlet. The battery
circuit includes a first battery circuit conduit fluidically
between the second motor circuit conduit upstream from the
radiator and the battery circuit thermal load inlet, a second
battery circuit conduit fluidically between the battery circuit
thermal load outlet and the first motor circuit conduit, a third

battery circuit conduit fluidically between the second battery
circuit conduit and the first battery circuit conduit, a chiller
positioned to cool coolant in the battery circuit, the chiller
having a refrigerant inlet and a refrigerant outlet, a battery
circuit valve positionable in a first position wherein coolant
flow between the motor circuit and the battery circuit is sub-
stantially prevented and a second position wherein coolant
flow between the motor circuit and the battery circuit is per-
mitted, and a battery circuit pump positioned to pump coolant
through the battery circuit. The main cooling circuit includes
a compressor, a first cooling circuit conduit positioned
upstream of the compressor and positioned for receiving
refrigerant from the refrigerant outlet of the evaporator and
for receiving refrigerant from the refrigerant outlet of the
chiller, a condenser positioned downstream from the com-
pressor, a second cooling circuit conduit positioned down-
stream of the condenser and positioned for delivering refrig-
erant to the refrigerant inlet of the chiller and to the refrigerant
inlet of the evaporator and a chiller refrigerant flow control
valve positioned for controlling the flow of refrigerant
through the chiller. The motor circuit temperature sensor is
positioned to detect the temperature of coolant in the second
motor circuit conduit. The control system is operatively con-
nected to the chiller refrigerant flow control valve, the evapo-
rator refrigerant flow control valve, the battery circuit valve,
the battery circuit pump and the compressor. The control
system is programmed to open the chiller refrigerant flow
control valve based on a comparison of the temperature
sensed by the motor circuit temperature sensor and a target
temperature for the battery circuit thermal load, and to open
the evaporator refrigerant flow control valve based on a tem-
perature setting of a climate control system for the passenger
cabin.

Another aspect relates to the use of a phase-change mate-
rial as part of the thermal management system to assist in
maintaining the one or more battery packs in the vehicle
within a selected temperature range, thereby reducing the
consumption of battery power for that purpose. In particular
the phase-change material may be conditioned to an initial
state when the vehicle is on-plug and may be used to heat or
cool the battery pack directly or indirectly, thereby reducing
the use of an electric battery heater. In one embodiment the
phase-change material may be used to heat coolant that flows
to the battery pack. In another embodiment the phase-change
material may be directly within the battery pack in contact
with the cells. The phase-change material may itself be
recharged (ke. conditioned to an initial state) via the battery
circuit heater (or some other heating means) when the vehicle
is on-plug. The phase-change material may also be recharged
during vehicle use off-plug using waste heat from the motor
circuit thermal load.
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Another aspect relates to the use of a phase-change mate-
rial as part of the thermal management system to assist in
heating the cabin in the vehicle, thereby reducing the con-
sumption of battery power for that purpose. The phase-
change material may be conditioned to an initial state when
the vehicle is on-plug and may be used to heat coolant that
enters the cabin heater thereby reducing the use of an electric
cabin circuit heater for heating the coolant. The phase-change
material may itself be conditioned via the cabin circuit heater
(or some other heating means) when the vehicle is on-plug.
The phase-change material may also be recharged during
vehicle use off-plug using waste heat from the motor circuit
thermal load.

Yet another aspect relates to the use of a phase-change
material as part of the cooling circuit for the thermal manage-
ment system. The phase-change material may, for example,
be downstream from the evaporator and upstream from the
compressor (ke. on the suction line). In another embodiment,
the phase-change material may, for example, be downstream
from the condenser and upstream from the thermal expansion
valve and evaporator (ke. on the liquid line).

In yet another embodiment, phase-change material could
be used as an internal heat exchanger (IHX), contacting both
the suction and liquid lines.

Yet another aspect relates to the use of a phase-change
material module containing a phase-change material that is
connected to both the battery circuit and to the cabin heating
circuit. Draw and return conduits extend between the phase-
change material and the cabin heating and battery circuits. A
suitable control valve system is provided to permit the flow
from either the cabin heating circuit or the battery circuit to be
passed through a heat exchanger containing the phase-change
material. The phase-change material is connected to a heating
source for recharging when the vehicle is on-plug. Optionally
the phase-change material is also connected to the motor
circuit for recharging during use of the vehicle off-plug.

In yet another aspect, the phase-change material module
may contain a plurality of phase-change materials each of
which has a selected transition temperature to handle differ-
ent temperature needs for the coolant flows. For example, one
phase-change material that is at a higher temperature (e.g. 85
degrees Celsius) may be used to heat coolant when needed,
while another phase-change material at a transition tempera-
ture of 0 degrees Celsius may be used to cool coolant when
needed.

In yet another aspect, a thermal management system is
provided for a vehicle having an electric traction motor, a
battery pack and a passenger cabin, including The thermal
management system includes a motor circuit, a battery cir-
cuit, a first phase-change material module, a second phase-
change material module, and a valve system. The motor cir-
cuit is configured for circulating coolant through a motor
circuit thermal load including the traction motor. The cabin
heating circuit is configured for circulating coolant through a
cabin circuit thermal load including a cabin heater core. The
battery circuit is configured for circulating coolant through a
battery circuit thermal load including the battery pack. The
first phase-change material module includes a first phase-
change material that has a selected first transition tempera-
ture. The second phase-change material module includes a
second phase-change material that has a selected second tran-
sition temperature. The valve system is configured for con-
trolling the flow of coolant through the first phase-change
material module from the cabin heating circuit, optionally
based at least in part on the temperature of the coolant in
relation to the first transition temperature of the first phase-
change material, and for controlling the flow of coolant
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through the second phase-change material module from the
battery circuit, optionally based at least in part on the tem-

perature of the coolant in relation to the second transition
temperature of the second phase-change material.

In yet another aspect, a thermal management system is
provided for a vehicle having an electric traction motor, a
battery pack and a passenger cabin. The thermal management
system includes a motor circuit, a battery circuit, a phase-
change material module and at least one phase-change mate-
rial module flow control valve. The motor circuit is config-
ured for circulating coolant through a motor circuit thermal
load including the traction motor. The battery circuit is con-
figured for circulating coolant through a battery circuit ther-
mal load including the battery pack. The motor circuit is
selectably fluidically communicable with the battery circuit.
The phase-change material module includes a phase-change
material that has a selected transition temperature. The phase-
change material extends between a plurality of adjacent pairs
of cells of the battery pack. The at least one phase-change
material module flow control valve positioned for controlling
the flow ofcoolant through the phase-change material module
from the motor circuit.

In yet another aspect, a thermal management system is
provided for a vehicle having an electric traction motor, a
battery pack and a passenger cabin. The thermal management
system includes a motor circuit, a cabin heating circuit, a
phase-change material module and at least one phase-change
material module flow control valve. The motor circuit is con-
figured for circulating coolant through a motor circuit thermal
load including the traction motor. The cabin heating circuit is
configured for circulating coolant through a cabin circuit
thermal load including a cabin heater core. The motor circuit
is selectably fluidically communicable with the cabin heating
circuit. The phase-change material module includes a phase-
change material that has a selected transition temperature.
The at least one phase-change material module flow control
valve is positioned for controlling the flow ofcoolant through
the phase-change material module from at least one of the
motor circuit and the cabin heating circuit, optionally based at
least in part on the temperature of the coolant in relation to the
transition temperature of the phase-change material.

In yet another aspect, a thermal management system is
provided for a vehicle having an electric traction motor, a
battery pack and a passenger cabin. The thermal management
system includes a motor circuit, a battery circuit, a phase-
change material module and at least one phase-change mate-
rial module flow control valve. The motor circuit is config-
ured for circulating coolant through a motor circuit thermal
load including the traction motor. The battery circuit is con-
figured for circulating coolant through a battery circuit ther-
mal load including the battery pack. The motor circuit is
selectably fluidically communicable with the battery circuit.
The phase-change material module includes a phase-change
material that has a selected transition temperature. The at
least one phase-change material module flow control valve is
positioned for controlling the flow of coolant through the
phase-change material module from at least one of the motor
circuit and the battery circuit, optionally based at least in part
on the temperature of the coolant in relation to the transition
temperature of the phase-change material.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will now be described, by way of example
only, with reference to the attached drawings, in which:

FIG. 1 is a perspective view of an electric vehicle that
includes a thermal management system;
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FIG. 2 is a schematic illustration ofa thermal management
system for the electric vehicle;

FIG. 3 is a graph ofthe temperature ofbattery packs that are
part of the electric vehicle shown in FIG. 1;

FIG. 4 is a schematic illustration ofa thermal management
system for the electric vehicle including a phase-change
material module containing a phase-change material for a
battery circuit;

FIG. 5 is a schematic illustration ofa thermal management
system for the electric vehicle including a phase-change
material module containing a phase-change material for a
cabin heating circuit;

FIG. 6 is a schematic illustration ofa thermal management
system for the electric vehicle including a phase-change
material module containing a phase-change material for a
cooling circuit;

FIG. 7 is a schematic illustration ofa thermal management
system for the electric vehicle including a phase-change
material module containing a phase-change material for the
battery circuit, the cabin heating circuit and a motor circuit;

FIG. S is a schematic illustration ofa thermal management
system for the electric vehicle including a phase-change
material module containing two phase-change materials for
the battery circuit, the cabin heating circuit and a motor
circuit;

FIG. Sa is a magnified schematic view of a phase-change
material module shown in FIG. S;

FIG. 9 is a sectional side view ofa portion ofa battery pack
in the vehicle shown in FIG. 1, with a phase-change material
between cells in the battery pack; and

FIG. 10 is a schematic illustration of a control system
shown in FIG. 2.

DETAILED DESCRIPTION

In this specification and in the claims, the use of the article
"a", "an", or "the" in reference to an item is not intended to
exclude the possibility of including a plurality of the item in
some embodiments. It will be apparent to one skilled in the art
in at least some instances in this specification and the attached
claims that it would be possible to include a plurality of the
item in at least some embodiments.

Reference is made to FIG. 2, which shows a schematic
illustration ofa thermal management system 10 for an electric
vehicle 12 shown in FIG. 1.The term 'electric vehicle' as used
herein denotes a vehicle that includes an electric traction
motor (which may be referred to simply as an 'electric
motor', a 'traction motor' or a 'motor' for convenience). The
electric vehicle 10 may also include an internal combustion
engine, or alternatively it may lack an internal combustion
engine. In embodiments wherein an internal combustion
engine is provided, the engine may be operated simulta-
neously with the electric traction motor (parallel hybrid), or it
may be operated only when the battery pack 16 for the electric
traction motor has been substantially depleted (or depleted to
a minimum acceptable state of charge). In embodiments
wherein the engine is provided, the function of the engine
may be to propel the vehicle, to charge the battery pack, both
propelling the vehicle and charging the battery pack, or for
some other reason. Furthermore, the electric vehicle 12 may
be any suitable type of vehicle, such as, for example, an
automobile, a truck, an SUV, a bus, a van or any other type of
vehicle.

The electric vehicle 12 includes wheels 13,a traction motor
14 for driving the wheels 13, first and second battery packs
16a and 16b, a cabin 1S, a high voltage electrical system 20
(FIG. 2) and a low voltage electrical system 22 (FIG. 2).
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The motor 14 may have any suitable configuration for use
in powering the electric vehicle 12. The motor 14 may be
mounted in a motor compartment that is forward of the cabin
1S and that is generally in the same place an engine compart-
ment is on a typical internal combustion powered vehicle.
Referring to FIG. 2, the motor 14 generates heat during use
and thus requires cooling. To this end, the motor 14 includes
a motor coolant flow conduit for transporting coolant about
the motor 14 so as to maintain the motor within a suitable
temperature range. The term 'coolant' denotes a coolant that
is transported through and/or around components for control-
ling the temperature of those components. The coolant may in
some instances draw heat from the components so as to cool
the components, or, in other instances, the coolant may trans-
fer heat contained therein to the components so as to heat the
components.

A transmission control system shown at 2S is part of the
high voltage electrical system 20 and is provided for control-
ling the current flow to high voltage electrical loads within the
vehicle 12, such as the motor 14, an air conditioning com-
pressor 30, a heater 32 and a DC/DC converter 34. The trans-
mission control system 2S generates heat during use and thus
has a transmission control system coolant flow conduit asso-
ciated therewith, for transporting coolant about the transmis-
sion control system 2S so as to maintain the transmission
control system 2S within a suitable temperature range. The
transmission control system 2S may be positioned immedi-
ately upstream fluidically from the motor 14.

The DC/DC converter 34 receives current from the trans-
mission control system 2S and converts it from high voltage to
low voltage. The DC/DC converter 34 sends the low voltage
current to a low voltage battery shown at 40, which is used to
power low voltage loads in the vehicle 12. The low voltage
battery 40 may operate on any suitable voltage, such as 12 V.

The battery packs 16a and 16b send power to the transmis-
sion control system 2S for use by the motor 14 and other high
voltage loads and thus form part of the high voltage electrical
system 20. The battery packs 16a and 16b may be any suitable

types of battery packs. In an embodiment, the battery packs
16a and 16b are each made up of a plurality of lithium poly-
mer cells. The battery packs 16a and 16b have a temperature
range (shown in FIG. 3) in which the battery packs 16a and
16b may be maintained so as to provide them with a relatively
long operating life. While two battery packs 16a and 16b are
shown, it is alternatively possible to have any suitable number

of battery packs, such as one battery pack, or 3 or more battery
packs depending on the packaging constraints of the vehicle
12.

A battery charge control module shown at 42 is provided
and is configured to connect the vehicle 12 to an electrical
source (e.g. a 110V source, or a 220V source) shown at 44,
and to send the current received from the electrical source 44
to any of several destinations, such as, the battery packs 16a
and 16b, the transmission control system 2S and the low
voltage battery 40. The battery charge control module 42
generates heat during use and thus requires cooling. To this
end, the battery charge control module 42 includes a battery
charge control module coolant flow conduit for transporting
coolant about the battery charge control module 42 from a
battery charge control module inlet 4 to a battery charge
control module outlet 26 so as to maintain the battery charge
control module 42 within a suitable temperature range.

An HVAC system 46 is provided for controlling the tem-
perature of the cabin 1S (FIG. 1).The HVAC system 46 is
configured to be capable of both cooling and heating the cabin
1S.To achieve this, the HVAC system 46 may include one or
more heat exchangers, such as a cabin heating heat exchanger
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47 and a cabin cooling heat exchanger 4S (which may be
referred to as evaporator 4S). The cabin heating heat
exchanger 47 has a coolant inlet 49 and a coolant outlet 50 and
is used to heat an air flow that is passed into the cabin 1S.The
cabin cooling heat exchanger 4S includes a refrigerant inlet
51 and a refrigerant outlet 52, and is used to cool an air flow
that is passed into the cabin 1S.

The motor 14, the transmission control system 2S, the
DC/DC converter 34, the battery packs 16a and 16b, the
battery charge control module 42 and the HVAC system 46
constitute thermal loads on the thermal management system
10.

The thermal management system 10 includes a motor cir-
cuit 56, a cabin heating circuit 5S, a battery circuit 60 and a
main cooling circuit 62. The motor circuit 56 is configured for
cooling the traction motor 14, the transmission control system
2S and the DC/DC converter 34, which constitute a motor
circuit thermal load 61, which has a motor circuit thermal
load inlet 63 and a motor circuit thermal load outlet 65. The
motor circuit 56 includes a radiator 64, a first motor circuit
conduit 66 fluidically between the radiator 64 to the motor
circuit thermal load inlet 63, a second motor circuit conduit
6S fluidically between the motor circuit thermal load outlet 65
and the radiator 64, and a motor circuit pump 70 positioned to
pump coolant through the motor circuit 56.

Additionally a third motor circuit conduit 74 may be pro-
vided fluidically between the second and first motor circuit
conduits 6S and 66 so as to permit the flow of coolant to
bypass the radiator 64 when possible (e.g. when the coolant is
below a selected threshold temperature). To control whether
the flow of coolant is directed through the radiator 64 or
through the third motor circuit conduit 74, a radiator bypass
valve 75 is provided and may be positioned in the second
motor circuit conduit 6S. The radiator bypass valve 75 is
controllable so that in a first position it directs the flow of
coolant to the radiator 64 through the second motor circuit
conduit 6S and in a second position it directs the flow of
coolant to the first motor circuit conduit 66 through the third
motor circuit conduit 74, so as to bypass the radiator 64. Flow
through the third motor circuit conduit 74 is easier than flow
through the radiator 64 (ke. there is less of a pressure drop
associated with flow through the third conduit than there is
with flow through the radiator 64) and so bypassing the radia-
tor 64 whenever possible, reduces the energy consumption of
the pump 70. By reducing the energy consumed by compo-
nents in the vehicle 12 (FIG. 1), the range of the vehicle can
be extended, which is particularly advantageous in electric
vehicles.

It will be noted that only a single radiator bypass valve 75
is provided for bypassing the radiator 64. When the radiator
bypass valve 75 is in the first position, all of the coolant flow
is directed through the second conduit 6S, through the radia-
tor 64 and through the first conduit 66. There is no net flow
through the third conduit 74 because there is no net flow into
the third conduit. Conversely, when the radiator bypass valve
75 is in the second position, all of the coolant flow is directed
through the third conduit 74 and back to the first conduit 66.
There is no net flow through the radiator 64 because there is
no net flow into the radiator 64. Thus, using only a single
valve (ke. the bypass valve 75) provides the capability of
selectably bypassing the radiator 64, instead of using one
valve at the junction of the second and third conduits 6S and
74 and another valve at the junction of the first and third
conduits 66 and 74. As a result of using one valve (ke. valve
75) instead of two valves, the motor circuit 56 contains fewer
components, thereby making it less expensive, simpler to
make and to operate and more reliable. Furthermore by elimi-
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nating one valve, the energy required to move the coolant
through the motor circuit 56 is reduced, thereby reducing the
energy consumed by the pump 70 and extending the range of
the vehicle 12 (FIG. 1).

The pump 70 may be positioned anywhere suitable, such as
in the first motor circuit conduit 66.

The elements that make up the motor circuit thermal load
may be arranged in any suitable way. For example, the
DC/DC converter 34 may be downstream from the pump 70
and upstream from the transmission control system 2S, and
the motor 14 may be downstream from the transmission con-
trol system 2S. Thus, the inlet to the DC/DC converter 34
constitutes the thermal load inlet 63 and the motor outlet
constitutes the thermal load outlet 65.

A motor circuit temperature sensor 76 is provided for
determining the temperature of coolant at a selected point in
the motor circuit 56. As an example, the motor circuit tem-
perature sensor 76 may be positioned downstream from all
the thermal loads in the motor circuit 56, so as to record the
highest temperature of the coolant. Based on this tempera-
ture, a control system, shown at 7S can determine whether or
not to position the radiator bypass valve 75 in a first position
wherein the radiator bypass valve 75 transfers the flow of
coolant towards the radiator 64 and a second position wherein
the radiator bypass valve 75 bypasses the radiator 64 and
transfers the flow of coolant through the third motor circuit
conduit 74 back to the first motor circuit conduit 66.While the
control system 7S has been shown in FIG. 2 as a single block,
it will be understood by persons skilled in the art that in
practice the control system 7S may be a complex distributed
control system having multiple individual controllers con-
nected to one another over a communications area network.

The cabin heating circuit 5S is configured for providing
heated coolant to the HVAC system 46 such as, for example,
to the cabin heating heat exchanger 47, which constitutes the
cabin heating circuit thermal load. The cabin heating circuit
5S includes a first cabin heating circuit conduit SO fluidically
between the second motor circuit conduit 6S and the cabin
heating heat exchanger inlet 49 (which in the embodiment
shown is the inlet to the cabin heating circuit thermal load), a
second cabin heating circuit conduit S2 fluidically between
the cabin heating circuit heat exchanger outlet 50 (which in
the embodiment shown is the outlet from the cabin heating
circuit thermal load) to the motor circuit 56. In the embodi-
ment shown the second cabin heating circuit conduit S2
extends to the third motor circuit conduit 74. This is because
the cabin heating heat exchanger 47 serves to cool the coolant
by some amount, so that the resulting cooled coolant need not
be passed through the radiator 64 in the motor circuit 56. By
reducing the volume of coolant that passes through the radia-
tor 64, energy consumed by the pump 70 is reduced, thereby
extending the range of the vehicle 12 (FIG. 1). It will be
understood that in an alternative embodiment however, the
second cabin heating circuit conduit S2 may extend to the
second motor circuit conduit 6S downstream so that the cool-
ant contained in the second cabin heating circuit conduit S2
passes through the radiator 64.

In some situations the coolant will not be sufficiently hot to
meet the demands of the HVAC system 46. For such situa-

tions, the heater 32 which may be referred to as the cabin
heating circuit heater 32 is provided in the first cabin heating
circuit conduit SO. The cabin heating circuit heater 32 may be
any suitable type of heater, such as an electric heater that is
one of the high voltage electrical components fed by the
transmission control system 2S.

A third cabin heating circuit conduit S4 may be provided
between the second and first cabin heating circuit conduits S2
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and SO. A cabin heating circuit pump S6 is provided in the
third conduit S4. In some situations it will be desirable to
circulate coolant through the cabin heating circuit 5S and not
to transfer the coolant back to the motor circuit 56. For
example, when the coolant is being heated by the heater 32 it
may be advantageous to not transfer the coolant back to the
motor circuit 56 since the coolant in the motor circuit 56 is
used solely for cooling the thermal load 61 and it is thus
undesirable to introduce hot coolant into such a circuit. For
the purpose of preventing coolant from being transferred
from the cabin heating circuit 5S back to the motor circuit 56,
a cabin heating circuit valve SS is provided. In the embodi-
ment shown, the cabin heating circuit valve SS is positioned in
the second motor circuit conduit 6S and is positionable in a
first position wherein the valve SS directs coolant flow
towards the radiator 64 through the second motor circuit
conduit 6S, and a second position wherein the valve SS directs
coolant flow towards the cabin heater heat exchanger 47
through the first cabin heating circuit conduit SO. In this way,
the motor circuit 56 is selectably fluidically communicable
with the cabin heating circuit 5S.

When the cabin heating circuit valve SS is in the second
position, the pump S6 may operate at a selected, low, flow rate
to prevent the coolant flow from short circuiting the cabin
heating circuit by flowing up the third conduit S4.

It will be noted that separation of the coolant flow through
the cabin heating circuit 5S and the motor circuit 56 is
achieved using a single valve (ke. valve SS) which is posi-
tioned at the junction of the second motor circuit conduit 6S
and the first cabin heating circuit conduit SO. When the valve
SS is positioned in the first position, coolant is directed
towards the radiator 64. There is no net flow out of the cabin
heating circuit 5S since there is no flow into the cabin heating
circuit 5S. When the valve SS is positioned in the second
position and the pump S6 is off, coolant is directed through
the cabin heating circuit 5S and back into the motor circuit 56.
When the valve SS is positioned in the first position and the
pump S6 is on, there is no net flow out of the second cabin
heating circuit conduit S2 as noted above, however, the pump
S6 generates a coolant circuit loop and drives coolant in a
downstream portion 90 of the first cabin heating circuit con-
duit SO, through the cabin heating heat exchanger 47, and
through an upstream portion 92 of the second cabin heating
circuit conduit S2, whereupon the coolant is drawn back into
the pump S6. Because this feature is provided using a single
valve (ke. valve SS), as opposed to using one valve at the
junction of the first cabin heating circuit conduit SO and the
motor circuit 56 and another valve at the junction of the
second cabin heating circuit conduit S2 and the motor circuit
56, the thermal management system 10 is made simpler and
less expensive, and it further saves energy consumption by
having fewer valves in the system 10 so as to reduce the
energy required by the pump 70 to pump liquid through such
valves.

Additionally, the valve SS combined with the pump S6
permit isolating heated coolant in the cabin heating circuit 5S
from the coolant in the motor circuit 56, thereby preventing
coolant that has been heated in the cabin heating circuit heater
32 from being sent to the radiator 64 to be cooled.

A cabin heating circuit temperature sensor 94 may be pro-
vided for determining the temperature of the coolant in the
cabin heating circuit 5S. The temperature sensor 94 may be
positioned anywhere suitable, such as downstream from the
cabin heating circuit heater 32. The temperature sensor 94
may communicate with the control system 7S so that the
control system 7S can determine whether or not to carry out
certain actions. For example, using the temperature sensed by
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the temperature sensor 94, the control system 7S can deter-
mine whether the heater 32 should be activated to meet the
cabin heating demands of the HVAC system 46.

The battery circuit 60 is configured for controlling the
temperature of the battery packs 16a and 16b and the battery
charge control module 42, which together make up the battery
circuit thermal load 96. A thermal load inlet is shown at 9S
upstream from the battery packs 16a and 16b and a thermal
load outlet is shown at 100 downstream from the battery
charge control module 42. The battery packs 16a and 16b are
in parallel in the battery circuit 60, which permits the coolant
flow to each of the battery packs 16a and 16b to be selected
individually so that each battery pack 16a or 16b receives as
much coolant as necessary to achieve a selected temperature
change. It may be possible to provide a means for adjusting
the flow ofcoolant that goes to each battery pack 16a and 16b
during use of the thermal management system 10, so that the
coolant flow can be adjusted to meet the instantaneous
demands of the battery packs 16a and 16b. After the coolant
has passed through the battery packs 16a and 16b, the coolant
is brought into a single conduit which passes through the
battery charge control module 42. While the battery packs
16a and 16b are shown in parallel in the battery circuit 60,
they could be provided in series in an alternative embodiment.

A first battery circuit conduit 102 extends between the
second motor circuit conduit 6S and the battery circuit ther-
mal load inlet 9S. A second battery circuit conduit 104
extends between the thermal load outlet 100 and the first
motor circuit conduit 66.A battery circuit pump 106 may be
provided for pumping coolant through the battery circuit 60 in
situations where the battery circuit 60 is isolated from the
motor circuit 56.A battery circuit heater 108 is provided in the
first conduit 102 for heating coolant upstream from the ther-
mal load 96 in situations where the thermal load 96 requires
such heating. The battery circuit heater 10S may operate on
current from a low voltage current source, such as the low
voltage battery 40. This is discussed in further detail further
below.

A third battery circuit conduit 110may be provided fluidi-
cally between the second and first battery circuit conduits 102
and 104 so as to permit the flow of coolant in the battery
circuit 60 to be isolated from the flow of coolant in the motor
circuit 56.A chiller 112may be provided in the third conduit
110 for cooling coolant upstream from the thermal load 96
when needed.

A battery circuit valve 114 is provided in the second con-
duit 104 and is po sitionab le in a first position wherein the flow
of coolant is directed towards the first motor circuit conduit
66 and in a second position wherein the flow of coolant is
directed into the third battery circuit conduit 114 towards the
first battery circuit conduit 102. In this way, the motor circuit
56 is selectably fluidically communicable with the battery
circuit 60.

It will be noted that the flow in the battery circuit 60 is
isolated from the flow in the motor circuit 56 with only one
valve (ke. valve 114).When the valve 114 is in the second
position so as to direct coolant flow through the third conduit
110into the first conduit 102, there is effectively no flow from
the first motor circuit 56 through the first conduit 102 since
the loop made up of the downstream portion of the first
conduit 102, the thermal load 96, the second conduit 104 and
the third conduit 110 is already full of coolant. By using only
one valve (ke. valve 114) to isolate the battery circuit 60, the
amount of energy consumed by the pump 106 to pump cool-
ant around the battery circuit 60 is reduced relative to a similar
arrangement using two valves. Additionally, by using only
one valve the battery circuit is simpler (ke. the battery circuit
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has fewer components), which reduces the cost and which
could increase the reliability of the battery circuit.

A battery circuit temperature sensor 116 is provided for
sensing the temperature of the coolant in the battery circuit
60. The temperature sensor 116may be positioned anywhere
in the battery circuit 60, such as in the second conduit 104
downstream from the thermal load 96. The temperature from
the temperature sensor 116 can be sent to the control system
7S to determine whether to have the valve 114should be in the
first or second position and whether any devices (e.g. the
chiller 112, the heater 108) need to be operated to adjust the
temperature of the coolant in the first conduit 102.

The main cooling circuit 62 is provided for assisting in the
thermal management of the thermal loads in the HVAC sys-
tem 46 and the battery circuit 60. More particularly, the ther-

mal load in the HVAC system 46 is shown at 11Sand is made

up of the cabin cooling heat exchanger 4S (ke. the evaporator

48).
The components of the main cooling circuit 62 that are

involved in the cooling and management of the refrigerant
flowing therein include the compressor 30 and a condenser
122. A first cooling circuit conduit 126 extends from the
condenser 122 to a point wherein the conduit 126 divides into
a first branch 12S which leads to the HVAC system 46 and a
second branch 130 which leads to the battery circuit 60. A
second cooling circuit conduit 132has a first branch 134 (also
referred to as a third branch 134) that extends from the HVAC
system 46 to a joining point and a second branch 136 (also
referred to as a fourth branch 136) that extends from the
battery circuit 60 to the joining point. From the joining point,
the second cooling circuit conduit 132 extends to the com-
pressor 30 and from the compressor 30 to the inlet of the
condenser 122.

At the downstream end of the first branch 12S of the first
conduit 126 is a flow control valve 13S which controls the
flow of refrigerant into the cabin cooling heat exchanger 4S.
The upstream end ofthe first branch 134ofthe second conduit
132 is connected to the refrigerant outlet from the heat
exchanger 4S. It will be understood that the valve 13S could
be positioned at the upstream end of the first branch 134 ofthe
second conduit 132 instead. The valve 13Sis controlled by the
control system 7S and is opened when refrigerant flow is
needed through the heat exchanger 4S.

At the downstream end ofthe second branch 130of the first
conduit 126 is a flow control valve 140 which controls the
flow of refrigerant into the battery circuit chiller 112. The
upstream end of the second branch 136 of the second conduit
132 is connected to the refrigerant outlet from the chiller 112.
It will be understood that the valve 140 could be positioned at
the upstream end of the second branch 136 of the second
conduit 132 instead. The valve 140 is controlled by the con-
trol system 7S and is opened when refrigerant flow is needed
through the chiller 112.

The valves 13Sand 140 may be any suitable type ofvalves
with any suitable type of actuator. For example, they may be
solenoid actuated/spring return valves. Additionally thermo-
static expansion valves shown at 139 and 141 may be pro-
vided downstream from the valves 13S and 140.

A refrigerant pressure sensor 142 may be provided any-
where suitable in the cooling circuit 62, such as on the first
conduit 126 upstream from where the first conduit 126
divides into the first and second branches 12S and 130.The
pressure sensor 142 communicates pressure information
from the cooling circuit 62 to the control system 7S.

A fan shown at 144 is provided for blowing air on the
radiator 64 and the condenser 122 to assist in cooling and
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condensing the coolant and the refrigerant respectively. The
fan 144 is controlled by the control system 7S.

An expansion tank 124 is provided for removing gas that
can accumulate in other components such as the radiator 64.
The expansion tank 124 may be positioned at the highest
elevation of any fluid-carrying components of the thermal
management system. The expansion tank 124 may be used as
a point of entry for coolant into the thermal management
system 10 (ke. the system 10 may be filled with the coolant
via the expansion tank 124).

The control system 7S is described functionally as a single
unit, however the control system 7S may be made up of a
plurality ofunits that communicate with each other and which
each control one or more components of the thermal manage-
ment system 10, as well as other components optionally.

The logic used by the control system 7S to control the
operation of the thermal management system 10 depends on
which of several states the vehicle is in. The vehicle may be
onplug and off which means that the vehicle itself is off (e g.
the ignition key is out of its slot in the instrument panel) and
is plugged into an external electrical source (e.g. for recharg-
ing the battery packs 16a and 16b). The vehicle may be
off-plug and off, which means that the vehicle itself is off and
is not plugged into an external electrical source. The vehicle
may be off-plug and on, which means that the vehicle itself is
on and is not plugged into an external electrical source. The
logic used by the control system 7S may be as follows:

The control system 7S attends to the cooling requirements
ofthe thermal load 61 ofthe motor circuit 56 when the vehicle
is off-plug and when the vehicle is on. The control system 7S
determines a maximum permissible temperature for the cool-
ant and determines if the actual temperature of the coolant
exceeds it (based on the temperature sensed by the tempera-
ture sensor 76) by more than a selected amount (which is a
calibrated value, and which could be 0 for example). If so, the
control system operates the pump 70 to circulate the coolant
through the motor circuit 56. Initially when the vehicle enters
the state of being off-plug and on, the control system 7S may
default to a 'cooling off mode wherein the pump 70 is not
turned on, until the control system 7S has determined and
compared the aforementioned temperature values. In the
event that the vehicle is in a fault state, the control system 7S
may enter a motor circuit cooling fault mode. When the
control system 7S exits the fault state, the control system 7S
may pass to the 'cooling off mode.

The control system 7S attends to the heating and cooling
requirements of the cabin heating circuit 5S when the vehicle
is on-plug and when the vehicle is off-plug and on. The
control system 7S may have 3 cabin heating modes. The
control system 7S determines if the requested cabin tempera-
ture from the climate control system in the cabin 1S exceeds
the temperature sensed by a temperature sensor in the evapo-
rator 4S that senses the actual temperature in the cabin 1S by
a selected calibrated amount. If so, and if the vehicle is either
off plug and on or on-plug and there is sufficient power
available from the electrical source, and if the control system
7S determines if the temperature sensed by the temperature
sensor 76 is higher than the requested cabin temperature by a
selected calibrated amount. If the temperature sensed by the
temperature sensor 76 is higher, then the control system 7S
positions the cabin heating circuit valve SS in its second
position wherein flow is generated through the cabin heating
circuit 5S from the motor circuit 56 and the control system 7S
puts the cabin heating circuit heater 32 in the off position.
These settings make up the first cabin heating mode. If the
temperature sensed by the temperature sensor 76 is lower than
the requested cabin temperature by a selected calibrated
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amount, then the control system 7S positions the cabin heat-
ing circuit valve SS in the first position and turns on the pump
S6 so that flow in the cabin heating circuit 5S is isolated from
flow in the motor circuit 56, and the control system 7S addi-
tionally turns on the cabin heating circuit heater 32 to heat the
flow in the cabin heating circuit 5S. These settings make up
the second cabin heating mode.

If the temperature sensed by the temperature sensor 76 is
within a selected range of the requested temperature from the
climate control system then the control system 7S positions
the cabin heating circuit valve SS in the second position so
that flow in the cabin heating circuit 5S is not isolated from
flow in the motor circuit 56, and the control system turns the
heater 32 on. These settings make up the third cabin heating
mode. The selected range may be the requested temperature
from the climate control system minus the selected calibrated
value, to the requested temperature from the climate control
system plus the selected calibrated value.

The default state for the control system 7S when cabin
heating is initially requested may be to use the first cabin
heating mode.

The control system 7S may have one cabin cooling mode.
The control system 7S determines if the actual temperature of
the evaporator 4S is lower than the target temperature of the
evaporator 4S by more than a calibrated amount. If so, and if
the vehicle is either off plug and on or on-plug and there is
sufficient power available from the electrical source, then the
control system 7S turns on the compressor 30 and moves the
refrigerant flow control valve 13Sto the open position so that
refrigerant flows through the cabin cooling heat exchanger 4S
to cool an air flow that is passed into the cabin 1S.

The thermal management system 10 will enter a cabin
heating and cabin cooling fault mode when the vehicle is in a
fault state.

When the climate control system in the cabin 1S is set to a
'defrost' setting, the control system 7S will enter a defrost
mode, and will return to whichever heating or cooling mode
the control system 7S was in once defrost is no longer needed.

The default mode for the control system 7S with respect to
the cabin heating circuit 5S may be to have the cabin heating
circuit valve SS in the first position to direct flow towards the
radiator, and to have the heater 32 off, the pump S6 off. The
default mode for the control system 7S with respect to cooling
the cabin 1S may to be to have the refrigerant flow control
valve 13S in the closed position to prevent refrigerant flow
through the cabin cooling heat exchanger 4S, and to have the
compressor 30 off.

The control system 7S attends to the heating and cooling
requirements of the battery circuit 60 when the vehicle is
on-plug and is off, and when the vehicle is off-plug and is on.
The control system 7S may have three cooling modes for
cooling the battery circuit thermal load 96. The control sys-
tem 7S determines a desired battery pack temperature based
on the particular situation, and determines if a first cooling
condition is met, which is whether the desired battery pack
temperature is lower than the actual battery pack temperature

by a first selected calibrated amount. If the first cooling con-
dition is met, the control system 7S determines which of the
three cooling modes the control system 7S will operate in by
determining which, if any, of the following second and third
cooling conditions are met. The second condition is whether
the temperature sensed by the temperature sensor 76 is lower
than the desired battery pack temperature by a second
selected calibrated amount, which may, for example, be
related to the expected temperature rise that would be
incurred in the flow of coolant from the temperature sensor 76
to the battery circuit thermal load 96. If the second condition
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is met, then the control system 7S operates in a first battery
circuit cooling mode, wherein the control system 7S positions
the battery circuit valve 114 in the second position wherein
flow is generated through the battery circuit 60 from the
motor circuit 56 and the control system 7S puts the refrigerant
flow control valve 140 in the closed position preventing
refrigerant flow through the chiller 112.

The third cooling condition is whether the temperature
sensed by the temperature sensor 76 is greater than the desired
battery pack temperature by at least a third selected calibrated
amount, which may, for example, be related to the expected
temperature drop associated with the chiller 112.If the third
cooling condition is met, then the control system 7S operates
in a second battery circuit cooling mode wherein the control
system 7S positions the battery circuit valve 114 in the first
position and turns on the pump 106 so that flow in the battery
circuit 60 is isolated from flow in the motor circuit 56, and the
control system 7S additionally positions the flow control
valve 140 in the open position so that refrigerant flows
through the chiller 112 to cool the flow in the battery circuit
60.

If neither the second or third cooling conditions are met,
(ke. if the temperature sensed by the temperature sensor 76 is
greater than or equal to the desired battery pack temperature
minus the second selected calibrated amount and the tem-
perature sensed by the temperature sensor 76 is less than or
equal to the desired battery pack temperature plus the third
selected calibrated amount, then the control system 7S oper-
ates in a third battery circuit cooling mode wherein the control
system 7S positions the battery circuit valve 114 in the second
position so that flow in the battery circuit 60 is not isolated
from flow in the motor circuit 56, and the control system 78
turns the chiller 112 on.

It will be understood that in any of the battery circuit
cooling modes, the control system 7S turns the battery circuit
heater 10S off.

The default state for the control system 7S when battery
circuit thermal load cooling is initially requested may be to
use the first battery circuit cooling mode.

The control system 7S may have three battery circuit heat-

ing modes. The control system 7S determines a desired bat-
tery circuit thermal load temperature based on the particular
situation, and determines whether a first heating condition is
met, which is whether the desired battery pack temperature is
higher than the actual battery pack temperature by a first
selected calibrated amount. If the first heating condition is
met, the control system 7S determines which of the three
heating modes the control system 7S will operate in by deter-
mining which, if any, of the following second and third heat-
ing conditions are met. The second heating condition is
whether the temperature sensed by the temperature sensor 76
is higher than the desired battery pack temperature by a sec-
ond selected calibrated amount that may, for example, be
related to the expected temperature drop of the coolant as the
coolant flows from the temperature sensor 76 to the battery
circuit thermal load 96. If the second condition is met, then
the control system 7S operates in a first battery circuit heating
mode, wherein it positions the battery circuit valve 114 in the
second position wherein flow is generated through the battery
circuit 60 from the motor circuit 56 and the control system 7S
turns the battery circuit heater 32 off.

The third heating condition is whether the temperature
sensed by the temperature sensor 76 is lower than the desired
battery pack temperature by at least a third selected calibrated
amount, which may, for example, be related to the expected
temperature rise associated with the battery circuit heater
10S. If this third heating condition is met, then the control
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system 7S operates in a second battery circuit heating mode
wherein the control system 7S positions the battery circuit
valve 114 in the first position and turns on the pump 106 so
that flow in the battery circuit 60 is isolated from flow in the
motor circuit 56, and the control system 7S additionally turns

on the battery circuit heater 10S to heat the flow in the battery
circuit 60.

Ifneither the second or third conditions are met, (ke. if the
temperature sensed by the temperature sensor 76 is less than

or equal to the desired battery pack temperature plus the
second selected calibrated amount and the temperature
sensed by the temperature sensor 76 is greater than or equal to
the desired battery pack temperature minus the third selected
calibrated amount, then the control system 7S operates in a
third battery circuit heating mode wherein the control system
7S positions the battery circuit valve 114 in the second posi-
tion so that flow in the battery circuit 60 is not isolated from
flow in the motor circuit 56, and the control system 7S turns

the battery circuit heater 10S on.
The default state for the control system 7S when battery

circuit thermal load heating is initially requested may be to
use the first battery circuit heating mode.

The thermal management system 10 will enter a battery
circuit heating and cooling fault mode when the vehicle is in
a fault state.

When the vehicle is off-plug, the control system 7S heats
the battery circuit thermal load 96 using only the first battery
circuit heating mode.

The default state for the control system 7S when the vehicle
is turned on is to position the battery circuit valve 114 in the
first position so as to not generate coolant flow through the
battery circuit 60.

The control system 7S may operate using several other
rules in addition to the above. For example the control system
7S may position the radiator bypass valve 75 in the first
position to direct coolant flow through the radiator 64 if the
temperature of the coolant sensed at sensor 76 is greater than
the maximum acceptable temperature for the coolant plus a
selected calibrated value and the cabin heating circuit valve
SS is in the first position and the battery circuit valve 114 is in
the first position.

The control system 7S may also position the radiator
bypass valve 75 in the first position to direct coolant flow
through the radiator 64 if the temperature of the coolant
sensed at sensor 76 has risen to be close to the maximum
acceptable temperature for the coolant plus a selected cali-
brated value and the cabin heating circuit valve SS is in the
second position and the battery circuit valve 114 is in the
second position.

In the event of an emergency battery shutdown, the control
system 7S will shut off the compressor 30 and will turn on the
cabin heating circuit heater 32 so as to bleed any residual
voltage.

The temperature of the battery packs 16a and 16b may be
maintained above their minimum required temperatures by
the control system 7S through control of the refrigerant flow
control valve 140 to the chiller 112.The temperature of the
evaporator may be maintained above a selected temperature
which is a target temperature minus a calibrated value,
through opening and closing of the refrigerant flow control
valve 13S.The speed of the compressor 30 will be adjusted
based on the state of the flow control valve 140 and ofthe flow
control valve 13S.

The control system 7S is programmed with the following
high level objectives and strategies using the above described
modes. The high level objectives include:



19
US 9,105,951 B2

20
A. control the components related to heating and cooling of

the battery circuit thermal load 96 to maintain the battery
packs 16a and 16b and the battery charge control module 42
within the optimum temperature range during charging and
vehicle operation;

B.maintain the motor 14, the transmission control system
2S and the DC/DC converter 34 at their optimum temperature

ranges;
C. control the components related to heating and cooling

the cabin 1S based on input from the climate control system;
and

D. operate with a goal of maximizing vehicle range while
meeting vehicle system requirements.

The control system 7S uses the following high level strat-

egy on-plug:
When the vehicle is on-plug and is off, the control system

7S pre-conditions the battery packs 16a and 16b if required.
Pre-conditioning entails bringing the battery packs 16a and
16b into a temperature range wherein the battery packs 16a
and 16b are able to charge more quickly.

The control system 7S determines the amount of power
available from the electrical source for temperature control of
the battery packs 16a and 16b, which is used to determine the
maximum permitted compressor speed, maximum fan speed
or the battery pack heating requirements depending on
whether the battery packs 16a and 16b require cooling or
heating. A calibratible hysteresis band will enable the battery
pack temperature control to occur in a cyclic manner if the
battery pack temperatures go outside of the selected limits

(which are shown in FIG. 3). If sufficient power is available
from the electrical source, the battery packs 16a and 16b may
be charged while simultaneously being conditioned (ke.
while simultaneously being cooled or heated to remain within
their selected temperature range). Ifthe battery packs 16a and
16b reach their fully charged state, battery pack conditioning

may continue, so as to bring the battery packs 16a and 16b to
their selected temperature range for efficient operation.

When the vehicle is on-plug the battery circuit heater 10S
may be used to bring the battery packs 16a and 16b up to a
selected temperature range, as noted above. In one of the
heating modes described above for the battery circuit 60, the
battery circuit valve 114 is in the second position so that the
flow in the battery circuit 60 is isolated from the flow in the
motor circuit 56, and therefore the battery circuit heater 10S
only has to heat the coolant in the battery circuit 60.

The cabin may be pre-conditioned (ke. heated or cooled
while the vehicle is off) when the vehicle is on-plug and the
state ofcharge of the battery packs 16a and 16b is greater than
a selected value.

If the vehicle is started while on-plug, the control system
7S may continue to condition the battery packs 16a and 16b,
to cool the motor circuit thermal load 61 and use of the HVAC
system 46 for both heating and cooling the cabin 1S may be
carried out.

When the vehicle is off-plug, battery pack heating may be
achieved solely by using the heat in the coolant from the
motor circuit (ke. without the need to activate the battery
circuit heater 10S).Thus, while the vehicle is off-plug and on
and the battery packs 16a and 16b require heating, the battery
circuit valve 114may be in the first position so that the battery
circuit 60 is not isolated from the motor circuit 56. Some flow

may pass through the third battery circuit conduit 110for flow
balancing purposes, however the refrigerant flow to the
chiller 112 is prevented while the battery packs 16a and 16b
require heating. By using low-voltage battery circuit heaters
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instead of high-voltage heaters for the heaters 10S, a weight-
savings is achieved which thereby extends the range of the
vehicle.

When the vehicle is off-plug, battery pack cooling may be
achieved by isolating the battery circuit 60 from the motor
circuit 56 by moving the battery circuit valve 114 to the
second position and by opening the flow of refrigerant to the
chiller 112 by moving the flow control valve 140 to its open
position, and by running the compressor 30, as described
above in one of the three cooling modes for the battery circuit
60.

It will be noted that the battery packs 16a and 16b may
sometimes reach different temperatures during charging or
vehicle operation. The control system 7S may at certain times
request isolation of the battery circuit 60 from the motor
circuit 56 and may operate the battery circuit pump 106
without operating the heater 10S or permitting refrigerant
flow to the chiller 112. This will simply circulate coolant
around the battery circuit 60 thereby balancing the tempera-
tures between the battery packs 16a and 16b.

Reference is made to FIG. 3, which shows a graph of
battery pack temperature vs. time to highlight several of the
rules which the control system 7S (FIG. 2) follows. In situa-
tions where the vehicle is on-plug and the battery packs 16a
and 16b are below a selected minimum charging temperature
Tcmin (FIG. 3), the control system 7S will heat the battery
packs 16a and 16b prior to charging them. Once the battery
packs 16a and 16b reach the minimum charging temperature
Tcmin, some of the power from the electrical source may be
used to charge the battery packs 16a and 16b, and some of the
power from the electrical source may continue to be used to
heat them. When the battery packs 16a and 16b reach a
minimum charge only temperature Tcomin, the control sys-
tem 7S may stop using power from the electrical source to
heat the battery packs 16a and 16b and may thus use all the
power from the electrical source to charge them. Tcmin may
be, for example, —35 degrees Celsius and Tcomin may be, for
example, —10 degrees Celsius.

While charging, the control system 7S may precondition
the battery packs 16a and 16b for operation of the vehicle.
Thus, the control system 7S may bring the battery packs 16a
and 16b to a desired minimum operating temperature Tomin
while on-plug and during charging.

In situations where the vehicle is on-plug and the battery
packs 16a and 16b are above a selected maximum charging
temperature Tcmax, the control system 7S will cool the bat-
tery packs 16a and 16b prior to charging them. Once the
battery packs 16a and 16b come down to the maximum charg-
ing temperature Tcmax power from the electrical source may
be used to charge them, while some power may be required to
operate the compressor 30 and other components in order to
maintain the temperatures of the battery packs 16a and 16b
below the temperature Tcmax. Tcmax may be, for example,
30 degrees Celsius.

The battery packs 16a and 16b may have a maximum
operating temperature Tomax that is the same or higher than
the maximum charging temperature Tcmax. As such, when
the battery packs 16a and 16b are cooled sufficiently for
charging, they are already pre-conditioned for operation. In
situations where the maximum operating temperature Tomax
is higher than the maximum charging temperature Tcmax, the
temperatures of the battery packs 16a and 16b may be per-
mitted during operation after charging to rise from the tem-
perature Tcmax until they reach the temperature Tomax.

The maximum and minimum operating temperatures
Tomax and Tomin define an example operating range for the
battery packs 16a and 16b. In situations where the battery
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packs 16a and 16b are below minimum operating temperature
or above their maximum operating temperature, the vehicle
may still be used to some degree. Within selected first ranges
shown at 150and 152 (based on the nature ofthe battery packs
16a and 16b) above and below a selected operating range the
vehicle may still be driven, but the power available will be
somewhat limited. Within selected second ranges shown at
154 and 156 above and below the selected first ranges 150 and
152, the vehicle may still be driven in a limp home mode, but
the power available will be more severely limited. Above and
below the selected second ranges, the battery packs 16a and
16b cannot be used. The lower first range 150may be between
about 10 degrees Celsius and about —10 degrees Celsius and
the upper first range 152 may be between about 35 degrees
Celsius and about 45 degrees Celsius. The lower second range
154may be between about —10degrees Celsius and about —35
degrees Celsius. The upper second range may be between
about 45 degrees Celsius and about 50 degrees Celsius.

It will be noted that the pumps 70, S6 and 106 are variable
flow rate pumps. In this way they can be used to adjust the
flow rates of the coolant through the motor circuit 56, the
cabin heating circuit 5S and the battery circuit 60. By con-
trolling the flow rate generated by the pumps 70, S6 and 106,
the amount of energy expended by the thermal management
system 10 can be adjusted in relation to the level of criticality
of the need to change the temperature in one or more of the
thermal loads.

Additionally, the compressor 30 is also capable ofvariable
speed control so as to meet the variable demands ofthe HVAC
system 46 and the battery circuit 60.

Throughout this disclosure, the control system 7S is
referred to as turning on devices (e.g. the battery circuit heater
10S, the chiller 112), turning off devices, or moving devices
(e.g. valve SS) between a first position and a second position.
It will be noted that, in some situations, the device will
already be in the position or the state desired by the control
system 7S, and so the control system 7S will not have to
actually carry out any action on the device. For example, it
may occur that the control system 7S determines that the
chiller heater 10S needs to be turned on. However, the heater
10S may at that moment already be on based on a prior
decision by the control system 7S. In such a scenario, the
control system 7S obviously does not actually 'turn on' the
heater 10S, even though such language is used throughout this
disclosure. For the purposes of this disclosure and claims, the
concepts of turning on, turning off and moving devices from
one position to another are intended to include situations
wherein the device is already in the state or position desired
and no actual action is carried out by the control system on the
device.

Reference is made to FIG. 4, which shows a thermal man-
agement system 200. Some differences, where they exist, are
described below. The primary difference between the thermal
management system 200 and the thermal management sys-
tem 10 is that the thermal management system 200 includes a
phase-change material module 202 that is connected to the
battery circuit 60 via first and second phase-change material
module conduits 203 and 205 (which may be referred to as
phase-change material module inlet and outlet conduits). The
phase-change material module 202 contains a phase-change
material 204 and is a heat exchanger for heat exchange
between the phase-change material 204 and the coolant pass-
ing through the module 202. The phase-change material mod-
ule 202 may have any suitable structure. For example, it may
be a shell-and-tube heat exchanger, wherein the phase-
change material 204 is positioned in the body of the heat
exchanger and performs a heat exchange with coolant flowing
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through the tubes. The phase-change material 204 may itself
make up the body of the heat exchanger and may simply have
flow passages therethrough so that the phase-change material
204 is in direct contact with the coolant itself. To achieve this,
the phase-change material 204 may itself be held in a matrix
that holds and encloses the phase-change material even when
the phase-change material is in the liquid phase or solid
phase. The matrix may be any suitable material, such as
graphite. Fins made from a highly conductive material such as
copper may pass from within the matrix and phase-change
material structure to the outside of the phase-change material/
matrix structure, can improve the heat transfer to and from
phase-change material 204 that is buried within the structure.
Microchannels through the structure may also be provided to
assist in augmenting heat transfer to and from the phase-
change material 204.

Phase-change materials generally offer the advantage of
absorbing a relatively large amount of heat (or more broadly,
permitting the transfer or a large amount of heat in or out)
while maintaining a constant temperature during their phase
change. Additionally, they change temperature relatively lin-

early and predictably after the phase change. The phase-
change material 204 may be any suitable type of phase-
change material, such as a positive temperature organic
phase-change material or a hydrated salt phase-change mate-
rial. A suitable phase-change material 204 for use in main-
taining the temperature of the battery packs 16 may have a
transition temperature of about 25 degrees Celsius.

A phase-change material module flow control valve 206
controls the flow of coolant through the phase-change mate-
rial module 202. This control may optionally be based at least
in part on the temperature of the coolant in relation to the
transition temperature of the phase-change material 204. The
phase-change material module flow control valve 206 may be
positioned in the first phase-change material module conduit
203. The phase-change material module flow control valve
206 may be positionable in at least two positions by the
control system 7S, including an open position and a closed
position. In the open position the valve 206 directs coolant
flow from the conduit 102 into the conduit 203, through the
phase-change material module 202, through the conduit 205,
and back into the conduit 102. In the closed position the valve
206 directs coolant through the conduit 102 while preventing
flow through the phase-change material module 202. Alter-
natively, the valve 206 may be positioned in the second phase-
change material module conduit 205 with equal effect.

When the vehicle 12 is on-plug, the control system 7S may
precondition the battery packs 16 using the heater 10S.Addi-
tionally, the valve 206 may be positioned to divert flow
through the phase-change material module 202 to heat the
phase-change material 204 so that the phase-change material
204 is in a liquid state and ready for use.

When the vehicle 12 is started up and is taken off plug, the
coolant flow is prevented through the phase-change material
204 initially. If the battery packs 16 are below a selected
temperature and the vehicle 12 is on, the control system 7S
may first determine whether the coolant from the motor cir-
cuit 56 is sufficiently hot to heat the battery packs 16 to their
selected temperature. If so, then the control system 7S may
direct that coolant to the battery circuit 60 to heat the battery
packs 16, while keeping the flow control valve 206 closed.

If the temperature of the coolant in the motor circuit 56 is
lower than the temperature of the battery packs 16, the control
system 7S may isolate the battery circuit 60 using the flow
control valve 114,start the battery circuit pump 106, and open
the phase-change material flow control valve 206 to permit
coolant to flow through the phase-change material module
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202 to warm the coolant up so that the coolant in turn warms

up the battery packs 16. Such a situation could occur, for
example, when driving on a cold day. Ifat some point during
the trip being made with the vehicle 12, the temperature of the
coolant in the motor circuit 56 increases sufficiently through
heat generated by the motor 14, the transmission control
system 2S and the DC/DC converter 34, then the control
system 7S may reposition valves 114 and 206 to direct flow
into the battery circuit 60 from the motor circuit 56 and
prevent flow through the phase-change material module 202
respectively.

If the temperature of the coolant in the motor circuit 56 is
higher than the temperature of the battery packs 16 but is not
high enough to bring the battery packs 16 to their desired
temperatures, the control system 7S may still direct flow to the
battery circuit 60 from the motor circuit 56 to gain at least
some benefit from the waste energy from the motor circuit
thermal load. Additionally, the phase-change material flow
control valve 206 may be opened so that the phase-change
material 204 heats the coolant the rest of the way to a desired
temperature so that the coolant can then pass through the
battery packs 16 to heat them to a desired temperature.

In the two latter cases where the phase-change material 204
is used, if the phase-change material 204 does not deplete
itself by the time the coolant temperature in the motor circuit
56 is high enough for the coolant to take over the task of
heating the battery packs 16 to their selected temperature, the
vehicle 12 will avoided entirely the use of the heater 10S
during the period where the motor circuit thermal load is
warming up the coolant in the motor circuit 56. This reduces
the energy consumption of the vehicle 12, thereby extending
the range of the vehicle 12 (or at least the electric-only range
of the vehicle 12 in embodiments wherein there is no internal
combustion engine).

In the two latter cases, if the phase-change material 204 is
depleted (or reaches some selected level of depletion) before
the battery packs 16 reach their desired temperature and the
temperature of the coolant in the motor circuit 56 is not yet
high enough to heat the battery packs 16 to their desired
temperatures, then the heater 10S may be used to heat the
coolant, and valve 114may be operated to isolate the battery
circuit 60 from the motor circuit 56 if the battery circuit 60
was not already isolated. It will be understood however, that
this still results in a reduction in the energy consumption of
the vehicle 12 even though at some point during that warm-up
period the heater 10S may be used.

The phase-change material module 202 is shown in FIG. 4
as being connected via conduits 203 and 205 to the conduit
102 from the battery circuit 60. It is alternatively possible for
the phase-change material module 202 to be connected via
conduits 203 and 205 to the battery circuit conduit 104.

If there is some other source of heat for returning the
phase-change material 204 to a liquid state when the vehicle
12 is on-plug, then it may be possible in some embodiments
to eliminate the battery circuit heater 10S. Alternatively, it
may be possible to reduce the size ofthe battery circuit heater
10S relative to an embodiment that does not include the
phase-change material module 202, since, if need be the
phase-change material module 202 and the heater 10S could
operate together to achieve a certain amount of heating per-
formance to handle extreme conditions that would otherwise
have had to be handled by the heater 10S alone.

Reference is made to FIG. 5, which shows a thermal man-
agement system 300 that may be similar to the thermal man-
agement system 200 except that the thermal management
system 300 has a phase-change material module 302 which
contains a phase-change material 304 and which is connected
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to the cabin heating circuit 5S via first and second phase-
change material module conduits 303 and 305 (which may be
referred to as inlet and outlet phase-change material module
conduits). The phase-change material module 302 may have
any suitable structure, such as a structure similar to that of
phase-change material module 202. The transition tempera-
ture for the phase-change material 304 may be any suitable
selected temperature such as, for example, 85 degrees Cel-
stus.

A phase-change material module flow control valve 306
controls the flow of coolant through the phase-change mate-
rial module 302. This control may optionally be based at least
in part on the temperature of the coolant in relation to the
transition temperature of the phase-change material 304. The
phase-change material module flow control valve 306 may be
positioned at the junction of the first phase-change material
module conduit 303 and the cabin circuit conduit SO or the
junction ofthe second phase-change material module conduit
305 and the cabin circuit conduit SO and may be similar to the
valve 206 in FIG. 5.

When the vehicle 12 is on-plug, the control system 7S may
precondition the cabin 1S using the heater 32, and may also
position the flow control valve 306 to send coolant flow
through the phase-change material module 302 so that the
heated coolant heats the phase-change material 304 to bring
the phase-change material 304 to a liquid state and ready for
use.

When the vehicle 12 is started up and is taken off plug, the
coolant flow is prevented through the phase-change material
304 initially. Ifheating of the cabin 1S is needed or requested
and the vehicle 12 is on, the control system 7S may first
determine whether the coolant from the motor circuit 56 is
sufficiently hot to heat the cabin 1S to the selected tempera-
ture. If so, then the control system 7S may direct that coolant
to the heater core 47 to heat the cabin 1S,while positioning the
flow control valve 306 to prevent coolant flow through the
phase-change material module 302.

If the temperature of the coolant in the motor circuit 56 is
lower than the temperature of the cabin 1S, the control system
7S may isolate the cabin circuit 5S using the flow control
valve SS, start the cabin circuit pump S6, and open the phase-
change material flow control valve 306 to permit coolant to
flow through the phase-change material module 302 to warm
the coolant up. As a result, when the coolant subsequently
passes through the heater core 47, it is useful for heating the
cabin 1S.Ifat some point during the trip being made with the
vehicle 12, the temperature of the coolant in the motor circuit
56 increases sufficiently through heat generated by the motor
14, the transmission control system 2S and the DC/DC con-
verter 34, then the control system 7S may reposition valves SS
and 306 to direct flow into the battery circuit 60 from the
motor circuit 56 and prevent flow through the phase-change
material module 302 respectively.

If the temperature of the coolant in the motor circuit 56 is
higher than the temperature of the battery packs 16 but is not
high enough to bring the cabin 1S to the desired temperature,
the control system 7S may still direct flow to the heater core
47 from the motor circuit 56 to gain at least some benefit from
the waste energy from the motor circuit thermal load. Addi-
tionally, the phase-change material module flow control valve
306 may be opened so that the phase-change material 304
heats the coolant the rest of the way to a desired temperature
so that the coolant can then pass through the battery packs 16
to heat them to a desired temperature.

Similarly to the embodiment shown in FIG. 4, in the two
latter cases, if the phase-change material 304 does not deplete
itself by the time the coolant temperature in the motor circuit
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56 is high enough for the coolant to take over the task of
heating the cabin 1S to the selected temperature, the vehicle
12 will avoided entirely the use of the heater 32 during the
period where the motor circuit thermal load is warming up the
coolant in the motor circuit 56. This reduces the energy con-
sumption of the vehicle 12, thereby extending the range of the
vehicle 12 (or at least the electric-only range of the vehicle 12
in embodiments wherein there is no internal combustion
engine).

In the two latter cases, if the phase-change material 304 is
depleted (or reaches some selected level of depletion) before
the battery packs 16 reach their desired temperature and the
temperature of the coolant in the motor circuit 56 is not yet
high enough to heat the cabin 1S to the desired temperatures,
then the heater 32 may be used to heat the coolant, and valve
SS may be operated to isolate the battery circuit 60 from the
motor circuit 56 if the battery circuit 60 was not already
isolated. It will be understood however, that this still results in
a reduction in the energy consumption of the vehicle 12 even
though at some point during that warm-up period the heater
32 may be used.

The phase-change material module 302 is shown as being
connected via conduits 303 and 305 to the conduit SO. It is
alternatively possible for the phase-change material module
302 to be connected via conduits 303 and 305 to the cabin
circuit conduit S2.

If there is some other source of heat for returning the
phase-change material 304 to a liquid state when the vehicle
12 is on-plug, then it may be possible in some embodiments
to eliminate the cabin circuit heater 32. Alternatively, it may
be possible to reduce the size of the cabin circuit heater 32
relative to an embodiment that does not include the phase-
change material module 302, since, if need be the phase-
change material module 302 and the heater 32 could operate
together to achieve a certain amount of heating performance
to handle extreme conditions that would otherwise have had
to be handled by the heater 32 alone.

Reference is made to FIG. 6, which shows a thermal man-
agement system 400 that may be similar to the thermal man-
agement systems 200 and 300 except that the thermal man-
agement system 400 has a phase-change material module 402
used to assist in cooling the cabin 1S. The phase-change
material module 402 may, for example, be a heat exchanger
positioned in-line in the conduit 132 downstream from the
evaporator 4S and the chiller 112 and upstream from the
compressor 30. The phase-change material module 402 may
have any suitable structure that is configured to facilitate heat
exchange between the phase-change material 404 and a flow
of refrigerant. The transition temperature for the phase-
change material 402 may be any suitable selected tempera-
ture such as, for example, 0 degrees Celsius.

When the vehicle 12 is on-plug, the control system 7S may
recharge spent phase-change material 404 in the phase-
change material module 402. To carry this out, the control
system 7S may turn the compressor 30 and the fan 144 on and
may open the valve 13S, so that refrigerant is compressed and
condensed, and is sent through the thermal expansion valve
139 for expansion and thus cooling. The refrigerant will then
pass through the evaporator 4S. An air flow will be provided
by the HVAC system so as to inhibit ice formation on the
evaporator 4S but the air flow will be selected to be relatively
low so as to reduce any heating of the refrigerant passing
through the evaporator 4S. After passing through the evapo-
rator 4S, the refrigerant is transported to the phase-change
control module 402 where the refrigerant can then recharge
the phase-change material 404. From there the refrigerant is
sent to the compressor 30.Additionally, when the vehicle 12
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is on-plug, the control system 7S may precondition the cabin
1S and the battery pack using the cooling circuit 62. In an
alternative embodiment, the phase-change material module
402 may be positioned between the thermal expansion valve
13S and the evaporator 4S so that the phase-change material
module 402 can be recharged by the refrigerant upstream
from the evaporator 4S so that the refrigerant entering the
evaporator 4S has potentially been heated somewhat during
recharging of the phase-change material 404 and is therefore
less likely to cause ice formation in the evaporator 4S.

In yet another embodiment, phase-change material could
be used as an internal heat exchanger (IHX), contacting both
the suction and liquid lines.

When the vehicle 12 is started up and is taken off plug, the

compressor 30 is turned off initially. Ifcooling ofthe cabin 1S
or battery packs 16 is needed at some point during usage of
the vehicle 12, the control system 7S may start up the com-
pressor 30, and open whichever of the valves 13S and 140 is
necessary. As the refrigerant flows from the evaporator 4S
and/or chiller 112 through the phase-change material module
402 the refrigerant is cooled prior to entry into the compressor
30. Because the refrigerant flow at the inlet of the condenser
122 has a lower temperature than the refrigerant flow would
have without the presence of the phase-change material mod-
ule 402, the compressor 30 has relatively less work to do to
compress the refrigerant flow to a certain pressure, and
thereby consumes less energy in doing such compression on
the refrigerant. A reduction in energy consumed by the com-
pressor 30 can result in increased range for the vehicle 12.

While the phase-change material modules 202, 302 and
402 have been shown in individual embodiments, it will be
noted that an embodiment could be provided in which all
three phase-change material modules 202, 302 and 402 are
present in the thermal management system.

Reference is made to FIG. 7 which shows a thermal man-
agement system 500 which contains a phase-change material
module 502 which contains a phase-change material 504. The
phase-change material 504 may have any selected transition
temperature such as, for example, 25 degrees Celsius. The
phase-change material module 502 includes a heat exchanger
505, an inlet section 506 and an outlet section 50S.Three draw
conduits 510 (which may be referred to as inlet phase-change
material module conduits) lead to the inlet section 506,
including a battery circuit draw conduit 510a that carries
coolant from the battery circuit 60 upstream from the battery
circuit thermal load, a cabin heating circuit draw conduit
510b that carries coolant from the cabin heating circuit 5S
upstream from the cabin heating circuit thermal load, and a
motor circuit draw conduit 510c that carries coolant from the
motor circuit 56, which may be downstream from the motor
circuit thermal load. In the inlet section 506 there is an inlet
valve system 512 that directs coolant from any selected one of
the conduits 510a, 510b and 510c to the heat exchanger 505,
while blocking flow from the other conduits 510. In the heat
exchanger 505 the coolant is brought towards the transition
temperature of the phase-change material 504, whether the
coolant is initially hotter or colder than the transition tem-
perature of the phase-change material 504. The phase-change
material 504 may be conditioned when the vehicle 12 is
on-plug to a state wherein a selected amount of the phase-
change material 504 is in liquid form and a selected amount is
in solid form so that the phase-change material 504 can eflI-
ciently heat coolant that is colder than the transition tempera-
ture and cool coolant that is warmer than the transition tem-
perature.

Three return conduits 514 (which may be referred to as
outlet phase-change material module conduits), shown indi-
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vidually at 514a, 514b and 514c, lead back from the outlet
section 50S to the battery circuit 60 upstream from the battery
circuit thermal load, the cabin heating circuit 5S upstream
from the cabin circuit thermal load and the motor circuit 56
downstream from the motor circuit thermal load. The outlet
section 50S contains an outlet valve system 516 that directs
coolant leaving the heat exchanger 505 to any selected one of
the return conduits 514a, 514b and 514c.The inlet and outlet
valve systems 512 and 516 make up a valve system config-
ured for controlling the flow of coolant through the first
phase-change material module 602a from the cabin heating
circuit 5S, optionally based at least in part on the temperature
of the coolant in relation to the first transition temperature of
the first phase-change material 604a and for controlling the
flow of coolant through the second phase-change material
module 602b from the battery circuit 60, based at least in part
on the temperature of the coolant in relation to the second
transition temperature of the second phase-change material
604I2.

Such a layout permits a single phase-change material mod-
ule to be used to heat coolant in both the battery and cabin
heating circuits 5S and 60, thereby simplifying the overall
thermal management system 500 as compared to one with an
individual phase-change material module for each circuit 5S
and 60. Additionally, with this arrangement, when needed,
coolant carrying waste heat from the motor circuit 56 can be
sent to the phase-change material module 502 to recharge the
phase-change material 504 (e.g. return the phase-change
material to the initial, liquid, state).

In addition, by providing all of the phase-change material
in one location that is accessible by any of the circuits 56, 5S
and 60, a situation is avoided where the phase-change mate-
rial from one circuit is depleted while there is phase-change
material that would be useful but is unavailable because it is
provided in a different circuit.

While the phase-change material module 502 is shown to
be connectable to conduits leading to and from three circuits
(ke. the motor circuit 56, the battery circuit 60 and the cabin
heating circuit 5S) it is alternatively possible for the phase-
change material module 502 to be connectable to conduits
leading to and from a different number ofcircuits, such as the
battery circuit 60 and the cabin heating circuit 5S only, or the
battery circuit 60 and the motor circuit 56 only, or the cabin
heating circuit 5S and the motor circuit 56 only.

In another embodiment, shown in FIG. S, a thermal man-
agement system 600 is shown which contains a phase-change
material module 602 which contains two heat exchangers
603, (shown individually at 603a and 603b), each of which
contains a different phase-change material 604 (shown indi-

vidually at 604a and 604b). Each phase-change material 604
may have a unique transition temperature. For example, the
first phase-change material 604a may have a first transition
temperature of 85 degrees Celsius, and the second phase-
change material 604b may have a transition temperature of 0
degrees Celsius. The phase-change material module 602
includes an inlet section 606 and an outlet section 60S. Three
draw conduits 610a, 610b and 610c (which may be referred to
as inlet phase-change material module conduits) lead to the
inlet section 606, including a battery circuit draw conduit
610a that carries coolant from the battery circuit 60 upstream
from the battery circuit thermal load, a cabin heating circuit
draw conduit 610b that carries coolant from the cabin heating
circuit 5S upstream from the cabin heating circuit thermal
load, and a motor circuit draw conduit 610c that carries cool-
ant from the motor circuit 56, which may be downstream from
the motor circuit thermal load. The inlet section 606 includes
an inlet valve system 612 (see FIG. Sa) that directs the flow
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from any selected draw conduit 610 to any selected heat
exchanger 603, and that may simultaneously direct the flow
from any other selected draw conduit 610 to the other heat
exchanger 603. As an example, the coolant from the motor
circuit 56 may be directed to the heat exchanger 605a to help
heat the motor circuit thermal load, while the coolant from the
battery circuit 60 may be directed to the heat exchanger 605b
to help prevent overheating of the battery packs 16.

Three return conduits 614 (which may be referred to as
outlet phase-change material module conduits), shown indi-

vidually at 614a, 614b and 614c, lead back from the outlet
section 60S to the battery circuit 60 upstream from the battery
circuit thermal load, the cabin heating circuit 5S upstream
from the cabin circuit thermal load and the motor circuit 56
downstream from the motor circuit thermal load. The outlet
section 60S contains an outlet valve system 616 (FIG. Sa) that
directs coolant leaving the heat exchanger 602 to any selected
one of the return conduits 614a, 614b and 614c.

It will be understood that providing different phase-change
materials with different transition temperatures can provide
greater heating and cooling performance than providing a
single phase-change material with a single phase-change
material with a single transition temperature, since in the first
case there will be greater temperature differences between the
coolant and the phase-change material than there would be in
the second case.

While the phase-change material module 602 is shown to
be connectable to conduits leading to and from three circuits
(ke. the motor circuit 56, the battery circuit 60 and the cabin
heating circuit 5S) it is alternatively possible for the phase-
change material module 502 to be connectable to conduits
leading to and from a different number ofcircuits, such as the
battery circuit 60 and the cabin heating circuit 5S only.

While the phase-change material module 602 is shown as
containing two heat exchangers with two phase-change mate-
rials 604, it is possible to provide a different number of heat
exchangers with a different number of phase-change materi-
als, such as, for example, three or more heat exchangers with
three or more phase-change materials. Optionally each of the
phase-change materials can have a unique transition tempera-
ture. Alternatively, two phase-change materials may have the
same transition temperature, permitting two conduits to be
directed to phase-change materials having the same transition
temperatures.

Similarly to the embodiment shown in FIG. 7, by providing
a connection with the motor circuit 56, coolant carrying waste
heat from the motor circuit 56 can be used to recharge the
phase-change material 604 in at least one ofthe heat exchang-
ers, such as the phase-change material 604a.

Referring to FIG. 9, in another embodiment the phase-
change material could be used to directly heat or cool par-
ticular thermal load instead of heating or cooling coolant. For
example, a phase-change material module 702 could be pro-
vided in each battery pack 16,wherein phase-change material
704 is positioned between the individual cells, shown at 706.
In this way, the phase-change material 704 can maintain the
battery pack 16 at a relatively constant temperature and can
reduce the likelihood for there to be a temperature gradient
across the battery pack 16.Such temperature gradients can be
detrimental to the performance of the battery pack because
some of the cells may be kept at or near a desired temperature
but other cells are not, and are potentially so far from the
desired temperature that their operating life is negatively
affected. The phase-change material 704 placed between the
cells 706 provides a way of reducing the temperature gradient
between the cells and of bringing the cells towards a common
temperature (ke. the transition temperature of the phase-
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change material 704). The phase-change material 704 is
easier in at least some respects to provide between adjacent
cells than a coolant transport system is, since the phase-
change material 704 itself (at least the portion of the phase-
change material 704 between the cells 706) can be in the form
of a fin, and thus need not be a hollow liquid transporting
conduit. As such the phase-change material 704 can easily
have a relatively large surface area of contact with the cells
706.

The phase-change material module 702 is thermally con-
nected to some heating source, such as the battery circuit
heater 10S (FIG. 2), so that the phase-change material 702 can
be recharged when the vehicle 12 is on-plug.

Additionally, the phase-change material module 702 may
be connected specifically to the motor circuit 56 via draw and
return coolant conduits 70S and 710 with a control valve 712
on one of the conduits 70S or 710 to control coolant flow
through the phase-change material module 702 from the
motor circuit 56 (FIG. 2). This permits the phase-change
material module 702 to be recharged using waste heat from
the motor circuit 56, particularly while the vehicle 12 is being
driven and is therefore off-plug.

While the transition temperature has been described herein
as being a transition temperature between solid and liquid
phases for the phase-change material, it will be noted that
other types of phase-change material could be used, such as
solid-solid phase-change materials, for example.

Reference is made to FIG. 10,which focuses on the control
system 7S. The control system 7S, in the example shown in
FIG. 10, includes a processor S00 and memory S02, and has
a plurality of inputs S04 and a plurality of outputs S06. The
memory 802 contains executable code 808 that is executed by
the processor S00. By virtue of the code SOS, the control
system 7S is programmed to:

a) determine whether there is a need to heat the cabin 1S;
b) determine whether to send coolant from the motor cir-

cuit 56 to the cabin heating circuit 5S to heat the cabin 1S
based on the determination made in step a) and based at least
in part on the temperature of coolant in the motor circuit 56;

c) determine whether to send coolant to the phase-change
material module 302, 502, 602 based on the determinations
made in steps a) and b); and

d) control the flow of coolant through the motor circuit 56,
through the cabin heating circuit 5S and through the phase-
change material module 302, 502, 602 (e.g. by sending appro-
priate signals to appropriate valves) based on the determina-
tions made in steps a), b) and c).

Step a) may be carried out based on inputs including sig-
nals from a temperature control panel S10 in the vehicle cabin
1S,the ambient temperature sensor shown at S12, and option-
ally based on other inputs also. For example, the control
system 7S may determine that the cabin 1S needs heating if
the temperature of air entering the cabin 1S is lower than the
temperature requested at the temperature control panel S10.

Regarding step b), the control system 7S may determine
that coolant is to be sent to the cabin heating circuit 5S if in
step a) it is determined that the cabin 1S needs heating and if
the temperature sensed at motor circuit temperature sensor 76
is sufficiently higher than the temperature requested at the
temperature control panel S10.Thus, the motor circuit tem-
perature sensor 76 is another input to the control system 7S.

Regarding step c), the control system 7S may determine
that coolant is to be sent to the phase-change material module
302, 502, 602 if in step a) it is determined that the cabin 1S
needs heating and if the temperature sensed at motor circuit
temperature sensor 76 is not sufficiently higher than the tem-
perature requested at the temperature control panel S10.At
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step d), the control system 7S controls the flow of coolant
through the motor circuit 56, through the cabin heating circuit
5S and through the phase-change material module 302, 502,
602 based on the determinations made in steps a), b) and c).

The control system 7S may be programmed to prevent the
flow of coolant through the phase-change material module
302, 502, 602 if in step a) it is determined that the cabin 1S
does not need heating or if the temperature sensed at motor
circuit temperature sensor 76 is sufficiently higher than the
temperature requested at the temperature control panel S10.
In other words, the control system 7S may be programmed to
prevent the flow ofcoolant through the phase-change material
module 302, 502, 602 based in part on if the determination
made in step a) is positive and based in part on if the deter-
mination made in step b) is positive, and to permit the flow of
coolant through the phase-change material module 302, 502,
602 based in part on if the determination made in step a) is
positive and based in part on if the determination made in step
b) is negative.

The control system 7S may be programmed to control the
temperature of the phase-change material module 302, 502,
602 using the electric heater 32 when the vehicle 12 is on-

plug.
The control system 7S may additionally or alternatively be

programmed to:
a) determine whether there is a need to heat the battery packs
16;
b) determine whether to send coolant from the motor circuit
56 to the battery circuit 60 to heat the battery packs 16 based
on the determination made in step a) and based at least in part
on the temperature of coolant in the motor circuit 56;
c) determine whether to send coolant to the phase-change
material module 402, 502, 602 based on the determinations
made in steps a) and b); and

d) control the flow of coolant through the motor circuit 56,
through the battery circuit 60 and through the phase-change
material module 402, 502, 602 (e.g. by sending appropriate
signals to appropriate valves) based on the determinations
made in steps a), b) and c).

Step a) may be carried out based on inputs including sig-
nals from a battery circuit temperature sensor 116 in the
battery circuit 60, and optionally based on other inputs also.
For example, the control system 7S may determine that the
battery circuit 60 needs heating if the temperature of coolant
in the battery circuit 60 is lower than a minimum acceptable
temperature.

Regarding step b), the control system 7S may determine
that coolant is to be sent to the battery circuit 60 if in step a)
it is determined that the battery circuit 60 needs heating and if
the temperature sensed at motor circuit temperature sensor 76
is sufficiently higher than the aforementioned minimum
acceptable temperature.

Regarding step c), the control system 7S may determine
that coolant is to be sent to the phase-change material module
402, 502, 602 if in step a) it is determined that the battery
circuit 60 needs heating and if the temperature sensed at
motor circuit temperature sensor 76 is not sufficiently higher
than the minimum acceptable temperature. At step d), the
control system 7S controls the flow of coolant through the
motor circuit 56, through the battery circuit 60 and through
the phase-change material module 402, 502, 602 based on the
determinations made in steps a), b) and c).

The control system 7S may be programmed to prevent the
flow of coolant through the phase-change material module
402, 502, 602 if in step a) it is determined that the battery
circuit 60 does not need heating or if the temperature sensed
at motor circuit temperature sensor 76 is sufficiently higher
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than the aforementioned minimum acceptable temperature.
In other words, the control system 7S may be programmed to
prevent the flow ofcoolant through the phase-change material
module 402, 502, 602 based in part on if the determination
made in step a) is positive and based in part on if the deter-
mination made in step b) is positive, and to permit the flow of
coolant through the phase-change material module 402, 502,
602 based in part on if the determination made in step a) is
positive and based in part on if the determination made in step
b) is negative.

As noted above, it is possible to provide an embodiment
wherein there are provided more than one phase-change
material module. For example, in an embodiment, both the
phase-change material module 202 and the phase-change
material module 302 may be provided, with their associated
valves and conduits. In embodiments wherein there is pro-
vided a first phase-change material module (e.g. module 302)
that includes a first phase-change material (e.g. material 304)
that has a selected first transition temperature, and a second
phase-change material module (e.g. module 202) that
includes a second phase-change material (e.g. material 204)
that has a selected second transition temperature, the control
system 7S may be programmed to:
a) determine a target temperature for coolant in the battery
circuit 60;
b) determine whether the second phase change material 204 is
depleted;
c) determine whether the first phase change material 304 is
depleted and if the first phase change material 304 can drive
the temperature ofthe coolant in the battery circuit 60 towards
the target temperature; and

d) control a valve system (e.g. by sending appropriate signals
to appropriate valves) to send coolant flow from the battery
circuit through the first phase-change material module 302.
The valve system is configured for controlling the flow of
coolant through the first phase-change material module 302
from the cabin heating circuit 5S and for controlling the flow
of coolant through the second phase-change material module
202 from the battery circuit 60. In the example embodiment
shown, the valve system includes the control valves SS and
114, which control the fluid communication between the
motor circuit 56 and the cabin heating circuit 5S and between
the motor circuit 56 and the battery circuit 60, and therefore
between the battery circuit 60 and the cabin heating circuit 5S.

With respect to FIG. 10, the outputs S06 may constitute any
signals sent by the control system 7S to control valves that are
part of a valve system, or more generally any signals sent by
the control system 7S in order to control the flow of coolant
and/or refrigerant through any circuits or conduits.

It will be noted that in embodiments wherein the phase
change material is used primarily for heating the phase
change material may be recharged using some type ofheating
means when the vehicle 12 is on-plug, as noted above. How-
ever, in embodiments wherein the phase change material is
used primarily for cooling, the phase change material may be
recharged by cooling the phase change material (e.g. with the
refrigerant).

While the above description constitutes a plurality of
embodiments, it will be appreciated that the examples shown
and described herein are susceptible to further modification
and change without departing from the fair meaning of the
accompanying claims.

The invention claimed is:
1.A thermal management system for a vehicle having an

electric traction motor, a battery pack and a passenger cabin,
comprising:
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a battery circuit for circulating coolant through the battery
pack;

a cabin cooling circuit for circulating coolant through a
cabin circuit thermal load including a compressor, a
condenser and an evaporator;

the cabin cooling circuit including a first cooling circuit
conduit and a second cooling circuit conduit, the first
cooling circuit conduit including a first branch extend-
ing from the condenser to the evaporator and a second
branch extending from the first branch to the battery
circuit, and the second cooling circuit conduit including
a third branch extending from the evaporator to the com-
pressor and a fourth branch extending from the battery
circuit to the third branch for circulating the coolant to
the compressor; and

a phase-change material module that includes a phase-
change material that has a selected transition tempera-
ture, and which is positioned along the second cooling
circuit conduit upstream from the compressor and
downstream from the evaporator, and wherein the tran-
sition temperature of the phase-change material is based
at least in part on the temperature of the coolant in
relation to the transition temperature of the phase-
change material.

2. A thermal management system as claimed in claim 1,
wherein a cooling device is positioned for cooling the phase-
change material to recharge the phase-change material; and

wherein the thermal management system further com-
prises a control system programmed to control the tem-
perature of the phase-change material using the cooling
device when the vehicle is on-plug.

3. A thermal management system as claimed in claim 2,
wherein the cooling device is the evaporator.

4. A thermal management system as claimed in claim 1
further including a first flow control valve positioned along
the first branch ofthe first cooling circuit conduit downstream
from the condenser and upstream from the evaporator for
controlling the flow of coolant to the evaporator.

5. A thermal management system as claimed in claim 1
further including a first flow control valve positioned along
the third branch of the second cooling circuit conduit down-
stream from the evaporator and upstream from the phase-
change material module for controlling the flow of coolant to
the phase-change material module.

6. A thermal management system as claimed in claim 1,
wherein the battery circuit includes a chiller positioned
upstream from the battery pack for cooling the coolant flow-

ing from the battery pack to the phase-change material mod-
ule.

7. A thermal management system as claimed in claim 1,
wherein the phase-change material module is positioned
downstream from the battery circuit.

S. A thermal management system as claimed in claim 1,
wherein the phase-change material module facilitates heat
exchange between the phase change material and the coolant.

9. A thermal management system as claimed in claim 1,
wherein the transition temperature of the phase-change mate-
rial ranges from 0 degrees Celsius to 85 degrees Celsius.

10.A thermal management system as claimed in claim 1,
wherein the phase-change material module includes a shell
surrounding a plurality of tubes, the phase-change material
flows through the shell, and the coolant flows through the
tubes.

11.A thermal management system as claimed in claim 1,
wherein the phase-change material includes flow passages
therethrough, and the coolant flows through the flow passages
of the phase-change material.
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12.A thermal management system as claimed in claim 1,

wherein the phase-change material module includes a matrix
and fins, the matrix is formed ofgraphite and holds the phase-
change material, and the fins are formed ofa conductive metal
and pass through the matrix and the phase-change material.

13.A thermal management system as claimed in claim 1,
wherein the phase change material is a positive temperature
organic material or a hydrated salt material.

14.A thermal management system as claimed in claim 4
further including a second flow control valve positioned

10

along the second branch of the first cooling circuit conduit
downstream from the evaporator and upstream from the bat-

tery circuit for controlling the flow of coolant to the battery
circuit.

15.A thermal management system as claimed in claim 5
further including a second flow control valve positioned
along the fourth branch of the second cooling circuit conduit
downstream from the battery circuit and upstream from the
phase-change material module for controlling the flow of 20

coolant to the phase-change material module.
16.A thermal management system for a vehicle, compris-

ing:
an electric traction motor;
at least one battery pack for providing power to the electric

traction motor;
a battery circuit for circulating coolant through the at least

one battery pack;
a cabin cooling circuit for circulating coolant through a

compressor, a condenser, and an evaporator; 30

the cabin cooling circuit including a first cooling circuit
conduit and a second cooling circuit conduit;

the first cooling circuit conduit including a first branch
extending from the condenser to the evaporator and a
second branch extending from the first branch to the
battery circuit;

the second cooling circuit conduit including a third branch
extending from the evaporator to the compressor and a
fourth branch extending from the battery circuit to the
third branch for circulating the coolant to the compres-
sor;

a phase-change material module including a phase-change
material positioned along the second cooling circuit

upstream from the compressor and downstream from the
evaporator and the battery circuit for exchanging heat
between the phase-change material and the coolant
before the coolant flows to the compressor.

17.A thermal management system as claimed in claim 16,
wherein the battery circuit includes a chiller positioned
upstream from the at least one battery pack for cooling the
coolant flowing from the at least one battery pack to the
phase-change material module.

1S.A thermal management system as claimed in claim 16,
wherein the phase-change material module is positioned
downstream from the battery circuit.

19.A thermal management system as claimed in claim 16,
wherein the phase-change material includes flow passages
therethrough, and the coolant flows through the flow pas-
sages.

20.A thermal management system as claimed in claim 16,
wherein the phase-change material module includes a matrix
and fins, the matrix is formed ofgraphite and holds the phase-
change material, and the fins are formed ofa conductive metal
and pass through the matrix and the phase-change material.
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