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A reversible HVAC system for heating a passenger com-
parlment of a motor vehicle is disclosed. The HVAC system
includes a heat pump and an electnc heater for supplying
heat riirectly to air blown into the passenger compartment. A
cnntrnller initially selects the heat pump to provide the heat
that is directed into thc passcngcr compartmcnk Thc heat
pump attempts for a prcdctcrmincd period of time to heat thc
passenger compartmen( Lo a target tempera(ure. The con-
troller stores a heat pump gain value represen(ing (he heating
capacity of. (he, heat pump before switching (he heating
operation to the electric heater l)urjng operation of the
electric heater, the contrnller calculates a system heat gain
value rcprcscnting thc rcquircd heating capacity Lo maintain
the passcngcr compartment at thc target tcmpcraturc. While
the elec(nc heater is operating, the controller con(inuously
modilies (he heat pump gain value to rellect changes in the
ambient temperature. When Lhe heat pump gain value
approximately equals or exceeds the system gain value the
cnntrnller selects the heat pump to prov((le heating.

8 Claims, 15 Drawing Sheets
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CONTROLLER FOR HEATING IN
REVERSIBLE AIR CONDITIONING AND

HEAT PUMP HVAC SYSTL'M lcOR
L'LL'CTRIC VEHICLES

BACK(lROUNO ANII SUMMARY

Ol'IIL'NVENTION

The present invention relates generally to automohve
IIVA('ystems for controlling the environment of an auto-
mnbile passenger compartment More particularly, the
invention relates to a heating control system for controllin
the heating operation in a rcvcrsiblc HVAC system for
automobile~.

This application is related to co-penrling apphcations
titled Refrigerant I'low Management Center I'or
Automobiles, Reversible Air ('onditioning And I teat Pump
HVAC System For Electric Vchiclcs, Controller For Rcvcrs-
iblc Air Conditioning And Heat Pump HVAC System For
Elechic Vehicles, Anh-Fog Controller For Reversdile A&r

Cond&honing And Heal Pump HVAC System For Electnc
Vehicles, Air Handling Controller I or Hvac System I'or
L'lectric Vehicles, and System I'nr (%cling Llectric Vehicle
Batteries Lech of these applications is incorporated by
refcrencc into the prcscnt application.

Automotive heating, ventilation and air contlitioning,
HVAC, systems have tratlitionally bccn single loop designs
in which the full volume of refngerant tlows through each
component in the system. In an HVAC system, refhgerant in
the vapor phase is pressurized by a compressor or pump The
pressurized refrigerant flows through a condenser which is
typically configurctl as a long scrpcnlinc coil. As rcfngcrant
flows through thc condcnscr heat cner y stored in the
refrigerant is radiatcrl to thc cxtcrnal environment resultin
in the refrigerant trans&honing to a liquid phase. The 1&que-

lied refrigerant tlows trom the condenser Io an expansion
valve located prior to an evaporator. As the liquid flows
through the expansion valve it is converted from a high
pressure, high tcmpcraturc liquid to a low prcssure, low
tcmpcraturc spray allowing it to absorb heat. Thc rcfngcrant
flows through thc evaporator absorbing heat from thc air that
&s blown through the evaporator f&ns. When a sutiicient
amount of heal is absorbed the refri erant transitions to the
vapor phase. Any further heat that is absorbed raises the
vaporized refrigerant into the superheated temperature range
whcrc thc tcmpcraturc of thc refrigerant incrcascs bcyontl
thc saturation tcmpcraturc The supcrhcatcd refrigerant
flows from thc outlet of thc evaporator to thc compressor
where the cycle repeats. Generally, lhe refhgerant tlowin ~

into the compressor should be in the vapor phase to maxi-
mize pumping efficiency. The operatinn of the refngerant
loop in conventional automotive HVAC systems is con-
trolled by cycling thc compressor on and oft; and by varyin
the volume of rcfrigcrant that is pcrmittcd to tloiv throu h
the expansion valve. Increasing thc volume of rcfngcrant
that tlows through the valve lengthens the d&stance traversed
by the hquid betore «changes lo the vapor phase, allowin ~

the heat exchanger to operate at maximum efliciency
Advances in automotive I IVA('ystems have led to zone

temperature control systems wherein different zones of an
automobile are indcpcnrlcntly controlled. Zone control sys-
tems gcncrally inclutlc an evaporator and expansion valve
for each zone The refngerant tlows through a compressor
and cor«lenser, then is split by a system of valves before
tlovnng Io the expansion valve and evaporator of each zone.
fhe refrigerant tlowing out of the evaporator of each zone is
then recombined before returning tn the compressor A

compkx senes of valves a mt plumbing is generally required
to maintain a balanced HVAC system that provides imh-
vidualizcd control for each of thc zones.

With the advent of electric vehicles reversible heat pump
syslems have been introduced into automobiles. In a revers-
ibk heal pump system the HVAC system can either heat or
cool a compartment dcpcnding on thc direction of thc
refrigerant tloiv. In thc air conditioning mode rcfrigcrant
tlows lrom the compressor through an outside coil
(con&tenser) anil mto an expansion valve and inside coil
(evaporator) before returning to the compressor I teat energy
is extracted from air that is bloivn thrnugh the inside coil
(evaporator) into the passenger compartment thus providing
cooled air. In thc heating mode a four way valve rcvcrscs thc

&s flow of refrigerant through the coils, thcrcliy rcvcrsing thc
tune«on of the coils. Rat ngeranl tlows trom lhe compressor
through the in&«de coil (condenser) &hen into an expansion
valve and the outside coil (evaporator) before retuniing to
the compressor liest energy in the liquetied refrigerant

zp flowing thmugh the inside coil is absorbed by air that is
blown through the inside coil into thc passcngcr compart-
ment thus providing heated air

Hoivcvcr, thc amount of heat that can bc transfi:rrcd from
the evaporator in an HVAC system to thc condcnscr is
1&miled by the system components as well as the temperature
of Ihe outs«le air. Therefore, under some temperature con-
ihtions a heai pump system wifl not be able lo prov«le
sufflcient heat to warm the passenger compartment to the
desired temperature Under these conditions another beater

ic such as an ckctric hcatcr is rcquircd to provide thc dcsircd
heating. A drawback of clcctric hcatcrs is that they arc less
energy etflcienl than a heat pump. To supply heat Io the
passenger compartment electnc heaters such as PTC heaters
convert energy drawn from the vehicle electrical system.

zs Therefore, energy directed towards heating reduces the
energy available for propulsion of the vehicle thereby reduc-
ing thc overall etticicncy. Whcrcas a heat pump uses a small
amount of cncrgy to drive a compressor v hich extracts heat
energy from Ihe external environment and transters it mto

an the passenger compartment. A heat pump uses about 40% of
the energy that a PTC heater would use to heat the passenger
compartment to a desired temperature Generally, conven-
tional systems in electric vehicles first attempt to use the heat
pump to heat the passcngcr compartment, then switch to an

a- clcctric heater if thc heat pump is not capable of supplying
thc required heat. Heating thc passen cr compartment
causes a signilicanl energy load on a vehicle, especially so
when electric heaters are used.

Additionally, during air condihoning mode in conven-
e honal ekclnc vehicle systems Ihe air is generally cooled to

a temperature, sli htly cooler than Ihe desired temperature
anti then an electric heater is used to raise the air temperature
to the desired temperature This scheme is employed to
correct for deficiencies in controlhng comprcssors and sens-

a ing air tcmperaturc. Thc electric hcatcr is cmployctl to
pri&vide the line control over air temperature that passengers
itesire. With elec&he compressors a temperature probe is
generally used for sensmg air temperature which the system
attempts to control. Temperature probes have a slow

ail response and tend to provide an inaccurate output due to
location sensitivity resulting from variations in airflow.
Electric heaters that arc usctl in combination with clcctric
compressors improve Ihe response lime of Ihe syslem to
changing condihons and provide a more accurate output

as temperature. However, the improved response hme and
temperature accuracy are obtained at the expense of wasted
energy. L'nergy is &vested by initially cooling the passenger



compartment lo a lower than desired temperature, anil then
addinonal energy is wasted by using elec(no healers to raise
the;nr temperature.

In a conventional clcctric vchiclc system thc extra cncr y
that an electric healer requires reduces the fuel mileage of
the vehicle leading to higher operaung costs and the nui-
sance of more frequent stops to refuel Lnergy diverted to the
electric heaters during either the heating mode or the cooling
mode reduces the operating range of thc vchiclc, incrcascs
operating costs, anti rcduccs Ihc lifctimc of Ihc vehicle
battcrics by subjecting them Io morc dischar c cycles

One object of thc prcscnt invention is to provitlc a system
which minimizes cncrgy consumption during a hcatin
operation of an automotive HVAC system.

Anothi,r object of thc prcscnt invention is to disclose a '-'eatingmode selection mcthorl in which thc hcatin mode
selection is dynamically updated as operahn ~ condiuons
change.

It is an addihonal object of the present invention to
proviife a system that increases the energy eiliciency of an
electric vehicle.

A further object of thc prcscnt invention is to provide an
energy efhcienl method for controlling the passenger com-
partment temperature of an electnc vehicle.

Accordmgly, the invention provides a reveriuble HVAC
system for healing a passenger compartment of a motor
vehicle. The HVAC system includes a heat pump arul an
electric heater for supplying heat rlirectly to air blown into
the passenger compartment A cnntroller initially selects the ic
heat pump to provide thc heat that is dircctcd into the
passenger compartment. Thc heat pump atmmpts for a
predetermined pewod of ume lo heat the passenger com-
partment lo a target temperature. The controller stores a heal
pump gain value represennng the heaung capacity oi the
heat pump before switching the heating operation to the
electric heater. 1)unng operatinn of the electric heater, the
controller calculates a system heat gain value rcprescntin
the required heating capacity Io maintain thc passcngcr
compartment at thc target tcmpcraturc. While thc clcctric

ac
healer is operanng, the controller conunuously modifies the
heal pump gain value lo reflect changes in the ambient
temperature When the heat pump gain value approximately
equals or exceeds the system gain value the controller
sclccts thc heat pump to provirlc healing.

The above described device is only an example. Devices
in accordance with the present inventinn may be imple-
mented in a variety of ways.

BRIEI'L'5('RIP'I1ON Ol'l IL DRAWINGS

These and other objects of the present invention will n

become apparent to those skillcrl in thc arl from thc follow-
in detailed dcscnption in conjunction with thc attachctl
drawings in which:

FIG. 1 is a schematic rcprcscntation of a prcfcrrcd
ss

embodiment of thc automotive refrigerant circuit;
FIG. 2 is a cross-sectional view of the flow management

center shov n in FIG. 1;
I'IGS 3n and 36 present cross-sectional views of tlow

manigcmcnt dcviccs embodying Ihc present invention;
I'IG 4 is a schematic representation of an alternative

automotive refiugerant circuit;
I'IG 5 is a block diagram illustration of the control circuit

interconnection to a reversifile HVAC refrigerant circuit;
FIG. 6 rs a flow thagram showing an overview oi the as

control program for the preferred embodiment of the inven-
tion;

FIG. 7 is a flow diagram illustration of the expansion
valve cnntrof program for the preferred emfiodiment of the
invention;

FIG. 8 is a flow diagram of thc compressor speed control
moilule for the preferred embodiment of the invenuon,

I IG 9 is a diagram illustratmg the interaction between the
expansion valve and compressor during the turn-nn transi-
tion;

FIG. 10 is a datagram illustraung the relationship between
the temperature cycle and a schemanc representation of. an
HVAC system,

FIG. 11 is a flow diagram of thc anti-fog algorithm for thc
prcfi:rrcd embodiment of thc invention;

FIG. 12 is a flow diagram of the heating mode selection
module for the preferred embodiment of the invention;

I IG 13 is a flow diagram of the air-handling methnd for
the preferred embodiment of the mvention;

I IG 14 is a schematic representatinn of a preferred
embodiment of an HVA('. system coupled to a battery pack
motlulc;

FIG. 15 is datagram illustrating thc relationship bctwccn
a preferred embodiment of the HVAC syslem and ils heat
lorul cvcle, arul

FIG. 16 is a datagram illustraung the relationship between
the temperature lever position and the correspnnrling oper-
ating mode

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 1 illustrates an exemplary reversible HVAC system
5U for motor vehicles thai includes an air-flow structure 52,
a refrigerant tloiv system 54, and a front panel 55 for
prnviding controfling inputs The reversflile I IVAC system
50 can fioth heat and cool the passenger compartment air of
a motor vchiclc by using thc rcfrigcrant flow system 54 in
conjunction ivith thc air-flow structure 52 Io transfer heat
energy between the outside environment and Ihe passenger
compartment. In healing mode, heat energy is transferred
frnm the outside environment to air that flows into the
passenger compartment and in cooling mode, heat energy is
transferred to the outside environment from air that tlows
into the passen cr compartment. Thc rcfngcrant flow system
54 acts as a storage medium for heat cncrgy that is being
transferred between lhe outside environment and the pas-
senger compartment. The air-flow structure 52 controls the
tlow of conditioned air into the passenger compartment An
inside heat exchanger 88 provides an interface between the
refrigerant flow system 54 and the air-tlow structure per-
mitting thc transfer of heat energy bctwccn Ihc refrigerant
and thc air floiving into thc passenger compartment. Thc
friml panel 55 provitfas a means for the passengers lo control
the lemperature, flow rale, and operaung mode of lhe HVAC
system

I'he air-floiv structure 52 includes a duct 56 through
which air is supplied into the passenger cnmpartment, a
blower 58 for introducing air into thc rluct 56, a recirculation
tloor 60 for controlling the proportion of fresh air to rccir-
culatcd air, a PTC heater 62 for heating thc air, a blend rloor
6U for conlrolhng Ihe propornon of air that flows over the
PTC healer 62, arul a set of duct outlets for discharging ur
into the passenger compartment

The duct outlets mclude a defrost outlet 64 for directing
air towards the wintfshield of the vehicle, a panel outlet 66
fnr directing air towards the upper extremities of the
passengers, and a floor outlet 68 for discharging air towards



the lower exnemities of the passengers. The duct outlets
64—68 are selectively opened ar«l closed by a mode damper
70 which operates in accordance with thc position of the
mode selector switch 72 located on front panel 55

The refrigerant flow system 54 is operable in a heahn ~

mode and a coohng mode and includes a compressor 76, a

four-way switch 78 for controlling thc direction of rcfr&g-
crant flow, an insirlc heat cxchangcr 88 for transfcrrin
energy between the refrigerant and air flowing into the
passenger compartment, an outside heat exchanger 80 for

&c
interfacing with the outs&&le environmeni, a flow manage-
ment center 82 lor reducing the pressure of refngerant
flowing into a heat exchanger that is functioning as an
evaporator, shut-olf valves 84 and 86 for system protection,
zone-control heat exchanger 92 for provirling independently
controlled coohng to a local region, anil pressure reducing is

device 90 lor reducin ~ the pressure of refrigerant flowin ~

into the zone-control heat exchanger 92. The refrigerant flow
system 54 interacts with thc air-flow structure 52 and the
passenger compartment through thc operation of the inside
heat exchan er 88 during the heating and cooling modes zo

The function of the inside heat exchanger 88 changes in each
operahng mode; during heating mode the inside heat
exchanger 88 functions as a condenser transfernng heat
energy to air that passes through air-flow structure 52 into
the passcngcr compartment anil during cooling mode the -;
inside heat exchanger 88 functions as an evaporator absorb-
ing heat energy from the air that passes through air-flow
structure 52 into the passenger compartment.

The compressor 76 is driven by a variable speed electric
motor (not shown). Varying the speerl of the electnc motor
causes a commensurate change in the sucuon pressure ar«l
refngerant discharge capacity of compressor 76. Although
the compressor in the present embodiment is a var&able
spccd compressor, it is within thc scope of thc invention to
employ a single spccd compressor. Thc four-way switch 78
is connected between the compressor 76 and the heat 33

exchangers 80 and 88 to prov&tie a method of changing from
air comhnoning mode to heat pump mode by reversing the
direction of refngerant flow.

The inside heat exchanger 88 functions as an evaporator
during a cooling operahon and as a condenser during a

heating operation. Inst&le heat exchanger 88 is arran ed
within duct 56 so that thc air lilown through thc cxchangcr
88 is conditionctl prior to passing over PTC hcatcr 62 and
being discharged through the duct outlets. Shut-otf valve 84
provides a means of interrupting refrigerant floiv during
HVAC operating modes that ilo not require operahon of
inside heat exchanger 88. Examples of such operahng
modes include disabhng opera«on ol the ins«le heat
exchanger 88 as an evaporator at low ambient temperatures
that could result m freeinng nf the heat exchanger 88 due to so
condensation, anil morlcs v herc only secondary heat
cxchangcrs arc operational such as zone control heat
exchanger 92. Such operating modes include cooling of a
ha«cry assembly and cooling of pre-selected regions wnhin
the vehicle. The flow management center 82 reiluces the
pressure of and expands the refrigerant to be supplied to the
inside heat exchanger 88 during a cooling operation

The outsiile heat exchanger 80, which is generally located
towards the front of the vehicle, exchanges heat between the
outside air and the refrigerant. A fan 94 ensures a constant
supply of outsitlc air flows through outside heat cxchangcr
80. During air contlitioning mode thc outside heat cxchan cr
80 lunctions as a con&tenser providing a means R&r the
refngerant to shed heat to the outside air. Dunng heat pump
mode the ours&de heat exchanger 80 funchons as an evapo- es
rator alxsorbing heat energy frnm the outside air into the
refrigerant

The flow mana ament center 82 provides a centrallized
ilevice lor rerlucm ~ the pressure of refrigerant flowing mto
a heat exchanger 80 or 88 functioning as an evaporator and
acts as a source of high pressure liqu«l refrigerant for
secor«lary heat exchangers. Conventional circuits use a

separate pressure reducing device with bypass plumbing for
each heat exchanger that functions as an evapnrator lly
using a single flow management center 82 to prnvide pres-
sure reduced refrigerant thc complexity of thc rcfrigcrant
flow system 54 is rcatly rcduccd. Additionally, a rcccivcr/
&Incr function is integrated into the flow management center
82 for eliminanng contaminants ar«l prov«ling a reservoir of
pretwurizerl liquid refrigerant. Refngerant tapped from the
receiver portion is routed to pressure reducing device 90 and
then to zone-control heat exchanger 92. Althnugh the tlow
mana cmcnt center in thc prcfcrrcd cmbodimcnt includes a
rcccivcr/drier function thc principles of thc invention can bc
extended to flow management devices that do not include a
receiver/drier function.

Flow managcmcnt ccntcr 82 is illustrated in greater detail
in FIG. 2 to include a housing IUU delining bi-directional
ports IU2 and 104, a pressure sensitive valve 1U6, check
valves 108 and 110, desiccant 112, a uni-directinnal tlow
member 114, pressure reducing valve 116, outlets 118 and
120, temperature probe 124, and pressure probe 122. Pres-
sur&zcd liquid rcfri erant flows into bi-directional port 102
or 104, through thc corrcspontling check valve 108 or 110,
through the dessicant 112, into reservoir 113, up the uni-
ihrecuonal flov, member 114, through pressure reducing
device 116 and pressure sensitive valve 106, anil finally
reduced pressure refrigerant flows out nf the other
bi-directional port 104 or 102 When the HVAC system 50
changes operating modes thc direction of rcfrigcrant flow
rcvcrscs as high pressure rcfrigcrant flows into thc
bi-ilirectional port that pressure reduced relngerant was
flowing from. The refngerant then flows through the corre-
sponding checl valve IIU or 108, through the de«a&cant 112,
into reservoir 113, up the uni-directional flow member 114,
through pressure reducing device 116 and pressure sensitive
valve 106, and finally reduced prcssure rcfrigcrant flows out
of the other bi-directional port 102 or 104. Thc prcssure
seniuuve valve 106 permits the flow of pressure reiluced
refrigerant out of one bi-direcuonal port while preventing
high pressure refrigerant from flowing directly between the
bi-directional ports. When high pressure refrigerant flows
into a bi-directional port 102 and 104 the pressure sensitive
valve 106 closes thc flow path from thc port to thc prcssure
reducing device 116 and opens a path from thc prcssure
reducing device to the other bi-direcnonal port 104 and IU2.
Closing the flov, path from the bi-direcuonal port 102 or HI4
to the pressure reducing device forces refrigerant to flow
through the correspondin check valve 108 or 110, through
the dessicant 112, and into reservoir 113 The opposing
check valve 110 or 108 prcvcnts high prcssure liquid rcfrig-
crant in reservoir 113 from flowing out thc opposing
bi-ilirectional port 1U4 or 102. Impunues w«hin the reft&g-
erant are removed by dessicant 112. Reservoir 113 provides
a pool of high pressure liquid relngerant that can be so«reed
to multiple pressure reducing devices such as device 116
within the tlow management center 82 as well as pressure
reducing devices that provide rcducctl prcssure rcfrigcrant to
secondary heat cxchangcrs Outlets 118 and 120 provide a
means ol tapping oil refngerant from reservoir 113 and
ihrecung it to secor«lary heat exchanger circuixs. In the
preferred embodiment the pressure sensitive valve 106 &s a

dual poppet valve, however it is envisioned that other valves
such as multiple check valves, mushronm valves, reed



valves, or rotary valves may be employed. Additionally,
similar valves as listed above can replace check valves 108
and 110. Although thc prcssure reducing dcvicc 116 in the
prefcrrcd cmbodimcnt is an clcctronically controlled expan-
sion valve it is within the scope of the invention to use
mechanically controlled expansion valves as well as 90'alves.The desiccant H2 and lhe temperature and pressure
probes IZZ and 124 are merely exemplary of addihonal
functions that can bc ad&lcd to thc flow managcmcnt center,
they are not required to pracuce lhe invention.

Returning to FIG. 1, thc zone-control heat cxchangcr 92,
located within thc interior of lhc vchiclc provides coolin
functions for local zones or assemblies. Examples of local
zone cooling include battery assembly cooling, air conch-
tinned seats, and individuahzed cnnling of one side of the
passenger compartment Pressure reducing dev&ce 90
reduces the pressure of and expands the refrigerant to be
supplicrl to zone control heat exchanger 92. Thc cxpanrlcrl
refrigerant absorbs heat from thc air or liquid which is
passed through heat exchanger 92, thereby cooling the i&ii'r

zp
liquid.

Thc front panel 55 includes sclcctor switches for scttin
the operating parameters of the air conditionin ~ circurt 50.
The switches inclurle a blower speed selector 73 that rn the
preferred emborhment is arljustable frnm 30&7v tn 100&7r of .;
the maximum blower spec&I, a mode selector switch 72
bavin five mode settings, a recirculation sclcctor 75 for
sclccting fresh or rccirculatcd air, and a sliding tcmpcraturc
lcvcr 74 for setting thc tcmpcralurc of air rlischar cd from
the duct outlets. Although the mode selector swrtch in the
preferred embodiment has live discrete scum s, the pnn-
ciples of the invention can be extended to a mode selector
having an unlimited number of settings

Dur&ng cooling mode, the refrigerant discharged from the
compressor 76 flnws through fourway switch 78 into outside ss
heat exchanger 80 wh&ch functions as a condenser As heat
energy stored in thc rcfrigcrant is shed lo thc outsirlc air
which is blown through thc exchanger 80 thc rcfngcrant
comlenses to a high pressure liquid. The liqurd refngeranl
flov,s into a bi-direcnonal port 1U2 of lhe flow management an
center 82, through the desiccanl 112, into lhe reservoir 113,
up the uni-directional flow member 114, thn&ugh the pres-
sure reducing valve H 6, and then out the other bi-directional
port 104. A portion of thc rcfrigcrant is tapped off from thc
reservoir 113 and dircctcd towards a secondary loop as as
shown in FIG. I will bc cxplaincd in a later paragraph. The
refngeranl flowing through the pressure reducin ~ valve 116

pressure reduced and then passes ihrou h lhe other
bi-directional port 104 The pressure reduced refngerant
flu&v intn the inside heat exchanger 88 which functions as sn
an evaporator. Heat cncrgy from air passing through inside
heat cxchangcr 88 is absorbed by thc prcssure reduce&I

refrigerant causing thc rcfrigcrant to change to thc vapor
state. The vapor state refrigerant flows from the heal
exchanger 88 through the four-way switch 78 and back to
the inlet of compressor 76 which compresses the vapor and
directs it through four-way switch 78 to outside heat
exchanger 80.

The operation of the secondary loop &luring icnohng mode
is as follows 'I'he portion of refrigerant that flowed from an
outlet in rcscrvoir 113 flov s through shut-ofl valve 86 into
pressure reducing dcvicc 90. Prcssure rcduccrl rcfngcrant
flov,s out of device 90 into local-zone heat exchanger 92
which funcnons as an evaporator. The refngerant absorbs
heal from lhe air which passes through it therd&y prov&din ~ as
separately controlled cooling for a portion of the passenger
compartment. Although the zone control beat exchanger 92

in lhe preferred embodiment funcnons as an air-lo-
refrigeranl evaporator, it is within the scope of the invention
to employ other heat cxchangcrs such as rcfrigcrant-to-
rcfrigerant, water-to-rcfrigcrant, and oil-to-rcfrigcrant heat
exchangers

During heanng mode, the direcnon of relngerant flow is
rcvcrscd by changing thc orientation of four-way switch 78.
A signal from a controller 130, hcrcinaftcr described, con-
trols the orientation nf four-ivay switch 78 'I'he refrigerant
d&scharged from the compressor 76 flows through four-way
switch 78 into inside heat exchanger 88 which functions as
a condenser. As heat energy stored in the relngerant is shed
to the inside air which is blown through the exchanger 88 the
refrigerant condenses to a high pressure liquid 'I'he liquid
refrigerant flows into thc bi-directional port 104 of thc flow
mana cmcnt center 82, through thc desiccant 112, into thc
reservoir 113, up lhe uni-directional flow member 114,
through the pressure reducing valve 116, aml then out the
other bi-directional port HIZ. The refingeranl flowing
through the pressure reducing valve 116 &s pressure reduced
anil then passes through bi-directional port 102 I'he pres-
sure reduced refrigerant flows into thc outside heat
exchanger 80 ivhich functions as an evaporator. Heat energy
Irnm air passing through outside heat exchanger 8U

absorbed bv lhe pressure reduced refngerant causing the
refrigeranl to change lo the vapor state. The vapor slate
refrigerant flows from the heat exchanger 80 through the
four-way switch 78 and hack to the inlet of compressor 76
which comprcsscs thc vapor and directs it back through
four-way svvitch 78 to inside heat cxchan cr 88.

During heating mnde, the secondary loop operates in the
same manner as during a cooling morlc. Rcfrigcranl from
outlet 118 of flow managcmcnt ccntcr 82 flows through
pressure reducm ~ device 90 anil into local-zone heat
exchanger 92 in which it absorbs heat l rom air that is passing
through the exchanger 92 Pressure reducing device 90
pressure reduces the refrigerant to increase its capacity to
absorb heat energy from air or fluid flowing thrnugh the heat
exchanger 92.

Employing flow management center 82 in reversible
HVAC system 50 greatly simplifies thc intcrconnccting
plumbing and permits morc rcflabfc implcmcntation of
secondary cooling loops. It is possible to alternately heal and
cool a vehicle, with lwo heat exchangers without the adih-
nonal valves aml plumbing required for convennonal sys-
tems Complex refrigerant balancing schemes for dividing
refrigerant amongst multiple heat exchanger loops are not
required, thereby improving system performance, increasing
systcni reliability, and reducing cost. A common scnsc point
at thc outlet of prcssure reducing dcvicc 116 is provided for
pressure reduced (Iow-side) refngerant. Sensing tempera-
ture and pressure at the flow management center eliminates
the need nf conventinnal systems for sensing at the inlet to
each heat exchanger.

Refer&&ng lo FIGS. 3&& aml 36, an alternate flow manage-
ment device 81 is illustrated which does nnt include the
receiver/drier function, but provides reversibility with sim-
pler plumbing than conventional systems and a single prcs-
sure reducin device. Thc flow managcmcnt dcvicc inclurlcs
a housin 100 defining bi-directional ports 102 and 104, a
pressure sensnive valve 106, check valves IU8 and 110, a
um-ihrecnonal flow member 114, temperature probe 122,
anil pressure prnbe 124. 'I'he tloiv management device 81
includes all the capabilities nf the flow management center
82 with thc cxccption of thc reccivcr&drier function.

I IG 4 illustrates another embodiment of an automotive
air conditioning circuit 40 that includes a compressor 41, an



outside heal exchanger 42, an inside heal exchanger 43, two
four-ivay switches 44 and 45, a receiver/drier 46, and an
electronic exqtansion valve 47

Four-v ay switch 45, rcccivcrrdricr 46, and expansion
valve 47 funcuonally replace the flow management center
82 that is employed in circuit 5U (see FIG. 1). The funcuon
of four-way valve 45 is the mirror image ol. Ihe function of
four-ivay valve 44 Valve 44 is employed to reverse the flow
of refrigerant through the heat exchangers 42 and 43 lt

essentially converts uni-directional refrigerant floiv from the
compressor 41 into bi-directional rcfrigcrant flow into the
heal exchangers 42 and 43. Whereas lour-way valve 45
converts bi-directional relngerant flow from the heat
exchangers 42 anil 43 into a uni-directional flow through
receiver,'drier 46 and expansion valve 47 is

Rcccivcridricr 46 rcmovcs contaminants from thc refrig-
erant and cnsurcs a continuous flow of high prcssure liquirl
refngeranl into expansion valve 47. Expansion valve 47
proviiles refngerant pressure reducuon and expansion for
heat exchan ers 42 and 43 Lxpansion valve 47 is preferably
an electronic expansion valve that receives its controfling
inputs from a controller that mnnitors the saturation and
supcrhcat tcmpcraturc of thc heat cxchangcrs 42 anti 43.
Howcvcr, other prcssure reducing dcviccs such as block
valves, 90'alves, and thermal expansion valves (TXV) are
within the scope of lhe invention. Generally, to control a

FXV, refrigerant at the superheat temperature anil the satu-
ration temperature must be routed tn the device To obtam
the superheat temperature the refrigerant from four-way
valve 44 to thc compressor 41 inlet can be routed throu h the ic

TXV. For the saturation tcmpcralurc thc rcfrigcrani emittcrl
from lhe TXV can be sensed

During cooling mode outsirle heat exchanger 42 functions
as a condenser shedding heat to the outside environment and
inside heat cxchangcr 43 functions as an evaporator absorb-
in heat from air that is blown into thc passcngcr compart-
ment. The refrigerant cycle is as follows. refwgerant flows
oul of compressor 41, through four-way valve 44, into the
outside heal exchanger 42, ihrough lour-way valve 45, into
receiver,drier 46 and expansion valve 47, thniugh four-way
valve 45, to inside heat exchanger 43, through four-way
valve 44, and back to compressor 41.

During heating mode lour-way valve 44 changes onen-
tation causing the flow of refrigerant lo heat exchangers 42
and 43 to reverse With the reversal in the direction of
refrigerant tlow the functions of the heat exchangers 42 and
43 reverse as mside heat exchanger 43 functions as a
condcnscr and outside heat cxchangcr 42 functions as an
evaporator. In arlrlition, thc orientation of four-way valve 45 so
ts also changed to ensure thai Ihe direcuon of refngerant
flovnng into receiver,'direr 46 and expansion valve 47
remains constant 'I'he refrigerant cycle rluring heat pump
mode is as follows refrigerant flnws out of compressor 41,
through four-way valve 44, into the inside heat exchanger
43, through four-ivay valve 45, into rcccivcr/rlricr 46 anti
expansion valve 47, through four-way valve 45, to outside
heal exchanger 42, through four-way valve 44, anil bacl to
compressor 41.

I'rom the foregoing it will be understood that the inven-
tion provides a flow managcmcnt device with bi-direcnonal
ports in which refrigerant flowing into cithcr port passes
throu h an expansion valve and exi(s the other port.
Additionafly, the invention can integrate the receiveridner
function mlo a flow management device, with bi-direcuonal es
ports to provide the capability of tapping off refrigerant flow
for secondary cooling circuits. Also, the present invention
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ilecreases Ihe complexity of automotive HVAC systems by
integrating a flow management device into the system to
rerluce the numfier of valves required to implement a revers-
ible heating and coolin I IVAC system. A further capability
of thc invention is to provide a ccntralizcd flow managcmcnt
center with taps for ri,frigcrant to rcducc thc complexity of
automotive HVAC systems that implemenl multi-zone con-
trol.
(.'nntrnl System I or Reversible Air Conditinning And I lest
Pump IIVA('ystem I'or Llectric Vehicles

I IG 5 illustrates the control system configuration to
implcmcnt the prcfcrrcd cmborlimcnt of thc HVAC circuit
50. In FIG. 5 thc outside coil 80, flow management ccntcr
82, iniude heat exchanger 88, lour-way switch 78, compres-
sor 76, duct 56, aml front panel 55 are interconnecleil m a

manner similar to circuit 50 illustrated m FIG I Addition-
ally illustrated is controller 130 which controls the com-
pressor speed and flow management center 82 operation
based upon inputs from front panel 55, duct 56, and thc
refrigerant system 54.

During operation of lhe HVAC circuit 5U, the passenger
selects a passenger compartment temperature aml operating
mode fiy setting the switches of front panel 55 'I'he front
panel 55 switch settings are decoded by the cnntrofler 130,
which converts the settings to values that represent desired
tcmpcraturc, operating mode, and blower spccd. Thc con-
troller 130 also monitors sensors that mcasurc thc actual
ambient and passen er compartment lemperalure as well as
refrigerant temperature and pressure The controller 130
compares the decoded settings to the actual ambient and
passenger compartment temperature, and generates signals
that mndify the operation of the refrigerant flow system 54
and air-flow structure 52 to bring thc actual passcngcr
compartment tcmperaturc in conformance with the dcsircd
temperature as represented by the front panel 55 switch
settings.

The operation of the refrigerant flow system 54 is moih-
fied by controller 130 through output signals that control the
onentation of the four-ivay sivitch 78, the speed of com-
pressor 76 and thc duty cyck applied to thc prcssure
reducing device 116 within thc flow management center 82.
Changing Ihe onentauon of lour-way switch 78 causes a
reversal in Ihe direction of refngerant flow. The direction
that relrigeranl flows dictates whether the HVAC system is
in the heating mode or the cooling mode by interchangifig
the functions of the outside heat exchanger 80 and the inside
heat exchanger 88. In heating motte thc outside heat
exchanger 80 functions as an evaporator and Ihc inside heat
exchanger 88 lunclions as a con&tenser 88. Whereas, in
cooling mode the ou(side heal exchanger SU functions as a

comlenser and lhe mside heat exchanger 88 functions as an
evaporator Varying the speed of compressnr 76 during a

cooling mode or a heating mode causes a change in the
refrigerant tcmpcraturc at the compressor 76 inlet and outlet,
which has a direct cffcct on thc tcmpcraturc of air blown into
the passenger compartment. Changing lhe duly cycle
applied Io Ihe, pressure reducing device 116 duitn ~ either
cooling or heaung mode causes a variation in Ihe quannly of
refrigerant that the pressure reducing device 116 permits to
flow into the heat exchanger 80 or 88 that is functioning as
an evaporator. Too much rcfrigcrant flowing through thc
evaporator leads to flooding thc compressor 76, causing
ilegraded compressor 76 performance. Too fille relngerant
flowing through the evaporator lima(s the elflciency of. the
evaporator in absorbing heal, resulung in a reduced cooling
or heating capacity of the I IVA('ystem 50 The controller
130 constantly adjusts the duty cycle applied to the pressure



reducing device Io keep Ihe evaporator operating at maxi-
mum efliciency and adlusts the speerl of compressor 76 to
control the temperature of the air blown into the passenger
compartment.

Thc air-flow structure 52 operation is modificd by chan-
in thc position of blend door 61 and thc position of
recirculanon door 60. Changing the position of bleml door
61 changes the amount of supplemental electnc heaun ~ that
is applied to the air tlowing through the air-tlow structure 52,
directly effecting the temperature of the passenger compart-
ment. The position of recirculation dnor 60 controls whether
fresh air from thc outsirlc or rccirculatcd air from inside is
dircctcd into thc passcngcr compartment. Typically, more
energy is required to heat or cool fresh mr than recirculated
air because of the greater dillerennal between the tempera-
ture of the air tlowing into the HVA('ystem 50 and the
desired passenger compartment temperature

Inputs to controller 130 from the front panel 55 mclude
blower spccd from blower spccd sclcctor 73, mode selection
from mode selector switch 72, and the tar ct tcmpcrature
from temperature lever 74. The duct 56 inputs inclurle infer
and outlet temperatures from temperature probes 132, 133,
and 134. Inputs from the refrigerant system 54 to the
controller 130 include temperature probe 135 for sensing
ambient temperature, temperature probe 124 for sensing the
expansion valve 116 outlet tcmpcraturc, tcmpcraturc probe
136 for sensing supcrhcat tcmpcraturc, and prcssure probe
138 for sensing suction pressure.

('ontroller 13U is preferably a microprocessor-based
controller, that inclurles a processor 140 and associated
memory 142 An analog-to-digital converter (A/Iy) 144
converts si nals from the various sensors to a digital form
used by processor 140. A rlrivcr circuit 146 opcratcs thc flow
manigcmcnt ccntcr 82 and compressor 76. This may bc for
example an interface circuit thai connects to the electnc
motor for driving ihe compressor 76 in response to system
temperature inputs. The interlace circuit may also provirle a

duty cycle signal for controlling the expansion valve 116 to
maintain a regulated average superheat temperature in the
compressor suction linc. Arlditionafly, Ihc driver 146 may
include an intcrfacc circuit coupled Io four-way switch 78
for reversing ihe switch from cooling motle to heating mode.

Processor 140 inclurles a main program 151, depicted in
the flowchari of FIG. 6, to control the operanng mode
selection, compressor speed control, and electronic expan-
sion valve (LXV) control I'IG 6 gives an overview of the
control strategy illustrating thc major functional modules
that arc involved.

Refernng to FIG 6, the main pro ram 151 Ls illustraterl.
The main program 151 provitles the timing for execuuon of
the vanous control modules. At step 152 Ihe program enters
the operating mode selectinn module in which the operating
mode of the system is selected. The supported operating
modes include defrost morlc, vent mode, PTC hcatcr mode,
heat pump mode, and air conditioning mode. Thc inputs
monitored by the controller 13U Io select the HVAC system
50 operanng mode include Ihe posinon of. mode selector
switch 72, temperature lever 74, inlet temperature, aml
during a heating operation the capacity of heat pump mode
Although the preferred embodiment has hve discrete oper-
ating modes, thc pnnciplcs of thc invention can bc cxtcndcd
to systems having cithcr fcwcr operating modes or a con-
tinuously variable set of operaun ~ modes.

FIG. 16 illustrates Ihe system operanng modes. Izunn ~

the PT('eater,'defrost mode, when the ambient temperature
is less than 40'', controller 130 turns on the PT(l heater 62
and moves the blend door to a position determined liy the
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location ol temperature lever 74 However, for the Iirst 3rzr,

of temperature lever 74 travel from the full cold positinn the
controller turns off PTC heater 62 and nnly enables the
vents.

In thc heating mode, with ambient tcmpcraturcs grcatcr
than 40'. or defrost operation ivith ambient mmpcraiurcs
between 40'. and 60'., controller 130 turns on the heat
pump anil if necessary the PTC heater with blend door to
generate the desired temperature that is reflected by the

iii pnsition of temperature lever 74 I'or the first 3'7a of tem-
perature lever 74 travel from full colrl the contrnller 130
turns ofl thc heat pump and PTC hcatcr 62 and only cnablcs
the vents. At tcmpcratures grcatcr than 100'. the controller
13U turns ofl PTC heater 62.

is The third operating mode, cooling mode, is selectable for
ambient temperatures that are greater than 40''fooling
mode is also used for defrost when the ambient temperature
is greater than 60'' or the first:L3'7r, of temperature lever
travel thc controller 130 varies thc compressor suction

zo prcssure set point from 20 to 43 psig as thc tcmpcraturc lcvcr
74 is moved Irom cold to warm. Varying the suction pressure
set point causes a threct change in the compressor speed,
thereby causing the air temperature at the duct outlets to
change. I rom 33&a to lflflrgr of temperature lever travel the
controller 130 sets the compressor 76 suction pressure to a
constant 30 psig and turns on thc PTC hcatcr 62 to rchcat thc
conditioned air.

Returmng Io FIG. 6, at step 154 ihe program enters the
recirculation door positioning module which is descnbed

iii below with reference to I'IG 13. 'I'he recirculation door
pnsitioning module controls the proportion of fresh air to
recirculated air that is blown into the passenger compart-
ment. At steps 156 aml 158 the program cntcrs modules for
monitoring and disabling thc compressor in rcsponsc to

zs iletected faults. The compressor speed control module,
which is deacnbed below with reference to FIG. 8, is entered
at step 16U. Varying Ihe speed ol. compressor 76 causes a
prnportinnal change in the air temperature blown from the
duct outlets 64—68 Step 162 leads to the L'XV control

ao module v hich is dcscribcd ivith rcfcrcncc to HG. 7. Thc
EXV control module 162 modulatcs thc output of thc
expansion valve 116 in response to changes in Ihe vapor
temperature sensed ai the compressor 76 and the compressor
suction pressure. Each of. Ihe above limed modules will now
be further explained.

I IG 7 illustrates the detailed operation of LXV control
module 162. Thc module 162 controls thc volume of rcfrig-
crant that is prcssure reduced by thc expansion valve 116 to
maintain a relatively constant superheat temperature aL Ihe

o outlet of Ihe evaporator. As low-pressure refngerant flows
Irrim the expansion valve 116 through the evaporator it
absorbs heat from the air passing through the evaporator
After absorbing suflicient heat the low-pressure refrigerant
transitions to a vapor state. Any further heat that is absorbed

s by thc vapor raises thc rcfrigcrant tcmpcraturc above thc
saturanon temperature into a superheated temperature
region. To reiluce Ihe outlet temperature of Ihe relngerant
the volume of refrigerant flowing into the evaporator is
increased, thereby increasing the heat lnad capacity of the

aii refrigerant However, if there is too great a vnlume the
refrigerant will not transition to thc vapor stam, resulting in
the compressor 76 being swampcrl by hquid rcfrigcrant. An
insufhcient volume of. refngeranL flowing into the evaporator
results in Ihe, refrigerant Iransitioning to the vapor state

as before reaching Ihe outlet ol. the evaporator. Vapor state
refrigerant has less capacity to store heat energy than liquid
state refrigerant, therefore the portion of the evaporator that
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contains vapor slate refrigerant has less capacity lo store
heat energy, reducing the efficiency nf the evaporator It is
desirable to control the LXV H6 such that the liquid to
vapor transition occurs slightly before the outlet of the
evaporator causing thc rcfrigcrant to supcrhcat a prcdcter-
mincd amount. This maximizes thc ctffcicncy of the cvapo-
ralor by ensunng Lhal virtually lhe enure coil is used for
absorbm heat.

In step 164 the proportional-integral-ditferential (PIIH
constants are chosen based upon whether the system is m
heating mode or cooling mode I'he selection of PID con-
stants is based upon thc particular system characteristics anti
is well known in thc art. Following selection of thc PID
constants the EXV control module proceeds to steps 166 aml
168 wherein the expansion valve duly cycle is miualized
based upon ambient temperature anil operating mode when
the system first enters either heat pump mode or air cond&-

tinning mode The graph appended to step 168 depicts the
sclcction criteria for thc duty cycle. Ambient tcmpcraturc is
sensed by tcmpcraturc probe 135 located in front of the
outside heal exchan er 8U. The initial duly cycle rs then sel
to a value ranging Irom 50e/r to IUO"!v of the maximum EXV
duty cycle depending on the ambient temperature After
setting the initial expansion valve duty cycle the system
transitions through a start-up period before settling into
steady-state operation.

During steady-state operation the duty cycle of lhc EXV
varied in order to mamlain a constant superheat

temperature, 4'. greater than lhe aalu ration temperature, al
the inlet to compressor 76 At step 170 the average superheat
temperature is calculated by measuring the vapor tempera-
ture of refrigerant exiting the evaporator and subtracting the
saturation tcmpcraturc of thc Uuid. Thc saturation lcmpera-
turc is obtained by measuring thc compressor inlet suction
pressure and using the saturauon temperature that corre-
sponits lo the suction pressure. Although the present
embodiment of the invention calculates the average super-
heat temperature from the vapnr temperature and suction
pressure, it is ivithin the scope of the invention to use the
vapor tcmpcrature with an evaporator inlet tcmpcrature
including compensating for thc evaporator prcssure rlrop.
The outlet of lhe expansion valve 116 located in the liow
mani ament center provides a common temperature mea-
suremenL location for evaporator inlet temperature m either
heating mode or cooling mode In conventional systems that
use the evaporator inlet temperature to calculate the super-
heat tcmperaturc; tcmpcraturc probes arc rcquircd at the
inlets to both thc inside anil outside heat cxchan crs to
proviite inlet temperature in both operaung modes.

The updated superheat temperature from step 17U is used
ai step 173 lo calculate a revised setnng for the EXV duty
cycle As a final step, at step 174 the controller 130 limits the
value of the L'XV duty cycle to betiveen 5r/n and IUUr/n to
ensure the dcvicc remains within a known opcratin region.

Rcfcrring to FI( L 8, thc compressor spccd control module
160 is illustrated The compressor speed is controlled by
applying a variable duty cycle lo the electnc motor that
dnves the compressor 76. The duty cycle is vaned in
response to a controlling input such as temperature lever
position and compressor suction pressure Varying the speed
of compressor 76 causes a proportionate variation in the
dischar c tcmpcraturc anil rlischargc prcssure of rcfngcrant
Ilovnng out of the compressor 76 as well as an mversely
proportional change in the compressor suction pressure aml
refngeranl suction temperature. The increased refrigerant
discharge temperature results in an increased condenser
temperature, increasing the capacity of the I IVA(l system 50
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to provide heal duwn ~ healing mode. The decreased refng-
erant suction temperature results in a decreased evaporator
temperature, increasin the capacity of the IIVA('system 50
prnvide cooling durin cooling mode 'I'he speerl of the
compressor 76 is there,fore varied to maintain air blown into
the passenger compartment at a rclativcly constant tcmpcra-
ture during both heaung mode and cooling mode.

The desired temperature is set by adlusung lhe tempera-
ture lever 74 on front panel 55. 'I'he controller 130 calculates

iii the target suctinn pressure corresponding to the temperature
lever position (x'13 which is equal to 20+75*(x/I.) for a
lcvcr travel distance equal to 33% of thc available distance.
Using thc suction prcssure as thc controlled paramctcr
instead of air Lemperalure provides a more stable and faster

is respomhng system.
Conventional systems that use air temperature as the

controlled parameter have problems with surging of the
compressor 76 in addition to slow respnnse time As the
scnscd outlet air tcmpcrature changes duc to transient cffccts

zo includin changes in vehicle spccd or passing through
inlermiuenl sunlight, the compressor speed is chan ed in an
attempt lo keep Lhe outlet temperature constant. When lhe
compressor speed is constantly changing the passenger
perceives the changes as surging in the prnpulsion nf the
vehicle In the preferred embodiment, the LXV control loop
rcgulatcs a constant outlet tcmpcraturc while thc compressor
rcgulatcs a constant suction prcssure As thc outlet air
temperature chan es the heat that is translerred between the
refrigerant and the inside heal exchanger vanes, causmg the

iii refrigerant superheat temperature to change. In response to
the change in the superheat temperature the rluty cycle iif
pressure reducing valve H6 is changed by controller 130,
causing a shift in thc flov of refngcrant, resulting in a slight
variation of the compressor suction prcssure. Thc controller

ss 13U then modilies the speed of compressor 76 to bong il in
conformance vnth the target sucuon pressure. However, the
required change in the speed of the compressor 76
significantly less than the change that wnuld be required in
an IIVAC system that uses compressnr speed alone to

ao compensate for changes in outlet tcmpcraturc. Thc minor
change in compressor spccd is impcrccptiblc to thc
passengers, leading to enhanced dwving comfort.

In addiuon to ehminaung surging, the response ume of
HVAC system 5U is reduced by usin ~ su coon pressure as the
controlled input Cooling air at the desired temperature is
blown over passengers in significantly less time than con-
ventional systems that control air tcmpcrature directly. As a
result, unlike conventional systems, PTC heating of thc
cooled air is nol required to provide line control over the ur

o temperature, resulting m more energy elhcienl vehicle
operallon.

During heat mode the compressor speed is varied in
reaction to changes in the temperature of the air flowing out
of the inside heat cxchangcr 88. In heat pump mode, unlike

s air conditioning mode, suction prcssure is not directly
related lo the temperature of air Ilowing out of lhe insnle
heat exchanger. Therefore lhe air temperalure sensed by
temperature probe 133 Ls used as lhe controlhng input for
compressor speed

ail In step 176 the controller 130 calculates the error and
error dcrivativc to bc used in thc PID controller for thc
controlled input. In air conditiomng mode thc controlled
input is the suction pressure and in heat pump mode the
conlrolled input is the post inside heal exchanger air lem-

os perature measured by temperature probe 133. In slap 178 the
PID constants corresponding to the appropriate operating
mode are selected. 'I hen in step 180 the PID controller
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calculates Lhe change in compressor duly cycle based on the
PID constants and thc calculated error and error dcrivativc.
The revised duty cycle is limited lo between 5% and 90~/o to
ensure the compressor 76 is operated within specified
pa&am&:Lors.

FIG. 9 illustrates thc interaction between thc EXV control
loop anti Ihe compressor speed control loop dunn ~ the
cooling mode start-up transition As explained the L'XV

control loop regulates the volume of refngerant that flows
&0

through pressure reducing device 116 main«uning a prede-
termined refngerant superheat temperature at the outlet of
the evaporator. A secondary effect of the LXV operation is
that as the LXV permits an increaserl volume of refngerant
to flow, thc suction prcssure at thc inlet to compressor 76 is
decrcascs. Thc operation of thc compressor 76 has a corre-
sponding interacuon with the EXV. When the speed of
compressor 76 is changed, the resulun ~ change in sucuon
pressure and temperature at the inlet to compressor 76
causes a change in the saturatinn temperature of refngerant
that flows through the evaporator. Increased compressor 76
spccd, causes a lower suction prcssure, leading to a lower
saturation tcmpcraturc, resulting in thc rcfrigcrant tempera-
ture rising to the predetermined superheat temperature ear-
lier in Ihe traverse of Ihe evaporator. The EXV loop com-
pensates for Lhe change in superheat temperature by
permitting an increased vnlurne of refrigerant to flow
through the evaporator, thereby causing a higher suction
pressure. When thc HVAC sysmm 50 first turns on, if the
pressure reducing valve 116 is sct to an initial duty cycle of „,
Oo/o, the volume of refngeranl flowing through the evapo-
rator will lag the compressor speed throughout the enure
start-up ume penod, delaying the start-up, resultrng in a

start-up time period of apprnximately 2 5 minutes

Assuming an ambient tcmpcraturc of 40'., thc EXV is ss
sct to an initial duty cyck of 50%a at step 168 (scc FIG 7).
The compressor suction pressure is sel lo achieve lhe target
sucuon pressure corresponding lo Lhe location of tempera-
ture lever 74. Initially, the compressor suction pressure
decreases slightly during the first seconrls of operation as
fluid pours through thc EXV, then as thc compressor spina up
tov ards steady-state spccd suction prcssure begins to
incrcasc significantly. At thc same time thc EXV duty cycle
increases until the suction pressure has increased to a point
where the EXV begins to track the suction pressure. Dunn ~

the early stages of start-up it is not unusual for the com-
pressor to flood until the compressor speed increases a
sufl'icient amount to develop apprnpriate suction pressure In
the prcfcrrcd cmbodimcnt thc compressor is opcratetl on the
borderline of flooding rluring thc start-up transition thcrcby so
contributing lo a faster system response nme. Also, as the
EXV duty cycle be nns to track the suction pressure it will
overshoot its steady-state value by a slight amount. The
underdamped response displayerl by the L'XV control loop
results in a further reduction in the system response time In
combination thc improvcmcnts result in air cooled to the
desired tcmpcraturc blowing over thc faces of passengers
within approximately 35 secomls of system start-up

I'rom the foregoing it will be understood that the inven-
tion provides a system for improving the steady-state
response time of an automotive HVAC system. Adtlitionally,
the invention permits a reduction in thc start-up time of an
auiomonve air comhlioning system. Also, the invention
provides a system for conlrolhn ~ an HVAC system that
employs a flow management dev&m. The invennon further as
provides a system for controlling, an HVAC system incor-
porating a centralized flow management center.
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Anti-Fog System for Reversible Air Conditioning and Heat
Pump IIVA('ystem for Automobiles

Referring to I I(i 10, a single loop reversible air condi-
tioning and heat pump system 191 is illustraterl with the
corrcspondin tcmpcraturc cycle diagrams for air condition-
ing mode 190 and heat pump mode 192. As will bc
ilescnbed, the preferred embodiment of the present inven-
uon prevents undesirable fogging by slowly increasmg the
speed of compressor 76 over a predetermined period of time
Generally, in reversible I IVAC systems fogging may occur
during the transition from coolmg mode to heating mode
Prior to describing the solution provided by thc prcscntly
prcfi:rrcd cmbodimcnt, a brief description of the rcfrigcra-
uon cycle anil how fogging occurs in a reversible system is
provided wilh reference to FIG. Hl

I'he refrigeration cycle essentially uses a small amount of
energy to power a compressor in order to transfer a greater
amount of heat energy from one environmental region to
another cnvironmcntal region. It docs this by using thc
coolin cflcct of evaporation to loivcr thc tcmpcraturc of thc
air passing through one heat exchanger (the evaporator) 88
and using Ihe heanng eflect of con&tensing high temperature,
high pressure gas to raise the temperature nf the air passing
through another heat exchanger (the condenser) 80. With
reference to ivaveform tn of I'IG 10, drawn from right to
left, the tcmpcraturc profile of rcfrigcrant flowing from an
evaporator 88, through a compressor 76 and four-way switch
78, and then through a comlenser 80 is illustrated. Refng-
erant enlenng the evaporator 88 is al low pressure aml low
temperature The temperature heing the saturation tempera-
ture of the pressure reduced refrigerant. As the refrigerant
passes through the evaporator 88 heat energy from air that
is blown through thc evaporator 88 is absorbed by thc
refrigerant. Thc air that exits thc evaporator 88 is noticeably
cooled due to Lhe transfer of heat energy from the air lo the
refrigerant. The cooler air no longer has the capacity to
retain Ihe same, amount of moisture as Lhe warmer air that
was blown into the evaporator 88, therefnre the excess
moisture condenses out of the air onto the external surface
of thc evaporator 88. Thc vapor state rcfngcrant floivs from
the evaporator 88 to thc compressor 76 whcrc it is com-
premed lo a high pressure, high temperalure vapor before
flowing into Lhe comlenser 80.

When the controller 130 commamls a change to heating
mode the orientation of four-way switch 7S is changed, thus
interchanging the refri erant connections to the compressor
76, thcrcby rcvcrsing thc flow of refrigerant through thc
systcni causing thc heat cxchangcrs to change functions.
Referring lo waveform «of FIG 10, drawn I'rom left to
righl, pressure, reduced refngerant flowing into outs&de heat
exchanger 80 (Ihe evaporator) absorbs heat energy from the
outside air which is blown through the evaporator 80 The
refrigerant flowing through the evaporator remains at its
saturation tcmpcraturc for a majority of thc travcrsc. As thc
refrigerant nears the cnd of the evaporator 80 thc accumu-
lateil heal energy that has been absorbed causes the refng-
erant lo trans&non to a vapor slate. Any lurther heal energy
that is absorbed m the refngeranl causes the relngerant
temperature to increase beyond the saturatinn temperature
into a superheated temperature range I'he superheated
refrigerant floivs to thc compressor 76 which compresses it
to a high prcssure, high tcmperaturc vapor which is dircctcd
to the inside heal exchanger (Ihe m&ndenser) 88. As the high
temperature vapor flows into the condenser 88, the tempera-
ture ol the condenser 88 rapidly rises to an equivalent
temperature Moisture that had accumulaterl on the inside
coil 88 during the air conditiomng mnde begins to boil off
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as the conilenser 88 increases in temperature. The moisture
is absorbed by air flowing through condenser 88 into the
passenger compartment. I'ogging then occurs when the
moisture laden air strikes the cold insirle surface of the
passenger compartment v inrlows.

FIGS. 5 and ll illustrate an cxcmplary anti-fo in
system for controlhng the operanon of a reversrble HVAC
system 50 lor automobdes. FIG. 5 as explamed earlier in this
specihcation illustrates a cnntrol system for an automotive
IIVA('ystem Using the same hardware conhguration,
controller 130 minimives the efl'ects of fogging hy gradually
increasing thc compressor spccd al a prcdctcrmincd rate anti
re ulating thc floiv managcmcnt ccntcr operation to ensure
eflicient use of the evaporator. Although a flow management
center 82 is employed in lhe preierred emboilrment n is is
within the scope of the invention to use a pressure reducing
device ivith a separate receiveridrier Additionally, the
invention encompasses any variable speed or capacity
compressor, even though thc compressor in thc prefcrrcrl
embodiment is an clcctric compressor. 30

Processor 140 is pro rammed lo control the compressor
speed and flow management center operation as depicted in
the flmvchart of I IG 11 I'IG 11 provirles a general over-
vieiv of the main system operating mnrles anil the deta&led
program steps related to the anti-fogging routine In the
prefcrrcd cmbodimcnt of thc invention thc steps that arc
included in thc anti-fogging routine 201 arc spread through-
out a number of program modules such as the operaun ~

mode selection 152, compressor speed control 160, aml
L'XV control 162 (see I IG 6) Calculated changes to the
outputs that control the speed of compressor 76 and the
regulation of pressure reducing device 116 only occur w&thm
the designated modules. To clarify lhc included steps, they
have bccn brought togcthcr and lismd in anti-fog routine
201. 33

At step ZUU the program enters air comhtioning mode in
which coolmg air is blown into lhe passenger compartment.
During air conditioning mode, as a byprnduct of the ref&&g-

e ration process moisture accumulates on the external surface
of inside heat cxchangcr 88. At step 202 an anti-fog fla is ao

sct to provide an inrlication that (herc is moisture on the
surface of the inside heat exchanger 88. The anu-fog fla ~

wdl remain set unul heat pump mode is entered at step 204.
At step ZU6 the pro ram continues into the anti-fog sequence
208 if the anti-fog flag is set, otherwise it branches off to
steady-state heat pump mnde at step 210

Thc anti-fog scqucncc begins with sclccting a post-inside
heat cxchangcr air target tcmpcraturc and a duration of
operation at step 212 from a table of values that are
representeil in the graph. The actual post-insnle heal o

exchanger air temperature is measured by probe 133. The
target temperature is set equal to the amliient plus an otTset
that is increased over time. I.imiting the postinside heat
exchanger target tcmpcraturc lo a specificrl offsct above
ambient indirectly limits thc tcmpcraturc of thc comprcsscrl 3

refngeranl vapor that tlows into the condenser 88. The
evaporauon rate of moisture located on the insula heal
exchanger 88 is direcfly related lo the refngeranl tempera-
ture at the inlet to conrlenser 88 Therefore, gradually
increasin the target temperature causes a gradual increase
in thc compressor spccrl, which causes a gradual incrcasc in
thc compressor discharge pressure, which results in a
grrulual increase in the refngerant temperature at the inlet to
the con&tenser, thereby limiting lhe evaporation rate of
moisture on lhe comlenser 88. es

At step 214 the compressor target suction pressure is set
to 45 psi. Starling the suction pressure at 45 psi ensures that

the starling discharge pressure anil temperature are low
enough to prevent uncontrolled moisture evaporation from
the cnndenser 88. The suction pressure is related directly to
the speed of compressor 76

At step 216 a PID controller calculates thc ncw compres-
sor spccd setting based upon thc target tcmpcraturc and
previous suction pressure. The change in sucuon pressure
Irom lhe previous seuing is hmited to prevent undesirable
changes in compressor speed which cnuld lead to high
d&scharge temperatures and uncontrolled conrlenser mois-
ture evaporation. Although the preferred embodiment of the
invention controls thc compressor spccd lo rcgulatc thc
moisture evaporation rate, it is within thc scope of thc
invention lo control other system parameters such as suction
pressure, discharge pressure, or condenser inlet temperature.

If the post-inside heat exchanger target temperature is less
than the target temperature that correlates tn the temperature
lever 74 positinn, then the PT('eater 62 is turned on and
the blend door 61 is sct to a position that v ill cnablc thc
HVAC to achicvc the tcmpcraturc Icvcr target temperature.
The required door 61 posiuon is obtained Irom a lookup
table that correlates blend door posnion to ililTerenlial tem-
perature and airflow

At step 218 the recirculation door 60 is set to the full fresh
air position !letting the recirculation door 60 to the full fresh
air position in combination with slowly evaporating mois-
ture from thc condcnscr prevents fogging in the passcngcr
compartment. As moisture is slowly evaporated off of. the
comlenser il &s absorbed by the fresh air flowing past the
recirculation door 60, through inside heat exchanger 88, and
into the passenger compartment 'I'he mnisture laden air
flowing into the passenger compartment from the outside
causes the internal air prcssure to incrcasc, acting to drive air
out of thc compartmi,nt through vents and other unscaled
openings. Pushing air out the ven(s prevents an excessive
amount of. moisture laden air from accumulaung m the
passenger compartment as well as ensunng that lhe ilnest
pnssihle air is passed over the inside heat exchanger 88.

I'he anti-fog sequence continues until controller 130 has
cxecutcd thc table of values rlcpictcrl graphically at step 212.
Having complctcd thc prcdctermincrl routine, all of thc
moisture that ex&ate&I on inside heal exchan er 88 has
evaporated anil therefore the temperature of the reingerant
entering the comlenser 88 no longer needs lo be controlled.
The anti-fog flag is reset and the heat pump system transi-
tions to normal steady-state heat pump mode in &vhich the
spccd of the compressor 76 is controlled such that a dcsircd
rluct outkt tcmpcrature as sclcctcd with tcmpcraturc lcvcr 74
is auained.

From lhe foregoing it will be umlerslood that the inven-
uon provides a system which mntrols fogging when chang-
ing modes in a reversible IIVA('ystem Arlrlitionally,
through the use of the anti-fogging method the rate nf initial
heating of thc passcngcr compartment is nol compromised.
Arlditionally, thc invention permits a system which controls
Rigging in an HVA('ystem when iniually starting ur
comhlioning mode.
Heanng System in a Reversible A&r Condiuonin ~ anil Heat
Pump IIVA('ystem for Llectric Vehicles

I IGS. 5 and 12 illustrate an exemplary temperature con-
trol system for a rcvcrsible air conrlitioning and heat pump
HVAC system for an electric automobile. FIG. 5 illustrates
the interconnection of connoller 13U to an automotive ur
comhlioning circuit 50. Controller 130 controls lhe com-
pressor speed, flow management center 82 operation, and
blend door 61 positioning based upon inputs from front
panel 55, duct 56, and the refrigerant system 'I'he controller
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130 is preferably a microprocessor-base&1 circuit, that
includes processor 140 for executing a program, its assoc&-

ated memory 142, an A/I) 144 for cnnverting analog signals
into digital inputs, and a rlnver circuit 146 for interfacing
with system components.

Processor 140 is programmed to control thc heating mode
selection that as depicted in the flowcharts of. FIGS. 12A a&xi

12B. The heating mode selecuon programs control the
operation of the I IVAC circuit 50 during a heating operation
In the preferred embodiment of the invention the steps that
are included in the heating mode selection modules are
spread throughout a number of program modules such as the
operating mode sctccflon 152, compressor spccd control
160, arul EXV control 162 (see FIG. 6). Calculated changes
to the outputs that control the speed of compressor 76 a&xi

the regulation of pressure reducing device 116 only occur
within the designated modules Tn clarify the included steps,
they have been brought together and listed in the two heating
mode selection morlulcs

Heat to thc passcngcr compartment is provided by a
combination of the HVAC in heat pump mode and PTC
healers 62 dependin ~ on Ihe ambient temperature and the
requested tar et temperature as selected by the position of
the temperature lever 74

I'or ambient temperatures less than 40''eat is supplied
only by thc PTC hcatcr as thc rcvcrsiblc HVAC rcfngcrant
system is disabled to prcvcnt icing of the heat cxchan crs 80
and 88 which would resuh in reduced airflow and odors in
the passenger compartment. At ambient temperatures greater
than or equal to 40' heat is supplierl by either the heat
pump, the V'I'( heater 62, or the heat pump supplemented by
the VTC heater 62

I(cfcrring to FIG 12A, at step 270 a target tcmpcraturc is
calculated based upon thc position of tcmpcraturc lcvcr 74.
A lookup lable contains values that correlate lemperalure
lever posiuon to Ihe target temperature of. the arr flowin ~

from the duct outlets 64—68. The creation of a loot up table
containing such values is well known in the art At step 272
the target temperature is then compared to the temperature
of air flowing into inside heat exchanger 88. Thc prc-indoor
heat cxchangcr air tcmpcraturc is mcasurcd by probe 132 If
the air temperature at probe 132 exceeds lhe target tempera-
ture the Pl'C healer 62 is turne&1 oil; lhe heat pump is turned
olf, a&ul Ihe blend door 61 is set to lhe max cool positron. In
the max cool position air bypasses the VTC heater and flows
directlv to the duct outlets l)uring this mode of operation
the outside air which flows into thc duct 56 is warmer than
the passenger has rcqucstcd via the mmperaturc Icvcr 74. To
cool the incoming air to lhe desired temperature the pas-
senger has the opuon of enabling air conditioning mode.

For incoming air thai is colder than the target temperature
the compressor speed is adjusted by a VII) controller at step
276 to drive the temperature of post inside heat exchanger
air to thc target tcmpcraturc. As compressor speed is
incrcascd the rcfrigcrant suction prcssure and tcmpcrature
decreases enabling the refngerant to absorb a greater amount
of heal from the external air as the refngerant Iraverses the
outside heal exchanger (evaporator) 8U. The refngerant is
additionally compressed by the compressor to a greater
discharge temperature and pressure prinr to heing routed to
the inside heat exchanger (condcnscr) 88. Thc increased heat
load of thc rcfrigcrant, obtained from thc outside heat
exchanger 80, is then Iranslerred to lhe air flowing through
the inst&le heat exchanger 88. The increased heat transfer
causes a commensurate increase in Ihe post inside heal
exchanger air temperature, assuming the ambient tempera-
ture and air flow rate remains cnnstant.

At slap 278 Ihe post inside heal exchanger air temperature
is measured by probe 133 and comparerl to the target
temperature The post inside heat exchanger air temperature
represents the air temperature prior to the V'I'C heater If the
air tcmpcrature is greater than thc target mmpcraturc, then
supplcmcntal heat is not rcquircd to achicvc thc target
temperature. Therefore, al step 280 the controller turns PTC
heater 62 otf, sets the blerul door 61 lo the max cool position,
anil returns to step 270 to begin another iteration. 'I'his is the

iii nnrmal nperating loop during heat mode operation as the
controller 130 regulates the air temperature to the selected
tar ct temperature. Thc post inside heat cxchangcr air tcm-
pcraturc will exhibit normal closed loop operation by fluc-
tuating slightly about the lar et temperature.

is If the measured post inside heat exchanger air temperature
is less than the target temperature, then the electric heater,
V'I'('eater 62, is turned on As the air flow rate across the
V'I'('eater 62 increases, the heat output of the rlevice
increases thereby transfernng a grcatcr amount of heat to thc

zo passenger compartment. To rcgulatc thc quantity of heat that
is transferred lo Ihe passenger compartment blend door 61
pri&vides a paih for a portion of the air to bypass Ihe PTC
heater 62 and recombine downstream with air that has
flowed through the V'I'('eater 62 lly rerlucing the quantity
of air that floivs over the VT('eater 62, less heat is
transfcrrcd to thc air, thcrcby reducing thc commcnsuraic
increase in the tcmperaturc of thc air, anil providin a simple
means of. regulaun ~ Ihe temperature of lhe recombineil air.

At step 282 the required blend door posinon io achieve the
iii target temperature is calculated in a manner knoivn in the art

The required efl'ectiveness represents the amount of Vl'C
heating that is required to raise the temperature of the post
inside heat exchanger air to thc target tcmpcraturc at thc
existing airflow across thc PTC. At step 284 thc controller

zs 13U sets the position of bleiul door 61 and ihe loop returns
to step 270 lo start another iterauon. This is Ihe normal
operating loop when supplemental heal from Ihe PTC heater
62 is required to raise the duct outlet air tn the requested
temperature Each time through steps 270, 272, 276, 278,

ao 282, and 284 thc position of thc blend door 61 is varied
slightly as the controller 130 responds to changing condi-
uons.

Alternauvely, the heating mode selecuon program can be
implemented as illustrated in FIG. 12B. The program illus-
trated in I'IG 120 is particularly suitable for operating
modes where the overhead energy that is expenrled turning
on thc heat pump or PTC heater 62 cxcccds thc energy
required to raise thc passcngcr compartment tcmpcraturc to
the de&ore&i temperature. At step 30U a forty second timer is

o starled. The timer sets Ihe time penod dunng which Ihe heat
pump attempts to auain the target temperature. Ai step 302
the heat pump target temperature is calculated based on the
pnsition of temperature lever 74 The compressnr speed VII)
controller is adjusted at step 304 to drive thc compressor

s spccd towards attaining the target tcmpcraturc. At step 306
the heat pump gain is calculated The heal pump gain
represents the v,ork Ihe heal pump contnbules to raise the
temperature of Ihe passenger compartment uiuler Ihe exist-
ing operating conditions. The heat pump gain is set equal to

ail the outlet temperature, probe 133, minus the inlet
tcmpcraturc, probe 132, divided by thc outlet tcmperaturc.
At stop 308 thc post-inside heat cxchangcr air mmpcraturc as
measured by probe 133 is compared lo the tar ei tempera-
ture calculated al step 3U2 to determine if ihe heal pump is

os capable of auaimn ~ lhe target temperature If the heal pump
dnes attain the target temperature the forty second timer is
reset at step 310 and the program returns to step 302
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Additionally, iT the heat pump has not anained the target
temperature but the 40 seconrl timer has not timed out, the
program returns to step 302 tn continue to attempt to attam
the target temperature Ilowever, if the heat pump does not
attain thc target tcmpcraturc within 40 seconds then at step
314 thc mcasurcd values for heat pump gain and ambient
temperature are stored for later use. Although, in the pre-
ferred emboihment the heat pump is alloweil 40 seconds to
attain the target temperature, it is within the scope of the
invention that the allowed time may range from about 0
seconds to beyond 40 seconds I'nr example, the heat pump
heating capability may bc charactcrizcd by factory test or
simulation and a number rcprcscntativc of thc capability
may be stored in memory i or later recall to determrne if the
heat pump is capable of attaimng a target temperature is

At step 316 the heating mode transitions fnim the heat
pump to PI'('eater 62 by gradually rlecreasing the heat
pump output and increasing the P'I'C heater 62 over a 40
second period. Making a gradual transition cnhanccs pas-
scngcr comfort by rcrlucing thc noticeability of thc change zc

in system operauon. At step 318 the stored value for heat
pump gain is adjusted ior changes in ambient temperature.
At step 320 the revised value fnr heat pump gam is com-
pared to the system gain that represents the amount of work
required to heat the passenger compartment to the target
tcmpcraturc. If thc system gain cxcccds thc heat pump ain,
there is insufficien capacity in heat pump morlc for hcatin
the passenger compartment, thereiore the program remains
in PTC heat mode anti returns to step 318. If the heat pump
gain exceerLs the system gain, the heat pump is capable of
supplyin the required heat necessary to attain the target
temperature The program advances to step 322 and trans&-

tions from thc PTC hcatcr 62 to heat pump over a 40 second
time period, finally returning to heat pump mode at step 300.

From the ioregoin ~ it will be understooil that the inven- ss
tron provides a system which minimizes ener y consump-
tion during a heaun ~ operauon oi an automouve HVAC
system. Additionally, the methnrl can be employed to
dynamically update the heating mode selection as operating
conditions change. Also, through thc use of thc method the ac

energy ctiicicncy of an clcctric vehicle is increased.
Additionally, the invenuon provides an energy eliicient
method for controlling the passenger compartment tempera-
ture of an electric vehicle.
Air Ilandlin for IIVA('ystem for Blectric Vehicles

Referring to I IGS. 5 and 13, an air handling system for an
electric vchiclc HVAC system is illustratcrl. FIG. 5 illus-
trates the interconnection of controller 130 to an automotive
air coniiitiomng circuit 5U. Controller 13U controls the
compressor speed, liow management center 82 operahon, c

and recirculation door 60 positioning based upon inputs
from front panel 55, duct 56, anil the refrigerant system
Recirculation door 60 may he set to any value from full fresh
air, through part fresh air with part rccirculatcrl air, to full
recirculated air. ss

The recirculanon door control program 251 ts illustrated
in FIG. 13. Although FIG. 13 depims all of the recirculahon
door program components exisung in a smgle separate
program module, it is ivithin the scope of the invention for
the diff'erent elements to be spread throughout the system
program. In the prcfcrrcd cmbodimcnt of thc invention the
steps that arc includcrl in thc heating mode sclcction module
are spread throughout a number of program moilules such as
the operating mode selection 152 aml recirc. door posihon-
ing 154 modules 1see FIG. 6) To clarify the included steps, es
they have been brough together anil listed in the blend door
control module.

When the system is turned-on, step 250 is executed and
the recirculation door 60 is set to the recirculation position
By starting in the recirculation position less energy is
consumed controllin the temperature of the passenger
compartment. In recirculation mode, air from within thc
passenger compartment is routed through thc inside heat
exchanger 88 before being directed back into the passenger
compartment. Therefore to raise the duct outlet air to the
desired temperature the heat transferred from inside heat
exchanger 88 only has to supplement the difference iietween
the desired temperature and the temperature of the passenger
compartment. In fresh air morlc, to raise thc duct outlet air
to the desirc(I tcmperaturc thc heat transfcrrcd from inside
heat exchanger 88 supplemenxs the difference between the
ilesired temperature aml the temperature of the external ur
which is tlowing into the passenger compartment

I laving set the recirculation door 60 to its initial position
the prngram continues on to step 252 in which the inputs
from thc front panel 55 are intcrrogatcrl to dctcrminc if a
particular positioning of thc recirculation door has bccn
requested. If a recirculation door posiuon change has been
requested, then at step 254 the recirculauon door is set to the
requested position at step 254

In step 256 the pro ram optionally begins an anti-fog
sequence As is explained above, fogging of the passenger
compartment windows may occur when thc reversible
HVAC system 50 switches from cooling mode to heating
moile. Dunng the cooling mode cycle moisture accumulates
on the external surface of the inside heat exchanger 88 which
functions as an evaporator. When the IIVAC sivitches from
cooling mode to heatin mode the refrigerant Iiowing into
the inside heat exchanger 88, ivhich functions as a
conrlcnscr, rapidly increases in tcmpcraturc. As thc rcfrig-
crant Liegins to raise the tcmpcraturc of thc condcnscr 88,
moisture that had accumulated on the inside heat exchanger
88 dunng the coohng mode begins to boil oif. The evapo-
rating moisture is absorbed by air tlowing throu h condenser
88 into the passenger compartment I egging then nccurs
when the moisture laden air strikes the colrler windows of
the passenger compartment.

At step 258 thc air handling proccrlurc during an anti-fog
sequence is performed. The front panel selection for the
recirculation door 60 position w overndden as the door 60 is
set to the lull fresh air position. With iresh air ilowing mto
the passenger compartment the air pressure within the
compartment increases, form ng air out of vents and door seal
cracks. As ncw fresh air carrying its load of moisture is
blown into thc passenger compartment, prc-existing mois-
ture laden air is forced out through the vents to the outsnle
environment. The recirculation door 6(l remains in the i rash
air position until the anti-log sequence is completed, at
which time the recirculation door is reset to its former
pnsition.

In step 260 thc program begins an air blow-by scqucncc.
When thc vchiclc speed cxcccds a prcrlctcrmincd value, such
as approximately 42 mph, the pressure irom air ilowing mto
the fresh air duct 59 ilows not only thought the blower 58,
but also back up through the recirculauon air duct 57. The
air tlowing back into the recirculation air duct 57 bypasses
the inside heat exchanger 88 anil P I'('eater 62 which are
rlownstrcam from thc recirculation door 60. Thcrcforc, thc
air IIowing Liack into thc recirculation rluct is unconditioned
external air. The external air couki vary from extremely cold
ilry air dunng winter months to very hot hum«l air dunng the
summer months. The external air llows out of the duct inlets
anti directly onto the passengers in the passenger compart-
ment.
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At step 26Z the program sets the recirculation door 60 to

prevent an undesirable air blow-by event from occurring
The previous setting of the recirculatinn door 60 is overmd-
den and the door is set tn the full fresh air setting The
recirculation air duct 57 is blocked when thc recirculation
door 60 is in thc full fresh air position, thercforc thc fresh air
&s forced through blower 58, inside heat exchanger 88, aml
PT('eater 62 The fresh air is properly conditioned to the
desired temperature before heing bloivn into the passenger
compartment and no air flows hack through the recirculation
duct 57 Although in the preferred embnrliment the recircu-
lation door is set to thc full fresh air setting it coul&I

altcrnatcly be sct to thc full recirculation air setting, m which
case the fresh air duct 59 is blocked, prevenun ~ fresh air
from flowing into the duct 56 Additionafly, although in the
preferred emborliment the setting of the recirculation door
60 is independent of the prior positinn of the recirculation
door 60, the selection of the full fresh air setting versus the
full recirculation setting coul&I bc based on thc position of
the recirculation door 60 prior to cntcrin thc air blow-by
sequence.

From the Ioregoin ~ it will be understoo&1 that the inven-
tion provides a system for selectively overriding the pas-
senger air mixture selectinn unrler prerletermined vehicle
operatin conditions to permit IIVAC operating modes that
enhance passenger comfort. Additionally, thc system can bc
employed to improve vchiclc pcrformancc by automatically
adi u sting the air mix du nng pre&i etermined vehicle opera tin ~

modes.
System for Cooling L'lectric Vehicle flatteries

Referring to I&I(l 14 a schematic of an automotive IIVA('ircuit
220 for an electnc vehicle is illustrated 17&e IIVA('ircuit
220 is an altcrnativc cmbodimcnt of thc invention

whcrcin heat from thc battery pack 224 is used to supple-
ment heating of: the passenger compartment. The circurt 220
&s similar to the HVAC circuit 50 illustrated m FIG. 1 with
the addition of. a heat exchanger circuit 222 for cooling a

battery pack 224. A heat exchanger circuit 222 commum-
cates &vith auxiliary heat exchanger 92 to cool battery pack
224 and controlkr 130, and includes a heat exchanger 228,
a battery pack 224, a rcscrvoir 230, and a pump 232.

Liquid high pressure refrigerant Irom flow management
center 82 flows through expansion valve 226 and shut-olT
valve 86 into heat exchanger 228. Although high pressure
refrigerant in the preferred embodiment is obtained from
flo&v management center 82, it is ivithin the scope of the
invention to obtain high prcssure rcfrigcrant from other
means such as a valve, a rcccivcr'drier, or a rcscrvoir.
Addiuonafly, although a thermal expansion valve
employed in the preferred embodiment, the principles of the
invention may be readily extemled to other pressure reduc-
ing means such as an electronic expansion valve Shut-otT
valve 86 is included merely to show a possible method of
controlling battery cooling by preventing thc flo&v of rcfr&g-
crant into heat cxchangcr 228. Thc refrigerant outlet of heat
exchanger 228 is connected to the compressor 76 sucuon
line such that the vapor is combined with refngerant vapor
from other system evaporators prior to flowing rnto the
compressor 76 inlet.

The coolant outlet of heat exchanger 228 connects to
battery pack 224 which includes the vchiclc cncrgy storage
battcrics. Heat is gcncratcd in thc battcrics during cncr y
storage and discharge cycles due to energy losses from
converung chemical energy to elec&ocul energy. Heat from
the battemes is transferred through the battery pack into the
coolant The outlet of battery pack 224 comiects to reservoir
230 which connects to the inlet of pump 232 The pump 232

pri&pele the coolant through heat exchanger circuit 222.
(.'noiant from the pump 232 tlows thrnugh controller 130,
cooling the system electronics The heat generated Iiy the
controller 130 is additionally transferred into the coolant
Thc controller 130 controls thc operation of HVA(i system
220 The tcmpcraturc of battery pack 224 is scnscd by
temperature probe ZZ5 which provides an input to the
Bauery Energy Management System (BEMS) 234. The
BliMS 234 controls the operation of shutoff valve 86 in

iii response to the temperature sensed by probe 225
I IG 15 illustrates the operation of HVA('ircuit 220 In

this cmbodimcnt controlkr 130 acts four-v ay valve 78 such
that thc system heating mode is operational. High prcssure,
high temperature refngerant flows from compressor 76

is outlet through four-way valve 78 into inside heat exchanger
88 which functions as a condenser I.iquid refrigerant tlows
frnm the outlet of condenser 88 through shut-ofl'alve 84
into a bi-directional port of flow management center 82 The
refrigerant then splits v ith a portion flowing from an outlet

zo of flow mana ament ccntcr 82 to expansion valve 226, and
the remainikr of the refmgerant tlowing out of the expansion
valve 116 of. the flow management center 226 to outside heat
exchanger 80 Pressure reduced refrigerant floivs through
the outside heat exchanger 80 &vhich functions as an evapo-
rator absorbing heat energy from the nutsirle air tlowing
through it.

In operation, the rcfrigcrant that flowed from thc outlet of
flow management center 82 flows through expansion valve
226 and shut-olT valve 86 before entering heat exchanger

iii 228 I'he pressure reduced refrigerant that flnws through
heat exchanger 228 absorbs heat energy from coolant that is
route&i through heat exchanger circuit 222 The process by
which heat cncrgy is transfi:rrcrl from thc coolant to thc
refrigerant in heat cxchangcr 222 is thc same as what occurs

zs in inmde heat exchanger 88 the Iuncuoning of an evaporator
iiescmbed earlier. The coolant in circuit 222 flows through
battery pack 2Z4 absorbing heat from the vehicle baueries.
The conlant then flmvs through reservoir 230 and pump 232
before absorbing additional heat from controller 130 prior to

so returning to heat cxchangcr 228. Hot coolant cnkrs thc heat
exchanger 228 inkt and transfi:rs its heat energy to thc
preewure reduced refrigerant tlowing through the refngerant
line within the heat exchanger 228. The pressure retluced
refrigerant transitions to the vapor state as it absorbs heat
energy from the coolant. The vapor state refrigerant then
tlows through the four-way switch 78 befnre cnmbining with
vapor state rcfrigcrant from outsirlc heat exchanger 80 prior
to the inlet to compressor 76.

Coolant conunues to circulate through circuit 222 so long
o as the temperature of the bauery pack 224 remains above4'.

When the bauery pack Z24 temperature decreases below
40'( the BL'MS 234 disables shut-off valve 86 interrupting
the flow nf refrigerant to the heat exchanger 228 Coolant
continues to flow through heat cxchangcr circuit 222 as thc

s tcmpcraturc of thc battery begins to slowly increase. Once
the temperature of. the bauery pack 224 once a ain r&ses

above 40'. the BEMS Z34 enables shut-off valve 86,
reestablishing the flow of. refrigerant to the heat exchanger
228 and the transfer of heat from the heat exchanger circuit

aii 224 tn the IIVAC circuit 220 resumes.
Wavcform h, of FIG. 15 iflustratcs thc heat cycle of

HVAC circuit 220. Refrigerant flowing into evaporator 80
initiafly carmes a heat load depicted as plateau 238. As the
refrigerant flows through evaporator 80 it absorbs heat

os energy from outside air that is blown through the evaporator
80. Meanwhile, refrigerant flowing thrnugh heat exchanger
228 also carries a heat load depicted as plateau 238 The
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refngeranl flowin ~ through heal exchanger 228 absorbs heal
energy that is transferred from Ihe bauery pack Z24 of heal
exchanger circuit 222 Thc heat load of thc rcfngcrant
incrcascs to plateau 242 when thc vapor state rcfngcrant
from heat exchangers 80 anil 228 combines prior to com-
pressor 76. The refrigerant heat lnad further increases to
plateau Z44 when compressor 76 compresses the vapor state
refngeranl to a high pressure, high temperature vapor The
stored rcfrigcrant heat cncrgy rlccrcascs to plateau 238 as the
refrigerant travcrses thc inside heat cxchan cr 88 and thc

ln
heat energy is transferred to air that is blown thmugh into the
passenger cnmpartment

Using waste heat from the bauery pack to supplement
heal energy absorbed from Ihe outside mr for heaung the
passenger compartment provides a number of advanta cs. It
expands thc operating conditions under which heat mode '-'perationof the I IVAC is possible hy increasing the stored
energy in the refrigerant. It improves the efl'iciency of the
overall vehicle system by reilucing the neeil to rely on
electric energy to heat the passenger compartment. Where
conventional systems ivoulrl exhaust thc battery pack waste zu

heal to the external environment and use electric energy
from Ihe battenes to provide supplemental heat to the
passenger compartment, the invention reduces the need for
electrical heating hy usmg the waste heat from the hattenes
to supplement the heat pump system

During cooling mode thc flov of the rcfrigcrant throu h
the main loop is rcvcrscrl from heat pump mode. Heat from
air passing through the inside heat exchanger fevaporator)
88 is absorbed by the refngerant. The refngerant flowin ~

through local-zone heat exchanger 228 continues to absorb
heat from the heat exchanger circuit 222 (refer to I'l(l 14)
The refrigerant from the lncalzone heat exchanger 228
combines with rcfrigcrant from inside heat cxchangcr 88
prior to compressor 76. Thc rcfrigcrant is comprcsscrl fur-
ther adding to the heal lot«1 and directed io the outside heal zs
exchanger 80 1condenser). As Ihe refngeranl Iraverses the
comlenser 80 the combined heal load ts shed to the outside
air that tlows through the conrlenser 80 'I'he refrigerant then
floivs to the flow management center 82 anil then thmugh the
remainder of thc circuit au

From thc foregoing it will bc understood that the inven-
tion provides a system for increasing the operatmg range of
an automonve heaL pump system. Additionally, the invention
proviiles a system for improving the energy elhciency of an
electric automobile I urther, the invention provides a system
for efficiently distributing the heat energy of an electric
automobile. ALso, a mcthorl is presented for cooling the
battery pack of an ckctric vchiclc.
Advantages of the invenuon

From the foregoin ~ it will be understooil that the inven- n

tron provides a flow management device with bi-directional
ports in which refrigerant flowing into either port passes
through an expansion valve and exits the other port
Additionally, the invention can inmgratc thc receiver/drier
function into a flow managcmcnt dcvicc with bi-directional s
porLs to provide the capability of lapping olf refn erant flow
for secondary cooling circuiLs. Also, Ihe present invention
decreases the complexity of automonve HVAC systems by
integrating a floiv management device into the system to
reduce the number of valves required to implement a revers-
ible heating and cooling HVAC system. A further capability
of thc invention is to provide a centralized flow managcmcnt
center with taps for refngerant to reduce the complexity of
automotive HVAC systems that implement multi-zone con-
troL ss

The invention provides a system for improving the
steady-state response time nf an automotive I IVAC system

Adihuonafly, the invenuon permits a reduction in the start-
up lime of an automonve air condiuoning syslem. Also, the
invention provides a system for controlling an HVAC sys-
tem that employs a flow management dcvicc. Thc invention
further provides a system for controlling an IIVA('ystem
incorporating a centralized flow management center

The invention prov«les a system which controls fogging
when changing modes in a reversible HVAC system.
Arlditionally, through thc usc of thc anti-fogging method thc
rate of initial heating of the passcngcr compartment is not
compromised Additionally, the invention permits a system
which cnntroLs fogging in an IIVAC system ivhen initially
starting air conditioning mode.

The invention provides a system which minimizes energy
consuniption during a heating operation of an automotive
HVAC system. Additionally, thc method can bc cmploycrl to
dynamically update the heating mode selection as operatifig
conditions change Also, through the use of the method the
energy efficiency of an electnc vehicle is increaseil.
Adihuonafly, Ihe invention provides an ener y elficient
method for controlling thc passcngcr compartment tcmpcra-
turc of an electric vehick.

I'he invention provides a system for selectively overriding
the passenger air mixture selection unrler predetermined
vehicle operating conditions to permit HVAC operating
moiles that enhance passenger comfort. Additionally, the
systcni can bc cmploycd to improve vchiclc pcrformancc by
automatically adjusting thc air mix rluring prcdctcrmincd
vehicle operating modes

I'he invention provides a system for increasing, the oper-
atmg range ol an automonve heat pump system.
Additionally, the invention provides a system for improvifig
the energy efficiency of an electnc automobile I'urther, the
invention provides a system for cfficicntly distributing thc
heat cncrgy of an clcctric automobik. Also, a method is
prcscntcd for cooling the battery pack of an electric vchiclc.

Although certain preferred embodiments of the invention
have been herein described in order to alTord an enlightened
understanding of the invention, and to describe its
pnnciples, it should be understood that the present invention
is susceptible to modification, vanation, innovation and
alteration without departing or rlcviating from thc scope, fair
meaning, and basic principles of thc sulijoincd claims.

What is claimed is.
l. A heanng control system for heating an intenor com-

partment of a motor vehicle, the heating control system
comprising

an air-flow structure delining therein an air passageway to
the interior compartment;

a blower for forcing air through the air passageway
towards Ihe intenor compartment;

a reversible heal pump system having an electnc com-
pressor for compressing a refngeranl, an outs«le heat
exchanger for transferring heat lietween an outside
environment at an ambient temperature and the
refrigerant, an inside heat exchanger for transferring
heat bctivccn thc rcfrigcrant anil thc air flowing through
thc air-floiv structure, a rcfrigcrant flow switching
device for switching the tlow of refrigerant to prov«le
a cooing mode and a heaung moile, aml a flow
management center for providing pressure reduced
refrigerant to the inside heat exchanger anil the outside
heat exchanger;

an electric heater arranged in the air-flow structure for
generating electric heat for directly heating the air flow
directed to thc interior compartment;

a controller for determining a heat pump gain representi fig
a heat pump heatin capacity and for determining a
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system gain representing a requireil heanng capacity
for obtaining a desired interior compartment
temperature, said controller mnrlifying the heat pump
gain based upon changes in the ambient temperature,
and said controller sclccting thc rcvcrsiblc heat pump
system for supplying hest to Ihc interior compartment
when the heat pump gain is subslanually equal to or

rearer than the system gain.
2 'I'he heat mg control system of claim I further compris-

ing:

a tempcraturc selector for inputting a target tcmpcrature
value representauve of the desired interior comparl-
menL temperature

3. The heaung control system of claim 1 wherern the
electric heater is a PT(: heater.

4 I'he heating control system of claim 3 wherem the
electric hcatcr further comprises a blend door for rcgulatin
the clcctric heat transfcrrcd to thc air flow dircctcd to the
interior compartment.

5. The heanng control system of claim 2 further compris-
ing:

a temperature sensor for measuring a post inside heat
cxchangcr tcmpcraturc; and

wherein the controller tullusts lhe speeil of the electnc
compressor lo vary Ihe heal lransferred to Ihe air
flowin through the air-floiv structure so that the post
inside heat exchanger temperature is substantially
equal to the target tcmpcraturc.

6. A method of heating a passenger compartmcm of a
motor vehicle having a reversible HVAC system, lhe HVAC
system having a heal pump aml an elecluc heater, the heal
pump havmg an electnc compressor for compressing a

refrigerant, a refrigerant tlow sivitching device coupled to
the electric compressor for reversing the flow of the
refrigerant, an inside and an outside heat cxchan cr in
communication with thc flow reversal dcvicc for transfcrmn
heal between the outside environment aml lhe passenger
compartment, and a pressure reducing assembly rn commu-
nicanon with Ihe inside and the outside heat exchangers for
providing pressure reduced refrigerant to act as a heat
transfer medium, said I IVA('ystem having a heatmg mode
and a cooling mode, thc method comprising Ihc steps of:

turning on Ihe heat pump,
BscerLBitliilg B IirsL VBlue. represetlLBlive of ii targi:I

temperature for the passenger compartment;
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ascerlatning a second value represenlalive ol a passen-
ger compartment tempcraturc,

conlrolhng a rotating speed of Ihe compressor baseil on
a first error determined from the first value and the
second value such that a quannly of heat energy is
transferred into the passenger compartment, thereby
causing an increase in thc passcngcr compartment
temperature to a first temperature above an ambient
tcmpcraturc;

storing a heat pump gain value rcprcscntalivc of a firs
healing capacity associated with lhe increase, in the
passenger compartment temperature lo Ihe Iirst tem-
perature;

ascertaining whether the first error has failed to
decrease to about zero within a prcdctcrmincd period
of time, such that if thc first error has failed to
decrease to about zero within a prcdctcrmincd period
of time, switching Ihe heal pump olf and ui ming on
the

supplemental heater,
modifying the stored heat pump gain value baserl upon

changes in the ambient temperature;
cnerating a quantity of heat from thc supplcmcnlal

heater such that the passcngcr compartment Icmpcra-
ture is increased to a seotnd temperature that is
subslannally equal Lo Lhe largeL temperature,

calculating a system gain value representative of a
second heating capacity associaterl with the increase
in the passenger rximpartment temperature to the
second tcmperaturc;

selcctin thc heat pump for supplying heal to thc
passenger compartment when the heat pump gain is
subslannally equal Lo or greater than the system gain
and otherwise selectmg the electric heater for sup-
plying heat to the passenger compartment.

7 I'he method of claim 6 wherein the predetermined
period of time is approximately 40 seconds.

8 Thc method of claim 6 further comprising Ihc steps of:

determining that lhe system gain value exceeds a prede-
termined value that represents an overhead energy
associated with operating the heat pump anil electric
heater simultaneously, anti

operaung both the heal pump and Ihe electric healer.


