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ADAPTIVE CONTROL FORA 
REFRIGERATION SYSTEM USING PULSE 
WIDTH MODULATED DUTY CYCLE 

SCROLL COMPRESSOR 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This is a division of US. Ser. No. 09/886,592, ?led Jun. 
21, 2001, entitled “Adaptive Control For A Refrigeration 
System Using Pulse Width Modulated Duty Cycle Scroll 
Compressor,” which is a division of US. Ser. No. 09/524, 
364, ?led Mar. 14, 2000 US. Pat. No. 6,408,635; which is a 
division of US. Ser. No. 08/939,779, ?led Sep. 29, 1997, 
now US. Pat. No. 6,047,557; which is a continuation-in-part 
ofU.S. Ser. No. 08/486,118, ?led Jun. 7, 1995, now US. Pat. 
No. 5,741,120, each of which is incorporated herein by ref 
erence. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

The present invention relates generally to refrigeration 
systems, compressor control systems and refrigerant regulat 
ing valve control systems. More particularly, the invention 
relates to a refrigeration system employing a pulse width 
modulated compressor or evaporator stepper regulator con 
trolled by a variable duty cycle signal derived from a load 
sensor. Preferably an adaptive controller generates the vari 
able duty cycle signal. The compressor has two mechanical 
elements separated by a seal, and these mechanical elements 
are cyclically movable relative to one another to develop 
?uid pressure. The compressor includes a mechanism to 
selectively break the seal in response to the control signal, 
(hereby modulating the capacity of the system. 
The refrigeration system can be deployed as a distributed 

system in refrigeration cases and the like. The preferred 
arrangement allows the compressor and condenser sub 
systems to be disposed in or mounted on the refrigeration 
case, thereby greatly reducing the length of refrigerant con 
duit and refrigerant required. 

Conventionally, refrigeration systems for supermarket 
refrigeration cases have employed air-cooled or water 
cooled condensers fed by a rack of compressors. The com 
pressors are coupled in parallel so that they may be switched 
on and off in stages to adjust the system cooling capacity to 
the demands of the load. Commonly, the condensers are 
located outside, on the roof, or in a machine room adjacent 
the shopping area where the refrigeration cases are located. 

Within each refrigeration case is an evaporator fed by 
lines from the condensers through which the expanded 
refrigerant circulates to cool the case. Conventionally, a 
closed-loop control system regulates refrigerant ?ow 
through the evaporator to maintain the desired case tempera 
ture. Proportional—integral-derivative (PID) closed loop con 
trol systems are popular for this purpose, with temperature 
sensors and/or pressure sensors providing the sensed condi 
tion inputs. 

It is common practice within supermarkets to use separate 
systems to supply different individual cooling temperature 
ranges: low temperature (for frozen foods, ice cream, nomi 
nally —25 E); medium (for meat, dairy products, nominally 
+20 E); high (for ?oral, produce, nominally +35 to +40 E). 
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2 
The separate low, medium and high temperature systems are 
each optimized to their respective temperature ranges. 
Normally, each will employ its own rack of compressors and 
its own set of refrigerant conduits to and from the compres 
sors and condensers. 

The conventional arrangement, described above, is very 
costly to construct and maintain. Much of the cost is associ 
ated with the long refrigerant conduit runs. Not only are long 
conduit runs expensive in terms of hardware and installation 
costs, but the quantity of refrigerant required to ?ll the con 
duits is also a signi?cant factor. The longer the conduit run, 
the more refrigerant required. Adding to the cost are environ 
mental factors. Eventually ?ttings leak, allowing the refrig 
erant to escape to atmosphere. Invariably, long conduit runs 
involve more pipe?tting joints that may potentially leak. 
When a leak does occur, the longer the conduit run, the more 
refrigerant lost. 

There is considerable interest today in environmentally 
friendly refrigeration systems. Shortening the conduit run is 
seen as one way to achieve a more environmentally friendly 

system. To achieve this, new condenser/ compressor con?gu 
rations and new control systems will need to be engineered. 

Re-engineering condenser/compressor con?gurations for 
more environmentally friendly systems is not a simple task, 
because system ef?ciency should not be sacri?ced. 
Generally, the conventional roof-mounted condenser 
system, supplied by condensers, bene?ts from economies of 
scale and is quite e?icient. These systems serve as the 
benchmark against which more environmentally friendly 
systems of the future will need to be measured. 

To appreciate why re-engineering an environmentally yet 
e?icient system has proven so di?icult, consider these ther 
modynamic issues. The typical refrigeration case operates in 
a very unpredictable environment. From a design standpoint, 
the thermal mass being cooled is rarely constant. Within the 
supermarket environment, the temperature and humidity 
may vary widely at different times of day and over different 
seasons throughout the year. The product load (items in the 
refrigeration case) can also change unpredictably. Custom 
ers removing product and store clerks replenishing product 
rarely synchronize. Outside the supermarket environment, 
the outdoor air temperature and humidity may also vary 
quite widely between day and night and/or between summer 
and winter. The capacity of the system must be designed for 
the harshest conditions (when the condenser environment is 
the hottest). Thus systems may experience excess capacity in 
less harsh conditions, such as in the cool evenings or during 
the winter. 

Periodic defrosting also introduces thermal ?uctuations 
into the system. Unlike thermal ?uctuations due to environ 
mental conditions, the thermal ?uctuations induced by the 
defrost cycle are caused by the control system itself and not 
by the surrounding environment. 

In a similar fashion, the control system for handling mul 
tiple refrigeration cases can induce thermal ?uctuations that 
are quite dif?cult to predict. If all cases within a multi-case 
system are suddenly turned on at onceito meet their 
respective cooling demandsithe cooling capacity must rap 
idly be ramped up to maximum. Likewise, if all cases are 
suddenly switched off, the cooling capacity should be 
ramped down accordingly. However, given that individual 
refrigeration cases may operate independently of one 
another, the instantaneous demand for cooling capacity will 
tend to vary widely and unpredictably. 

These are all problems that have made the engineering of 
environmentally friendly systems more dif?cult. Adding to 
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these di?iculties are user engineering/ergonomic problems. 
The present day PID controller can be dif?cult to adapt to 
distributed refrigeration systems. Experienced controls engi 
neers knoW that a Well-tuned PID controller can involve a 
degree of artistry in selecting the proper control constants 
used in the PID algorithm. In a large refrigeration system of 
the conventional architecture (non-distributed) the siZe of 
the system justi?es having a controls engineer visit the site 
(perhaps repeatedly) to ?ne tune the control constant param 
eters. 

This may not be practical for distributed systems in Which 
the components are individually of a much smaller scale and 
far more numerous. By Way of comparison, a conventional 
system might employ one controller for an entire multi-case, 
store-Wide system. A distributed system for the same store 
might involve a controller for each case or adjacent group of 
cases Within the store. Distributed systems need to be 
designed to minimiZe end user involvement. It Would there 
fore be desirable if the controller Were able to auto con?g 
ure. Currently control systems lack this capability. 

The present invention provides a distributed refrigeration 
system in Which the condenser is disposed on the refrigera 
tion case and serviced by a special pulse Width modulated 
compressor that may be also disposed Within the case. If 
desired, the condenser and compressor can be coupled to 
service a group of adjacent refrigeration cases, each case 
having its oWn evaporator. The pulse Width modulated com 
pressor employs tWo mechanical elements, such as scroll 
members, that move rotationally relative to one another to 
develop ?uid pressure for pumping the refrigerant. The com 
pressor includes a mechanism that Will selectively break the 
seal betWeen the tWo mechanical elements, thereby altering 
the ?uid pressure developed by the compressor While alloW 
ing the mechanical elements to maintain substantially con 
stant relative movement With one another. The compressor 
can be pulse Width modulated by making and breaking the 
?uid seal Without the need to start and stop the electric motor 
driving the mechanical elements. 

The pulse Width modulated compressor is driven by a con 
trol system that supplies a variable duty cycle control signal 
based on measured system load. The controller may also 
regulate the frequency (or cycle time) of the control signal to 
minimize pressure ?uctuations in the refrigerant system. The 
on time is thus equal to the duty cycle multiplied by the cycle 
time, Where the cycle time is the inverse of the frequency. 

The refrigeration system of the invention has a number of 
advantages. Because the instantaneous capacity of the sys 
tem is easily regulated by variable duty cycle control, an 
oversiZed compressor can be used to achieve faster tempera 
ture pull doWn at startup and after defrost, Without causing 
short cycling as conventional compressor systems Would. 
Another bene?t of variable duty cycle control is that the 
system can respond quickly to sudden changes in condenser 
temperature or case temperature set point. The controller 
adjusts capacity in response to disturbances Without produc 
ing unstable oscillations and Without signi?cant overshoot. 
Also, the ability to match instantaneous capacity to the 
demand alloWs the system to operate at higher evaporator 
temperatures. (Deep drops in temperature experienced by 
conventional systems at overcapacity are avoided.) 

Operating at higher evaporator temperatures reduces the 
defrost energy required because the system develops frost 
more sloWly at higher temperatures. Also, the time betWeen 
defrosts can be lengthened by a percentage proportional to 
the accumulated runtime as dictated by the actual variable 
duty cycle control signal. For example, a sixty percent duty 
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4 
cycle Would increase a standard three-hour time betWeen 
defrosts to ?ve hours (3/0.60=5). 
The pulse Width modulated operation of the system yields 

improved oil return. The refrigerant ?oW pulsates betWeen 
high capacity and loW capacity (eg 100% and 0%), creating 
more turbulence Which breaks doWn the oil boundary layer 
in the heat exchangers. 

Another bene?t of the variable duty cycle control system 
is its ability to operate With a variety of expansion devices, 
including the simple ori?ce, the thermal expansion valve 
(TXV) and the electronic expansion valve. A signal derived 
from the expansion device controller can be fed to the com 
pressor controller of the invention. This signal alloWs the 
variable duty cycle control signal and/or its frequency to be 
adjusted to match the instantaneous operating conditions of 
the expansion device. A similar approach may be used to 
operate variable speed fans in air cooled condenser systems. 
In such case the controller of the invention may provide a 
signal to control fan speed based on the current operating 
duty cycle of the compressor. 

Yet another bene?t of the invention is its ability to detect 
When the system is loW on refrigerant charge, an important 
environmental concern. LoW refrigerant charge can indicate 
the presence of leaks in the system. LoW charge may be 
detected by observing the change in error betWeen actual 
temperature and set point temperature as the system duty 
cycle is modulated. The control system may be con?gured to 
detect When the modulation in duty cycle does not have the 
desired effect on temperature maintenance. This can be due 
to a loss of refrigerant charge, a stuck thermal expansion 
valve or other malfunctions. 

For a more complete understanding of the invention, its 
objects and advantages, refer to the folloWing speci?cation 
and to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a system block diagram of a prior art refrigera 
tion system con?guration; 

FIG. 2 is a block diagram of a refrigeration system in 
accordance With the present invention; 

FIG. 3 is a cross-sectional vieW of an embodiment of the 
pulse Width modulated compressor, shoWn in the loaded 
state; 

FIG. 4 is a cross-sectional vieW of the compressor of FIG. 
3, shoWn in the unloaded state; 

FIG. 5 is another embodiment of a refrigeration or cooling 
system in accordance With the present invention; 

FIG. 6 is a block diagram of the controller; 
FIG. 7 is a block diagram shoWing hoW the controller may 

be used to modulate an evaporator stepper regulator; 
FIG. 8 is a block diagram of the signal conditioning mod 

ule of the controller of FIG. 6; 
FIG. 9 is a block diagram of the control module of the 

controller of FIG. 6; 
FIG. 10 is a state diagram depicting the operating states of 

the controller; 
FIG. 11 is a ?oWchart diagram illustrating the presently 

preferred PI control algorithm; 
FIG. 12 is a Waveform diagram illustrating the variable 

duty cycle signal produced by (be controller and illustrating 
the operation at a constant frequency; 

FIG. 13 is a Waveform diagram of the variable duty cycle 
signal, illustrating variable frequency operation; 

FIG. 14 is a series of graphs comparing temperature and 
pressure dynamics of system employing the invention With a 
system of conventional design; 




















