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A control system for controlling a revere&ble HVAC system
of a motor vehicle is disclosed. The HVAC system inclmles
an electric compressor for circulating a refrigerant through
a heat pump 'I'he speed of the compressor is controlled by
a compressor control signal having a venable duty cycle
Inside and outside heat cxchangcrs transfer heat energy
bctwcen an outside cnvironmcnt and a passenger compart-
ment of the motor vehicle A refngerant flow swiiching
ilevice switches the direction of reingerant liow towards the
inside heat exchanger in a heating mnde and toivards the
outside heat exchanger in a cooling mode A pressure
reriucing assembly supplies pressure rerluced refrigerant to
the inside heat cxchangcr in thc cooling mode and to thc
outside heat cxchangcr in thc heating moCk. Thc prcssure
reducing assembly includes an electron&c expans&on valve in
wh&ch the liow rate &s set by an EXV control signal having
a variable duty cycle. A controller controls the duty cycle
setting of the cnmpressor control signal anil the LXV control
signal such that a desired quantity of heat is transferred
bctwcen thc outside cnvironmcnt and thc passcngcr com-
partment.

9 Claims, 15 Drawing Sheets
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CONTROLLER FOR REVERSIBLE AIR
CONDITIONING AND HEAT PUMP HVAC

SYSTL'M leOR L'LL'CTRIC VL'HICLES

BACK(IROUNO AND SUMMARY

Ol'IIL'NVL&NTION

The present invention relates generally to automouve
HVAC systems lor controlling the environment of an auto-
mobile passenger compartment More particularly, the

lp
invention relates to a system for controlling the operating
modes in an automotive HVAC system.

This apphcauon is related to co-pendmg applications all
Iiled on Nov. 32, 1998 and utled Refrigeran& Flow Mana a-
ment ('enter I'or Automobiles, Reversible Air Conditioning
And I lest Pump I IVAC System I'or Llectric Vehicles, Anti-
I&og Controller I'or Reversfl&le Air Conditioning And Ifeat
Pump HVAC System For Electric Vchiclcs, Controller For
Heating In Rcversiblc Air Conditioning And Heat Pump
HVAC Sys&em For Electnc Vehicles, A&r Hamlling Control zp
ler For Hvac System For Electnc Vehicles, and System For
Cooling Llectric Vehicle llatteries. Lach of these apphca-
tions is incorporated by reference into the present apphca-
tion

Automotive climate control systems have traditionally -;
been single loop designs in v hich thc full volume of
refrigerant flows through each component in thc system. In
an HVAC system, ref ngerant in &he vapor phase is pressur-
ized by a compressor or pump. The pressurized refngerant
flu&v through a condenser which is typically conhgured as
a long serpentine coil As refrigerant flows thmugh the
condcnscr heat energy stored in thc refrigerant is radiated to
the cxtcrnal cnvironmcnt resulting in thc rcfrigcrant transi-
tioning to a liquid phase. Thc liqucficd rcfrigcrant flows
from the condenser to an expansion valve located pnor to an s&

evaporator. As the liquid flows through the expansion valve
it is converted from a high pressure, high temperature liquid
to a loiv pressure, low temperature spray alloiving it to
absorb heat. Thc refrigerant flows through thc evaporator
absorbing heat from thc air that is blown through the ap
evaporator fins. When a sufficient amount of heat is
absorbed the refngerant transitions &o the vapor phase Any
further heat that is absorbed pushes the vaponzed refngerant
into the superheated temperature range where the tempera-
ture of the refrigerant increases beyond the saturation tem-
perature. The supcrhcatcd rcfngerant flows from thc outkt
of thc evaporator to thc compressor whcrc thc cycle rcpcats.
Gcncrally, thc rcfngcrant flowing into thc compressor
should be in the vapor phase to maximize pumping etli-
ciency. The operauon of the refngerant loop in conventional
automotive IIVAC systems is controlled by cycling the
compressor on and off, and by varying the volume of
refrigerant that is pcrmittcd to flow through thc expansion
valve. Increasing thc volume of refrigerant that flows
through the valve Icngthcns the distance travcrscd by the ss
liquid before it changes to the vapor phase, allowing the heat
exchanger to operate at maximum efficiency.

Advances in automouve HVAC systems have led to zone
temperature control systems wherein different zones of an
automobile are independently controlled Zone control sys-
tems gcncrally include an evaporator and expansion valve
for each zone. Generally, thc refrigerant flows through a
compressor and condenser, then is split by a system of
valves before flowing to the expansion valve and evaporator
of each zone. The refngerant flowing ou& of the evaporator ps

of each zone is then recombined before returning to the
compressor. A complex series of valves apd plumbing is

generally required to maintain a balanced HVAC system &hat

provides individualized control for each of the zones. The
refrigerant plumbin associated with zone control systems is
significantly morc complex than thc plumbing of prior single
loop designs

The complexity of refri aran& plumbing has further
increased with thc rcccnt implcmcntation of rcvcrsiblc heat
pump systems in automobiks, In a rcvcrsiblc heat pump
system the HVAC system can either heat or cool a compart-
ment depending on the direcuon of the relingeran& flow. In
the air conditioning mode refrigerant flows from the com-
pressor through an outside coil (condenser) and into an
expansion valve aml inside coil (evaporator) bcforc return-
ing to the compressor. Heat energy is cxtractcd from air that
is blown through thc inside coil (evaporator) into thc pas-
senger compartment thus providing cooled air. In the heating
mo&le a four v,ay valve reverses the flow of relngerant
through the coils, thereby reversing the function of the coils
Refrigerant tlows from the compressor through the inside
coil (condenser) then into an expansion valve and thc
outside coil (evaporator) bcforc returning to thc compressor.
Heat cncrgy in thc liqucficd rcfrigcrant flowing through thc
inside coil is absorbed by air that is blown throu h the coil
into the passenger compartment thus providin ~ heated air.
I'or the reversible system to operate, valves with associated
plumbing must be provided to bypass one of the expansion
valves during each mode. When zone control is added to a
rcvcrsible heat pump system thc complexity and cost of thc
HVAC further incrcascs. In addition to cxccssivc cost thc
system becomes less reliable due to the increased number of
valves, plumbing, and control software required for the
system

A solution to this problem is presented in co-pending U.S.
patent apphcauon titled Reversible Air Conditioning And
I feat Pump I lvac System I&or L'lectric Vehicles and filed ofi

Nov 12, 1&998. The disclosed invention simplifies the inter-
connection of automotive HVAC systems by providing a
multi-port flovv managcmcnt device to rcplacc thc complex
nest of. valves aml plumbing required in convenuonal sys-
tems. When the HVAC system is in the air cond&honing
mo&le, refrigerant flows into one of the ports of &he flow
management device then through a single expansion valve
and out the other input&nutput port When the system
rcvcrscs the rcfrigcrant flow and cntcrs heat pump mode thc
refrigerant flows into thc input&output port it previously
flowed out of, then flows through thc expansion valve and
out the other port. By providing bi-directional input/output
ports the disclosed invenuon eliminates the complex plumb-
ing and extra valves associated with conventional systems
In addition, the disclosed invention can further integrate the
rcccivcr/drier function into thc flow managcmcnt dcvicc
providing a ccntralizcd flow management ccntcr for tapping
off rcfrigcrant flovv for secondary zone control cooling
loops.

Generally, conventional systems control thc operation of
HVAC systems by regulating the expansion valve and the
compressor. The volume of saturated refngerant emiued
from the expansion valve is regulated to ensure the refng-
erant transitions to the vapor state at the outlet of the
evaporator As atomized refrigerant is emitted from the
expansion valve its tempcraturc rapidly dccrcascs to thc
saturation tcmpcraturc corresponding to thc compressor
suction pressure. The temperature remains relauvely con-
stant as the relngerant &reverses the evaporator accumulating
heat until sufhcient heat is absorbed to push &he relngerant
into the vapor state Any further heat that is absorbed causes
the vapor to become superheated, raising its temperature



above the saturauon temperature. Conventional mechamcal
expansion valves route Ihe evaporalor inlet and outlet hnes
through thc valve to mcasurc Ihc tcmpcraturc of the refrig-
erant at thc inlet and outlet, and to control thc floiv at the
inlet The inlet temperature provides the saturation tempera-
ture at the system loiv side pressure 'I'he temperature of the
refngeranl at Ihe outlet is used as the controlled mput. The
expansion valve is dynamically controlled such that the
evaporator outlet tcmpcraturc is a prcdetcrmincd number of
de rces hotter than thc outlet saturation tcmpcrature. This

lp
ensures that the refrigerant has changed to the vapor state
and become superheated, thereby eliminating the nsk of
flooding lhe compressor. Rouung lhe evaporator inlet aml
outlet lines through the expansion valve requires one of
those line,s to doublcback from its normal routing, thcrcby
increasing thc complexity of thc plumbing rcquircll for the '-'
IVA('ystem Also, sensing, temperature provides a much

sloiver respondmg system than sensing pressure Therefore,
using a temperature probe lo ihrectly sense the saturation
temperature of. Ihe refngeranl results in sluggish system
response to changes in thc compressor suction prcssure In zp

conventional systems using a compressor thalia cycled on
and otf the sloiv response delays the system start-up but has
only a minimal effect dunng steady-state operation With
electric compressors that are controllable over a wide range
of suction pressures the slow expansion valve response
impacts steady-state rcsponsc as wcfl as start-up.

Generally, the compressnr in internal combustion vehicle
HVAC systems is cycled on and oII, therefore to control the
air temperature blown into the passenger compartment the
compressor is cycled on anil off at a rate that provillcs air
from the evaporator that is slightly cooler than requested. A
PT('eater located downstream Irom the evaporator heals
the air to lhe requested temperalure. Wilh lhe introducnon of
electric compressors to automotive systems the air is still
generally cooled to a temperature that is slightly cooler than
requcstcd, then hcatcrl with a llownstrcam PTC hcatcr. The
tcmpcraturc of thc air blown into thc passcngcr compartment
ts sensed by a thermisler and compared to a desired tem-
perature that is inpuned by the vehicle passenger. The error
beiween lhe desire&i temperature and the measured tempera

ap
ture is used to vary the speed of the compressor Attempting
to control the passenger compartment temperature directly
results in a sluggish system rcsponsc ivhcrcin thcrc is an
cxccssivc delay bcforc thc dcsircd steady-state tcmpcrature
ts auained or lhe system does not sells out to a stable
temperature, but instead oscillates about the desired tem-
perature; Iirsl supplyin ~ air thai is lo hol, then supplying air
that is to cold

The present invenuon provides an improved means of
controlling an HVAC system by usin ~ sucnon pressure as an
indirect measure of the air temperature flowing out of an
evaporator By controlling suction pressure, faster system
response to changes in thc dcsircd tcmpcraturc or system
operating conditions is attained. A faster rcsponllin system
proviiies the vehicle passengers with approprnitely cooled
air at a stable lemperalure in less nme than conventional
systems. Passenger ntmfort is enhanced by mmimizing the
time they have to endure sitting in siveltering heat before the
air from the air conditioner is sufficient to cool them

One object of the present inventinn is to provide a system
for improving the steady-state response time of an automo-
tive IIVAC system

Another oitject of the present invention is to decrease the
start-up time of an automotive air conditioning system

It is an additional object of the present invention to ps

provide a system for controlling an HVAC system that
employs a tloiv management device

A further oblect of the present invention is to proviile a
syslem for controlling an HVAC system incorporaung a

centralized flow managcmcnt ccntcr.
Accordingly, the invention provides a cnntrnl system for

conlrolling a reversible HVAC system of a motor vehicle.
The HVAC system includes an electric compressor for
circulatin a rcfrigcrant through a heat pump. Thc spccd of
the compressor is controlled by a compressor control signal
having a variable duty cycle. Insillc and outside heat
cxchangers transfer heat cncrgy bctwccn an outside envi-
ronment and a passenger compartment of Ihe motor vehicle.
A refrigerant flow switching device switches the direction of
refrigerant flow toivards the inside heat exchanger in a

heating mode and towards the outside heat exchanger in a
coolin mode. A prcssure reducing assembly supplies prcs-
sure rcduccd rcfrigcrant to thc insillc heat cxchangcr in thc
coolin mode and to thc outside heat cxchangcr in thc
heating mode. The pressure reducing assembly includes an
electronic expansion valve in which the flow rale is set by an
EXV cnntroi signal having a variable duty cycle A control-
ler contrnls the duty cycle setting of the cnmpressor control
signal and thc EXV control signal such that a dcsircd
quantity of heat is transfcrrcd bctivccn thc outside environ-
ment and the passcngcr compartment.

Thc above described dcvicc is only an cxamplc. Dcviccs
in accordance ivith thc prcscnt invention may bc implc-
mentcd in a variety of ways.

BRIEF DESCRIPTION OF THE DRAWINGS

Thcsc and other objects of thc prcscnl invention will
become apparent lo those slolled in Ihe art Irom the follow-
ing detailed descnption in conluncnon wnh the attached
ilrawings in which:

FIG. I is a schematic representauon of a preferred
embodiment of the automotive relngerant circuit,

FIG. 2 is a cross-sectional view of thc flow management
center shown in FIG. 1,

FIGS. 3a and 3h present cross-sectional views of flow
management devices embodying lhe present invention,

FIG. 4 is a schematic rcprcscntation of an altcrnativc
automotive rcfrigcrant circuit,

I IG 5 is a block diagram illustration of the control circuit
interconnection to a rcvcrsible HVAC refrigerant circuit;

I IG 6 is a tloiv dia ram shoivmg an overview of the
control program for thc prefcrrcd cmbollimcnt of Ihc inven-
tion;

I IG 7 is a flow diagram illustration of the expansion
valve control program for thc prcfcrrcll cmiiodimcnt of thc
invention;

I IG g is a flow diagram of the compressnr speed control
mollulc for thc prcfcrrcd cmbollimcnt of thc invention;

I IG 9 is a diagram illustratmg the interaction between the
expansion valve and compressor dunng thc turn-on transi-
tion;

I IG 10 is a datagram illustrating the relationship iietween
the tcmpcraturc cycle and a schematic rcprcscntation of an
HVAC system;

I IG H is a flmv diagram of the anti-fog, algnrithm for the
prcfi:rrcd embodiment of thc invention;

I IG 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;

FIG. 14 is a schemahc representauon of a preferred
embodiment of an I IVAC system coupled to a battery pack
module;



FIG. 15 is datagram ifluslraung the relauonship between
a preferred embodiment of the HVAC system and its heat
load cycle; and

FIG. 16 is a datagram illustrating thc relationship between
the temperature lever posiuon and the corresponding oper-
aung mode.

DETAILED DESCRIPTION OF THE
VRLI'L'RRL'D L'MI3ODIMCN'I'c

I'IG I illustrates an exemplary reversible IIVAC system
50 for motor vchiclcs that includes an air-flow structure 52,
a rcfri crant flow system 54, and a front panel 55 for
proviiling controllin ~ inputs. The reversible HVAC system
50 can both heat aml cool lhe passenger compartment air of is
a motor vehicle by using Ihe refrigerant flow system 54 in
conjunction with the air-flow structure 52 to transfer heat
energy between the outside environment and the passenger
compartment. In heating mode, heat cncrgy is transferrcrl
from thc outside cnvironmcnt to air that flows into the

zo
passenger compartment and in cooling mode, heat cner y is
transferred to Ihe outside environment from air that flows
inlo the passenger compartmenl. The refrigerant flow system
54 acts as a storage medium for heat energy that is being
transferred between the outside environment and the pas-
scngcr compartment. Thc air-flow structure 52 controls the
flow of conditioncrl air into thc passcngcr compartment. An
inside heat cxchangcr 88 provides an intcrfacc bctwccn the
refngeranl flow system 54 and the air-flow structure per-
milung the transfer ol. heat energy between Ihe refrigerant ic
and the air flowing into the passenger compartment The
front panel 55 provides a means for the passengers to control
the tempcraturc, flow rate, and operating mode of thc HVAC
system.

The air-flow structure 52 includes a duct 56 through
which air is supplied into the passenger compartment, a
blower 58 for introducing air into the rluct 56, a recirculation
door 60 for controlling the proportion of fresh air to recir-
culated air, a VTC hcatcr 62 for heating Ihc air, a blcnrl door
60 for controlling thc proportion of air that flows over Ihc apPT('eater 62, and a set of duct outlets for iliaehargrng air
inlo Ihe passenger comparlmen(

The duct outlets include a ilefrost outlet 64 for directin ~

air toivards the ivindshield of the vehicle, a panel outlet 66
for directin air toivards the upper extremities of the
passengers, and a floor outlet 68 for discharging air towarrls
the lovvcr cxtrcmitics of thc passcngcrs. Thc rluct outlets
64—68 arc sclcctivcly opcncd and closed by a mode damper
70 which operates in accordance with the posruon of the
mode selector switch 72 localed on front panel 55 n

The refrigerant flow system 54 is operable in a heaun ~

mode and a cooling mode anil includes a compressor 76, a
four-ivay switch 78 for controlling the direction of refmg-
crant flow, an insirlc heat cxchangcr 88 for transfcrrin
energy bctwccn thc rcfrigcrant and air flowing into the s
passenger compartment, an oulside heal exchanger SU for
interfacing with lhe outsirle environmeni, a flow manage-
ment center 82 lor reducing Ihe pressure of refngeranl
floiving into a heat exchanger that is functionmg as an
evaporator, shut-off valves 84 and 86 for system protection,
zone-control heat cxchangcr 92 for providing indcpcnrlcntly
controflcd cooling to a local region, and prcssure rerlucin
device 90 lor reducin ~ lhe pressure of refrigerant llowin ~

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

The funcuon ol the inside heat exchanger 88 changes in each
operating mode, during healing mode Ihe inside heat
exchanger 88 functions as a conrlcnscr transferring heat
energy to air that passes through air-flow structure 52 into
the passenger compartment and during cooling motte the
inside heat exchanger SS functions as an evaporator absorb-
ing heal energy from the air that passes through air-flow
structure 52 into the passenger compartment.

I'he compressor 76 is driven by a variable speed electric
motor (not shown). Varying the speed of the electric motor
causes a commcnsuratc change in thc suction prcssure and
refrigerant dischar c capacity of compressor 76. Although
the compressor in the present embodiment is a vanable
speeil compressor, it is within the scope of lhe invennon to
employ a single speed compressor I'he four-way switch 78
is connected between the compressor 76 and the heat
exchangers 80 and SS to provide a method of changing from
air conditioning mode to heat pump mode by rcvcrsing thc
rhrcction of refrigerant flow.

Thc inside heat cxchangcr 88 functions as an evaporator
rluring a cooling operation and as a condcnscr during a
heating operation. Inside heat cxchangcr 88 is arranged
within duct 56 so that the air blown through Ihe exchanger
88 is comhuoned pnor to passing over PTC heater 62 and
heing discharged throu h the duct outlets Shut-off valve 84
provides a means of interrupting refrigerant flow during
HVAC operating modes that do not rcquirc operation of
insirlc heat exchange,r 88. Examples of such operating
modes include disabling operation of thc inside heat
exchanger 88 as an evaporator al low ambient temperatures
that could result in freezing of the heal exchanger 88 due to
condensation, and modes where only seconrlary heat
exchangers are operational such as zone control heat
exchanger 92. Such operating morlcs include cooling of a
battery assembly and cooling of prc-sclcctcrl regions within
the vehicle. The flow managcmcnt ccntcr 82 rcduccs thc
pressure of and expamls lhe refngerant to be supplied to the
insiile heat exchan er 88 dumng a cooling operauon.

The ouliude heat exchanger SU, which is generally located
towards the front of. the vehicle, exchanges heat between the
outside air and the refngerant. A lan 94 ensures a constant
supply of outside air flows through outside heat exchanger
80. During air conditioning mode the outside heat exchanger
80 functions as a condenser providing a means for thc
refrigerant to shell heat to thc outside air During heat pump
morlc thc outside heat cxchangcr 80 functions as an evapo-
rator absorbing heat energy from the ouaside air into the
refrigeranl.

The flow mana ament center 82 provides a cenlrallized
ilevice lor rerlucm ~ the pressure of refrigerant flowing mto
a heat exchanger SU or 88 funcuoning as an evaporator and
acts as a source of high pressure liquid refrigerant for
secondary heat exchangers. ('onventional circuits use a
separate prcssure reducing dcvicc with liypass plumbing for
each heat exchanger that functions as an evaporator. By
using a tangle flow management center 82 to provide pres-
sure reduced rein erant Ihe complexuy of the relngerant
flow svslem 54 is greatly reduced Addiuonally, a receiver,'oer

function is integrated into the flow management center
82 for eliminating contaminants and providing a reservoir of
pressurized liquid refrigerant Rcfrigcranl tapped from thc
rcccivcr portion is routed to prcssure reducing device 90 and
then lo zone-mntrol heat exchanger 92. Although the flow
management center in Ihe preferred embodiment incluiles a

receiver/drier lunction Ihe pmnciples of the invention can be
extended to tlow management devices that do not include a
receiver/drier function



Flow management center &2 is illustrated in greater detail
in FIG. 2 to include a housing 100 definmg bi-direchonal
ports 102 aml 104, a prcssure sensitive valve 106, check
valves 108 and 110, rlcsiccant 112, a uni-directional flow
member H4, pressure reducing valve 116, outlets 118 and
120, temperature probe 124, anil pressure probe 122 Pres-
sunzed liquid refngerant flows into bi-direchonal port 102
or 104, through the correspomhng check valve 10& or 110,
through the dcssicant 112, into rcscrvoir 113, up thc um-
dircctional flow mcmbcr 114, through prcssure rerlucin

lc
device 116 and pressure sensitive valve 106, and hnally
reduced pressure refngerant flows out of the other
bi-ihrecnonal port 104 or 1U2. When the HVAC system 5U
changes operating modes the ihrecnon of refngerant flow
rcvcrscs as high prcssure rcfrigcrant flows into thc
bi-directional port that prcssure reduced rcfrigcrant was '-'loivingfrom. The refrigerant then flows through the corre-
sponding check valve 110 or 108, through the dessicant 112,
into reservoir 113, up the unidirecuonal flow member 114,
through pressure reducing device 116 and pressure sensinve
valve 106, and finally rcrluccrl prcssure rcfrigcrant flows out zc
of the other bi-directional port 102 or 104. Thc pressure
sensitive valve 106 permits the flow of pressure reduced
refrigerant out of one bi-directional port while preventing
high pressure refngerant from flowing ihrectly between the
bi-ihrecnonal ports. When high pressure refngerant flows
into a bi-directional port 102 and 104 thc prcssure sensitive
valve 106 cloaca thc flow path from thc port to thc pressure
reducing device 116 and opens a path from the pressure
reducing device to the other bi-rlirectinnal port 104 and 102
Closing the flow path from the bi-direcuonal port 1U2 or 104 ic
to the pressure reducing device forces refngerant to flow
through thc corrcsponrling check valve 108 or 110, throu h
the dessicant 112, anil into rcscrvoir 113. Thc opposin
check valve 110 or 108 prevents high pressure liquid refng-
erant in reservoir 113 from flnwing out the opposing
bi-ihrecnonal port 104 or 1U2. Impurities within the refng-
erant are removed by dessicant 112. Reservoir 113 provides
a pool of high prcssure liquid rcfrigcrant that can bc sourccrl
to multiple prcssure rcrlucing dcviccs such as dcvicc 116
within the tlow management center 82 as well as pressure
reducing devices that provide reducerl pressure refngerant to ac
secondary heat exchan ers. Outlets 11& and 120 provide a

means of tapping ofl'efrigerant from reservoir 113 and
directing it to secondary heat exchanger circuits In the
prefcrrcd embodiment thc prcssure scnsitivc valve 106 is a
dual poppet valve, howcvcr it is cnvisioncd that other valves as
such as multiple check valves, mushroom valves, recrl
valves, or rotary valves may be employed. Additionally,
similar valves as listed above can replace check valves 10&
and 110 Although the pressure reducing device 116 in the
preferred embodiment is an electronically controlled expan- so
sion valve it is within thc scope of thc invention to use
mechanically controlkd expansion valves as well as 90'alves.Thc desiccant 112 and thc tcmpcraturc and pressure
probes IZZ and 124 are merely exemplary of additional
functions that can be added to the flow management center,
they are not required to practice the invention

Returmng to FIG. 1, the zone-control heat exchanger 92,
located within the interior of the vehicle provides coohn ~

functions for local zones or assemblies examples of local
zone cooling include battery assembly cooling, air cond&-

tioncd seats, and individualized cooling of onc side of the
passcngcr compartment. Prcssure reducing dcvicc 90
reduces the pressure of and expands the refrigerant to be
supphed to zone ntntrol heat exchan er 92. The expanded
refngerant absorbs heat from the air or liquid which is as
passed through heat exchanger 92, thereby cooling the air or
liquid.

The front panel 55 includes selector switches lor seuing
the operating parameters of the air condiuomng circuit 50.
Thc switches include a blower spccrl sclcctor 73 that in thc
prcfi:rrcd cmbodimcnt is adjustable from 30% to 100% of
the maximum lilower speerl, a mode selector switch 72
having live mnde settings, a recirculation selector 75 for
selecung fresh or recirculated air, and a sliding temperature
lever 74 for setting the temperature of air rlischarged from
the rluct outlets Although the mode selector switch in the
preferred embodiment has five discrete settings, the prin-
ciples of the invention can bc cxtcndcd to a mode sclcctor
having an unlimited number of settings.

During cooling mode, thc rcfrigcrant rlischargcd from thc
compressor 76 floivs through four-way switch 78 into out-
side heat cxchangcr 80 which functions as a condcnscr. As
heat energv stored in the refngerant is shed to the outsiile ur
which is blown through the exchanger &0 the refngerant
condenses to a high pressure liquid 'I'he liquid refrigerant
flows into a bi-directional port 102 of the floiv management
center 82, through the desiccant 112, into thc rcscrvoir 113,
up thc unidirectional flow mcmbcr 114, through thc prcssure
reducing valve 116, and then out thc other bi-directional port
1U4 A portion of. the refrigerant is tapped ofl Irom the
reservoir 113 and directed towards a secondary loop as
shown in FIG. I will be explained in a later paragraph. The
refrigerant tlowing through the pressure reducing valve 116
is prcssure rcduccd aml then passes through thc other
bi-rlirectional port I04. Thc prcssure rcduccd rcfrigcrant
flows into thc inside heat cxchangcr &8 which functions as
an evaporator. Heat energy from air passing through insnle
heat exchanger && w absorbed by the pressure reiluced
refrigerant causing the refrigerant to change to the vapor
state. I'he vapor state refrigerant flows from the heat
exchanger 88 through thc four-way switch 78 and back to
the inlet of compressor 76 which comprcsscs the vapor and
rhrccts it through four-way switch 78 to outside heat
exchanger &0.

Thc operation of thc secondary loop rluring cooling mode
is as follows. The portion of refngerant that flowed from an
outlet in reservoir 113 flows through shut-oif valve &6 mto
pressure rerlucm ~ device 90. Pressure reduced refngerant
flows out of device 90 into local-zone heat exchanger 92
which functions as an evaporator. 'I'he refrigerant alisorbs
heat from the air ivhich passes through it thcrcby providing
separately controlled cooling for a portion of thc passcngcr
compartment. Although thc zone control heat cxchangcr 92
in the preferred embodiment funcnons as an air-to-
refrigerant evaporator, it is within the scope of the invention
to employ other heat exchangers such as refrigerant-to-
refrigerant, ivater-to-refrigerant, and oil-tn-refrigerant heat
cxchangers.

I)uric& heating mode, the direction of refrigerant flow is
reversed by changing the orientation of four-way switch 78
A signal from a controller 130, hcrcinaftcr described, con-
trols thc orientation of four-way sivitch 78. Thc rcfrigcrant
ihscharged from the compressor 76 tlows through four-way
switch 7& into inside heat exchanger && which functions as
a condenser. As heat energy stored in the refngerant is shed
to the inside air which is blown through the exchanger &8 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 the uni-directional flow member 114,
through the pressure reducing valve 116, aml then out the
other bi-directional port 102. The refngerant flowing
through the pressure reducing valve 116 is pressure reduced
anti then passes through bi-directional port 102 I'he pres-



sure reduced refiugeranl flows into lhe outside heal
exchanger 80 which functions as an evaporator I feat energy
from air passing through outside heat exchanger 80 is
aixsoriied by the pressure reduced refrigerant causing the
refrigerant to change to thc vapor stak. Thc vapor state
refrigerant flows from thc heat cxchangcr 80 through thc
four-way switch 78 and back to lhe inlet of. compressor 76
which compresses the vapor and thrects il back through
four-ivay sivitch 78 to inside heat exchanger 88

During heating motte, thc secondary loop opcratcs in the
same manner as tluring a cooling mode. Rcfrigcrant from
outlet 118 of tlow management center 82 flows through
pressure reducing device 90 and into local-zone heal
exchanger 92 in which il absorbs heat from air that ts passin ~

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 through thc heat
exchanger 92.

Employing flow management center 82 in reversible
IIVA('ystem 50 greatly simplifies the interconnecting ZO

plumbing and permits mnre reliable implementation of
secondary cooling loops. It is pnssible to alternately heat and
cool a vchiclc with two heat cxchangcrs without the atldi-
tional valves and plumbing required for conventional sys-
tems. Complex refngerant balancing schemes for dividin ~

refngeranl amongst multiple heal exchanger loops are nol
required, thereby improving system performance, increasing
system reliability, and reducing cnst A common sense point
at the outlet of pressure reducing device 116 is provided for

icpressure rcduccd (low-side) refrigerant. Sensing tcmpera-
turc and prcssure at thc flow managcmcnt ccntcr climinatcs
the neeii of. conventional syslems lor sensing al the inlet to
each heal exchan er.

Refernng to FIGS. 3u and 36, an alternate flow manage-
ment device 81 is illustrated which does not include the
receiver,'drier function, but provides reversibility with sim-
pler plumbing than conventional systems and a single prcs-
sure reducing dcvicc Thc flow management dcvicc includes
a housing 100 dcfining bi-directional ports 102 anti 104, a
pressure sensitive valve 1U6, check valves 108 aml 110, a

uni-directional tlow member 114, temperature probe 122,
and pressure probe 124 I'he flow management device 81
includes all the capabilities of the flow management center
82 with thc exception of thc rcccivcr/drier function

FIG. 4 illustrates another cmbodimcnt of an automotive
air conditioning circuit 40 that includes a compressor 41, an
outside heal exchanger 42, an inside heal exchanger 43, two
four-way switches 44 and 45, a receiver,'direr 46, ami an
electronic expansion valve 47

I'our-way switch 45, receiver/drier 46, anil expansion
valve 47 functionally replace the tlow management center
82 that is employed in circuit 50 (scc FIG. 1). Thc function
of four-way valve 45 is thc mirror image of thc function of
four-way valve 44. Valve 44 is employed to rcvcrsc thc flow ss
of refrigerant through the heat exchangers 42 and 43 Il
essentially conver(s uni-directional rein erant flow from the
compressor 41 into bi-directinnal refrigerant tlow into the
heat exchangers 42 and 43 Whereas four-way valve 45
converts bi-directional rcfrigcrant flow from thc heat ac
cxchangers 42 and 43 into a uni-directional flow throu h
reccivcr drier 46 and expansion valve 47.

Receiveridrier 46 removes contamtnants from the refmg-
eranl anti ensures a conunuous flow of high pressure liquid
refngeranl into expansion valve 47. Expansion valve 47 as
provides refrigerant pressure reduction and expansion for
heat exchan ers 42 and 43 Expansion valve 47 is preferably
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an electronic expansion valve thaL receives ils controlling
inputs from a controller that monitors the saturation and
superheat temperature of the heat exchangers 42 and 43
Ilowever, other pressure reducing devices such as iilock
valves, 90'alves, and thermal expansion valves (TXV) arc
within thc scope of thc mvcntion. Gcncrally, to control a
TXV, refrigerant at the superheat temperature and the satu-
ration temperature must be routed lo lhe device. To obtain
the superheat temperature the refrigerant from four-way
valve 44 to the compressor 41 mlet can be muted thrnugh the
TXV I'or the saturation temperature the refrigerant emitted
from thc TXV can bc scnscd.

During cooling mode ou(side heat exchanger 42 functions
as a condenser shedding heat to the outside environment and
inside heat exchanger 43 functions as an evaporator absorb-
ing heat from air that is blown into the passenger compart-
ment. Thc rcfrigcrant cyck is as follows: rcfrigcrant flows
out of compressor 41, through four-way valve 44, into thc
outside heal exchanger 42, throu h four-way valve 45, mto
receiver/drier 46 aml expansion valve 47, through four-way
valve 45, lo inside heat exchan er 43, throu h four-way
valve 44, and back to compressor 41.

During hcatin mode four-way valve 44 changes orien-
tation causing thc flow of refrigerant to heat cxchangcrs 42
and 43 lo reverse. With the reversal in the direcnon of
refrigerant flow the functions of the heat exchangers 42 and
43 reverse as inside heat exchanger 43 functions as a
condenser and outside heat exchanger 42 functions as an
evaporator In addition, the orientation nf four-way valve 45
is also changed to ensure that thc direction of rcfrigcrant
flowing into reccivcridricr 46 and expansion valve 47
remains constant. The reingeranl cycle dunng heal pump
motte ts as follows. refrigerant flows out of compressor 41,
through four-way valve 44, into the inside heat exchanger
43, thrnugh four-way valve 45, into receiver/drier 46 and
expansion valve 47, through four-way valve 45, to outside
heat cxchangcr 42, through four-way valve 44, and back to
compressor 41.

From lhe foregoing it will be umierslood that the inven-
tion provides a flow management device with bi-directional
pnrts in which refrigerant floiving into either port passes
throu h an expansion valve and exits thc other port.
Atlditionally, thc invention can intcgratc thc rcccivcr,'drier
iuncnon into a flow management device with bi-directional
ports lo proviiie the capability of lapping oil reingeranl flow
fiir secondary cooling circuits. Also, lhe present invention
decreases the complexity of automotive I IVAC systems by
integrating a flow management device into the system to
reduce the number of valves rcquircd to implement a rcvcrs-
iblc heating and cooling HVAC system. A further capability
of the invention is to provide a centralized flow management
center with taps for refngerant to reduce the complexity of
automotive HVAC systems that implemenl multi-zone con-
trol.

Control System For Rcvcrsiblc Air Conditioning
And Heat Pump HVAC System For Electric

Vehicles

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

manner similar to circuit 5U illustrated in FIG. 1. Addition-
ally illustrated is controller 130 which controls the com-
pressor speed and flow management center 82 operation



based upon inputs Irom front panel 55, tluct 56, and the
refngeranl system 54.

During operation of the IIVA('ircuit 50, the passenger
selects a passenger compartment temperature and operating
mode by aching Ihe switches of Iron& panel 55. The front
panel 55 switch sethngs are decoded by the urn&roller 130,
which converts thc settings to values that rcprcscnt tlcsirctl
tcmpcraturc, operating mode, and blower spcctl. Thc con-
troller 130 also monitors sensors that measure the actual
ambient and passenger compartment temperature as well as ic
refngeranl temperature anti pressure. The controller 13U
compares Ihe decoded setungs to Ihe actual ambient aml
passenger compartment tcmpcraturc, and gcncratcs signals
that modify thc operation of thc rcfrigcrant flow system 54
and air-tloiv structure 52 to bring the actual passenger
compartment temperature in conformance with the desired &5

temperature as represented by the Iront panel 55 switch
sett&n s.

The operation of the refrigerant flow system 54 is mod&-

lied by controller 13U through output signals that control the
onenlauon of the four-way swilch 7&, the speed of com-
pressor 76 and thc duty cycle applied to thc pressure
reducing dcvicc 116 within thc flow managcmcnt ccntcr 82.
Changing the orientation of four-way switch 78 causes a
reversal in the direction of refrigerant flow The direction
that refrigerant flows dictates whether the HVAC system is
in the heaung mode or the cooling mode by interchan un ~

the functions of thc outside heat cxchangcr 80 and thc inside
heat cxchangcr 88. In heating mode thc outside heat
exchanger 80 functions as an evaporator anti thc inside heat
exchanger 8& functions as a condenser &&. Whereas, in
cooling mode the outs&tie heal exchanger &0 Iuncuons as a

condenser and the inside heat exchanger 88 functions as an
evaporator Varying the speed of compressor 76 dunng a
cooling mode or a heating mode causes a change in the
refrigerant tcmpcraturc at thc compressor 76 inlet and outlet, 55
which has a direct etfcct on thc tcmpcraturc of air blown into
the passenger compartment Changing the duty cycle
applieti to the pressure reducing device 116 during cuber
cooling or heatmg mode causes a variation in the quantity of
refrigerant that the pressure reducing device 116 permits to
flow into thc heat cxchangcr &0 or 88 that is functionin as
an evaporator. Too much refrigerant flowing through the
evaporator Icatls to floorling thc compressor 76, causin
degraded compressor 76 performance. Too 1&ttle refngeranl
flovung through the evaporator limits the elhciency of the
evaporator in absorbing heat, resulting in a reduced cooling
or heating capacity of the IIVAC system 50. 'I'he controller
130 constantly adjusts the duty cycle applied to the pressure
reducing dcvicc to kccp thc evaporator operating at maxi-
mum cificicncy anti adjusts thc sPccd of comPrcssor 76 to so
control Ihe temperature of lhe air blown into the passenger
comparlmenL.

Thc air-flow structure 52 operation is modificd by chan-
ing the position of blend tioor 61 and the position of
recirculahon door 60. Changing the position of blemi door
61 changes the amount of supplemental electric heating that
is applied to the air tlowing through the air-tlow structure 52,
directly cifccting thc tcmpcraturc of thc passcngcr compart-
ment. Thc position of recirculation door 60 controls whcthcr
fresh air from thc outsirlc or rccirculatcd air from insitlc is ec
directed into lhe passenger compartment. Typically, more
energy is required to heat or cool fresh mr than recirculated
air because of the greater d&tferential between the tempera-
ture of the air tlowing into the IIVA('ystem 50 and the
desired passenger compartment tcmpcraturc. 55

Inputs to controller 130 from the front panel 55 mclude
iiower speed from blower speed selector 73, mode selection
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Iri&m mode selector switch 72, ami the target temperature
from temperature lever 74 I'he duct 56 inputs include inlet
anti outlet temperatures from temperature probes 132, 133,
anti 134 Inputs from the refrigerant system 54 to the
controller 130 include tempcraturc probe 135 for sensing
ambient tempcraturc, tcmpcraturc probe 124 for sensing thc
expansion valve 116 outlet temperature, lemperalure probe
136 for seniung superheat temperature, aml pressure probe
138 for sensing suction pressure

Controller 130 is prcfcrably a microproccssor-based
controller, that includes a processor 140 and associated
memory 142. An analog-to-rig&tel mover&or (A,II) 144
converts &ugnals from the various sensors to a digital form
use&i by processor 140. A&lover circuit 146 operates the flow
management center 82 and compressor 76 I'his may be for
example an interface circuit that connects to the electric
motor for driving thc compressor 76 in rcsponsc to system
tcmpcraturc inputs. Thc intcrfacc circuit may also provitlc a
iiuly cycle signal for con&ruling Ihe expansion valve 116 to
maintain a regulated average superheat temperature in the
compressor sucuon 1&ne. Adthuonally, lhe dover 146 may
include an interface circuit coupled to four-way switch 78
for reversing the switch from cooing mode to heating mode

Processor 140 includes a main program 151, dcpictcd in
the flowchart of FIG. 6, to control the operating motle
selecuon, compressor speed control, and electronic expan-
sion valve (DXV) control I'IG 6 gives an overview of the
control strategy illustrating the major functional modules
that are involved

Referring to FIG. 6, thc main program 151 is illustrated.
Thc main program 151 provides thc timing for cxccution of
the venous control modules Al step 152 lhe program enters
the operahng mode selection module in which the operating
motte of the system is selected. The supported operating
modes include defrost mode, vent mode, PTC heater mode,
heat pump mode, and air conditioning mode The inputs
monitored by thc controller 130 to sclcct thc HVAC system
50 operating mode include thc position of mode sclcctor
switch 72, temperature lcvcr 74, inlet tcmpcrature, and
&luring a heahng operation the capacity of heat pump mode.
Although the preferreti embodiment has live discrete oper-
ating modes, the principles of the invention can be extentled
to systems having either fewer operating modes or a con-
tinuously variable sct of operating modes.

FIG. 16 illustrates thc system operating modes. During
the PTC heater/defrost mode, when thc ambient tcmpcraturc
is less than 40'., controller 130 turns on the PTC heater 62
and moves the bleml door to a position determined by the
location ol temperature lever 74 However, for the Iirst 3&/r,

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

In thc heating mode, with ambient tcmpcraturcs grcatcr
than 40'. or defrost operation ivith ambient mmpcraturcs
between 40'. and 60'., controller 130 lurns on the heat
pump anti if necessary the PTC heater with blend door to
generate the desired temperature that is reflected by the
position of temperature lever 74 I'or the first 3% of tem-
perature lever 74 travel from full cold thc controller 130
turns otf 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.

The third operating mode, cooling mode, is selectable for
ambient temperatures that are greater than 40'. Cooling
mode is also used for defrost when the ambient temperature
is greater than 60'' or the first 33&ye of temperature lever
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travel the controller 13U vanes lhe compressor suction
pressure set point Irom 20 to 4S psig as the temperature lever
74 is moved from cold to warm. Varying thc suction pressure
sct point causes a direct change in thc compressor spccd,
thereby causing the air temperature at the duct outlets to
change I rom 33&gr, to 100% of temperature lever travel the
controller 13U se(s Ihe compressor 76 suction pressure to a

constant 30 psig and turns nn the P'I'('eater 62 to reheat the
conditioned air

Relurmng to FIG. 6, at slap 154 Ihe program enters Ihe
recirculation door positioning, module which is described
below ivith reference to I'l(L 13 'I'he recirculation door
positioning module controls thc proportion of fresh air to
recirculated air that is blov n into thc passcngcr compart-
ment. At steps 156 and 158 thc program cntcrs modules for,&
monitoring and disabling Lhe compressor m response to
detected faults. The compressor speed control module,
which is described below with reference to I'IG 8, is entered
at step 160 Varying the speed of compressor 76 causes a
proportional change in thc air tcmpcraturc blown from the zo
duct outlets 64%8. Step 162 leads to thc EXV control
module which is dcscribcd with rcfcrcncc to FIG. 7 The
EXV control module 162 modulales the output of the
expansion valve 116 in response lo changes m the vapor
temperature sensed at the cnmpressor 76 and the compressor
suction pressure Each of the above listed modules will now
be further cxplaincrl

I'IG 7 illustrates the detailed operation of L'XV control
module 162 The module 162 controls the volume of refng-
crant that is prcssure rcducctl by Ihc expansion valve 116 to io
maintain a relatively constant supcrhcat tcmpcraturc at the
outlet of the evaporator. As low-pressure reirigerant flows
from the expansion valve 116 through lhe evaporator il
absorbs heat Irom Lhe air passing through lhe evaporator.
After absorbing sufficient heat the loiv-pressure refngerant 33
transitions to a vapor state Any further heat that is absorbed
by the vapor raises thc rcfri crant tcmpcraturc above the
saturation tcmpcraturc into a supcrhcatcd tcmpcrature
region. To reduce the outlet lemperalure of Ihe refngeranl
the volume of refngerant flowing mto the evaporau&r is ao
increased, thereby increasing lhe heal load capacity of the
refrigerant Hoivever, if there is tnn great a volume the
refrigerant &vill not transitinn to the vapor state, resulting m
the compressor 76 being swamped by liquid rcfri crant. An
insufflcicnt volume of rcfrigcrant flowin into thc evaporator a-
results in thc rcfrigcrant transitioning to thc vapor state
before reaching the outlet of lhe evaporator. Vapor state
refngeranl has less capacity to store heal energy than liquid
state refrigerant, therefore the portion of the evaporator that
contains vapor state refrigerant has less capacity to store so
heat cncrgy, reducing thc cfflcicncy of Ihc evaporator It is
desirable to control thc EXV 116 such that thc liquid to
vapor transition occurs slightly before thc outlet of the
evaporator causing the refngeranl lo superheat a predeter-
mined amount. This maximizes Lhe efliciency of the evapo-
rator by ensuring that virtually the entire coil is used for
aixsorhin heat.

In step 164 the proporuonal-integral-difl'erenual (PID)
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 moil ule procee &is to steps 166 aml
168 wherein the expansion valve duly cycle is miualized
based upon ambient temperalure and operating mode when as
the system first enters either heat pump mode or air cond&-

tinning mode The graph appended to step 168 depicts the

selecuon cnleria for Ihe duly cycle Ambient temperaiure is
sensed by temperature probe 135 located in front of the
outside heat exchanger 80 The initial rluty cycle is then set
to a value ranging from 50nm to 100'0 of the maximum LXV
tluty cycle depending on the ambient tcmpcralurc. After
scttin thc initial expansion valve rluty cycle thc system
transitions through a start-up penod beiore senhng mto
steady-slate operauon.

During steady-state operation the duty cycle nf the LXV
is varied in order to maintain a constant supcrhcat
tcmpcraturc, 4', greater than thc saturation tcmpcralurc, at
the in(el lo compressor 76. At slap 17U the average superheat
temperature is calculate&i by measuring the vapor tempera-
ture of. refrigerant exitmg Lhe evaporator aml sublracung the
saturation temperature of the tluid The saturation tempera-
ture is obtained by measuring the compressor inlet suction
prcssure and using thc saturation tcmpcraturc that corre-
sponds to the suction prcssure. Although thc prcscnt
embodiment of the invention calculates Lhe average super-
heat temperature from Ihe vapor temperature and suction
premure, il is within the scope of the invention to use the
vapor temperature ivith an evaporator inlet temperature
including compensating for the evaporatnr pressure drop
Thc outlet of thc expansion valve 116 locamd in thc flow
mana cmcnt ccntcr provides a common tcmpcraturc mea-
surement location for evaporator inlet temperature in either
heating mode or cooling mode. In conventional systems that
use Ihe evaporator inlet temperature lo calculate lhe super-
heat temperature; temperature probes are requirerl at the
inlets to both the inside and outside heat exchangers to
provide in(ct tcmpcraturc in both operating modes.

The updated superheat temperature from slap 17U is used
al slap 172 lo calculate a revised setung for lhe EXV duty
cycle. As a final step, at step 174 the controller 130 limits the
value of the EXV duty cycle to between 5% and 100'ta to
ensure the device remains within a known operating region

Reiernng lo FIG. 8, the compressor speed control module
16U is illustrated. The compressor speed is controlled by
applying a venable duty cycle to Lhe electric motor that
dnves the compressor 76 The duty cycle is varied in

response to a controlling input such as temperature lever
position and compressor suction prcssure. Varying Ihc spccd
of compressor 76 causes a proportionate variation in thc
ihscharge temperature aml discharge pressure of reingerant
flowing oul ol the compressor 76 as well as an inversely
pri&portional change in the compressor sucuon pressure and
refrigerant suction temperature I'he increased refrigerant
discharge temperature results in an increased conrienser
tcmpcraturc, increasing thc capacity of thc HVAC system 50
to provide heat during heating mode. Thc dccrcascd refrig-
erant suction Lemperature results in a decreased evaporator
temperature, increasing the capacity of Ihe HVAC system 50
pri&vide coohng dunng cooling mode. The speed of the
compressor 76 is therefore vaned to maintain air blown into
the passenger compartment at a relatively constant tempera-
ture during both heating motlc and cooling mode.

The desired temperature is set by adlusung lhe tempera-
ture lever 74 on Iron& panel 55. The controller 13U calculates
the target suctinn pressure corresponding to the temperature
lever position (x'I.) which is equal to 20+75*(x/I.) for a
lever travel distance equal to 33&gr, of the available distance
Using thc suction prcssure as thc controlled paramctcr
instead of air tempcraturc provides a morc stable and faster
respomhng system.

Conventional systems that use air temperature as the
controlled parameter have problems with surging of the
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compressor 76 in addiuon to slow response time. As the
sensed outlet air temperature changes due to transient effects
including changes in vehicle speed or passin throu h
intcrmittcnt sunlight, thc compressor speed is change(I in an
attempt to keep the outlet temperature constant When the
compressor speed is constantly changing the passenger
perceives lhe changes as surging in the propulsion of the
vehicle. In the preferred emboiliment, Ihe EXV control loop
re ulatcs a constant outlet tcmpcralurc while thc compressor
regulates a constant suction pressure. As the outlet air
temperature changes lhe heat that is transferred between the
refngeranl and the inside heal exchanger vanes, causing the
refrigerant superheat temperature tn change In response to
the change in the superheat temperature the duty cycle of
pressure reducing valve 116 is changed by controller 130, is
causing a shift in thc flow of rcfrigcrant, rcsultin in a sli ht
varuition of Ihe compressor suction pressure. The controller
130 then modilies the speed of compressor 76 to bmn ~ it in
conformance with lhe target sucuon pressure. However, the
required change in the speed of the compressor 76 is
significantly less than the change that would be required m
an HVAC system that uses compressor spccd alone to
compensate for changes in outlet temperature. Thc minor
change in compressor speed is imperceptible to the
passengers, leading lo enhanceil dnving comlorl.

In addition to eliminating surging, thc rcsponsc time of
HVAC system 50 is reduced by using suction pressure as the
controlled input. Coohng air al Ihe desired temperature is
blown over passengers in significantly less time than con-
ventional systems that control air temperature directly As a
result, unlike conventional systems, Pl'C heating of the
cooled air is not rcquircd to provide finc control over thc air
tempcraturc, resulting in morc cncrgy cflicicnt vchiclc
operahon.

During heat mode thc compressor spccd is varied in ss
reaction to changes in thc tcmpcraturc of thc air floiving out
of the inside heat exchanger 88. In heal pump mode, unlike
air conrhlioning mode, sucnon pressure is not ihreclly
related to the temperature of air floiving out of the inside
heat exchanger Therefore the air temperature sensed by
tcmpcraturc probe 133 is use(I as thc controlling input for
compressor spec(I.

In step 176 the controller 130 calculates the error and
error dcrivativc to bc used in thc PID controller for the
controlled input. In air conditioning mode thc conlrollcrl a-
input is thc suction prcssure and in heat pump mode the
controlled input is lhe post inside heal exchanger air tem-
perature measured by temperature probe 133. In step 178 the
PH) constants corresponding to the appropriate operating
mode are selected Then in step 180 the PID controller so
calculates thc change in compressor duty cycle base(l on the
PID constants and thc calculated error and error dcrivativc.
Thc rcviscd duty cycle is limited Io bctwccn Sr/c and 90% to
ensure lhe compressor 76 is operated within specified
paramf:ters. ss

FIG. 9 illustrates the interacnon between Ihe EXV control
loop anil Ihe compressor speed control loop dunn ~ the
cooling mode start-up transition. As explained the EXV
control loop regulates the volume nf refrigerant that flows
through pressure reducing device 116 maintaining a prede-
tcrmincrl rcfrigcrant supcrhcat tcmpcraturc at thc outkt of
the evaporator. A secondary cfl'cct of thc EXV operation is
that as lhe EXV permits an increased volume of refngeranl
to flow, Ihe suction pressure al Ihe inlet to compressor 76
decreases. The operahon of the compressor 76 has a corre- as
spending interaction with the LXV When the speed of
compressor 76 is changed, the resulting change in suction
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premure and temperature at the inlet lo compressor 76
causes a change in lhe saturauon temperature of relngerant
that flows through lhe evaporator. Increased compressor 76
speed, causes a leaver suction pressure, leading to a lower
saturation temperature, resulting in the refrigerant tempera-
ture rising to the predetermined superheat temperature ear-
lier in the traverse of thc evaporator Thc EXV loop com-
pcnsatcs for thc change in supcrhcat Icmpcraturc by
permitting an increased volume of relngerani to flow
through Ihe evaporator, thereby causing a higher suction
pressure When the HVA('ystem 50 first turns on, if the
pressure reducing valve 116 is set to an initial duty cycle of
flryrs the volume of refrigerant flowing through the evapo-
rator wifl lag thc compressor spccd throughout thc cntirc
start-up time period, delaying thc start-up, resulting in a
starl-up time penod of approximately 2.5 minutes.

Assuming an ambient tcmpcraturc of 40'., thc EXV is
sct to an initial duty cycle of 50% at step 168 (scc FIG. 73.
The compressor suction pressure is set lo achieve lhe target
suction pressure corresponding lo the location of tempera-
ture lever 74. Initially, the compressor suctinn pressure
decreases slightly during the first seconds of operation as
fluid pours through the LXV, then as the compressor spins up
towards steady-state spec(I suction prcssure begins to
increase significantfy. At thc same time thc EXV duty cycle
increases unul lhe suction pressure has increased lo a point
where Ihe EXV begins to track the sucuon pressure. During
the early stages of start-up it is not unusual for the com-
pressor to tined until the compressor speed increases a
sufllcient amount to develop appropriate suction pressure In
the prcfcrrcd embodiment thc compressor is operated on thc
borderline of flooding during thc start-up transition thcrcby
conlnbuling to a faster system response lime. Also, as Ihe
EXV duly cvcle begins to track the sucuon pressure il will
overshoot its steady-state value by a slight amount The
underdamped response displayed by the LXV control loop
results in a further reduction in the system respnnse time. In
combination thc improvcmcnts result in air cooled to thc
rlcsircd tcmpcrature blowing over thc faces of passengers
within approximately 35 secomls of system start-up.

From thc fore oing it will bc understood that thc inven-
tion provides a system for improving the steady-slate
response time of an automotive HVAC system. Additionally,
the invenuon permits a reduction in the start-up hme of an
automotive air conditioning system Also, the invention
prnvides a system for controlling an HVAC system that
employs a flow managcmcnt dcvicc. Thc invention further
provides a system for controlling an HVAC system incor-
porating a centraflzcd flov managcmcnt ccntcr.

Anti-Fog System for Revcrsiblc Atr Conditioning
aml Heal Pump HVAC System Ior Automobiles

Rcfcrring to FIG. 10, a single loop rcvcrsiblc air condi-
uoning and heat pump system 191 is illustrated with the
corresponding temperature cycle diagrams for air condition-
ing mode 190 and heat pump mode 192 As will be
described, the preferred embodiment of the present inven-
tion prevents undcsirablc fogging by slowly increasing thc
spccd of compressor 76 over a prcdctcrmincrl period of time.
Gcncrally, in reversible HVAC systems fogging may occur
iluring the tranmuon from coohng mode to heann ~ mode.
Prior lo describm ~ the soluuon provided by the presently
preferred embodiment, a brief description of the refrigera-
tion cycle and hoiv fogging occurs m a reversible system is
provided ivith refcrcncc to FIG. 10.

I'he refrigeration cycle essentially uses a small amount of
energy to power a compressor in order to transfer a greater
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amount of heal ener y from one environmental regron lo
another environmental region. It does this by usin ~ the
cooling cffcct of evaporation to lower thc tcmpcrature of the
air passing through onc heat exchanger (thc evaporator) 88
and using the heating efl'ect of conrlensing high temperature,
hi h prcssure gas to raise thc Icmpcraturc of thc air passin
through another heat cxchangcr (Ihc condcnscr) 80. With
refcrencc to wavcform t, of FIG. 10, drawn from n ht to
fell, Lhe lemperature profile of: refngeranl llowrng from an
evaporator 88, through a compressor 76 and four-way switch
78, and then through a condenser 80 is illustrated Refug-
erant entering the evaporator 88 is at low pressure and low
tcmpcraturc. Thc tcmpcraturc being Ihc saturation lcmpera-
turc of thc prcssure rcduccrl refrigerant. As thc rcfngcrant
passes through thc evaporator 88 heal cncrgy from air that
ts blown through the evaporator 88 is absorbeil by the
refngeranl. The air that exixs Ihe evaporator 88 is nouceably
cooled due to the transfer of heat energy from the air to the
refrigerant I'he cooler air no longer has the capacity to
retain thc same amount of moisture as thc warmer air that
was blov n into thc evaporator 88, Ihcrcforc lhc cxccss
moisture condcnscs out of thc air onto thc cxtcrnal surface
of the evaporator SS The vapor stale refngerant flows from
the evaporator SS to Ihe compressor 76 where it Ls com-
pressed to a high pressure, high temperature vapor before
floiving into the condenser 80.

When lhe controller 1311 commands a change to heaun ~

mode the orientation of four-way switch 78 is changed, thus
interchanging the refrigerant connections to the compressor
76, thcrcby rcvcrsing thc flow of rcfrigcrant through the
system causing thc heat cxchangcrs to change functions.
Referung to waveform I, of FIG. IU, drawn from left to
ught, pressure reduced refngeranl llowmg into outside heal
exchanger SU (the 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 tcmperaturc for a majority of thc travcrsc As the
refrigerant ncars thc cnd of thc evaporator 80 lhc accumu-
lated heat energy that has been absorbed causes the refug-
eranl to Lransition lo a vapor slate. Any further heat energy
that is absorbed in lhe refrigerant causes lhe refngeranl
temperature to increase beyond the saturation temperature
into a superheated temperature range. I'he superheated
refrigerant flows to thc compressor 76 which comprcsscs it
to a high prcssure, high tcmpcraturc vapor which is rlircctcrl
to thc inside heat cxchangcr (thc condcnscr) 88. As thc hi h
temperature vapor flows into lhe condenser 88, Ihe tempera-
ture of the comlenser 88 rapidly uses to an erpnvalenl
temperature Moisture that had accumulated on the inside
coil 88 during the air conditioning morle begins to lioil otT
as thc condcnscr 88 incrcascs in tcmpcraturc. Thc moisture
is absorbed by air flowing through condcnscr 88 into the
passenger compartment. Fogging then occurs when the
moisture laden air strdtes the cold inside surface of the
passenger compartment windows.

FIGS. 5 and 11 illustrate an exemplary anti-fog un 'ystemfor controlhng the operauon of a reversrble HVAC
system 511 lor automobdes. FIG. 5 as explamed earlier in this
specihcation illustrates a control system for an automotive
HVA('ystem Using the same hardware conhguration,
controller 130 minimizes thc cflccts of fog ing by grarlually
increasing thc compressor spccd al a prcdctcrmincd rate anti
regulating the tlow management cenler operauon to ensure
eflicient use of the evaporator. Although a flow management
center 82 is employed in lhe preferred emboilrment n is
within the scope of the invention to use a pressure reducing
device ivith a separate receiveridrier Additionally, the

invenuon encompasses any vanable speed or capacity
compressor, even though the compressor in Ihe preferred
embodiment is an electric compressor.

Processor 140 is programmed to control the compressor
speeil and flow management center operauon as depicted in
the flowchart of FIG. 11. FIG. 11 provides a general over-
view of thc main system operating morlcs and the dctailcd
program steps rclatcd to thc anti-fogging routine. In thc
preferred embodiment of the invention the steps that are

c included in the anti-fogging routine 20 1 are sprearl through
out a number ol program modules such as lhe operating
motte selecuon 152, compressor speed control 16U, and
EXV control 162 (sce FIG. 6) Calculated changes to thc
outputs that control the speed of: compressor 76 anil the
regulation of pressure reducing device 116 only occur withinis
the designated modules. To claufy lhe included slaps, they
have been brought together and listed in anti-fog routine
201

At slap 2UU the program enters air conditioning mode in
which cooling air is blown into the passenger compartment
During air conditioning mode, as a byproduct of the refrig-
eration process moisture accumulates on thc cxtcrnal surface
of inside heat cxchangcr 88. At step 202 an anti-fog fla is
set to provide an mihcauon thai there is moisture on the
surface of the inst&le heal exchanger 88. The anu-fog flag
will remain sel unul heat pump mode is entered at slap 2U4.
At step 206 the program continues into the anti-fog sequence
208 if the anti-fog flag is set, otherwise it branches ofT to
steady-state heat pump mode at step 210.

I'he anti-fog sequence begins ivith selecting, a post-inside
heat exchanger air target temperature and a rluration of
operation at step 212 from a table of values that arc
rcprcscntcd in thc graph. Thc actual post-inside heat
exchanger air temperature is measured by probe 133. The
target lemperature is seL equal Lo Ihe ambient plus an ofTxel
that is increased over time l.imiting the post-inside heat
exchanger target temperature to a specified offset above
ambient indirectly limits the temperature of the compressed
refrigerant vapor that flows into thc condcnscr 88. Thc

ap I vaporation rate of moisture located on thc inside heat
exchanger 88 is ihrectly related lo Ihe refrigerant tempera-
ture at the inlet to condenser 88. Therefore, gradually
increasing the target temperature causes a grarlual increase
in the compressor speed, ivhich causes a grarlual increase in
the compressor discharge pressure, which results in a
grarlual incrcasc in thi, rcfrigcrant tcmpcraturc at the inlet to
the condenser, thcrcby limiting thc evaporation rate of
moisture on the conilenser 88

At step 214 the compressor target suction prcssure is sct

sc to 45 psi. Starting thc suction prcssure at 45 psi cnsurcs that
the starling discharge pressure anil temperature are low
enough lo prevent uncontrolled moisture evaporauon from
the condenser 88. The suction pressure is related directly to
the speed of compressor 76

At slap 216 a PID controller calculates lhe new compres-
sor speed setting based upon the target temperature and
previous suction pressure. The change in suction pressure
from thc previous setting is limitcrl to prevent undcsirablc
changes in compressor spccrl which could lead Io high

ao rhschargc tcmpcraturi,s and uncontrollcrl condenser mois-
ture evaporauon. Although lhe preferred embodiment of. the
invention controls the compressor speed lo regulate the
moisture evaporation rate, it is within the scope of the
invention to control other system parameters such as suction

es prcssure, discharge prcssure, or condcnscr inlet temperature.
If the post-inside heat exchanger target temperature is less

than the target temperature that correlates to the temperature



lever 74 position, then the PTC healer 62 Ls turned on aml
the blend door 61 is set to a position that will enable the
IIVA('o achieve the temperature lever target temperature
fhe required door 61 position is obtained fmm a lookup
table that corrclatcs blcnrl rloor position to difl'crcnlial tem-
perature and airflow.

At step Z18 the recirculation door 6U is set to the full fresh
air position. Setting the recirculation rloor 60 to the full fresh
air position in comhmation with slowly evaporatmg mois-
ture from thc contlcnscr prcvcnts fogging in thc passcngcr
compartment. As moisture is slowly evaporated oft'f the
comlenser it is absorbed by the Iresh air flowing past the
recirculauon door 6U, through inside heat exchanger 88, aml
into the p«««anger compartment. The moisture laden air
flniving intn the passenger compartment from the outside
causes the internal air pressure tn increase, acting to drive air
out of thc compartment through vents and other unscalctl
openings. Pushing air out thc vents prevents an cxccssive
amount of moisture laden air from accumulaun ~ in the
passenger comparlmenL as well as ensunng that Ihe dna«i
possible air is passed over the inside heal exchanger 88.

The anti-fog sequence continues until controller 130 has
cxecutctl thc table of values depicted graphically at step 212.
Having completed thc prctlctcrmincd routine, all of the
moisture that existed on inside heal exchanger 88 has
evaporateti and thereiore the temperature of lhe refngeranl
entering the condenser 88 no longer needs to he controlled
fhe anti-fog flag is reset anti the heat pump system trans&-

tinns to normal steadv-state heat pump mode in which the
spccd of thc compressor 76 is controlled such that a tlcsirctl
duct outlet tcmpcraturc as sclcctcd with tcmpcraturc Icvcr 74
ts auained.

I'rom the foregoing it will he understnod that the inven-
tinn provides a system which contrnls fngging when chang-
in modes in a rcvcrsiblc HVAC system. Adtlilionally,
through the usc of thc anti-fogging method thc rate of initial
healing of. the passenger compartment is not compromised.
Additionally, the invenuon permiL« a system whrch rxmtrols
fogging in an HVAC system when initially startin ~ air
conditionin mode

Heating System in a Reversible Air Contlrtionin ~

anti Heal Pump HVAC System Ior Eleclmc Vehicles

I'IGS 5 and 12 illustrate an exemplary temperature con-
trol system for a revcrsiblc air conditioning and heat pump
HVAC system for an electric automobile. FIG. 5 illustrates
the intcrconncction of controller 130 to an automotive air
comhtiomng circuit 5U. Controller 13U controls the com-
pressor speed, flow management center 82 opera«on, aml
blend donr 61 positioning based upon inputs from front
panel 55, duct 56, anil the refrigerant system. 1he contrnller
130 is preferably a microprocessor-based circuit, that
includes processor 140 for cxccuting a program, its associ-
ated memory 142, an ALD 144 for convcrtin analog signals
inlo digital inpupb anil a dover circuit 146 for interfacin ~

with system components.
Processor 140 is pro rammed lo control the healing mode

selection that is depicted in the flnwcharts of I IGS 12A and
12I3 'I'he heating mode selection programs control the
operation of thc HVAC circuit 50 during a heating operation.
In thc pri,fcrrcd cmborlimcnt of thc invention thc steps that
are included in the heating mode selection modules are
spread throu ghou I a number of program motlu les such as the
operatm ~ mode selecuon 152, compressor speed control
160, and EXV control 162 (see I I(k 6). Calculated changes
to the outputs that control the speed of compressor 76 and
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the regulation of pressure reducing device 116 only occur
within the designated modules I'o clarify the included steps,
they have been Iirought together and listed in the two heating
mode selection modules

Heal lo Ihe passenger compartment is provided by a
combinauon of. the HVAC in heat pump mode aml PTC
heaters 62 depemhng on lhe ambient temperature and the
requested target temperature as selected hy the pnsition of
the temperature lever 74

lp For ambient tcmperaturcs less than 40' heat is supplied
only by the PT('ealer «s the reversible HVAC reingerant
syslem is disabled to prevent icing of the heal exchangers 8U

anti 88 which ivnuld result m reduced airflnw and odors in
the passenger compartment. At ambient temperatures greater

is than or equal to 40'. heat is supphcrl by either thc heat
pump, thc PTC hcatcr 62, or thc heat pump supplcmcnmd by
the PTC heater 62.

Relermng to FIG. IZA, at slap 270 a larger lemperaiure is
calculated based upon the position of temperature lever 74
A lookvtp table contains values that correlate temperature
lcvcr position to thc target tcmpcraturc of thc air flowing
from the duct outlets 64—68 Thc creation of a lookup table
conlaining such values is well known in the arl. Al step 272
the target temperature is then compared to the temperature
of air flowing into insitie heat exchanger 88. The pre-imloor
heat exchanger air temperature is measured hy probe 132 If
the air temperature at probe 132 exceeds the target tempera-
ture thc PTC heater 62 is turned ofl; thc heat pump is tumed

„, otf, and the blend door 61 is set to thc max cool position. In
the max cool posiuon air bypasses lhe PTC heater and flows
threctly lo Ihe, duct outlets. Dunng this mode ol operation
the outside;nr which flows into lhe duct 56 is warmer than
the passenger has requested via the temperature lever 74 To
cool the incoming air to the desired temperature the pas-
senger has the option of enabling air conditioning mode.

For incoming;nr that is colder than the target temperature
the compressor speed is adjusted by a PID controller al step
276 tn drive the temperature of post inside heat exchanger

ap air tn the target temperature. As cnmpressnr speed is
increased the rcfrigcrant suction prcssure and tcmpcraturc
tlccrcascs cnablin thc rcfrigcrant to absorb a grcatcr amount
of heat from thc external air as thc rcfrigcrant travcrscs thc
outside heat exchanger (evaporator) 8U. The reingeranl is
additionally compressed by the compressor to a greater
discharge temperature and pressure poor tn tieing, routed to
the inside heat exchanger (condenser) 88 The increased heat
load of the refrigerant, obtained from the outside heat
exchanger 80, is then transfcrrctl to thc air flowing through

sp the inside heat exchanger 88. Thc increased heat transfer
causes a commensurate increase in lhe post ins«le heat
exchanger air temperature, assuming the ambient tempera-
ture and air tloiv rate remains constant

At step 278 thc post inside heat cxchangcr air tcmpcraturc
s is measured by probe 133 and compared to thc target

temperature. The post inside heat exchanger air temperature
represents Ihe air temperature poor lo the PTC heater. If. the
air temperature is greater than Ihe target temperature, then
supplemental heat is not required to achieve the target

all temperature Therefore, at step 280 the controller turns Pl'C
hcatcr 62 otf, sets thc blend door 61 to thc max cool position,
and returns to step 270 to begin another iteration. This is thc
normal operaung loop dunng heal mode opera«on as the
conlroller 13U regulates the air temperature lo lhe selected

ss target lemperature. The post inside heal exchan er air tem-
perature will exhibit normal closed loop nperation hy fluc-
tuating slightly about the target temperature.
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If. Ihe measured post inst&le heat exchanger air temperature

&s less than Ihe target temperature, then the electric heater,
PTC heater 62, is turne&I on As thc air flow rate across the
PTC heater 62 incrcascs, thc heat output of thc device
increases thereby transferri ng a greater amount of heat to the
passenger compartment To regulate the quantity of heat that
&s transferred to the passenger compartment bleml door 61
provides a path for a portion of the air to bypass the PTC
heater 62 and rccombinc dov nstrcam with air that has
flowed through thc PTC hcatcr 62. By reducing thc quantity

&0of air that flows over the V'I'('eater 62, less heat is
transferred to the air, thereby reducing the commensurate
increase in the temperature of the air, and prov«hng a simple
means of regulanng the tempera&ure of. Ihe recombined air.

At step 282 the requ&red blend door position to achieve the
target temperature is calculated in a mannerknown in the art is

The required elfecnveness represents the amount of PTC
healing that is required to raise the temperature of the post
inside heat cxchangcr air to thc target tcmpcraturc at the
existing airflow across thc PTC. At step 284 thc controller
130 sets the position of blend door 61 and the loop returns zo

to step 270 to start another iteration I'his is the normal
operatm ~ loop when supplemenlal heal from the PTC heater
62 is required to raise Ihe duct outlet air to the requested
tcmpcraturc. Each time through steps 270, 272, 276, 278,
282, anil 284 the posinon of Ihe blend door 61 rs vened
slightly as Ihe controller 130 responds to changing conch-
tions.

Alternauvely, the heanng mode selection program can be
implementetl as dlustrated in FIG. 12B. The program illus-
trated in l&IG. 120 is particularly suitable for operating
modes ivhere the overhead energy that is expended turning
on the heat pump or PI'('eater 62 exceeds the energy
required to raise thc passcngcr compartment tcmpcraturc to
the dcsircd tcmpcraturc. At step 300 a forty scconrl timer is
started. The orner seas the nme pemod during which the heal zs
pump attempts to attain Ihe target temperature. At step 302
the heat pump target temperalure is calculate&I base&I on the
position of temperature lever 74. I'he compressor speed Pit)
controller is adlusted at step 304 to drive the compressor
spccd tov ards attaimng thc target tcmpcraturc. At step 306 ao

the heat pump gain is calculated. Thc heat pump gain
represents the work the heal pump contributes to raise the
temperature of the passenger compartment under the exist-
ing operating condinons The heal pump gain is set equal to
the outlet temperature, probe 133, minus the inlet
temperature, probe 132, divided by the outlet temperature
At step 308 thc post-inside heat exchanger air tcmpcraturc as
measured by probe 133 is compared to thc target tempera-
ture calculated at step 302 to de&ermine iT the heat pump is
capable of aha&ning Ihe target temperature. If the heat pump o

does attain the target temperature the forty secoml timer is
reset at step 310 and the program returns to step 302
Additionally, if the heat pump has nnt attained the target
tcmpcraturc but thc 40 second timer has not timed out, the
program returns to step 302 to continue to attempt to attain s
the target temperature. However, if the heat pump does not
aitain the target temperature within 40 secomls then at step
314 Ihe measured values for heat pump gain aml ambient
temperature are stored for later use Although, in the pre-
ferred embodiment the heat pump is allowed 40 seconds to
attain thc target tcmpcraturc, it is within thc scope of the
invention that thc allowed time may range from about 0
seconds to beyonrl 40 seconds For example, the heat pump
healing capability may be characterized by factory test or
simulation and a number representative of the capability as

may be stored in memory for later recall to determine if the
heat pump is capable of attaining a target temperature

At step 316 the heating mode trans&nona from Ihe heat
pump to PI'C heater 62 by gradually decreasing the heat
pump output and increasing the VTC heater 62 over a 40
second period. Making a gradual transitinn enhances pas-
senger comfort by reducing thc noticeability of thc change
in system operation. At step 318 thc stored value for heat
pump gain is adlusied lor changes in ambien& temperature.
At step 32U Ihe revised value lor heat pump gain is com-
pared tn the system ain that represents the amnunt of work
required to heat the passenger compartment tn the target
temperature If the system gain exceeds the heat pump gain,
there is insufflcicnt capacity in heat pump mode for heating
the passcngcr compartment, thercforc thc program remains
in PTC heal mode and returns to step 318. If the heat pump
gain exceeds the system gain, the heat pump is capable of
supplying the required heat necessary to attain the target
temperature I'he pro ram arlvances to step 322 anti transi-
tions from the VTC heater 62 to heat pump over a 40 second
time period, finally returning to heat pump mode at step 300.

From Ihe foregoing it will be umlerstood &hat ihe inven-
non provides a system which minimizes energy consump-
tion during a heating operation of an automotive IIVAC
system. Additionally, the method can he employed to
rlynamically update thc heating mode sclcction as operating
conrlitions change. Also, through thc usc of thc method thc
energy efflciency of an electnc vehicle is increasetl.
Adthuonally, Ihe invention provides an ener y efflcient
method lor controlling the passenger compartment tempera-
ture of an electric vehicle

A&r Handling for HVAC System lor Electnc
Vehicles

Rcfcrring to FIGS. 5 and 13, an air handling sysmm for an
clcctric vchiclc HVAC system is illustrated. FIG. 5 illus-
trates ihe interconnection ol. controller 130 to an auiomonve
air comlinomng circuit 50. Controller 13U controls the
compressor speed, flow management center 82 operation,
anil recirculation door 60 positioning based upon inputs
frnm front panel 55, duct 56, and the refrigerant system
Recirculation door 60 may bc sct to any value from full fresh
air, through part fresh air with part rccirculatcd air, to full
ri:clio&dale&I alr.

I'he recirculation door control program 251 is illustrated
in I'IG. 13 Although I'IG 13 depicts all of the recirculation
rloor program components existing in a single scparatc
program module, it is v ithin thc scope of the invention for
the rlihcrent elcmcnts to be spread throughout thc system
program. In the preferred embothment of the invennon the
steps that are included in the heaung mode selecnon module
are spread throughout a number of program modules such as
the operating mode selection 152 and recirc. dnor position-
ing 154 modules (scc FIG. 6). To clarify thc included steps,
they have bren brought togcthcr anil listcrl in thc blend (lour
control moduhu

When the system is turned-on, step 250 is executed and
the recirculation door 60 is set to the recirculation position.
By siarnng in the recirculation posinon less energy
consumed controllin the temperature of the passenger
compartment In recirculation mode, air from within the
passenger compartment is routed through thc inside heat
exchanger 88 before being dircctcrl back into thc passcngcr
compartment. Therefore to raise Ihe duc& outlet air to the
tlesired temperature Ihe heat transferred from inside heat
exchanger 88 only has to supplement Ihe difference between
the desired temperature and the temperature of the passenger
compartment In fresh air mode, to raise the duct outlet air
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to the desired temperature the heat transierreil from inside
heat exchanger 88 supplements the difFerence between the
desired temperature and the temperature of the external air
which is floiving into the passenger cnmpartment.

Havm ~ set the recirculation door 6U to its mihal posnion
the program conunues on to step 252 in which the inputs
from the front panel 55 are interrogated to determine if a

particular positionmg of the recirculation door has been
requested If a remrculation door position change has been
requcstcd, then at step 254 thc recirculation door is set to the
requcstcd position at step 254.

In step 256 the program opuonally begins an anb-fo ~

sequence As is explained above, fngging of the passenger
compartment windows may occur when the reversible
HVAC system 50 switches from cooling motte to hcatin
mode. During thc cooling mode cycle moisture accumulates
on thc cxtcmal surface of thc inside heat exchanger 88 which
functions as an evaporator. When the HVAC switches from
cooling mode to heaung mode the reingerant flowin ~ into
the inside heat exchanger 88, which functions as a
condenser, rapidly increases in temperature As the refiug-
erant begins to raise the temperature of the condenser 88,
moisture that had accumulated on thc inside heat cxchangcr
88 during thc cooling mode begins to boil off. Thc cvapo-
ratm ~ moisture is absorbed by air flowing through condenser
88 into the passenger compartment. Fogging then occurs
when the moisture laden air strikes the colder ivmdows of
the passenger compartment

At step 258 thc air handling proccdurc during an anti-fo
sequence is performed. The front panel selecnon for the
recirculanon door 6U posiuon w overridden as the door 60 is
set to the full fresh air posiuon. Wuh Iresh air flowing into
the passenger compartment the air pressure within the
compartment i ncreases, forcing air out of vents anil door seal
cracks. As ncw fresh air carrying its load of moisture is
blown into thc passcngcr compartment, prc-existing mois-
ture laden air is forced out through the vents to the outside
environment. The recirculation door 60 remains in the iresh
air position until the anti-fog sequence is completed, at
which time the recirculation donr is reset to its former
f&os&tint&

In step 260 thc program begins an air blow-by scqucncc.
When the vehicle speed exceeds a predetermined value, such
as approximately 42 mph, the pressure from air flowing into
the fresh air duct 59 flows not nnly thrnugh the blower 58,
but also hack up through the recirculation air duct 57 The
air floivin hack into the recirculation air duct 57 bypasses
the inside, heat exchanger && and PTC hcatcr 62 which arc
downstream from thc recirculation door 60. Thcrcforc, the
air flowing back into the recirculauon duct is unconihuoned
external air. The external air coukl vary from extremely cold
dry air during winter months to very hot humid air dunng the
summer months. The external air flows nut of the duct inlets
and directly onto the passengers in the passenger compart-
ment.

At step 26Z the program sets the recirculation door 60 to
prevent an umlesirable air blow-by event from occurnng.
Fhe 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 being blown into the passenger
compartment and no air flows hack through the recirculation
duct 57 Although in the preferred embnrliment the recircu-

fanon door is set to the full fresh air setung it could
alternately be set to the full recirculation air sett&ng, in which
case the fresh air duct 59 is blocked, prevennng fresh ur
frnm flowing into the duct 56 Additionally, although in the
preferred embodiment the setting of the recirculation door
60 is independent of the prior position of the recirculation
rloor 60, thc selection of thc full fresh air setting versus thc
full recirculation setting could bc base(I on the position of
the recirculation door 60 pi&or to entenng the air blow-by

&c si:iiuetlce.
From thc fore oing it will bc understood that thc invcn-

uon provides a system for selecuvely overriding the pas-
senger air mixture selection un&ter predetermined vehicle
operating conditions to permit IIVAC operating, modes that

&s enhance passenger comfort Additionally, the system can be
employed to improve vehicle performance by autnmatically
adlusting thc air mix during prcdctcrmincd vchiclc operating
mo iles.

System for Cooling Ekctric Vchiclc Batkries
ZO

Referring to FIG. 14, a schematic of an automotive HVAC
circuit 220 for an clcctric vchiclc is illustrated. Thc HVAC
circuit 22U is an alternative embodiment of the invention
wherein heat from the battery pack 224 is used to supple-
ment heating of the passenger compartment 'I'he circuit 220
is similar to the IIVAC circuit 50 illustrated in I'l(i I with
the addition of a heat cxchangcr circuit 222 for coolin a
battery pack 224. A heat cxchangcr circuit 222 communi-
catcs with auxiliary heat exchanger 92 to cool battery pack
224 aml controller 130, and includes a heat exchanger 228,
a battery peel 2Z4, a reservoir 230, anti a pump 232.

Liquid high pressure refrigerant from flow management
center 82 flows through expansion valve 226 and shut-oif
valve 86 into heat exchanger 228. Although high pressure

ss refrigerant in the preferred embodiment is nbtained from
tlow management center 82, it is within the scope nf the
invention to obtain high prcssure rcfrigcrant from other
means such as a valve, a reccivcr&dncr, or a rcscrvoir.
Adihtionally, although a thermal expansion valve is

ac emploved in the preferred embodiment, the pnnciples of the
invention may be readily extemled to other pressure reduc-
ing means such as an electronic expansion valve Shut-off
valve 86 is included merely to shoiv a possible method of
controlling battery cooling by preventing thc flow of rcfrig-

as crant into heat exchanger 228. Thc rcfrigcrant outlet of heat
exchanger 228 is conncctcrl to thc compressor 76 suction
1&ne such that the vapor is combined with refrigerant vapor
from other system evaporators pnor to flowing inio the
compressor 76 inlet.

o The coolant outlet of. heat exchanger 228 connects to
battery peel 224 which includes the vehicle energy siorage
batteries. Iieat is generated in the batteries during energy
stnrage and discharge cycles due to energy losses from
convcrtin chemical cncrgy to electrical cncrgy. Heat from

s the batteries is transferred through thc batkry pack into thc
coolant. The outlet of bauery pack 224 connects to reservoir
23U which connects to the inlet of pump 232. The pump 232
propels the coolant through heat exchanger circuit 222.
(.'nolant from the pump 232 tlows thrnugh controller 130,

aii cooling the system electronics The heat generated hy the
controller 130 is additionally transfcrrcrl into thc coolant.
Thc controller 130 controls thc operation of HVA(i system
22U. The temperature of banery pack 224 is sense&1 by
temperature probe ZZ5 which provides an input to the

es Banery Energy Management System (BEMS) 234. The
BliMS 234 controls the operation of shut-ofl'alve 86 in

response to the temperature sensed by probe 225
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FIG. 15 illustrates the operauon of HVAC circuit 2ZU. In

this embothment controller 130 sets Lour-way valve 78 such
that thc system heating mode is operational. High prcssure,
hi h tcmpcrature rcfrigcrant flows from compressor 76
outlet through four-way valve 78 into inside heat exchanger
88 which functions as a condenser l.iquid refrigerant flows
from the outlet of con&tenser 88 through shul-off valve 84
into a bi-directional port of flow management center 82 The
refrigerant then splits iv&th a portion tlowing from an outlet
of floiv management center 82 to expansion valve 226, and
the rcmaindcr of thc rcfrigcranl flowing out of thc expansion
valve 116 of thc flow management ccntcr 226 to outside heat
exchanger 8U. Pressure reduced relngeranl flows through
the outside heat exchanger 8U which funcuons as an evapo-
rator absorbing heat energy from the outside air tlow&ng
through it.

In operahon, the refngerant that flowed from Lhe outlet of
floiv mana ement center 82 Bnws through expansion valve
226 and shut-off valve 86 before entering heat exchanger
228. Thc prcssure rcduccd rcfrigcrant that flows throu h zp
heat cxchangcr 228 absorbs heat energy from coolant that is
routed through heat cxchangcr circuit 222. Thc process by
which heal energy is transferred from Ihe coolant to the
refngeranl in heal exchanger 222 is the same as what occurs
in inside heat exchanger 88 the functioning of an evaporator
described earlier The coolant in circuit 222 tlows through
battery pack 224 absorbing heat from thc vchiclc batteries.
Thc coolant then flows through reservoir 230 and pump 232
before absorbing arlrlitional heat from controller 130 prior to
returning to heat exchanger 228. Hot coolant enters the heal
exchanger 2Z8 inlet and translers its heat energy to the
pressure reduced refrigerant Bowing through the refngerant
line within the heat exchanger 228. 'I'he pressure reduced
refrigerant transitions to thc vapor state as il absorbs heat
energy from thc coolant. Thc vapor state rcfrigcrant then ss
flows through thc four-way switch 78 bcforc combining with
vapor state refrigerant Irom outside heat exchanger 80 poor
to the mlet to compressor 76

('oolant continues to circulate through circuit 22Z so lon ~

as the temperature of Ihe battery pacl 224 remams above 40'c
F. When Lhe battery pack 224 temperature decreases below
4(ff I'he BEMS 234 disables shut-ofl'alve 86 interrupting
the tlow of refrigerant to the heat exchanger 228. ('oolant
continues to flow through heat exchanger circuit 222 as the
tcmpcraturc of thc battery begins Io slowly increase. Once as
the tcmperaturc of thc battery pack 224 once again nscs
above 40' the BEMS 234 enables shut-olf valve 86,
reestablishing the tlow of refngerant to the heat exchanger
228 and the transfer of heat from the heat exchanger circu&t

224 to the IIVAC circuit 220 resu&nes n

Waveform h, of FIG. 15 illustrates the heat cycle of
I IVA('ircuit 220 Refrigerant flnwing into evaporator 80
initially carries a heat load depicted as plateau 238 As the
refrigerant flows through evaporator 80 it absorbs heat
energy from outside air that is blown through thc evaporator s
80. Meanwhde, refngeranl flowing through heat exchanger
228 also carries a heat load depicted as plateau Z38 The
refngeranl Bowin ~ through heal exchanger 228 absorbs heal
energy that is transferred from the battery pack 224 of heat
exchanger circuit 222 I'he heat load of the refngerant
incrcascs to plateau 242 when thc vapor state rcfngcrant
from heat cxchangcrs 80 and 228 combines prior to com-
pressor 76. The relngerant heal load Iurlher increases to
plateau Z44 when compressor 76 compresses the vapor state
refngeranl to a high pressure, high temperature vapor The as
stored refrigerant heat energy decreases to plateau 238 as the
refrigerant traverses the inside heat exchanger 88 and the

heat energy is transferretl to air &hat is blown through into the
passenger comparlmenL.

Using waste heat from the battery pack to supplement
heat energy absorbed from the outside air for heating the
passenger compartment provides a number of advantages. It
expands the operating condiuons under which heal motle
operation of Ihe HVAC is poss&ble by increasin ~ the stored
energy in Ihe relwgeranL. II improves the efliciency of. Ihe
overall vehicle system by reducing the need to rely on
electric energy to heat the passenger compartment. Where
conventional systems would exhaust thc bat(cry pack waste
heat to the cxtcrnal cnvironmcnt and usc electric energy
Irom the bauemes to provide supplemental heal to the
passenger compartment, the invenhon reduces ihe need for
elec&neat heating by using the waste heal from ihe batter&es
to supplement the heat pump system

During cooling mode the tlow of the refngeranl through
the main loop is reverse&I from heal pump mode. Heai from
air passing thrnugh the inside heat exchanger (evaporator)
88 is absorbed by the refrigerant 'I'he refrigerant tlowing
through local-zone heat exchanger 228 continues to absorb
heat from thc heat exchanger circuit 222 (refer to FIG. 14).
The refrigerant from Lhe local-zone heal exchanger 228
combines with refri erant from inside heat exchan er 88
pnor lo compressor 76. The refngerant is compressed fur-
ther adding to the heat load and directed to the outside heat
exchanger 80 (condenser) As the refngerant traverses the
condcnscr 80 thc combined heat load is shed Io thc outside
air that flows through thc condcnscr 80 Thc refrigerant then
flows lo Ihe flov, management center 82 and &hen through the
remainder of the circuit.

From thc fore oing it will bc understood that thc inven-
tion provides a sysiem I or increasing Ihe operahng range of
an automotive heat pump system. Addnionally, the invention
prnvides a system for improving the energy efficiency of an
electric automobile. I'urther, the invention provides a system
for efficiently distributing the heat energy of an electric
automobile. Also, a method is prcscntcd for cooling thc
battery pack of an electric vchiclc.

Advantages of thc Invention

From thc fore oing it will bc understood that thc inven-
tion provides a flow management dcvicc v ilh bi-directional
ports in which refrigerant flowing into either port passes
through an expansion valve and exits the other port.
Additionally, the invention can integrate the receiver/drier
function into a flow management device with bi-directional
pnrts to provide the capability of tapping ofl'efrigerant tlow
for secondary cooling circuits. Also, thc present invention
dccrcascs thc complexity of automotive HVAC systems by
integrating a Bow management device into lhe system to
reduce the number of valves required Lo implement a revers-
ible heating and coolin I IVAC system A further capability
of the invention is to provide a centralized flow management
center with taps for refri erant to reduce the cnmplexity of
automotive HVAC systems that impkmcnt multi-zone con-
trol.

Thc invention provides a system for improving thc
steady-state rcsponsc time of an automotive HVAC system.
Additionally, the invention permits a rcrluction in thc start-
up lime of an automonve air cond&honing syslem. Also, Ihe
invention provides a system Ior controlling an HVAC sys-
tem that employs a floiv management device The invention
further provides a system for controlling an IIVA('ystem
incorporatin a ccntralizcd flow managcmcnt ccntcr.

I'he invention provides a system which controls fogging
when changing modes in a reversible IIVAC system
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Additionally, through the use of the anu-fogging method the
rale of initial hexing of the passen er comparlment rs nol
compromised. Additionally, thc invention permits a system
which controls fogging in an HVAC system when initially
starting air conditioning mode

The invention provides a system which minimizes energy
consumption during a heaung operauon of. an automouve
HVAC system. Additionally, thc method can bc cmploycd to
dynamically update the heating mode selection as operating
conditions change Also, through the use of the method the
energy eiflclency of an eleclnc vehicle is increased Adlh-
tionafly, thc invention provitlcs an cncrgy cfiicicnt mcthotl
fnr controlling the passenger compartment temperature nf an
electric vehicle.

The inventinn provides a system fnr selectively overnding
the passenger air mixture selecuon under predetermined
vehicle operating conditions to permit HVA(i opcratin
modes that enhance passenger cnmfnrt Additinnally, the
system can be employed to improve vehicle performance hy
automaucafly adfusllng the air mix during predetermined
vehicle operating modes.

Thc invention provides a system for increasing the oper-
ating ran e nf an automotive heat pump system Addition-
ally, the invention provides a system for improving the
energy eiflclency of an elecinc automobile. Further, the
invention provitlcs a system for cfficicntfy distributin the
heat energy of an electnc automobile Also, a method is

in
presented fnr cnnling the battery pack of an electric vehicle

Althou h certain preferretl embodiments of the invention
have been herein described in order to aflord an enlightened
understanding of thc invention, and to dcscribc its pmn-
cipies, it should be understnod that the present inventinn is ss

susceptible tn modification, variatinn, innovation and alter-
auon without departing or deviating from the scope, fair
meaning, aml basic principles of thc subjoined claims.

What is claimed is:
ao

1. A control system for controlling a tcmpcraturc of a

motor vehicle having a passenger compartment, the control
system cnmprising

a heat pump having an clcctric compressor for circulatin
a refrigerant in a direction, said clcctric compressor s-
having a rotating spccd rclatcd to a duty cycle of a
compressor control signal aml a suction pressure
ridated lo the rotaung speed, lirsl and seconti heal
exchangers for transfernng heat energy between an
nutside environment anil the passenger compartment, a sn
rcfrigcrant flow switching dcvicc for switchin the
direction of rcfrigcrant flow towards thc first heat
cxchangcr in a heating mode and towartls thc second
heat exchanger in a cooling mode, anil a flow mana e-
menL center for supplying pressure reduced refngeranl
tn the first heat exchanger in the cooling mode and to
the secnnd heat exchanger in the heating mode, said
floe managcmcnt ccntcr including an clcctronic expan-
sion valve having a flov ram rclatcd to a duty cycle of
an EXV control signal, en

a controflcr for controlling thc duty cycle of thc EXV
control signal such that cfhcicnt operation of the hrst
anti second heat exchangers ts maintained and for
controlling the duty cycle of the compressor control
signal such that a desired quanuiy of heat is transferred ss
hetiveen the outside environment and the passenger
compartment,

a lirst sensor coupled to the otntroffer lo sense a refng-
eliinl parameter l'eflf:i:Live of atl evaptitalot reillgeliltll
saturation tcmpcrature tluring thc heating mode and thc
cooling mode; and

a second sensor coupled to thc controflcr to scnsc a
rcfrigcrant paramctcr rcflcctivc of an evaporator outlet
refrigerant temperature;

wherein the controller calculates a rcfrigcrant supcrhcat
tcmpcrature basctl on thc evaporator rcfrigcrant satu-
ration temperature and the evaporator outlet reingerant
temperature; saiti controller controls lhe duly cycle of
the iiXV cnntrnl signal such that the refrigerant super-
heat temperature is maintamed suiistantially at a pre-
dctcrmintd supcrhcat tcmpcraturc, whereby thc evapo-
rator is efficicntly used for transferring heat cner y.

2 Thc control system of claim 1 wherein the prcdctcr-
mincd supcrhcat tcmpcraturc is O'.

3 I'he control system of claim 1 wherein the first sensor
is coupled to Lhe flow management center for sensing the
refrigerant parameter reflcctivc of thc evaporator rcfrigcrant
saturation tcmpcraturc.

4 The control system of claim 1 wherein the controller
further comprises.

a flnw switching control signal coupletl tn the refrigerant
flow sv,itching device for controlling thc direction of
rcfrigcrant flow.

5 The control system of claim 1 further comprising:
a temperature selector for setting a target temperature for

the passenger compartment; and
a third sensor coupled to the controller for sensing the

passenger compartment temperature;
wherein lhe, controller regulates Lhe duty cycle of the

cnmpressor control signal such that the passenger com-
partment temperature is maintained substantially equal
tn the target temperature

6 A control system for controlling a mmpcraturc of a

mntor vehicle having a passenger compartment, the control
system comprising.

a heat pump having an clcctric compressor for circulating
a refrigerant in a direction, saitl clcctric compressor
having a rotating spccd rclatcd to a duty cycle of a
compressor control signal and a sucnon pressure
relaleti to Lhe rotaung speed, lirst aml seconll heat
exchangers for transferring heat energy from an outside
environment to the passenger compartment, a refriger-
ant flow switchin device for switching the direction of
rcfrigcrant floiv towards thc first heat cxchangcr in a
heating mode and towards thc sccontl heat cxchan cr in
a coohng mode, and a pressure reducing assembly for
supplying pressure reduced reingerant lo Lhe lirst heat
exchanger in the cnnling mode and to the secnnd heat
exchanger in the heating mode, said pressure reducing
assembly including an electronic expansion valve hav-
ing a flow rate rclatctl to a duty cycle of an EXV control
signal;

a controflcr for controlling thc duty cycle of thc EXV
control si nal such that cfflcicnt operation of thc firs
and second heat cxchangcrs is maintained and for
conlrolhng the duty cycle of the compressor control
signal such that a desired quanuty of heat is transferred
between the nutside environment and the passenger
cnmpartment;

a first sensor coupled to the conlrofler for sensing the
cnmpressor suction pressure level to regulate the duty
cycle of the EXV cnnlrol signal, and
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a second sensor coupled lo lhe controller for sensing a

refrigerant parameter reflective of an evaporator outlet
refrigerant temperature;

wherein thc controller calculates a rcfrigcrant supcrhcat
temperature based on the compressor suction pressure
anil the evaporator outlet refrigerant temperature, said
controller controls the duty cycle of. the EXV control
signal such that the refrigerant superheat temperature is
maintained substantially at a predetermined superheat
tcmpcraturc, ivhcrcbv thc evaporator is cfficicntly uscrl
for transfi:rring heat cncrgy.

7. The control system of claim 6 lurlher comprising.

a temperature selector for selling a targeL lemperalure for
the passenger compartment, is

ivherein the controller determines a desired compressor
suction pressure level cnrresponding to the target tem-
pcraturc and regulates thc duty cycle of lhc compressor
control signal such that thc dcsircd compressor suction
pressure level is substantially maintained.

fl. The control system of claim 6 further comprising:

a first sensor couple,d to the controller, thc first sensor for
sensing a refngeranl parameter reflecuve of an evapo-
rator relrigeranL saturation temperature,

a seconil sensor coupled to the controller, the second
sensnr for sensing a refrigerant parameter reflective of
an evaporator outlet refrigerant temperature; and

wherein the controller calculates a refrigerant superheat
temperature based on the evaporatnr refrigerant satu-
ration and the evaporator outlet refrigerant tempera-
ture; said controller controls thc rluty cycle of thc EXV
control signal such that thc rcfrigcranl superheat tem-
perature is maintained substantially al a predelermmed
superheat temperature, whereby the evaporator is elfi-
cienlly used for Iransfernn ~ heat energy.

9 l'he control system of claim g wherein the predeter-
mined superheat temperature is O'.
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