WO 2011/075373 PCT/US2010/059606

TRANSPORT REFRIGERATION SYSTEM AND METHODS FOR SAME TO ADDRESS
DYNAMIC CONDITIONS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Patent Application Serial
No. 61/288,017 entitled “Transport Refrigeration System and Methods for Same to Address
Dynamic Conditions,” filed on December 18, 2009. The content of this application is

incorporated herein by reference in its entircty.

FIELD OF THE INVENTION

[0002]  This disclosure relates generally to transport refrigeration units and, more

specifically, to methods and apparatus for dynamic conditions therein.
BACKGROUND OF THE INVENTION

[0003] A particular difficulty of transporting perishable items is that such items must be

maintained within a temperature range to reducc or prevent, depending on the items, spoilage,
or conversely damage from freezing. A transport refrigeration unit is used to maintain proper
temperatures within a transport cargo space. The transport refrigeration unit can be under the
direction of a controller. The controller ensures that the transport refrigeration unit maintains

a certain environment (e.g., thermal environment) within the transport cargo space.
SUMMARY OF THE INVENTION

[0004] In view of the background, it is an aspect of the application to provide a transport
refrigeration system, transport refrigeration unit, and methods of operating same that can

maintain cargo quality by selectively controlling transport refrigeration system components.

[0005] One embodiment, according to the application can include a control module for a
refrigeration system. The control module includes a controller for controlling the

refrigeration system or a component thereof based on at least dynamic system conditions.

[0006] One embodiment, according to the application can include a transport
refrigeration system and/or process to control system superheat such as the degree of

compressor superheat and/or evaporator superheat.
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[0007]  One embodiment, according to the application can include a process for
controlling economizer flow rate during a cooling cycle in a refrigeration system having a

compressor, a condenser, an evaporator, and a controller for controlling an expansion valve.

[0008] One embodiment, according to the application can include a controller for
controlling evaporator expansion valve or evaporator input flow rates when the condenser fan
is not enabled or a Condensing Pressure Control (CPC) operation mode is entered in a

refrigeration system having a compressor, a condenser, and an evaporator.

[0009] In an aspcct of the application, a transport refrigeration system having a
compressor, a condenser, an evaporator, an economizer, a second expansion valve coupled
between the economizer and the compressor, and a controller, and a first expansion valve
upstream of the evaporator, a process can include detecting a capacity increase mode
transition for the economizer, and selectively operating the second expansion valve upstream
through a transition from a first flow rate to a second higher flow rate over a prescribed time

period.

[0010] In an aspect of the application, a computer program product including a computer
usable storage medium to store a computer readable program that, when executed on a
computer, causes the computer to perform operations to operate a transport refrigeration unit,
the operations can include operate the transport relrigeration unit in a [irst mode, control an
economizer to transition the transport refrigeration unit to a higher capacity mode, and
increase gradually a gas flow rate from the economizer over a prescribed tine at said

transition.

[0011] In an aspect of the application, a refrigerant system can include a compressor, a
condenser downstream of the compressor, an expansion device downstream of the condenser,
and an evaporator downstream of the expansion device, and a refrigerant circulating from the
compressor to the condenser, through the expansion device and the evaporator and then
returning to the compressor and a control module to control & system component to maintain

a constant mass flow rate across a varying differential pressure change.

S
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] For a further understanding of the invention, reference will be made to the
following detailed description of the invention which is to be read in connection with the

accompanying drawing, wherein:

[0013] FIG. 1 is a diagram that shows an cmbodiment of a transport rcfrigeration systcm

according to the application;

[0014] FIG. 2 schematically illustrates an exemplary embodiment of a transport

refrigeration unit in accordance with the application;

[0015]  FIG. 3 is a block diagram collectively presenting a {low chart illustrating an
exemplary embodiment of the process for controlling compressor pressure during operation

of a refrigeration system;

[0016] FIG. 4 is a block diagram collectively presenting a flow chart illustrating an
exemplary embodiment of the process for controlling compressor pressure during operation

of a refrigeration system;

[0017]  HIG. 5 is a block diagram collectively presenting a flow chart illustrating an
exemplary embodiment of the process for controlling evaporator operations during operation

of a refrigeration system; and

[0018]  FIG. 6 is a diagram illustrating exemplary relationships between system
parameters when a condenser fan is cycling on and off during operation of a refrigeration

system,

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0019]  Reference will now be made in detail to exemplary embodiments of the
application, examples ol which are illustrated in the accompanying drawings. Whenever
possible, the same reference numerals will be used throughout the drawings to refer to the

same or like parts.

[0020] FIG. 1 is a diagram that shows an embodiment of a transport rcfrigeration system.
As shown in FIG. 1, a transport refrigeration system 100 can include a transport refrigeration

unit 10 coupled to an enclosed space within a container 12, As shown in FIG. 1, the
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transport refrigeration unit 10 is configured to maintain a prescribed thermal environment

within the container 12 (e.g., cargo in an enclosed volume).

[0021]  InFIG. 1, the transport refrigeration unit 10 is connected at one end of the
container 12. Alternatively, the transport refrigeration unit 10 can be coupled to a prescribed
position on a side or more than one side of the container 12. In one embodiment, a plurality
of transport refrigeration units can be coupled to a single container 12. Alternatively, a
single transport refrigeration unit 10 can be coupled to a plurality of containers 12. The
transport refrigeration unit 10 can operate to induct air at a first temperature and to exhaust
air at a second temperature. In one embodiment, the exhaust air from the transport
refrigeration unit 10 will be warmer than the inducted air such that the transport refrigeration
unit 10 is employed to warm the air in the container 12. In one embodiment, the exhaust air
from the transport refrigeration unit 10 will be cooler than the inducted air such that the
transport refrigeration unit 10 is employed to cool the air in the container 12. The transport
refrigeration unit 10 can induct air from the container 12 having a return temperature Tr (e.g.,
first temperature) and exhaust air to the container 12 having a supply temperature Ts (e.g.,

second temperature).

[0022] In one embodiment, the transport refrigeration unit 10 can include one or more
sensors (wired or wireless) to continuously or repeatedly monitor conditions or operations for
the transport refrigeration unit 10. As shown in FIG. 1, exeniplary sensors can include a first
temperature sensor 24 of the transport refrigeration unit 10 that can provide the supply
temperature Ts and a second temperature sensor 22 of the transport refrigeration unit 10 that

can provide the return temperature Tr to the transport refrigeration unit 10, respectively.

[0023] A transport refrigeration system 100 can provide air with controlled temperature,
humidity or/and species concentration into an enclosed chamber where cargo is stored such

as in container 12. As known to one skilled in the art, the transport relrigeration system 100
(e.g., controller 220) is capable of controlling a plurality of the environmental parameters or
all the environmental parameters within corresponding ranges with a great deal of variety of

cargos and under all types of ambient conditions.

[0024]  FIG. 2 is a diagram that shows an embodiment of a transport refrigeration unit.
As shown in FIG. 2, transport refrigeration unit 200 can be operatively coupled to a container

(not shown), which can be uscd with a trailer, an intcrmodal container, a train railcar, a ship
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or the like, used for the transportation or storage of goods requiring a temperature controlled
environment, such as, for example foodstuffs and medicines (e.g., perishable or frozen). The
container can include an enclosed volume for the transport/storage of such goods. The
enclosed volume may be an enclosed space having an interior atmosphere isolated from the

outside (e.g., ambient atmosphere or conditions) of the container.

[0025] As shown in Figure 2, compressor 210 can be a scroll comipressor; however, other
compressors such as reciprocating or screw compressors are possible without limiting the
scope of the disclosure. A motor (not shown) can be used to drive the compressor 210. For
example, a motor can be an integrated electric drive motor driven by a synchronous
generator, a commercial power service an external power generation system (e.g., shipboard),

a generator or the like. The compressor 210 can be a multi-stage compression device.

[0026] High temperature, high pressure refrigerant vapor exiting the compressor 210 can
move to the air-cooled condenser 230, which can include a plurality of condenser coil fins
and tubes 234, which receive air, typically blown by a condenser fan 232. By removing
latent heat through the condenser 230, the refrigerant condenses to a high pressure/high
temperature liquid and flows to a receiver 236 that can provide storage for excess liquid
refrigerant during low temperature operations. From the receiver 236, the refrigerant can

flow to a filter-drier 238 that can keep the refrigerant clean and dry.

{00271 The unit 200 can include an economizer. An economizer device 240 can increase
the refrigerant subcooling. When the economizer device 240 is active, valve 242 can open to
allow refrigerant to pass through an auxiliary expansion valve 244 having a sensing bulb 246
located upstream of an intermediate inlet port 212 of the compressor 210, The valve 244 can
be controlled responsive to the temperature measured at the bulb 246, and serve to expand
and cool the refrigerant that proceeds into an economizer counter-flow heat exchanger 248,

which can additionally sub-cool the liquid refrigerant.

[0028] The refrigerant flows from economizer heat exchanger 248 of the economizer
device 240 to an electronic evaporator expansion valve (“EVXV™) 250. As the liquid
refrigerant passes through the orifice of the EVXV 250, at least some of the liquid refrigerant
can vaporize. The refrigerant then flows through the tubes or coils 264 of an evaporator 260.
The evaporator 260 can absorb heat from the return air 295 (e.g., air returning from the box

or containcr) and in so doing, vaporize some or all of the remaining liquid refrigerant in the
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evaporator 260. The return air 295 is preferably drawn or pushed across the tubes or coils
264 by at least one evaporator fan 262. The refrigerant vapor can be drawn from the

evaporator 260 through a suction service valve 275 back into the compressor 210,

[0029]  Many of the points in the transport refrigeration unit 200 can be monitored and
controlled by a controller 220. Controller 220 can include a microprocessor 222 and an
associated memory 224. The memory 224 of controller 220 can contain operator or owner
preselected, desired values for various operating parameters within the unit 200 including, but
not limited to, temperature set points for various locations within the unit 200 or the box,
pressure limits, current limits, engine speed limits, and any variety of other desired operating
parameters or limits with the unit 200 or a refrigeration system. In one embodiment,
controller 220 can include a microprocessor board that contains microprocessor 222 and
memory 224, an input/output (I/O) board 228 that can include an analog to digital converter
229. The I/0 can receive temperature inputs and pressure inputs from various points in the
system, AC current inputs, DC current inputs, voltage inputs and humidity level inputs. In
addition, I/O board 228 can include drive circuits or field effect transistors (“FETs”) and
relays to receive signals or current [rom the controller 220 and in turn control various

external or peripheral devices in the unit 200, such as the EVXV 250, for example.

[0030] Among exemplary sensors and/or transducers monitored by controller 220 can be
a return air temperature (RAT) sensor 268 that input into the microprocessor 222 a variable
resistor value according to the evaporator return air temperature, An ambient air temperature
(AAT) sensor 270 that can provide microprocessor 222 an ambient air temperature value
(e.g., read in front of the condenser 230). A compressor suction temperature (CST) sensor
272 that can input to the microprocessor a variable resistor value according to the compressor
suction temperature, A compressor discharge temperature (CDT) sensor 274 that can detect a
compressor discharge temperature inside the dome of compressor 210. An evaporator outlet
temperature (EVOT) sensor 281 and an evaporator outlet pressure (EVOP) transducer 282
that can detect an outlet temperature value and an evaporator outlet pressure of evaporator
260. A compressor suction pressure (CSP) transducer 278 can provide microprocessor 222 a
variable voltage according to a compressor suction value of compressor 210. A compressor
discharge pressure (CDP) transducer 280 that can provide to microprocessor 222 a variable

voltage according to a compressor discharge value of compressor 210. In addition, direct
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current sensor 286 and alternating current sensor 288 (CT1 and CT2, respectively) can detect

current drawn by the compressor 210.

[0031]  Inone embodiment, the microprocessor 222 can use inputs from the EVOP sensor
282 and EVOT sensor 281 to calculate the evaporator coil evaporator superheat ESH, using
algorithms understood by those of ordinary skill in the art. The microprocessor 222 can then
compare the calculated evaporator superheat value ESH to a preselected, desired superheat
value, or set point, which can be stored in memory 224. The microprocessor 222 can then
actuate the EVXV 250 depending upon differences between actual and desired evaporator
superheat ESH in order to approach or maintain the desired superheat setting (e.g., a
prescribed superheat, a condition selected superheat, or the minimum superheat to maximize
unit capacity). Microprocessor 222 may be programmed to operate at a prescribed setting or
at the lowest setting of superheat that can be maintained or controlled, and that will reduce or
prevent an operational flood back (e.g., escape of liquid refrigerant into the compressor). The
prescribed or lowest setting value will vary depending upon the capacity and specific
configuration of the unit 200. For example, such an operation value can be determined
through experimentation by those of ordinary skill in the art. In one embodiment, such a
level of superheat may then be used as the "base implementation” superheat or a base sctting
from which superheat offsets can be made in the event of various operating conditions and/or

ambient conditions.

[0032] In the base implementation described above, it has been determined that the
superheat generated in the evaporator 260 or the compressor 210 can exceed desired
conditions or safety limits in some operating regimes. One example of such an operating
regime can be dynamic refrigeration system operations or when operational transitions cause
dynamic conditions or extreme or unrecoverable conditions in the transport refrigeration unit
200. Related art and conventional control techniques, for example, by controlling evaporator
superheat ESH, were ineffective in preventing error conditions such as compressor flooding

or compressor discharge overheating.

[0033] An embodiment of a method of operating a transport refrigeration system
according to the application will now be described. The method embodiment shown in FIG,
3, can be implemented in and will be described using a transport refrigeration system
embodiment shown in FIG. 2, however, the method embodiment is not intended to be limited

thereby.
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[0034]  Asshown in FIG. 3, after a process starts, a transport refrigeration system, the
transport refrigeration unit 200, or the controller 220 can be operated in a cooling mode and
monitored for a transition to a standard mode (operation block 310). As shown in FIG. 3, the
standard mode of the transport refrigeration unit 200 is intended as an operating mode where
the transport refrigeration unit 200 is capable of a transition to economized niode. In one
embodiment, the microprocessor 222 can enter the standard mode in accordance with the
evaporator superheat ESH. In one embodiment, the controller 220 can enter the standard
mode after a pull-down cooling mode that was initiated upon start-up of the transport
refrigeration system. In one embodiment, the standard mode can be the base implementation

cooling mode in accordance with the evaporator superheat ESH.

[0035] When the determination in operation block 310 is affirmative, the transport
refrigeration unit 200 operates in the standard mode (operation block 320); otherwise control
returns to operation block 310, For example, the determination in operation block 310 can be
made repeatedly, periodically, intermittently, or responsive to an operator action or a sensed

condition.

[0036] After entering the standard mode, the unit 200 can be monitored for an operation
transition (operation block 330). In one embodiment, the economizer device 240 is
monitored to determine when an operation state of the economizer device 240 is changed.
For example, the economizer device 240 can be monitored by the controller 220 (e. 8
microprocessor 222). In one embodiment, the operation state of the economizer device 240
can be monitored for operational transitions because it is difficult or impossible to predict
operational transitions of the economizer device 240 because of the number of independent

variables that influence such an operational state change of the economizer device 240.

[0037] In one embodiment, energizing the vapor injection flow of an economized
transport refrigeration system is dillicult Lo predict for any given condition because it is a
function of multiple system parameters (e.g., speed, compression ratio, injection flow
density). Turning the injection circuit of an economizer such as the economizer device 240
on can cause a sudden increase in compressor power and conventionally, the unit 200 (e.g.,
SMYV) has been unable to respond quick enough to reduce total system power before engine
stall, In onc embodiment, energizing the vapor injection flow of an economized system can
increase the instantaneous compressor power as much as 4-6 amps. Related art methods of

using suction gas throttling to reduce compressor power after a sudden in rush of mid-stage
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gas simply do not work because of the slow reaction of the stepper suction throttling device.
Conventionally, energizing the economizer device 24() can result in transport refrigeration

system errors including but not limited to compressor flooding or diesel engine stall.

[0038] When the economizer device 240 transition is detected, (operation block 330
YES), the unit 200 or the controller 220 can controllably vary the injection gas flow rate on
economizer injection system {e.g., higher capacity up-mode transitions) (operation block
340). For example, the microcontroiler 222 can controllably increase the injection flow rate
of the economizer through a range (e.g., 10% injection flow rate to 100% injection flow rate)
over a set period of time. In one embodiment, pulse width modulated (PWM) control of the
economizer injection solenoid valve can gradually ramp up the injection flow rate through a
range (e.g., from 0% to 100%). The unit 200 can controllably transition a transport
refrigeration unit component (e.g., economizer) from a first or current condition (e.g., closed)
to a second or final condition (e.g., open) over a prescribed time period (e.g., 10 seconds, two
minutes). In one embodiment, the injection flow can be pulsed over each period at an
(higher) injection flow rate increased by a prescribed amount (e.g., 20%). Alternatively, the
injection rate can increase stepwise at 10% duty cycle intervals over a 2-4 minute period. In
onc cmbodiment, the microprocessor 222 can soft start the cconomizer device 240 to
controllably perform the economizer device 240 operational transitions. In one embodiment,
the economizer device 240 can increase (or decrease) over an interval between 30 seconds
and ten minutes long. The system component (e.g., economizer) can be monitored for
completion of the controlled operational state transition (operation block 350). When the
economizer device 240 has reached the top of the prescribed range (e.g., 50%, 100%) or
interval in operation block 350, control can continue to operation block 360; otherwise

control can return to operation block 340.

[0039] The transport refrigeration unit 200 can be checked (e.g., controller 220) for an
error condition (operation block 360). Exemplary error conditions can include operating
outside of allowed system conditions such as power limits or discharge pressure limits.
When the error condition is detected (operation block 360 YES), control can return to
operation block 310. In the absence of the error condition (operation block 360 NO), the
econoniizer device 240 can be checked to determine if the economizer device 240 is

operating at full capacity or 100% economized.

9
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[0040} When the determination in operation block 370 is affirmative, the transition to the
economized mode of transport refrigeration unit 200 is complete (operation block 380) and
the process can end. When the determination in operation block 370 is negative, the
transition to the economized mode of transport refrigeration unit 200 is not complete and

control can return to operation block 330.

[0041]  Embodiments using a soft starting approach to the economized system transition
(e.g., economizer enabled) can allow the slower responding stepper type valves (e.g., SMV,
EEV, SMV 275, EVXYV 250)) more time to react to a slower and more gradual increase in
injection mass flow (e.g., ESV, valve 242) and a respective compressor power increase.
Embodiments of a system, controller and methods for using the same according to the
application can reduce or eliminate the risk of the compressor 210 stalling the power supply
(e.g., diesel engine) when capacity up shifts are required because the time based average
injection flow will be controlled at a slower rate and/or the SMV will be able to react to such
a gradual change. Further embodiments according to the application can reduce or minimize
the compressor flood back risk because of poor EEV control during economizer mode

transitions.

[0042] Embodiments described herein will still allow proper EEV and SMV control
during low to high capacity mode transitions. Embodiments described herein can be
implemented independent of other components or operations in the unit 200. [For example, in
some exemplary embodiments, backfit or current EEV, SMV control operations are not
affected. Further, embodiments using soft-starting of the compressor can be applied to any
two stage or economized compressor or transportation refrigeration systems in which engine

power control is critical or where engine power is not critical.

[0043] An embodiment of a method of operating a transport refrigeration system
according to the application will now be described. The method embodiment shown in FIG.
4, can be implemented in and will be described using a transport refrigeration system
embodiment shown in HG. 2, however, the method embodiment is not intended to be limited

thereby.

[0044]  As shown in FIG. 4, after a process starts, a transport refrigeration system, the
transport refrigeration unit 200, or the controller 220 can be operated in a standard mode

(operation block 410).  As shown in FIG. 4, the standard mode of the transport refrigeration

10
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unit 200 is intended as an operating mode where the transport refrigeration unit 200 is

capable of a transition to economized mode.

[0045] In the standard mode, the unit 200 can be monitored for an operation transition
(operation block 420). In one embodiment, economizer device 240 is monitored to determine
when an operation state of the economizer device 240 is changed. For example, the
economizer device 240 can be monitored by the controller 220. In one embodiment, the
operation state of the economizer device 240 can be monitored for operational transitions
because it is difficult or impossible to predict operational transitions of the economizer device
240 because of the number of independent variables that influence such an operational state

change of the economizer device 240.

[0046] When the economizer device 240 transition is detected, (operation block 420,
YES), the unit 200 or the controller 220 can controllably vary the injection gas flow rate on
economiizer injection system (e.g., higher capacity up-mode transitions) (operation block
430). For example, the microcontroller 222 can controllably increase the injection flow rate
of the economizer through a range (e.g., 10% injection flow rate to 50% injection flow rate or
100% injection flow rate) over a set period of time. In one embodiment, control of
economizer injection solenoid valve (e.g., valve 242) such as but not limited to pulse width
modulated (PWM) control of the economizer injection solenoid valve can gradually ramp up
the injection flow rate through a range (e.g., from 0% to 100%). The unit 200 can
controllably transition a transport refrigeration unit component {e.g., economizer) from a first
or current condition (e.g., closed) to a second or final condition (e.g., open) over a prescribed
time pertod (e.g., 10 seconds, two minutes). In one embodiment, the injection flow can be
pulsed over each period at an (higher) injection flow rate increased by a prescribed amount
(e.g.,20%). Alternatively, the injection rate can increase stepwise at 10% duty cycle
intervals over a 2-4 minute period. In one embodiment, the microprocessor 222 can soft start
the economizer device 240 to controllably perform the economizer device 240 operational
transitions. In one embodiment, the economizer device 240 can increase (or decrease) over

an interval between 30 seconds and ten minutes long,

[0047]  During the economizer device 240 operational transitions the transport
refrigeration unit 200 can be checked or monitored (e.g., controller 220) for an crror
condition (operation block 440). Exemplary error conditions can include operating outside of

allowed system conditions such as power limits or compressor discharge pressure limits,

11
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When the error condition is not detected (operation block 460 NO), the system component
(e.g., economizer) can be monitored for completion of the controlled operational state
transition (operation block 450). When it is determined the economizer device 240 has
reached the top of the prescribed range (e.g., 50%, 100%) or interval in operation block 450,
control can continue and determine if the economizer device 240 is operating at full capacity
or 100% economized (operation block 460); otherwise control can return to operation block
430. When the determination in operation block 460 is negative, control can return to

operation block 420

[0048] When the error condition is determined (operation block 460 YES), an adaptive
control of the transition of the economizer device 240 (or transport refrigeration unit 200) to
the higher capacity mode can be implemented (operation block 480). For example, inputs to
the adaptive PID can be system pressure, system power limit and actual power level (in use).
In one embodiment, the adaptive control can be implemented by the controller 220 (e. g.,
microprocessor 222) or a PID (proportional-integral-derivative) control. In one embodiment,
adaptive control of the economizer 240 can determine the error condition (e.g., system
characteristic (o exceed its threshold, over system power limit), and compare a current system
characteristic to a threshold system characteristic and calculate a next operating level (e.g.,
injection gas flow rate) of a system component like the economizer 240, which may be
slighty, somewhat or significantly higher (or lower) that the current operating level of the
economizer 240, The adaptive control in operation block 480 does not allow the next
operating level (e.g., of the economizer 240) to be set at a value that can cause the error
condition (e.g., any monitored error condition). The next operating level can be evaluated to
determine if the next operating level is equal to the 100% economized level (operation block
485). When the determination in operation block 485 is negative, the control continues to
repeat the adaptive PID control (e.g., of the economizer using the valve 242) in operation
block 480. In one embodiment, operation block 480 can be repeatedly, periodically,
intermittently (e.g., responsive to an operator action or a sensed condition) performed until

the determination in operation block 485 is affirmative.

[0049] When the determination in operation block 470 or operation block 485 is
affirmative, the transition to the economized mode of transport refrigeration unit 200 is

complete (operation block 470) and the process can end.
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[0050]  In another exemplary embodiment, pre-throttling the SMV can be controlled in
anticipation of an economized unit 200 mode change. For example, the SMV can be pre-
throttled before the transition to an energized economized mode. However, such anticipated
control can be less efficient than embodiments described with reference to Fig. 3. For
example, anticipation throttling of the SMV can reduce unit 200 capacity. Further,
anticipation throttling can introduce evaporation, suction, and/or discharge pounds per squarc
inch gauge (psig) perturbations that can influence proper electronic expansion valve control,
In addition, anticipation throttling under selected conditions will not be compatible with

cxisting EEV and SMV control during low to high capacity mode transitions.

[0051] Although, one embodiment shown in FIG. 3 was described with respect to PMW
control, embodiments of the application are not intended to be so limited. For example, the
flow rate can be varied by an electronic middie stage expansion valve or the electronic

middle stage expansion valve could be used to soft start the injection flow of an economizer

circuit.

[0052] As shown in FIGS. 3-4, the exemplary method embodiments can result in

increased control for compressor discharge superheat during economizer operations.

10053] Another embodiment of a method of operating a transport refrigeration system
according (o the application will now be described. The method embodiment shown in FIG.
5, can be implemented in and will be described using a transport refrigeration system

embodiment shown in FIG. 2, however, the method embodiment is not intended to be limited

thereby,

[0054] As shown in FIG. 5, after a process starts, unit 200 operates in a first mode
(operation block 510). Then, conditions are monitored that can result in a transition to
Condensing Pressure Control (CPC) operation mode (operation block 520). For example,
conditions that can result in the transition to CPC operation mode can include EEV valve

position, compressor discharge pressure, evaporator superheat, and/or evaporator pressure,

[0055] CPC operation mode is an event where the condenser fan is turned off in response
to system parameters (e.g., compressor discharge pressure too low). CPC operation mode is
exited upon re-start or turning the condenser fan on. Conventional operations to transition to

and perform in CPC operation mode would be known to one of ordinary skill in the art.

13
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[0056]  Embodiments according to the application can use conditions at initiation of the
CPC operation mode to modify unit 200 components to reduce perturbation or unevenness in
mass flow rate through components of the unit 200 or to reduce pressure fluctuations (e.g.,
increase) across the evaporator during CPC operation mode. In one embodiment, the EVXV
valve control can be determined at the start of CPC operation mode to address changing

pressurc across the EVXV valve or the evaporator 260 when the condenser fan 232 is off.

[0057] When the determination in operation block 520 is affirmative, control continues to
operation block 530; otherwise control returns to operation block 510. For example, the
determination in operation block 520 can be made repeatedly, periodically, intermittently, or

responsive to an operator action or a sensed condition.

[0058]  In operation block 530, control, for example, pro-active control for at least one
component of the unit 200 can be determined. According to embodiments of the application,
during CPC operation mode, supplementary control to provide a more consistent mass flow
rate through the expansion valve can be used. In one embodiment of a transport refrigeration
system, during CPC operation mode an anticipated EVXYV valve position can be used to
gradually close the EVXV valve to reduce the likelihood that flooding will occur to the
evaporator as the pressure across the EVXV valve is increasing in CPC operation mode. As
the pressure continues to rise, the valve modification function will step close in an effort to
maintain a more consistent mass flow rate through the expansion valve. Upon exiting CPC
operation mode, the EVXYV valve can be controllably returned to its position upon entering

CPC control or entering the CPC operational mode.

[0059]  The mass flow rate through the EVXYV valve during a differential pressure change
was determined to be proportional to the square root of the instantancous pressure change
across the valve divided by the original pressure drop across the EVXV valve. In accordance
to the determined relationship, a new valve position can be approximated assuming that the
valve orifice varies linearly with a % opening. In one embodiment, a current position or
sequential EVXYV valve position during the CPC operational niode can be approximated by

exemplary Equation (1) (below).

[0060] In one embodiment, the anticipated EVXYV valve position can be used to
accurately step the EVXV valve closed so that little or no flooding can occur to the

cvaporator 260 as the pressure across the EVXYV valve is increasing. As the pressure

14
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continues to rise, the valve modification function (e.g., exemplary equations 1-2) can step

close to maintain a more consistent mass flow rate through the expansion valve.

[0061] One embodiment of Pressure Compensation Proactive Valve Control will now be

described.

[0062] ‘When the conditions for Condensing Pressurce Control (CPC) are satisficed or truc,
the condenser fan 232 must shut off, valve control for the EVXYV 250 can be performed to
reduce or minimize the flood back to the compressor (operation block 530). An exemplary
Valve Modifier Function in CPC operation mode is provided by Equation 2 and an cxemplary

EVXYV valve position can be determined by Equation 1:
Equation (1): Final EVXYV position = EVXV_PID - VMF
Equation (2): VMF = EXV_1- EVXV_1*(Sqrt[DeltaP_C/DeltaP_1]

where the following items are defined herein. EVXV_PID is a conventional PID
(proportional-integral-derivative) output or normal PID output for the expansion valve {e.g.,
EVXV) control in the CPC operational mode as would be known to one skilled in the art.
For example, inputs to the EVXV PID can be ESH. EVXV_1 is the value of the percentage
open the EVXYV valve is at the time when the condenser fan is shut off for CPC operation
mode or control. DeltaP_1 is the value of the compressor discharge pressure minus the
evaporator pressure determined at the time the condenser fan is shut off for CPC operation
mode. DeltalP_C is the value of the discharge pressure minus the evaporator pressure

measured every second or prescribed interval during CPC operation mode,

[0063] In one embodiment, the EVXYV valve has overall control or supplemental control
during the CPC operation mode according to Equations 1-2 (operation block 540). For
example, EVXYV 250 control according to embodiments of this application can operate in
parallel (e.g., supplement) to conventional PID control of the EVXV 250 or can be used to
replace conventional PID control of the EVXV 250. Next, an error condition can be
monitored (operation block 550) and termination of the CPC operation mode can be
monitored (operation block 560). When the determination in operation block 550 or
operation block 560 is affirmative, the EVXYV valve can be returned to the condition that the
EVXYV valve was in upon entry to the CPC operation mode (e.g., the modifications to the

EVXYV valve from Equations 1-2 are cancelled out or nullified). In one embodiment, the
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VMF (e.g., equation 2) can be immediately set to zero or terminated. In one embodiment, the
VME can be reduced to a zero value over a prescribed period of time. For example, the VMF
can linearly or non-linearly ramp to zero over a 30 second period when the CPC control has
turned the condenser fan back on. Alternatively, the VMEF can reduce to zero over a time

period between 5 and 120 seconds.

[0064]  When the determination in operation block 550 and operation block 560 is
negative, control returns to operation block 540 where the EVXYV valve can have

supplemental control responsive to pressure rise during CPC operation mode.

[0065]  Exemplary conditions for operation block 550 can include determination that the
evaporator pressure from the evaporator pressure sensor is out of range or the sensor [ailed
and/or the compressor discharge pressure from the discharge pressure sensor is out of range
or the sensor failed. Such conditions can be determined in the system 200. Further for
example, error conditions can be determined to occur when the VMF EVXYV position goes
below a prescribed value (e.g., percentage opening) such as but not limited to an 8%, 10%,
12% opening EVXYV position. In addition, error conditions can include compressor flooding

or evaporator flooding.

[0066]  Although, exemplary conditions were described for VMF during CPC operation
mode, embodiments according to the application are not intended to be so limited. For
example, additional limitations or modifications to VMF control can be considered. In one
embodiment, when the evaporator superheat control error is greater than 20°F at the time the
CPC control mode is entered (e.g., when the condenser fan is turned off), the VMF control
(e.g., BEquation (2)) can be modified such as by additional control to reduce the calculated

VMF by %.

[0067] FIG. 6 is a diagram illustrating exemplary relationships between system
parameters when a condenser fan is cycling on and off during operation of a refrigeration
system. As shown in FIG. 6, a condenser fan can cycle on 621 and off 622 as indicated by
timing sequence 620. The CPC operational mode can be entered when the condenser fan
cycles off 622. A timing sequence 610 of discharge pressure of a compressor illustrates
increasing pressure (or differential compressor pressure) while the compressor fan is off and
decreasing pressures when the compressor fan is on. A relative opening amount or

percentage of the EVXV 250 is illustrated in FIG. 6 where 640b is in accordance with an
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embodiment of the application and 640a illustrates related art operations. Further, an
evaporator pressure is illustrated in FIG. 6 where 630b is in accordance with an embodiment

of the application and 630a illustrates related art operations.

[0068] In one embodiment, operation block 560 can be considered to be a check
conducted to determine if conditions warrant returning to the base implementation mode of

operation,

[0069] Embodiments and methods according to the application can provide robust engine

and/or power control such as for dicscl truck/trailer refrigeration units.

[0070] Embodiments and methods according to the application can provide improved
compressor reliability by reducing or eliminating liquid flood back; reduced evaporator coil
dehumidification by maintaining a more consistent saturated evaporating temperature;
improved capacity and system efficiency by maintaining a more consistent refrigerant
superheat in the evaporator; and a continuation of an initial or existing calculated evaporator

expansion valve position from the PID.

[0071] While the present invention has been described with reference to a number of
specific embodiments, it will be understood that the true spirit and scope of the invention
should be determined only with respect to claims that can be supported by the present
specification. T'urther, while in numerous cases herein wherein systems and apparatuses and
methods are described as having a certain number of elements it will be understood that such
systems, apparatuses and methods can be practiced with fewer than the mentioned certain
number of elements. Also, while a number of particular embodiments have been set forth, it
will be understood that features and aspects that have been described with reference to each
particular embodiment can be used with each remaining particularly set forth embodiment.
For example, aspects and/or features of embodiments described with respect to FIG. 3 can be

combined with aspects or features of embodiments described with respect to FIG. 4 or FIG. 5.
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WE CLAIM:

1. In a transport refrigeration unit having a compressor, a condenser, an evaporator, an
economizer, a second expansion valve coupled between the economizer and the compressor, and

a controller, and a first expansion valve upstream of the evaporator, a process comprising:
detecting a capacity increase mode transition for the economizer; and

adaptively controlling an injection flow rate for the economizer during at least a portion of the
capacity increase mode fransition in response to one of available pressure, available power or

available current to the transport refrigeration unit;

where the adaptively controlling comprises selectively operating the second expansion valve
through a transition from a first, non-zero, flow rate to a second higher flow rate using system
conditions to control a rate of transition from the first flow rate to the second higher flow rate

responsive to the capacity increase mode transition.

2. The process of claim 1, where the system conditions operate to set an adaptive speed of

transition from the first flow rate to the second flow rate or the system conditions set a prescribed

time period.

3. The process of claim 2, where the adaptive control is an adaptive PID control of an
economizer gas injection valve, where the available power is represented by actual power in use

compared to a system power limit.

4, The process of claim 2, where the first flow rate is a non-zero injection flow rate less than
100%, the second flow rate is 100% injection flow rate, and the prescribed time period is greater

than ten seconds.

5. The process of claim 2, where operating the second expansion valve is in the absence of
separately injecting liquid refrigerant at a location between an inlet of the compressor and an exit

of the evaporator.
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6. The process of claim 5, where the transition is step wise, intermittent, linear, nonlinear,
gradually, or continuous and where the prescribed time period is based on a throughput interval
of the evaporator or the prescribed time period is 15-300 seconds, and where the step wise

transition is a 10% increase every twenty seconds, every ten seconds, or every five seconds.

7. The process of claim 1, where the selectively operating comprises controlling a transition
to a high capacity mode of the transport refrigeration unit, where detecting the mode transition

detects energizing of a vapor flow of an economized transport refrigeration unit.
8. A refrigerant system comprising:

a compressor, a condenser downstream of the compressor, an expansion device
downstream of the condenser, and an evaporator downstream of the expansion device, and a
refrigerant circulating from the compressor to the condenser, through the expansion device and

the evaporator and then returning to the compressor; and

a control module to control a system component to maintain a constant mass flow rate

across a varying differential pressure change;
wherein the system component is an expansion valve;

wherein the control module throttles the expansion valve toward a closed position when
conditions cause a transition to condensing pressure control (CPC) operation mode to control

pressure at the condenser.

9. The refrigerant system of claim 8, where the CPC operation mode operates when a

condenser fan is tumed off.

10.  The refrigerant system of claim 9, where upon an exit from CPC operation mode, the
control module returns the expansion valve to a position of the expansion valve detected upon

the transition into the CPC operation mode.

11.  The refrigerant system of claim 8, wherein the control module moves the expansion valve

toward a closed position responsive to an initial position of the expansion valve detected upon
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the transition into the CPC operation mode, and compressor discharge pressure or evaporator

superheat or evaporator pressure.

12.  The refrigerant system of claim 8, where the control operates in accordance with

equations 1-2 below:
Equation (1): Final EVXV position = EVXV_PID — VMF
Equation (2): VMF = EXV_1- EVXV_[*(Sqrt[DeltaP_C/DeltaP_l]

where the EVXV_PID is a PID output for the expansion valve control, the EVXV 1 is a value of
a percentage an EVXYV valve is open at a time of the transition to the CPC operation mode, the
DeltaP 1 is a value of a discharge pressure minus an evaporator pressure determined at the time
of the transition to the CPC operation mode, and the DeltaP_C is the value of the discharge

pressure minus the evaporator pressure repeatedly measured during the CPC operation mode.

13.  The refrigerant system of claim 8, comprising an economizer coupled between the

condenser, the evaporator, and the compressor.
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