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Abstract
Distributed loads are frequently encountered in large deployable structures used in space
applications such as optical mirrors, actively cooled sunshades, and on focal plane electronics.
One mechanism for providing distributed cooling is via an oscillatory cryocooler such as a pulse-
tube that is integrated with a fluid rectification system consisting of check-valves and buffer
volumes in order to extract a small amount of continuous flow. This continuous flow allows
relatively large loads to be accepted over a long distance with a small temperature difference and
has advantages relative to vibration and electrical isolation. Also, it is possible to provide rapid
and precise temperature control via modulation of the flow rate. The same working fluid,
helium, can be used throughout the entire system, reducing complexity and simplifying the

contamination control process.

This thesis discusses an experimental setup that is used to demonstrate this concept; steady state
and uncontrolled transient behavior is characterized and used to create a non-linear empirically
based thermal model of the system. Further, the ability of the rectifying interface to precisely
control the temperature of a distributed load under dynamically changing conditions is
investigated both analytically and experimentally. Precise and rapid temperature regulation is

enabled by applying temperature feedback control to a throttle valve that is placed in the



il
distribution loop. Flow modulation using the throttle valve is governed by a Proportional-
Integral (PI) controller with gains that are selected to meet design temperature control criteria;
specifically, maximum temperature fluctuation and settling time for a step change in distributed
load. A linearized thermal model, based on a non-linear empirical model, allows the use of
linear control theory to develop the controller algorithm. Agreement between the modeled and

experimental controlled temperature behavior validates the use of the linear model for selecting

the controller gains.
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1 Introduction

1.1 Future Goals of NASA Space Program

NASA is continuously evolving its technology—driven and ambitious goal of understanding our
solar system as well as galaxies far beyond our own. Early missions such as Voyagers 1 and 2
were launched in the late 1970°s and were intended to be unmanned explorations of our
surrounding solar system, specifically, Jupiter, Saturn, Uranus, and Neptune. The unexpected
durability of these satellites has allowed them to be used for exploration beyond our solar
system; these satellites have been used to capture impressive images and information about our

own solar system by “looking back” at the planets that they had traveled beyond [1]

Inspired by the success of such missions, NASA is moving onward with a focus on manned
missions, including missions to mars and the international space station. Tools are being
developed in order to test for the essential, life-sustaining molecular building blocks on Mars.
Additional efforts underway at NASA include satellite missions to study distant galaxies; for
example, galaxies in early stages of formation will be observed to deepen our understanding of

how our own galaxy and planets might have formed.

A common critical component for all of these missions is cryogenic technologies; for example,
the manned mission to mars requires active cooling to maintain liquid propellant supplies [2] for
the 180 day transit time and 500 day surface stays. Additionally, the mars mission will involve
multiple launches; sections of the spacecraft, including the propellant tanks, will be launched
separately and stored in Low Earth Orbit (LEO) where they will be assembled before the voyage
to mars. The propellants must be actively cooled during this Earth-orbit period. Another NASA

application which requires active cryogenic refrigeration is the Single Aperture Far-Infrared



(SAFIR) [3] telescope which would be used for capturing images of distant galaxies. Radiation
noise reduction is important when using the ultra-sensitive infrared (IR) detectors on SAFIR;
therefore, the satellite components in view of the detectors must be cooled to reduce the incident

parasitic radiation.

1.1.1 Single Aperture Far-Infrared (SAFIR) Telescope

Clues to the formation mechanics of our galaxy and planets can be found by observing other
galaxies in their early stages of development. Many forming galactic bodies, including planets
and stars, are enshrouded with “galactic dust” [3]. The dust is most emissive in the infrared
wavelengths as the dust temperature is typically in the range of 30 K to 50 K. The distant
galaxies are therefore best observed by capturing the infrared emissions of this dust. These IR
light wavelengths are largely absorbed by the moisture in the earth’s atmosphere; therefore an IR
detecting orbital satellite is an appropriate solution for capturing the maximum amount of IR

light.

The SAFIR telescope is scheduled for launch in 2015 to 2020 and is meant to capture the
infrared radiation emitted from the forming galactic bodies. SAFIR will use a large system of
mirrors to focus the light onto an array of sensitive IR detectors. A conceptual image of the

SAFIR telescope in shown in Figure 1-1.



http://safir.jpl.nasa.gov/technologies.shtml

Figure 1-1: Conceptual image of the SAFIR telescope, planned for launch in 2015-2020

The components of the satellite itself (including the mirrors used to direct the light) are a source
of radiative noise for the IR detectors. Passive and active cryogenic cooling can be employed to
cool the satellite components which radiate to the detectors. Typical methods for providing
passive radiative cooling (by exposure to deep space) can achieve temperatures in the range of
30 K to 60 K [3]. Detector sensitivity can be increased by orders of magnitude by using active
cooling technologies which can achieve temperatures as low as 4 K. Figure 1-2 shows the
temperature and wavelength dependence of detector sensitivity. NASA’s website offers an

explanation of the detector sensitivity:

“To put SAFIR's sensitivity into perspective, suppose you turned on a small flashlight, powered by
two AA batteries, sealed it inside a basketball, and launched it into the frigid depths of space. The
little light bulb would raise the temperature of the ball's surface to 115 Kelvin (115 degrees
Celsius above absolute zero, or around -253° F), and this tiny amount of heat would radiate at far-
infrared wavelengths. SAFIR would be able to detect it at a distance of nearly four million miles,
or 15 times the distance to the moon.”
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Figure 1-2: Temperature and wavelength dependence of IR detector sensitivity for the SAFIR
telescope.

A major technological difficulty with implementing actively cooled components is the
distribution of the cooling power produced by the mechanical cryocooler. The SAFIR mirrors
will be approximately 8-10 m across [3] and therefore present large areas that must be cooled
uniformly as well as a significant distance over which the cooling must be transported
efficiently. One method of providing this distributed cooling using a central cryocooler

interfaced with multiple cryogen distribution loops is investigated in this research.

1.2 Description of Application and Current Methodologies

Future instruments and platforms for NASA space applications, such as the manned mission to
mars and the SAFIR telescope, will require increasingly sophisticated thermal control
technology, and cryogenic space applications will become increasingly more common. These
technologies must provide distributed cooling and multiple heat lift. In many cases, the source
of the cooling (the cryocooler) must be thermally decoupled from the load during periods where

the cooler is not operating. While a number of mechanical cryogenic refrigeration systems may



be considered for such applications, none offers the same potential for low vibration, reliability,

and efficiency as the pulse tube.

1.2.1 Current Methodology 1 - Conductive Strap

Regenerative coolers such as pulse tubes typically have small cold heads that must be
conductively coupled to heat loads [4]. Thermal integration via conductive coupling is not ideal
for distributed loads such as those represented by large, deployable structures. The thermally
conductive strap that can transport even a small refrigeration load over a large difference with a
reasonable temperature drop quickly becomes unacceptably large for a flight cryocooler. Also, in
order to achieve the levels of electrical and vibration isolation that are often required for a space-
based detector, the thermal link must simultaneously have high thermal conductivity, low
electrical conductivity, and a large amount of mechanical compliance — a combination that is not

simple or economical to achieve.

1.2.2 Current Methodology 2 - Capillary and Mechanical Pumped Loop

Alternative technologies for thermal distributed load integration based on fluid flow include the
capillary pumped loop (CPL), which is gravity dependent and therefore restricts ground test
configurations. The CPL also suffers from thermal losses that are related to the thermal interface
that must exist between the refrigeration system and the fluid in the CPL. Flow through the CPL
cannot be controlled via an active throttle valve and therefore this temperature control option is
not available. The behavior of the CPL is typically gravity dependent which makes ground
testing difficult. A mechanically pumped loop suffers from the same interface loss as the CPL as
well as the parasitic power that is required to run the pump. Both the CPL and the mechanically
pumped loop options represent additional complexity in the system and thus present reliability

1ssues.



1.3 Pulse Tube Rectified Interface Concept

Figure 1-3 illustrates the technique that is considered in the remainder of this report for thermally
integrating a pulse-tube (or any regenerative cryocooler) with a distributed load, such as the
SAFIR telescope. A rectifying interface composed of check-valves [5] and buffer volumes
converts the oscillating pressure within the cryocooler to a quasi-steady pressure difference
between the two buffer volumes; this pressure difference is used to provide a small, steady flow
of cold gas that is capable of transporting the refrigeration capacity much more efficiently than a
conductive strap. The Pulse Tube Rectifying (PT\RI) interface methodology could be extended
to include multiple distributed loads as shown in Figure 1-3. Cryocooler efficiency in general
increases with capacity [6]; it is therefore more practical to use a large, centrally located

cryocooler with distribution capability as opposed to multiple, smaller cryocoolers.

To illustrate the potential performance of the PT/RI system, consider the following situation.
The small mass flow rate of 75 mg/s can be obtained from a rectifying interface without
substantially affecting the performance of the pulse-tube and easily transport 1 W over 1 m with
a temperature rise of only 2.5 K. In contrast, a conductive thermal link composed of oxygen-
free, high-conductivity (OFHC) copper would require a cross-sectional area of 8.7 cm2 which
results in a large mass (7.8 kg). In addition to this mass penalty, the use of a conductive link
limits the mechanical and electrical flexibility of the interface whereas the cooling loop can be
made both mechanically compliant and electrically non-conductive in order to provide vibration
as well as voltage isolation. The rectified flow loop relies on a pressure-driven, single-phase flow
and therefore will be gravity independent; this characteristic greatly facilitates ground-test and
flight qualification. The interface loop mass flow can be controlled using a throttle valve as

shown in Figure 1-3; the system therefore has the secondary benefit of rapid and therefore



precise load temperature regulation through actively controlled flow modulation. Taylor [7]
describes a cryogenic piezoelectric valve which in the future, could be integrated with

temperature sensors and heat exchangers to provide temperature control for multiple loads.
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Figure 1-3: Schematic of a single-stage, Stirling-type pulse-tube integrated with multiple,
distributed loads using a rectifying interface.

This report presents steady-state and transient experimental testing which characterize the
refrigeration performance of the system relative to the controlled inputs (i.e. compressor stroke
and interface loop mass flow), as well as the thermal and fluid dynamics which govern the
dynamic behavior of the cooling loop. The steady-state results show how the integration of the
rectifying interface and cooling loop affect the efficiency of the system. The transient results are
used to develop a system thermal model, which is subsequently used to develop the temperature
control algorithms. The control algorithms have been experimentally implemented, and

demonstrate the rapid temperature control authority associated the interface throttle valve.



This primary goal of this research is to demonstrate the dynamic control available with the PT/RI
system, so the steady state internal pulse tube fluid and thermodynamic modeling efforts are not
described exhaustively here. A quasi-steady model of the system has been developed and
compared [8] with the empirical steady state performance presented in Chapter 3. The model is
essentially equivalent to the existing system models that have been developed at the UW-
Madison for the design of pulse-tube [9] and hybrid cryocoolers [10]; readers are referred to [11,

12, 13] for the details of these models.

1.4 Thesis Outline

The primary purpose of this thesis is to demonstrate the ability PT/RI to actively control the
temperature of a single distributed load. The system is verified experimentally by varying the
distributed load using a heater interfaced with the interface distribution tubing. The temperature
response at the distributed load characterizes the performance of the system; important

performance parameters include the maximum temperature fluctuation at the load.

Chapter 2 describes the experimental apparatus used to test the PT/RI system including a
description of the rectifying interface and the hardware used to implement the control algorithms.
Chapter 3 presents experimental results which characterize the steady state and transient
performance of the uncontrolled system. Empirical relationships are developed between
important system inputs such as compressor power, cooling loop throttle valve restriction, heater
power, and system outputs such as temperatures, pressures, cooling loop mass flow, pulse tube
refrigeration power. These empirical relationships are used to create a thermal model of the
system which is discussed in Chapter 4. Chapter 5 describes a linear model of the complete,
non-linear model developed in Chapter 4. The linear model is further simplified in Chapter 6,

and used with linear control theory to develop a closed form design process for a Proportional-



Integral (PI) controller. The desired temperature performance characteristics in terms of
maximum temperature fluctuation and settling time for a step increase in load can be used to
directly select the PI controller gains. Chapter 8 shows the experimental verification of the
control strategy, and discusses the advantages of using the cooling loop throttle valve as a means
of temperature control. Finally, Chapter 8 summarizes the key conclusions that were obtained
from the research and includes a step-by-step process for selecting controller gains, as well as

recommendations for future work.
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2 Experimental Setup — Pulse Tube Rectifying Interface,
Automatic Control Hardware, and Data Acquisition

2.1 Pulse Tube Rectifying Interface

The experimental apparatus shown in Figure 2-1 was designed and fabricated in order to
demonstrate the rectified cooling loop concept and automatic temperature control. Additionally,
the experimental apparatus was used to verify an analytic, quasi-steady state model of the pulse
tube rectifying interface (PT\RI). These results are discussed in [1]. A Stirling-type pulse-tube
consisting of a linear compressor, water-cooled aftercooler, regenerator, pulse-tube, hot heat
exchanger, inertance tube, and reservoir was integrated with a rectifying interface. The rectifying
interface consists of two check-valves (shown in Figure 2-2) constructed of spring steel and two
buffer volumes. The check-valves design is discussed in [2]; the design procedure used to
specify the geometry of the check valve limits the stresses induced in the spring steel to a value
that is below the endurance limit of the material, provides a dynamic response that is much faster
than the 60 Hz operating frequency, and results in an open valve resistance that is sufficiently

small.
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Figure 2-1: Schematic of the PT/RI experimental apparatus showing the location of key

measurements of pressure and temperature.

clamping ring

improved fabrication techniques

(b)

Figure 2-2: (a) Schematic of the reed-type check-valves that are used within the rectifying
interface and (b) photographs of the reed sub-component during the development
process showing the improvement in the fabrication process.

The high and low pressure buffer volumes are connected by a 1.0 m long, 1.6 mm inner diameter
thin-walled stainless steel tube that represents the cooling loop; the cooling loop dimensions
were selected in order to demonstrate the ability of the system to transport cooling capacity over
a large distance. The flow rate between the buffer volumes is controlled using a cryogenic flow

control valve; the original grease on the valve actuation threads was removed and replaced with
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Apiezon™ “N” grease which maintains its lubrication properties at the low temperatures (110-
160 K) used in this experiment. The actuation motor for the valve is located outside the vacuum
vessel and is linked to the valve stem via a stainless steel tube in order to control the heat leak.
The regenerator, rectifying interface, cooling loop with the control valve, pulse-tube, and hot
heat exchanger are covered with aluminized mylar radiation shielding and enclosed within a
vacuum vessel that is evacuated using a turbomolecular pump. The vacuum levels used in the
experiment are less than 1x10™ torr and therefore parasitic convective and conductive heat

transfers are effectively eliminated.

Electrical heaters used to simulate thermal loads are attached directly to the pulse tube cold head
(referred to as the cold head heater) and also at the mid-point of the cooling loop (referred to as
the distributed load heater); the electrical input power to the heaters is calculated from
measurements of the DC current and voltage. The compressor stroke is measured indirectly using

an omegadyne PX1006K1-015DV 0-15 Psi differential pressure transducer that is installed on
the back-side of the compressor (shown schematically as in Figure 2-1, and identified in the

photograph in Figure 2-3). The amplitude of the pressure oscillation is compared with the
amplitude at full stroke to calculate a stroke percentage; section 3 further discusses the stroke
calculation process. Additional pressure measurements were obtained using Endevco™ 8510B-

500 pressure transducers. These additional pressure measurements include the high and low

pressure buffer volume pressure ( Pp pgp and Pp 1p) and the pressure in the hot heat
exchanger ( ). A Lakeshore™ PT-102 platinum resistor temperature (PRT) sensor is
mounted on the cold head (|PRT4|, referred to as 7¢). Additional PRTs are mounted within the

cooling loop tube immediately upstream of the high pressure buffer (|PRT1|, referred to as
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T yp), after the interface distributed load heater (|PRT2|, referred to interchangeably as
distributed load temperature - 7py, and interface temperature - 77), and before the low pressure
buffer ((PRT3| referred to as 7 1p). The components within the vacuum vessel (excluding the

control valve) are shown in Figure 2-4. The flow control valve and motor actuator are shown in

Figure 2-5.

compressor

isolation valve

differential pressure
transducer

check valves to protect
pressure transducer

Figure 2-3: Differential pressure transducer (P4) used to infer the compressor stroke.
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Figure 2-4: Photograph of the components within the vacuum vessel (flow control valve not
shown).

2.2 Motorized Cooling Loop Flow Control Valve

The cryogenic flow control valve (Swagelok™ SS-4BMG-VCR metering stem tip, bellows
sealed) which regulates the flow in the cooling loop is actuated by a Vexta PK246PA 2-phase
stepping motor that is mounted outside the vacuum vessel. The valve actuation handle (valve
stem) is connected to the motor by the assembly shown in Figure 2-5.  Figure 2-6, Figure 2-7
and Figure 2-9 show detailed geometric drawings of the motorized valve assembly and

individual components. The assembly components include:

1. A 7.94 mm (5/16”) OD stainless steel (SS) tube with 0.089 mm (0.035) wall thickness
that passes through the vacuum vessel. The vacuum vessel pass-through for the shaft is

sealed with an o-ring connector.
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2. A coupling/coupling key assembly — both components are machined from 303 SS. The
coupling is welded to the end of the SS shaft outside the vacuum vessel. The coupling

key is connected to the stepping motor via a flexible motor coupling.

3. Two flexible motor couplings (Oriental Motor model #s MCI1605F03C and
MC2008F05C) connect the valve stem to the SS shaft and the coupling key to the motor

shaft, as shown in Figure 2-5.
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Figure 2-5: (a) top view and (b) side view of: the motorized cooling loop valve setup highlighting

the shaft coupling which accommodates the axial translation of the valve stem while
providing a torque linkage from the motor to the valve.
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Detailed schematic of the motorized valve assembly shown in inches. In this figure,
the gap between the coupling key and the coupling (0.36 in.) represents the gap
when the valve is completely closed. The gap when the valve is fully open is
approximately 0.11 in. Figure 2-7 shows the detailed sections (a) and (b).
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Detailed sections (all measurements in inches) of the motorized valve assembly. (a)
Components inside the bell jar including the cooling loop valve step. (b)
Components outside the bell jar including the coupling, coupling key and motor

connection.

The cooling loop valve handle translates axially as it turns. The coupling and coupling key were

therefore fabricated for integration with the fixed position motor outside the vacuum vessel. The

coupling/coupling key assembly allows free axial motion but is torsionally rigid in order to
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support valve rotation. The coupling/coupling key assembly is located outside of the bell jar, as

indicated in Figure 2-5.

The tolerance between the shaft connected to the motor and the coupling is 50 pm (0.002 inch),
which allows for very little rotational play in the connection and therefore eliminates potential
control issues related to dead zones. The coupling and coupling key are shown schematically
and pictorially in Figure 2-8. Detailed geometric drawings of the coupling, coupling key, and

valve stem are shown in Figure 2-9.

. coupling
coupling . .
. axial motion
shaft to cooling 71 counline ke
loop valve / L prng key
— I shaft to motor
slot //

a.) side view

coupling  coupling key

b.) side view slot c.) front view

Figure 2-8: Coupling for motorized valve shaft assembly which allows axial motion and
provides torsional support for valve stem rotation: (a) side view of schematic, (b)
side view of fabricated coupling assembly, and (c) front view of fabricated coupling
assembly.
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Figure 2-9: Detailed schematics of several of the motorized valve assembly including: (a)
coupling key, (b) valve stem, and (c) coupling.

2.3 LabVIEW Data Acquisition and Control Program

A LabVIEW™ Virtual Instrument (VI) program was used to acquire the system data including:
temperatures, pressures, and measured heater power. The program implements the control
algorithms developed in chapter 6 by computing and supplying the appropriate commands for
the variac voltage, cooling loop valve flow resistance, and heater power. Figure 2-10 shows a
simplified conceptual diagram of the VI, the complete program including the appropriate sub-

VI’s is included electronically with this document.
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First, the program acquires a set of 1000 raw signal data points at a rate of 17.5 kHz. Note that
the temperature signals are pre-filtered with 15 Hz low-pass analog filters. The program
processes the 1000 data points using a digital low pass filter. Each filtered signal is then
averaged to produce a single value; it is this value which is used to compute the control
algorithms. The process repeats every 0.3 s, so the control loop has an effective 3.33 Hz sample
rate. Note that the 1000 data points recorded at 17.5 kHz each control loop cycle are discarded

every cycle to avoid unnecessarily large data files.

|' ____________ 1
| LabVIEW Program |
| Desirad |
| Temperatures |
|
Input Signals: : Acquire + | Output Signals:
Temperature, Analog Filtering - 2 Digital Control Valve Position,
Pressure, Bl Temperature Only _|F 1?95";{'92 B Filtering ™ Algorithm » Variac Voltage,
Heatar Voltage | g | Heatar Powear
Commanded |
: 3.33 Hz control Heater Power
loop rate
b e e e e I
Figure 2-10: Conceptual diagram of Labview VI used to acquire the system data and implement

the temperature control algorithms

2.4 Signal Conditioning

Control systems in general are sensitive to noise within feedback signals. Large signal to noise
ratios are problematic in that the control hardware will respond to noise, reducing performance
and even causing instability. The PT/RI system relies on temperature sensor signals for
regulating the cold head and interface temperatures, therefore passive filtering methods were

used to condition these signals.

The interface has the smallest thermal mass of interest in the system and therefore has the

shortest time scale. Chapter 3 shows that the interface time scale is about 20 s, or 0.05 Hz. The
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low bass bandwidth frequency should be at least an order of magnitude greater than dynamic
signals of interest. A frequency analysis of the temperature signals showed significant noise
levels in the kHz range, so a cutoff frequency well below this range is used. Two filters were
used for each of the feedback temperature signals. A 100 Hz low-pass digital Infinite Impulse
Response (IIR) 5™ order Bessel filter is used in combination with an analog 15 Hz low-pass RC
filter. The digital filtering is accomplished using LabVIEW™ software as shown in Figure 2-10

and Figure 2-11, as well as the VI program included with this document.
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2.5 Automatic Control Hardware

The PTRI system uses automatic feedback control based on the cold head and distributed load
temperatures in order to minimize the temperature fluctuation induced by heat load disturbances

The cold head is a relatively large thermal mass and it therefore has a long time constant (1000’s
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of seconds) and responds slowly to load disturbances. Adjusting the compressor stroke changes
the refrigeration delivered at the cold head on a similarly long time scale. Therefore, the control
system makes adjustments to the compressor stroke in order to control the cold head
temperature. The distributed load temperature fluctuates with load changes on a much shorter
scale (10’s of seconds) because of its relatively small thermal mass. The distributed load
temperature can be controlled with the same short time scale by adjusting the cooling loop mass
flow rate; therefore, the control system adjusts the cooling loop valve in order to regulate the
distributed load temperature. Chapter 3 includes a more detailed discussion of the cold head and

distributed load response.

The hardware and software used to control the distributed load temperature are shown
schematically in Figure 2-12. The LabVIEW™ interface records the distributed load
temperature using a NI PCI-6229 Multifunction (Analog input/output) data acquisition (DAQ)
card and uses the control law to calculate the required corrective cooling loop mass flow
adjustment. A NI PCI-7332 stepper motor motion control card then commands the NI MID-

7602 stepper motor driver to make appropriate adjustments to the motorized cooling loop valve.
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Figure 2-12: Distributed load temperature feedback control hardware and software components.

The cold head temperature is controlled using a similar feedback loop. The LabVIEW control

algorithm calculates the required compressor adjustment based on cold head temperature

fluctuations. An ISE 5-M1010-BCT single phase 60 Hz 0-115 VAC motor controlled variac

provides power for the compressor. The variac output voltage (and subsequent power) to the

compressor is controlled by a 0-3.5 DCV signal from the NI PCI-6229 DAQ card. Figure 2-13

schematically shows the software and hardware in the cold head temperature feedback loop.

Additionally, Figure 2-14 shows the relationship between the 0-3.5 DCV input and the 0-115

VAC output for the motor controlled variac.
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Figure 2-14: Motor controlled variac output voltage vs. input 0-3.5 DCV.
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Figure 2-15: Picture of the motor controlled variac. The variac outputs 0-115 VAC to the
compressor based on a 0-3.5 VDC command from the LabVIEW V1.

2.6 Computer controlled heater circuit

The experimental verification of the temperature control system includes an investigation of the
temperature response to various disturbance heat load schemes. The control parameters are
selected based on the modeled performance for a step change, sinusoidal, as well as stochastic
heat load variations. A convenient method to provide these types of load variations is a
computer controlled voltage applied to a resistance heater. However, the voltage and power that

can be applied directly from the computer’s data acquisition is limited. Therefore, an external
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source of power is needed. A National Semiconductor™ non-inverting LM675 operational
amplifier (op-amp) used in the circuit [3] shown in Figure 2-16 takes the voltage from the
computer as an input and controls the power supplied by a regulated 20 V power supply in order
to provide a precisely controlled signal at power levels up to 8 W to the resistance heater.

Non-Inverting Amplifier
+Ver 20V+ supply

0.1 F I
V;, from { B
computer
_ 110 distrib_uted _Ioad
~ < electric resistance
heater 42.5Q
PR
g 1 I 0.22 uf
20V- supply 0.1 F I = N
= = “current measurement
20k resistor 1.10 Q
AAN
*All grounds referenced to NI-6229
2kQ
analog output ground
Figure 2-16: Op-amp schematic for providing computer controlled dissipative heat load.

A fan cooled op-amp circuit was constructed for the distributed load heaters; the dissipated

power for the heater (¢p. ) is calculated as:

gor = 12 Ryeater (2.1
where [ is the current through the heater (calculated by measuring the voltage across the
relatively small shunt resistor), and Rj.q. is the measured heater resistance. The distributed load
heater resistance is calculated as 42.5 + 0.1 Q, and the current can be measured with

approximately 1.5% accuracy, therefore the dissipated power is known within + 3%. Figure
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2-17 shows the calculated heater dissipated power as a function of the input voltage from the

DAQ card.
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Figure 2-17: Calculated power supplied to the resistance heater vs. input voltage for the op-amp
power supply circuit



28

2.7 References

1. Skye, H.M., Hoch, D.W., Nellis, G.F., Klein, S.A, Maddocks, J.R., Roberts, T. and Davis, T.,
“Rectified Continuous flow loop for the thermal management of large structures”, in
Advances in Cryogenic Engineering 51B, edited by J.G. Weisland, II, et al, American
Institute of Physics, New York, 2006, pp 1809-1816.

2. Diab, A. K., Nellis, G. F., Maddocks, J. R., and Yarbrough, S., "Development of a Rectifying
Interface for a Hybrid Pulse-Tube/Reverse-Brayton Cryocooler," in Advances in Cryogenic
Engineering 49B, edited by J. Waynert et al., American Institute of Physics, New York,
2004, pp. 1777-1782.

3. National semiconductor http://www.national.com/pf/LM/LM675.html#datasheet



29

3 Experimental Data - Steady State and Uncontrolled
Transient Behavior

The steady state performance and transient behavior of the Pulse Tube Rectifying Interface
(PT/RI) were characterized using the experimental apparatus described in Section 2. The steady
state performance is quantified with load curves, which show the cold head and interface
temperatures relative to thermal load applied via the electric heaters. A parametric study of the
PT/RI system compares system performance relative to the primary control variables:
compressor stroke and cooling loop mass flow. This study shows that the refrigeration
performance of the system decreases with decreased compressor stroke and increased cooling
loop mass flow. The results from the parametric study are used in part to develop the thermal

model discussed in Sections 4 and 5.

Transient dynamics of the PT/RI system are also characterized through a series of tests including
rapid changes in stroke, cooling loop mass flow, and thermal load. These tests are used to refine
estimates of the interface and cold head thermal capacitances, and also to demonstrate the
additional interface temperature control capability afforded with the addition of the cooling loop

valve.

3.1 Cool Down Curve

During cool down from room temperature, the flow valve is adjusted to its nominal %2 open
position in order to provide a substantial flow through the interface loop and therefore cool down
the distributed components. The compressor stroke is set to 100% in order to accelerate the cool
down process. The temperature of the PT/RI system exhibits an approximately exponential
approach to a steady state temperature; cool down near room temperature is rapid as the cooling

power greatly exceeds the system losses while the eventual approach to a steady state, no-load
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condition is quite slow. During the entire cool down process, the system temperatures at the high
and low pressure buffers, the cold head, and the interface (distributed load) remain within a few
degrees of one another. The cool down from room temperature to a nominal operation
temperature (140 K) typically requires between two and three hours. Figure 3-1 shows the

measured temperatures as a function of time for a typical cool down process.
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Figure 3-1: Typical cool down from room temperature for the PT/RI system. The components

in the loop are at nearly the same temperature during the cool down process.

3.2 Calculation of Stroke

The compressor backside pressure is measured using the differential pressure gage shown in
Figure 2-3 and used to infer the compressor stroke. The compressor is at full stroke when the
piston hits the stops, a condition that can be determined with some precision due to the
associated noise. The peak-to-peak pressure is measured at this full stroke condition. The stroke
at other conditions is calculated by assuming that stroke and peak-to-peak pressure are linearly
related. Figure 3-2 shows an example of the compressor backside pressure as a function of time

at 100% and 80% stroke. Note that during typical operation, the compressor gradually increases
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the PT/RI internal pressure (on the order of a few 50 kPa [3 psi] per hour) while the pressure
after the isolation valve remains constant as it is isolated from any compression/heating.
Therefore, the differential pressure measurement, which compares the PT/RI internal pressure
just behind the compressor piston to the pressure in the isolated section, exhibits a gradual

increase in DC offset.
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Figure 3-2: Compressor backside pressure measured as a function of time at 80% and 100%

stroke (valve ¥ open, 5.0 W distributed load).

3.3 Steady State Data — Cooling Loop Valve Closed

Pulse tube refrigerators without a rectifying cooling loop will typically provide cooling through
direct thermal contact with the cold end of the pulse tube (i.e., the cold head). For distributed or
spatially separated loads, a secondary fluid flowing through a heat exchanger that is thermally
interfaced with the cold head can be used. Alternatively, copper straps may be used to conduct
heat between the loaded component and the pulse tube cold head. In order to compare the PT/RI
system to pulse tube cryocoolers that are interfaced using these more conventional techniques,

the flow valve was completely closed to eliminate the flow of helium through the cooling loop.
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The performance of the system with the valve closed is subsequently compared to the
performance of the system when the valve is opened (allowing flow through the loop) in order to
quantify the performance reduction of the pulse tube due to the presence of the interface and its
effect on the pulse tube flow and pressure. Performance is defined as the temperature of either
the cold head or the interface for a given load; lower temperatures correspond to a higher

performance.

Heat is applied to the cold head of the pulse tube using electrical energy dissipated in a resistor
(the cold head heater) in order to simulate a cooling load; Figure 3-3 shows the load curves (the
cold head heater power as a function of cold head temperature) for the closed valve condition
with 80% and 100% compressor stroke. At 80% compressor stroke, the cold head is 7-10 K

warmer than at 100% stroke for a given cold head thermal load.
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Figure 3-3: Load curve measured for the PT/RI system with the flow control valve closed and

80%0 and 100% stroke.
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3.4 Steady State Data — Cooling Loop Valve Open

The flow resistance of the cooling loop is changed using the cooling loop valve shown in Figure
2-5. Decreasing the flow resistance (i.e., opening the valve) increases the mass flow through the
cooling loop and also results in an increase in the pressure variation that is observed within the
buffer volumes during each cycle as more mass is transferred from the high pressure to the low

pressure volumes.

Figure 3-4 shows the semi-sinusoidal pressure waveforms measured in the pulse tube and high
and low pressure buffer volumes for three valve settings (closed, Y2 open, and %4 open). Note that
the higher frequency fluctuations observed in the measured pressure within the buffer volumes
during a cycle is related to the dynamics of the small stainless steel tube that connects the
pressure sensor to the buffers. The tube length is such that small compression and expansion
waves travel through the tube; these waves distort the signal measured by the pressure sensor.
Therefore, these fluctuations are not actual phenomena experienced within the buffer volumes;
the actual pressure waveforms would be better represented by a straight line drawn through the

midline of the buffer volume pressure trace (as shown in Figure 3-4).
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Figure 3-4: Pressure waveforms in the pulse tube and high and low pressure buffer volumes for
three different valve settings: %2 open, ¥ open, and closed.

Figure 3-5 (a) and (b) illustrate the cold head heater power as a function of the cold head
temperature for the three valve settings (72 open, % open, and closed) at 100% and 80% stroke,
respectively. Figure 3-5 shows that the performance of the pulse tube refrigerator at both 80%
and 100% stroke settings is degraded as the cooling loop valve is opened. This degradation is
related to the mass flow that is processed by the regenerator and compressor, but diverted from
the system at the cold end to flow through the cooling loop without contributing to the cooling
effect. Furthermore, the amplitude of the pressure oscillation is reduced by the diversion of this
mass flow rate through the cooling loop. Note that because the heat is applied to the cold head
for all three valve settings, these figures represent a direct performance comparison of
conventional, closed cycle pulse tube cryocooler (i.e. the cooling loop valve is closed to prevent
helium flow in the cooling loop), and the PT\RI system with helium flowing through the cooling

loop shown in Figure 3-6.
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Figure 3-5: Load curves for the PTRI system with heat applied at the cold head. Three valve
settings (Y4 open, ¥ open, and closed) are compared at (a) 80% stroke and (b) 100%

stroke.

The distributed load heater was also used to create a set of load curves showing the distributed
cooling power as a function of the distributed load temperature under several stroke and cooling
loop valve operating points. In an applied setting, the PT/RI system would accept a load at the
distributed load interface. Therefore, the distributed load curves are more meaningful than the
cold head heater load curves for the design and demonstration of the PT/RI system. The data
from the distributed load curves are used to create the PT/RI transient model described

subsequently in section 4.

Figure 3-6 compares the load curves (distributed load as a function of distributed load
temperature) for (a) 80% and (b) 100% stroke with 2 and "4 open valve settings. The distributed
load curves are also compared to the cold head thermal load curves with the cooling loop valve
closed (from Figure 3-3) in order to show the performance penalty that is associated with the use
of the rectifying interface for thermal integration. Figure 3-6 shows the temperature difference

between the cold head and the distributed load, which represents the temperature rise of the
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helium as it accepts the distributed thermal load at the interface. At 80% compressor stroke, the
helium temperature rises 8 K and 15 K for the 2 and "4 open valve settings at 4W distributed
load. Similarly, the helium temperature in the loop rises 10 K and 17 K for the 2 and % open

valve settings at 4W distributed load with 100 % stroke.
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Figure 3-6: Load curves for the interface heater comparing settings of stroke (80% and 100%)

and valve setting (%2 open and ¥ open).

3.5 Transient Data

The transient system response shows how the temperature in the system changes as control
variables, such as stroke and valve resistance, and external variables, such as heat load are
adjusted. Temperature data for the PT/RI system were recorded for step changes in stroke,
cooling loop valve resistance, and interface load. Once the change was made, the system was

allowed to reach a steady state.

Figure 3-7 (a) shows measured response of the system with respect to time when the compressor
stroke is adjusted approximately instantaneously from 80% to 100% stroke. As expected, the

temperature of the cold head decreases due to the increase in refrigeration capacity associated
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with the increased stroke. The disturbance is applied directly to the relatively massive cold head
and therefore the response is slow; the response can be characterized by a time constant of
several thousand seconds due to the large thermal mass of the cold head. The interface
temperature follows the cold head and is almost exactly offset, indicating that the flow through
the distributed load was not changed significantly. Figure 3-7 (b) shows the same transient
response for an increase in compressor stroke expressed in terms of a dimensionless time WC
which characterizes the cold head in terms of the specific parameters that govern its thermal

behavior.

ve=—¢ 3.1

1
szept r pcomp Cp.comp

comp

where t is time, Cc is the cold head thermal mass, Viyepy 18 the compressor swept volume, Teomp
is the compressor period, pcomp is the average density of helium in the compressor, and cp,comp
is the average specific heat of helium at a nominal compressor temperature. The specific values
of the parameters used in Eq. (3.1) to calculate the cold head dimensionless time are listed in
Table 3-3. The calculation of the cold head thermal mass value is discussed in the transient

model section (section 4.4).
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Figure 3-7: Transient temperature data for a step change in stroke from 80% to 100%

(interface valve= % open, interface heat = 2.64 W) in terms of (a) time and (b) cold
head dimensionless time

Figure 3-8 (a), (bl), and (b2) show the system response when the distributed load is decreased
dramatically (at time = 0, the distributed load at the interface is adjusted from 8 W to 3 W). The
disturbance that drives Figure 3-8 is applied directly to the distributed load interface; the short
and long term responses of the system are very different (note the broken time axis in Figure 3-8
(a)). In the short term, the interface temperature drops rapidly (in a few 10’s of seconds) while
the cold head temperature remains essentially unchanged. In the long term, the cold head
temperature eventually decreases (in 1000’s of seconds). The different time scale temperature
behaviors are caused by the relatively small and large thermal masses of the interface and cold
head, respectively. It is useful to characterize the distributed load temperature change in terms of

an appropriately defined dimensionless time, ¥7.

t

Y=
1 .
Cl/ml,nom cp

(3.2)



39

where Cy is the interface thermal mass, 7, ,,, is a nominal interface mass flow, and ¢, is the

constant pressure specific heat of helium at nominal loop temperatures. Parameters used to

calculate the interface dimensionless time using Eq. (3.2) are listed in

Table 3-3. Figure 3-8 (bl) and (b2) show the same transient response as Figure 3-8(a), but are
expressed in terms of interface and cold head dimensionless times, respectively. The rapid
distributed load interface temperature decrease in the first 150 seconds is characterized in terms
of 7 in Figure 3-8 (bl). The gradual temperature change of the cold head in terms of the cold

head dimensionless time ¥7 is shown in Figure 3-8 (b2). Note that discussion of the calculation

of the Cj, value is found in transient model section (section 4.4).
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Figure 3-8: Transient response of PT/RI system to a step change in interface load from 7.95 W

to 2.32 W (stroke = 100%, valve = % open) in terms of (a) time, (b1) interface
dimensionless time (first 150s), and (b2) cold head dimensionless time (complete
response).

The transient response graphs (Figure 3-7 (b) and Figure 3-8 (bl) and (b2)) shown in terms of
the dimensionless time illustrate that the key parameters that affect the PT/RI transient response
are characterized by the dimensionless times ¥; and Wcy. Figure 3-7 (b) and Figure 3-8 (b2),
show similar long term responses to thermal perturbations (i.e refrigeration, distributed load) in
terms of Wcp. Therefore, the cold head dimensionless time defined in Eq.

Error! Reference source not found. is an appropriate time variable for characterizing changes
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which result in long-term temperature fluctuations. Figure 3-8 (bl) shows the short term

transient response expressed in terms of W¥; dies out after W¥; = 4 to 6. The interface

dimensionless time is therefore based on a time constant that adequately captures the parameters

governing the short-term, first-order thermal response.

Understanding the system in terms of these dimensionless times is useful from a design
perspective in that the parameters which govern the short and long term temperature fluctuations
have been identified and therefore can be selected in order to achieve a certain system
performance. The thermal behavior of a different PT\RI system with different operating
parameters can be predicted approximately based on the dimensionless temperature responses
shown in Figure 3-7 and Figure 3-8. The designer can subsequently manipulate the design
variables to make the different PT\RI system meet a set of desired transient temperature

performance characteristics.

The most interesting transient measurements are shown in Figure 3-9; the valve is opened
suddenly (from ' to 2 open at time = 0). In the short term, the interface temperature drops
quickly because a larger flow of cold gas is pulled from the cold head. However, the increased
flow ultimately causes the cold head temperature to rise (recall that opening the valve degrades
the pulse tube performance, as shown previously by Figure 3-5 in section 3.4). Therefore, over a
longer term (on the order of 1000’s of seconds), both the interface and the cold head temperature
rise. Figure 3-9 shows that by adjusting the valve it is possible to affect the interface temperature
over a time scale that is on the same order as the time scale associated with the interface
adjusting to changes in the distributed load. This is convenient, as it suggests that modulation of

the flow control valve represents a more powerful lever for controlling the short-term
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temperature fluctuations than would be available through control of the refrigeration system

itself (e.g., through changing the stroke or frequency of the compressor).
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Figure 3-9: Transient response of PT/RI system for a step change in interface resistance.

(Stroke=100%0, interface distributed thermal load =2.42 W).

3.6 Calculation of Mass Flow Rate and Parasitic Loss

The mass flow rate through the rectified cooling loop is primarily controlled by the compressor
stroke and cooling loop valve resistance. The interface valve resistance is governed by the
position of the valve. The mass flow is not directly measured, but is calculated using an energy
balance on the distribution loop as shown in Eq. (3-3). Helium enters the loop at the high
pressure buffer temperature (Tg yp) and exits at the low pressure buffer temperature (Tp 7 p).
These temperature measurements are made by sensors that are embedded in the flow stream and
therefore the difference in these temperatures is the result of a combination of the heat added by

the interface electric heater (¢, ) as well as any parasitic losses in the loop (¢, ).
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q; Im[cp(TB,LP—TB,HP)}—q'p (3.3

In Eq.(3.3), m is the helium mass flow rate in the loop, and ¢, is the constant pressure specific
heat of helium that is obtained at the nominal charge pressure of 2170 kPa (300 psig) and the
average temperature between the buffer volumes. The specific heat of the helium is essentially
constant in the temperature and pressure ranges used in this experiment, so a constant specific
heat (5.2 kJ/kg-K) is used in the energy balance calculation. The helium mass flow is calculated

by plotting the interface load as a function of ¢, (T 1PB-T, LPB) , as shown in Figure 3-10; the data

transformed in this manner are nearly linear and they can be fit using linear regression. The slope
of the best-fit line is the mass flow rate and the intercept represents the negative value of the
parasitic load. The results of this calculation for the various data sets are summarized in Table

3-1; the calculated parasitic ranges between 5 and 10 W.
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Figure 3-10: Interface load curves plotted vs. ¢,(Tg, p—Tg np) for two stroke and valve settings
(stroke 80%, 100% and valve ¥ open, ¥ open).

Table 3-1: Experimental Data - Steady State and Uncontrolled Transient Behavior: Summary of mass
flow and parasitic heat loss calculations using Eq. (3-3) and Figure 3-10.

Stroke Valve setting Slope (m) Parasitic (¢,,)
100% Y5 open 0.18 g/s 6.0 W
100% V4 open 0.16 g/s 10.6 W
80% Y% open 0.15 g/s 5.0 W
80% Y4 open 0.14 g/s* 10.1 W

*Note: the no load data point was omitted for the 80% stroke Y4 open valve setting. See

Appendix A for details.

3.7 Dimensionless Interface Valve Resistance

The modeling effort, described in Chapter 4, is used to predict the PT/RI performance as a

function of several variables, including the non-dimensional interface resistance (R;). The

interface resistance characterizes the flow resistance through the cooling loop, and it is controlled
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with the stainless steel bellows valve. The calculation of the dimensionless resistance (R, ) is

based on the dimensional interface resistance (77), which is calculated using Eq. (3.4).

av —
= g(pB,HI‘D PB,LP) (3.4)

m

where avg(pp yp — pp p)is the average difference between the buffer pressures during one

compressor cycle. The non-dimensional interface resistance ( R, ) is calculated according to:

_ rr szegt _
K= Re 1y (3-5)

where Viyep is the volume swept by the compressor piston at full stroke, 7 is the compressor
period, Rg is the ideal gas constant for helium, and 7}, is the heat rejection temperature (hot heat

exchanger temperature). The heat rejection temperature changes very little during the experiment

and it is assumed to be constant at 293 K for these calculations.

The average non-dimensional interface resistance values for each valve and stroke setting are
summarized in the first four rows of Table 3-2. Note that for modeling purposes the, the
dimensionless valve resistance for a given valve position is assumed to be nominally equivalent
at 80% and 100% stroke settings. Therefore, the model developed in Chapter 4 uses a
dimensionless resistance for each valve setting calculated as the average resistance for the two
stroke settings. These dimensionless valve resistances are shown in the last two rows of Table

3-2. The averages are computed using the complete set of experimental data shown in Table 3-4.



Table 3-2:

Table 3-3:

Summary of average dimensionless interface flow resistance for nominal operation points.

suwokel | VIR | Ry
100 Ya 2.65
100 Y 2.16
80 Ya 2.78
80 Y 2.29
average (80, 100) Ya 2.70
average (80, 100) Y 2.23

Parameters used to calculate the interface resistance and cold head/interface dimensionless

times.

Parameter Value
Compressor swept volume (Vivept) 1.83x10° m’
Compressor period (7) 1/60 s
Ideal gas constant for helium (Rg) 2.077 kl/kg-K
Heat rejection temperature (7)) 285K
Cold head thermal capacitance (Cc) 725 J/K
Interface thermal capacitance (C;) 15 J/K
Helium density in compressor (o.omp) 7.295 kg/m’

Helium specific heat in compressor (¢, comp)

5.191 ki/kg-K

Helium specific heat in cooling loop (c,)

5.202 ki/kg-K

Nominal cooling loop mass flow (#1 Tnom)

0.16 g/s

46
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Table 3-4: Interface resistance calculations for all interface load data
Stroke Distributed Avenjage pressure Mass flow Interface N.ondimensional
(%] Valve Load (4, ) difference (i) resistance (7,) mtt'arface flow
between buffers resistance (R))
100 Y4 open ow 231 kPa 0.16 g/s 1.46E+09 pa-s’kg 2.706
100 Y4 open 3W 235 kPa 0.16 g/s 1.48E+09 pa-s’kg 2.75
100 Y4 open 5W 231 kPa 0.16 g/s 1.46E+09 pa-s’kg 2.704
100 Ya open 8 W 217 kPa 0.16 g/s 1.37E+09 pa-s/kg 2.542
100 Y4 open 3IW 228 kPa 0.16 g/s 1.44E+09 pa-s’kg 2.672
100 Y4 open 3w 225 kPa 0.16 g/s 1.42E+09 pa-s’kg 2.637
100 Y: open &W 220 kPa 0.16 g/s 1.39E+09 pa-s/kg 2.574
100 Y5 open ow 215 kPa 0.18 g/s 1.20E+09 pa-s’kg 2.233
100 % open 3W 211 kPa 0.18 g/s 1.18E+09 pa-s/kg 2.187
100 Y5 open S5W 207 kPa 0.18 g/s 1.15E+09 pa-s’kg 2.144
100 % open TW 203 kPa 0.18 g/s 1.13E+09 pa-s/kg 2.103
80 Y4 open oW 213 kPa 0.14 g/s 1.57E+09 pa-s’kg 2.34
80 Ya open 3IW 204 kPa 0.14 g/s 1.51E+09 pa-s/kg 2.241
80 Y4 open 5W 198 kPa 0.14 g/s 1.47E+09 pa-s’kg 2.178
80 Ya open 8 W 195 kPa 0.14 g/s 1.44E+09 pa-s/kg 2.144
80 Y open oW 190 kPa 0.15 g/s 1.25E+09 pa-s’kg 1.856
80 Y% open 3IW 189 kPa 0.15 g/s 1.24E+09 pa-s/kg 1.842
80 % open SW 187 kPa 0.15 g/s 1.23E+09 pa-s/kg 1.825
80 2 open 8W 1845 kPa 0.15 g/s 1.21E+09 pa-s’kg 1.795
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4 Steady State and Transient PT\RI Thermal Model:
Development and Verification

The transient model of the Pulse Tube Rectifying Interface (PT/RI) is shown schematically in
Figure 4-1. The model includes the cold end of the pulse tube and the distributed cooling loop.
The semi-empirical model is created in SIMULINK™ and it predicts the steady and transient
thermal behavior of the PT/RI. The cold end of the pulse tube is modeled as a single thermal
capacitance with an assumed uniform temperature equal to that of the cold head. Note that in the
experimental setup, the buffer volumes have good thermal contact with the cold head, so all three
components are lumped together as one thermal capacitance (C¢). The refrigeration power of the
pulse tube (g, ) and mass flow rate through the distributed loop are a function of the resistance
of the interface which is quantified by a dimensionless interface resistance (R;) and related to the
position of an active control valve in the loop (the position of the control valve determines the
equivalent flow area of the valve), the cold head temperature (7¢), and the fraction of full stroke
() that the compressor is operating at. The load interface represents the interface between the
distributed load (e.g., a detector or structure) and the fluid in the cooling loop; the rate of heat
transfer to the distributed loop is g;. The interface is modeled as a thermal capacitance (C;) with
a uniform temperature equal to the interface temperature (77). The heat transfer between the
interface and the fluid is assumed to be sufficient such that the fluid exits the interface at the

interface temperature.
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Figure 4-1: Schematic of the transient model of the PT/RI system. The buffer volumes and
check valves are not part of the model, but are shown for clarity.

4.1 Governing Equations for Transient PT/RI Model

Energy balances on the systems that represent the cold end of the pulse tube and the interface are
used to develop the state equations that define the system model. The state equations predict the
rate of change of the temperatures (7¢ and 77) given their instantaneous values as well as other
system inputs such as the current loads. Therefore, the transient behavior of the system can be
predicted for a given initial state (i.e., initial interface and cold end temperature) together with
the time variation of the system inputs (e.g., the stroke, interface resistance, heat loads, etc.) by
integrating the state equations forward in time using a SIMULINK™ [1] model. Nominal

parameter values used in the transient thermal model are listed in Table 4-3.

Figure 4-2 illustrates the cold end of the pulse tube and the associated energy transfers. The cold
head system is exposed to the refrigeration potential of the pulse tube (i.e., its cooling capacity
generated by the expansion of the gas in the pulse tube); note that g, is a net refrigeration
potential that combines an applied heat load generated by an electric heater (gejec) With the
parasitic losses on the cold head (¢g,). The development of the applied heat load and parasitic

loss functions are discussed in Section 4.2.
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Figure 4-2: The cold head of the pulse tube with its energy transfers including refrigeration

power, thermal capacitance, and enthalpy flows.

The energy balance on the cold end of the pulse tube provides the first state equation:

a’TC_n'dcp(Tl-TC)+O.33q;,,-q},t Al
dt Cc 4.1

where 7 is time, cp is the constant pressure specific heat capacity of helium, m is the mass flow
through the cooling loop, and represents the fraction of the total parasitic heat load after the
interface which effectively acts on the cold head. Further discussion of the parasitic load

distribution is in Section 4.2. The value of C. is determined based on comparing transient

experimental data with the model in Section 4.4; this value is nominally consistent with
computing the total thermal mass of the cold head based on its geometry and material properties.
The SIMULINK™ cold head transient model that captures the thermal behavior predicted by Eq.

(4.1) is shown in Figure 4-3.



51

Cp
X |
Co—»p L
1 Product X
T_int »
DeltaT mdot*Cp*DeltaT

mdot

A

+

X

| -
> aTesdt, [ 1
. - 1 1
3 3 > 3 >
Cr—»F subimet [P1F &
Qdot_r »[+ 1 Dividel Integrator -
Total refrigeration
5 O—+ *

Q_dot_p > . ce T_CH_O
—| x Subtractl _CH_
0.33 Productl

parasitic fraction

Figure 4-3: SIMULINK subsystem code for the differential equation that governs the cold head
temperature, Eq. (4-1).

An energy balance on the interface is shown in Figure 4-4, with the associated energy and
enthalpy flows. The transient thermal model combines the state equations governing the cold
head and the interface, and integrates these equations forward in time to predict the steady state

and transient thermal behavior of the PT/RI system.

interface (distributed)

p thermal load
interface <—/ q
” j | |—
parasitic load 0.67 qp—'; ; 7;
| o
mT,c, | ™~ interface
~ temperature (T,)
Figure 4-4: Model components for the distributed load interface including heat load, thermal

capacitance, and enthalpy flows.

An energy balance on the interface provides the second state equation:

dr, q,+0.67q,—mc,(I,-T,)
dt C,

(4.2)
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where 0.674 , represents fraction of the total parasitic heat load between the cold head and the

interface, which effectively acts on the interface. Further discussion of the parasitic heat load
distribution is in Section 4.2. The interface thermal capacitance is determined by comparing the
transient experimental data with the model in Section 4.4. In the experimental setup, the interface
thermal capacitance is much smaller than the cold head thermal capacitance. The model
incorporates the largely differing thermal capacitances, and therefore is expected to show the
experimentally observed (Section 3.5) time scale separation for temperature response to thermal
disturbances at the cold head and interface. Figure 4-5 shows the SIMULINK™ code used to

predict the interface (distributed load) temperature response.

Q_dot_p > X
e

Constant

\4

A >——»
Q_dot_i Add
Cp
Subtractl
< ol X > * X
-4 B > > > drirde | 1| N (T
DeltaT DeltaT*Cp dot*Cp*DeltaT + LS a
mdotitpLelta Dividel Integrator -
m_dot i
T_int_0
Figure 4-5: SIMULINK subsystem code for the differential equation that governs the interface

temperature, Eq. (4-2).

4.2 Parasitic Heat, Mass Flow, and Refrigeration Power Empirical
Models

Functional representations of the mass flow rate and pulse tube refrigeration potential are
required for the transient model. Previously it was pointed out in Chapter 3.6 that there appears
to be a 5-10 W parasitic heat input to the rectified cooling loop even in the absence of applied

electrical power; this heat input cannot be explained completely and it may be an artifact of a
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bias in the measurements. However, it is necessary to characterize this parasitic heat load in
order to utilize the steady state experimental data to develop driving functions for the transient

model.

Note that the resistance values for the % and ' open valve settings used to develop the mass
flow, refrigeration, and parasitic heat functions are the average dimensionless resistance values at
80% and 100% stroke (from Table 3-3, average R; with valve % open = 2.70 , with valve 2 open

R;=2.23).

The parasitic losses listed in Table 3-1 represent the average calculated parasitic loss for 80%
and 100% stroke, as well as 72 and % open cooling loop valve settings. These average parasitic
losses have been fit to a linear function in order to facilitate calculation (via interpolation) of the
parasitic load at stroke and valve settings other than those listed in Table 3-1. The calculated
parasitic load dependence on stroke and valve resistance has no apparent physical explanation;
however, it is characterized here so that the model captures all thermal phenomena associated
with the experimental setup. The function is based on a linear best fit of the parasitic load as a

function of interface resistance for both 80% and 100% stroke.

q, = J(OR, +k(f) (4.3)

where j and k are coefficients with functional dependence on stroke (f), and are determined using
a linear interpolation between the measured data points at 80% and 100% stroke. For example,

the coefficient j is calculated according to:

P
Jj=Jjso+ ;‘} A (4.4)
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or:
.., J100-J80
J=Jso+ 0.2 (f' 0.8) (4.5)
A
where Z]ffis the change in coefficient j as the stroke changes, Af is the difference between the

stroke and 80% stroke, and jggo; and jj9ge; are coefficients determined using experimental data at
80% and 100% stroke. Figure 4-6 and Table 4-1 summarize the results of the parasitic load
function. The linear fit equations which are used to calculate the coefficients j and k for the
parasitic are displayed in Figure 4-6. Note that the k coefficient as well as all other
experimentally determined coefficients in this section with functional dependence on stroke (c, d,

e, n, g, h, j) are calculated using the same method shown in Egs. (4.4) and (4.5).

" ----parasitic =-4.62 + 4.30'R, Fnl
10| —parasitic = -15.92 + 9.84 R, P
s o s s
100% stroke
5
) 8 ”’f”
< -
L 7 ~
> d
-] 6 E”/ 80% stroke
1 5
e
5
4

2.2 2.3 2.4 25 2.6 2.7
Non-dimensional interface resistance (R))

Figure 4-6: Parasitic heat load as a function of non-dimensional interface resistance at two
values of stroke (80% and 100%b). The results have been fit to linear equations
(shown on graph) for use in the transient model.

The experimentally observed parasitic heat load occurs both prior to and after the interface (that

is, the interface (distributed load) temperature under no load conditions lies between the low
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pressure and high pressure buffer volumes temperatures). Therefore, the parasitic load is
modeled by dividing it into two components; the distribution of the parasitic heat load is
estimated using the temperature difference between the high pressure buffer and the interface at
the no load condition in the experiment. The average parasitic distribution based on three no load
operating points suggests that 67% of the parasitic is received prior to the interface and the
remaining 33% occurs after the interface; Table 4-1 shows that this is fairly consistent among the

no-load data points.

Table 4-1: Summary of data for calculating the distribution of the parasitic load.

Parasitic before interface

Valve  Stroke (f) Pre-interface load (g,) Total parasitic (¢, ) temperature measurement

YVa 100 % 74 W 10.64 W 69.5 %
Y 100 % 4.02 W 6.01 W 66.9 %
2 80 % 3.18 W 4.96 W 64.1 %

The mass flow rate through the distribution system also depends on stroke and interface
resistance, but is not significantly influenced by the system temperature at nominal operating
conditions. The mass flow rate (calculated based on experimental data as discussed previously)
is also represented in the transient model by a linear best fit that is expressed in terms of the
valve resistance. The coefficients to the linear regression (g and /4) both depend on stroke. The
coefficients have been computed for the two values of stroke that correspond to the experimental

data and linear interpolation is used to estimate g and 4 at other values of the stroke.

i = g( /R + h(f) (4.6)

Values for g and /4 for 80% and 100% stroke are summarized in Table 4-2; linear interpolation
similar to the method used to calculate parasitic load is used to estimate the mass flow rates at

other values of stroke. Figure 4-7 shows the mass flow rate as a function of non-dimensional
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interface resistance for the two measured values of stroke. The values of the g and 4 coefficients

at 80% and 100% stroke are shown in the figure.

1.8¢10
4 100% stroke
E 1.710
o
2=,
3 1.6x10" ——mMy,=0.000278 - 0.0000441R,
o -==-Myo=0.000235 - 0.0000371R,
= .
A 4 E""--..
0 1.5¢10% | Y-
m hh‘--"""-\.
= R
80% stroke
1.410* RN
g
2.2 2.3 2.4 2.5 2.6 2.7
Dimensionless interface resistance, R|
Figure 4-7: Mass flow as a function of non-dimensional interface resistance at two values of

stroke. The results have been fit to linear equations for use in the transient model.
The coefficients g and h are calculated using these equations.

The pulse tube refrigeration power as a function of cold head temperature was determined
experimentally by applying heat to the cold head and allowing the system to reach a steady state.
When the system reaches steady state, the refrigeration power provided by the pulse tube is taken
to be equal to the sum of the electrical heat load applied to the cold head and the experimentally

inferred parasitic load. Therefore, the calculation of the total pulse tube power (g,,) is the sum

of the measured electrical input power (g, ) as well as the parasitic load (g, ).

qpt = qelec + qP (47)

At any given set of stroke and valve conditions, the applied electrical power is nearly linear with
respect to the cold head temperature. Figure 4-8 shows the cold head load curves obtained with

the cooling loop open (note that this includes the same data from Figure 3-5). Figure 4-8 also
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includes the functions derived from a linear regression of the cold head load curves for each
stroke and valve setting. Note that the cold head refrigeration curves will vary with other
parameters, for example the charge pressure and frequency, however the effect of parameters
other than stroke and valve resistance (which correspond to the two control parameters of

interest) are beyond the scope of this study.

= g —— Qo= -25.64 + 0.22-T¢ ' 7
S, ~==-Qgjec= -22.42 + 0.206 T S
o | Qelec=-2646+0208Tc 7
S 6 —==-Qgjec=-19.99 + 0.165-T¢
©
£
o
£ 4 siroke 100%
g O —-——-valve 1/4
.q=> y —----valve 1/4
Lo 2 //’ N —valve 1/2
° a stroke 80% ——Vvalve 1/2
&) S
00 Ok X . . .
110 120 130 140 150 160
Cold head temperature [K]
Figure 4-8: Load curves for the PT\RI system with heat applied at the cold head and the cooling

loop valve open. The linear fit functions are shown for two valve settings (% open, %
open) and two stroke settings (80% stroke and 100% stroke). This figure is used in
part to calculate the coefficients a and b.

While each load curve shown in Figure 4-8 is nearly linear with respect to temperature, the
refrigeration potential does depend on the stroke and non-dimensional interface resistance.
Therefore, a general expression which describes the measured electrical input power to the cold
head load as a function of cold head temperature is defined using a linear equation whose

coefficients are dependant on stroke and valve resistance.

q.elec:a(Rl’f)T'c-i_b(Rl’f) (4.8)
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where the coefficients a and b are determined as a function of R, for 80% and 100% stroke;

values of a and b for other values of stroke are linearly interpolated from these two.

The data points from the two stroke (80% and 100%) and two average dimensionless valve
resistances (2.23 with valve 2 open and 2.70 with valve "4 open) were used to evaluate the
functional form of @ and b in Eq. (4.8). Each stroke value has only two data points (which
represent the 2 and 2 open valve conditions), so a linear best fit is used to describe a and b as
functions of stroke and dimensionless interface resistance. The values of ¢ and b, as well as the
corresponding refrigeration potential can be calculated at any value of stroke and valve

resistance using a linear interpolation. For example, a is calculated according to:

Aa
a=agy+ Zf Af (4.9)
a -a
ora=ago+ g5 " (f-0.8) (4.10)
where
agp=cso Ry + dsp (4.11)
and
ajoo = crooRr +djoo (4.12)

Ada . . . . .
where —. is the change in coefficient a as the stroke changes, Af is the difference between the

A
stroke and the 80% stroke, and agg, ajpo. cso. cioo. dso, and djgg are coefficients that are

determined using experimental data at 80% and 100% stroke. The functional form for the

intercept b is computed in a similar way using:
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bso = eso Ry + nso (4.13)

bioo =erooRr + nipo (4.14)

Figure 4-9 (a) and (b) illustrate the experimentally determined slope a and intercept b of the cold
head load curves shown in Figure 4-8 as a function of the valve resistance for the two different
values of stroke. All constants from the refrigeration and electric heater power linear equations

shown in Figure 4-9 are listed in Table 4-2.

-22 : . . ;
E . —Intercept=-40.90 + 6.84‘R, ) T o022 —slope=0.299 - 0.0345-R,
8 53 ———intercept=-37.19 + 481-R, ‘E"‘. : ----slope=0.283 - 0.0338R,
1) © 100% stroke
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O -24 o
- 100% stroke ] g 0.21 —
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° " ° T
S -25 » T g S ~
- 80% stroke = 80% stroke
8 5 02
O 25 - 1] “""m.,_
o e 2 ~—
= = e I
£ 7] ~5
27 0.19
2.2 2.3 2.4 2.5 2.6 2.7 22 23 24 2.5 26 27
Non-dimensional interface resistance, R, Non-dimensional interface resistance, R
(a) (b)
Figure 4-9: (a) Slope and (b) Intercept of the load curve as a function of the non-dimensional

interface resistance at 80% and 100% stroke. The linear functions used to
determine the coefficients c, d, e, and n are shown.



Table 4-2:

4.3 Comparison of Transient Model Steady State Load Curves and

Constants used in linear equations describing pulse tube refrigeration power and mass flow.

Parameter Value Parameter Value
Cso -0.0339 W/K 250 -3.706 E-5 kg/s
C100 -0.0345 W/K 100 -4.408 E-5 kg/s
dgo 0.284 W/K hg 2.354 E-4 kg/s
dioo 0.299 W/K hyoo 2.779 E-4 kg/s
es0 481 W iso 4296 W
€100 6.84 W j100 9.84 W
ngo -37.19 W kgo -4.62 W
Njg0 -40.90 W k100 -15.92 W

Experimental Data Steady State Load Curves
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The transient thermal model of the PT\RI can be used to predict the quasi-steady performance

using the empirical parasitic load, total refrigeration power and mass flow functions defined in

Section 4.2. These functions are based on fits to experimental steady state data; therefore the

model should predict the steady state performance with a relatively high degree of accuracy. The

predicted and experimentally measured distributed (interface) load curves are compared in

Figure 4-10 to demonstrate the models ability to qualitatively and quantitatively predict the

interface load curves for both stroke and cooling loop valve settings.
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Figure 4-10: Comparison of interface load curves for the experimental data and the
experimentally driven model for both stroke and valve settings.

4.4 Comparison of Experimentally Measured and Predicted Transient
Response

While the thermal capacities of the cold head and the interface do not affect the steady state
performance of the system, they do play a primary role in the prediction of the transient behavior
of the system. Because of the difficulties associated with measuring the thermal capacitances of
complex parts directly, the capacities based on mass measurements and thermal properties are
used only as an initial estimate of these quantities. The thermal capacity values used in the model
are inferred by matching the predicted and measured transient thermal response of the system at
a few, baseline conditions. Transient experimental data were recorded following a step change in
stroke, interface thermal load, and interface valve resistance. The transient model is compared
with the experimental data by specifying initial conditions and step changes in stroke and

distributed interface load that correspond to the imposed experimental conditions.

Figure 4-11 shows the model predictions and the experimental data that correspond to a step

change in stroke. The model adequately predicts the measured response, using a cold head
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thermal capacitance of 650 J/K, which was selected to best match the temperature rate of change.
The primary purpose of the transient model is to capture the transient behavior of the system in
order to identify an optimal control scheme; therefore, the cold head thermal capacitance is

chosen to best represent the temperature change rather than the absolute temperature values.

Note that there is some offset between the predicted and experimentally measured temperatures
during the transient response. The temperature offset near the beginning and end of the transient
response (i.e. when the system is at steady state) can be explained by the differences in
experimentally measured and modeled steady state temperatures as shown in Figure 4-10. The
steady state temperatures from the model, which are a linear fit from the experimental data, are
slightly offset from the actual experimental steady data points. Additionally, by selecting a
thermal capacitance to best match the temperature rate of change (i.e. the slope of the
temperature response shown in Figure 4-11), it is expected that the offset will propagate

throughout the duration of the transient response.



63

150/~ ‘ ' ' ——experimental data
N interface ----Simulink model
A _—
— 145
<,
g 140
el
©
.
o 135
Q
E L
2 130
125
- t=0 Cc =650 JIK
120
0 1000 2000 3000 4000 5000 6000 7000
Time [s]
Figure 4-11: Comparison between the model and the experimental data for a step change in

stroke (80%o to 100%6).

Next the model was compared with the experimental data for a step change in interface
(distributed) load (7.95 W to 2.32 W), as shown in Figure 4-12. There is good agreement
between the model and the experimental data for both the short term response (which is
dominated by the interface behavior) as well as the long term response (which is dominated by
the cold head behavior). The thermal capacitance values used in the model were also determined
in order to provide a best match to the temperature rate of change; the best values of these
capacitance for this set of data (i.e. a step change in interface load) were 800 J/K for the cold
head and 15 J/K for the interface. The thermal capacitance values of the cold head that provide
the best match the transient data for the step change in stroke and interface load are somewhat
different; however, if an average cold head thermal capacitance is used, the model is still
reasonably predictive for both types of step changes. The linearized operating point transient
model developed in Chapter 5 (and subsequently used to optimize the controller in Chapter 6)

uses an average of these two estimates of the cold head thermal capacitance (725 J/K).
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Figure 4-12: Comparison between the model and the experimental data of short long-term

transient response to a step change in heat load (8-3 W).

Table 4-3: Nominal values of PT/RI parameters used in the transient thermal model.
Parameter Value
Pulse tube refrigeration ( gy ) 7.6 W
Interface thermal load (¢, ) 2.6 W
Parasitic load (gp ) SW
Cold head temperature (7¢) 140 K
Interface temperature (7;) 150K
Compressor stroke (/") 80%
Cooling loop valve resistance (R] ) 2.70
Nominal cooling loop mass flow () 0.145 g/s
Cold head thermal capacitance (Cc) 725 J/K
Interface thermal capacitance (C;) 15 J/K
Helium specific heat in cooling loop (c,) 5.202 kJ/kg-K




65

45 References

1. SIMULINK, The MathWorks, Inc., 39555 Orchard Hill Place Suite 280, Novi, MI 48375,
2005



66

5 Operating Point Linear PT/RI Thermal Model Development
and Verification

A linear, operating point model of the Pulse Tube Rectifying Interface (PT/RI) system was
developed based on the non-linear thermal model developed in Chapter 4. The linear model
shown graphically in Figure 5-1 considers the transient behavior of the system, that is, the model
predicts the temperature disturbance away from a nominal operating point that will occur in
response to thermal load disturbances and manipulation of compressor stroke and cooling loop
mass flow. The model is complete representation of the system and considers all of the transient,
cross-coupled relationships between the state variables (i.e., temperatures), thermal disturbances
(electric heat load, parasitic losses) and manipulated inputs (refrigeration power via stroke and
cooling loop mass flow via cooling loop valve resistance). A simplified version of the complete

linear model is used in Chapter 6 to develop the temperature control algorithms.

5.1 Interface and Cold Head Operating Point Thermal Models

The linear, operating point models of the cold head and the interface are developed based on the
non-linear cold head and interface temperature state equations presented in Chapter 4. The state
equations predict the transient temperature response to changes in distributed (interface) load,
parasitic load, mass flow, pulse tube refrigeration. The interface and cold head governing
differential equations developed in Chapter 4 are repeated below:

dT; 4 +0.67q, e, (I; - T,)
dt C,

(5.1)

dT. mc, (T} =Tc)+0.33G, —-q,,
dt Cc

(5.2)
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The linear, operating point models of the interface and cold head are obtained using a Taylor
series expansion of Egs. (5.1) and (5.2) about a nominal, steady state operating condition. This
approach is valid for any operating condition and any system; thus the methodology for
determining an optimal control strategy discussed in Chapter 6 is broadly applicable. In order to
demonstrate the technique, an experimental steady state operating condition is chosen; the

characteristics of this operating point are summarized in Table 5-1.

Table 5-1: PT/RI parameters for a nominal operating point corresponding to an experimental data set.
These parameter values are used in Section 5.3 to calculate time constants of the cold head and
interface.

Parameter Value Parameter Value
Interface temperature (7},) 150K Non-dimensional interface valve resistance (R;) 244
Cold head temperature (7¢,0) 140K Cooling loop mass flow (7 ) 0.145 g/s
Interface load (¢ 1.0 ) 2.64 W Cold head thermal capacitance (C(C) 725 J/kg-K
Parasitic heat load (qp' 0) 5W Interface thermal capacitance (Cy) 15 J/kg-K
Stroke (fp) 80% Helium specific heat (cp) 5.2 kl/kg-K

The state equations are linearized with respect to the important time-varying quantities including:
mass flow rate, interface temperature, interface temperature time rate of change, cold head
temperature, cold head temperature rate of change, interface heat load, pulse tube refrigeration
and parasitic load. Note that the Taylor series terms with order greater than one are assumed to
be negligible and not included in the linear equations. The operating point models are used to
predict changes away from the nominal operating conditions; therefore, only the transient terms
from the Taylor series expansion are retained. Additionally, the state variables are expressed in

dTy dT
terms of a change from the operating point (A ,ATy, 7L ATc, th , Agr ,Agp, and Agys ). The

governing operating point model of the interface temperature is:
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[ oar,
dt om dt

0 diy
oq, dr

Table 5-2 lists the coefficients from the Taylor expansion of the interface temperature state

wive| 240 | [ 2 an,
0 ot dr | oT,. dt

O}qu + goT. (53)

}Afh *
0

ATC{iﬂ

equation. The linear, operating point model of the interface including the coefficients from

Table 5-2 is:

dly _ _cp(Tl,O —Tcp) Am —cpmy ATy +c,my ATe +Aq; +0.67Aq,,

7 c (5.4)
Table 5-2: Summary of coefficients from the Taylor expansion of the interface temperature state
equation.
o dry _p(Tro—Teo) | 041 _ e
Ot dt iny, T, T 0o 05d1 0 : € ) c0p0dro <
0 dI} _ Mo p 0 4T, 1
Olc di mo’T],wT cod p,os‘b,o €I o d o T 0T e 1p.0410 c
0 dT; _0.67
oq, di 0:T; 0-Tc 04710+ .0 C

The operating point model of the cold head is formed using the same process as with the

interface model. The Taylor expansion of Eq. (5.2) is:
0 oy dt | ol dt

]qut + HLOT. (5.5)

dTc _| o dic
dt om dt

0_dr;
04, dt o
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Table 5-3 lists the coefficients from the Taylor expansion of the interface temperature state

equation. The linear, operating point model of the interface including the coefficients from

Table 5-3 is:
dT, _ ¢, (TI’O —TCDO)Am + cpmo AT; —cpmoATC + O.33Ac]p —qu, (5.6)
dt Ce
Table 5-3: Summary of coefficients from the Taylor expansion of the cold head temperature state
equation.
o dT, Cp(T[,O_TC,O) _0 dTj] _033
A . . - oq, dt |; Y4 C
6m dt mOJT]’O’TC’05qp7()’qpt’() CC qp mo,TI,O,TC’anp,anpt’O C
5 dTC _ mO Cp a di _ i
oT, . . o, dt |y . C
o1, dt 1,1 T, 0909 pr0 Ce Ipr 1ol 0T 0,09 0 €
8 dTC _ _m()cp
oT. dt |, .. C
¢ mO’TI,O’TC,O’qp,O’qpt,O ¢

5.2 Pulse Tube Refrigeration and Mass Flow Operating Point Models

Operating point models for the pulse tube refrigeration and cooling loop mass flow are also
developed from the non-linear, empirical-based equations discussed in Chapter 4. The linear
models are formed using the same first order Taylor series expansion technique used to develop
the linear interface and cold head governing equations. The non-linear pulse tube refrigeration

potential model is:

gpt = a(Ry, [)Tc+b(R;, f)+4, (5.7)

The operating point models of the pulse tube refrigeration and cooling loop mass flow consider

only the transient behavior away from a nominal operating point, and therefore the state

variables are expressed in terms of a change from the operating point (AR, Af, ATc, Agp). A
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Taylor expansion (retaining only first order terms) of Eq. (5.7) yields the linear, operating point

model of the pulse tube refrigeration.

]AfJ{ath ]ARF{&L” }AT@L % pr
O 6R[ O 6TC O 6qp

The coefficients in Eq. (5.8) for the linear pulse tube refrigeration model are listed in Table 5-4.

Y
Agps =| 221
|

]qu +qoT"  (538)
0

Table 5-4: Summary of coefficients from the Taylor expansion of the pulse tube refrigeration model.

0q 3 [(Cloo — €80 )RI,O +djgo — dso]Tc,o + (€100 —€s0 ) Ry 0 +M100 — 150

0 . 0.2

4 RI,O’fO’TC,O’qp,O
0q Cio0 — C ey —e
R |p £T. G 0.2 0.2

1070 c09p0
o4 [ (ci00 —¢s0) R0+ 100 —dso |
pt = C80 RI,0+d80+ 02 (fO—OS)
10>/ 0°° C,0"1p 0
W
q .
P RI,O’fO’TC,O’qp,O

The non-linear, empirically based equation governing the cooling loop mass flow in the transient

model developed in Chapter 4 is:

m =e(f)R, +n(f) (5.9)

The Taylor expansion of Eq. (5.9) yields the linear, operating point model of the cooling loop

mass flow.

. om onm 0
Am =| 2 = 5.10
m l:af O}Af+|:aRIO}AR,+/LL.@Tf (5.10)
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Including the coefficients listed in Table 5-5, the operating point model of the cooling loop mass

flow is:
- R;o+Mhoo— —
Aspp = (gloo gso) 1,0 T 00 hgy A+ | ggo+ £100 — &30 (fo —0.8) AR, (5.11)
0.2 0.2
Table 5-5: Summary of coefficients from the Taylor expansion of the cooling loop mass flow model.
; — Ry g+ Moo —h O g100— &
om _ (gIOO ggO)OIéO 100 ~ /80 - = g0 + 10(2) : 80 (fo —0.8)
of R, s £ . TRy 0./0 :

5.3 State Block Diagram of Complete Operating Point PT/RI Thermal
Model and Discussion of Time Constants

The State Block Diagram (SBD) of the operating point, transient thermal PT/RI model is shown
in Figure 5-1. The SBD is a graphical representation of the linear state equations developed in
Sections 5.1 and 5.2, and shows the relationships between the state variables (temperatures),
thermal disturbances (electric heat load, parasitic losses) and manipulated inputs (refrigeration
power via stroke and mass flow via cooling loop valve resistance). An effective interface

refrigeration term (Agj r-effi) 18 shown in Figure 5-1 and represents the additional cooling power

provided by adjusting the mass flow rate; this cooling power is defined as:
Adir-eftin = Mire, (Tr0 =T o) (5.12)

Section 3.5 showed that the interface temperature (A77) fluctuates rapidly in response to thermal

disturbances because of its relatively small thermal capacitance. The cooling loop mass flow

(A ) and subsequent effective interface refrigeration (Aqy ,ef ) can be adjusted rapidly via the
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cooling loop valve; the effective interface refrigeration is therefore used as the controlled

parameter for minimizing the relatively fast interface temperature fluctuations.

L aq};r

T,

A, (1)

0
o lo| - | [
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i L
Agpf(r)
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Y

Y

+ Aok
o Ani(t) T T Aduy
Cp( G

Y

AR, (1L,

ARy |y Interface

Manipulated Inputs

State block diagram of the complete operating point, transient thermal model of the
PT/RI system.

Figure 5-1:

It is convenient to describe the system in the Laplace domain rather than the time domain in

order to develop linear control algorithms and generalize the system transient dynamics. The

Laplace transforms of Egs. (5.4) and (5.6), respectively, yield:

— \T; o —T¢c o ) Am+c, myAT-+Aq; +0.67Aqg
AT (s) = p( 1,0 c,o) pcomc qr qp (5.13)
C[(S"‘ P OJ
¢
and:
c Ty o—Tr o )Am+c, myAT; +0.33Aq,, — Ag
ATc(s) = p( 1,0 c,o) pMoaLy qp — B4 pt (5.14)

Cn"lO
C-ls+-2
C[ Cc j
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where s is the Laplace operator. Equations (5.13) and (5.14) show that the cold head and

interface can be characterized as first order thermal systems with time constants:

C
rc=—2X (5.15)
Cp Mg
C
g=—" (5.16)
Cp Mg

where 7¢ and 77 are the cold head and interface time constants, respectively; the value of these

time constants for the system and operating point considered here are 960 s and 20 s according to
the nominal parameter values listed in Table 5-1. The methodology for modeling the system
remains valid provided that the cold head time constant is substantially greater than the interface

time constant.



74

6 Automatic Temperature Control Law Development

A simplified version of the complete Pulse Tube Rectified Interface (PT/RI) thermal linear
model developed in Chapter 5 (Figure 5-1) is used in this section to develop temperature control
algorithms for the cold head and the interface. The simplified model shown in Figure 6-1
facilitates the development of a closed form solution for selecting controller gains in terms of

desired thermal response, specifically, settling time (%) and maximum temperature fluctuation
(AT ax)- Only the dominant transient relationships from the complete model are considered; for

example, the effect of cold head temperature fluctuations on the interface temperature is
neglected. Section 5.3 shows that the time constant associated with thermal disturbances at the
cold head is 960 s, whereas the interface time constant is 20 s and so this simplification is
justified. The validity of the simplified model is demonstrated in Figure 6-6 by a comparison of
the controlled temperature response predicted by the simplified linear model, and the complete

non-linear model.

The control scheme developed in this section is physically implemented using a digital
controller, so a digital model of the interface system was created based on the simplified linear
model. The performance predicted using a digital model is compared with the analog model.
The agreement of these two models demonstrates the validity of using the somewhat simpler
analog control theory to select the controller gains. The digital model is also used to show that

the maximum controller sample period allows for a stable, controlled system.

6.1 Simplified Operating Point PT/RI Thermal Model

The State Block Diagram (SBD) of the complete thermal model in Figure 5-1 shows that the

PT/RI has relatively complicated and cross linked relationships between the system parameters
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including the manipulated inputs, state variables, and disturbances. However, many of these
system parameters have a strong dependence on only one of the other parameters. Therefore, a
simplified model shown in Figure 6-1 is created using reasonable assumptions which neglects
several of these weaker parameter relationships; the simplified model reduces the overall
complexity of the model. The simplified model facilitates the development of a closed form
selection of feedback gains to meet the temperature control specifications, such as maximum
temperature fluctuation to a sudden change (step) in thermal load. The assumptions used to build
the simplified model are verified in Section 6.2.1 by examining the agreement between the
thermal behavior predicted by the simplified, linear model with the behavior predicted by the
complete, non-linear model in cases where both of these models employ the same temperature

control algorithms.

The simplifying assumptions include:

1. The cold head temperature can be assumed constant when considering the interface

thermal behavior.

2. The interface temperature can be assumed constant when considering the cold head
thermal behavior, as the controlled interface temperature will fluctuate on the order of 50
seconds while the controlled cold head temperature will fluctuate on the order of 500
seconds. These time scales are determined by the controllers develops later in this

chapter.

3. The dependence of cooling loop mass flow on compressor stroke is neglected.
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4. An effective cold head thermal load disturbance Agc g.¢f is defined which combines the

dependence of pulse tube refrigeration on cooling loop valve resistance and cold head

temperature, as well as the effective thermal load resulting from changing the cooling

loop mass flow (i.e. the Agy,efrim term which acts on the cold head).

5. The cold head and interface parasitic loads fluctuate on a very long time scale and
therefore are assumed constant; the parasitic loads are subsequently not considered in the

simplified transient model.

Explanation of Assumptions:

1.

2.

The cold head temperature is assumed to be constant when considering the interface thermal
behavior because the time constants associated with temperature fluctuations at the interface
and the cold head differ by a factor of nearly twenty, as shown by Section 5.3 It is
anticipated that this type of time constant separation will exist for most systems that would
employ a distributed cooling system for precise temperature control. The separation of the
time constants is further supported by experimental data; for example, Figure 3-8 shows that
the interface responds to interface load changes over 10’s of seconds, while the cold head

temperature remains essentially constant until nearly 500 seconds have passed.

The interface temperature is assumed to be constant when considering the cold head, as the
controller developed in Chapter 6 is designed to regulate the interface temperature and bring
it back under control very quickly; a target settling time is 50-100 seconds (i.e. the interface
temperature returns to within 2% of its original values within 50-100 seconds). The time

period of the controlled interface temperature fluctuations is much smaller than the 500’s of
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seconds associated with cold head temperature changes, and therefore the interface

temperature is assumed constant relative to the cold head.

The dependence of cooling loop mass flow on compressor stroke is neglected because the
compressor stroke will be adjusted over a very long time scale (500’s of seconds) as the
primary input used to control the temperature of the cold head. Again, because the cold head
temperature varies slowly, this control input will vary slowly relative to the time scale
associated with the interface temperature (approximately 50-100 seconds).  Further
discussion of the controlled cold head and interface temperature time scales is included in the

section describing the control algorithm development in sections 6.2.1 and 6.2.2.

The effective cold head thermal load disturbance, Agc d.eff, is a simplification of the

combined effect of the dependence of pulse tube refrigeration on cold head temperature and
interface valve resistance as well as the effective cold head thermal load resulting from a
change in the cooling loop mass flow. It is possible to decouple the effect that these
parameters have on the cold head with. However, that process is beyond the scope of this
research project and these cross coupled relationships are instead lumped together as one
thermal disturbance at the cold head. Additionally, the focus of this research is to control the
interface temperature, which can be readily accomplished with reasonable cold head

temperature control as shown by the experimental results in Chapter 7.

The cold head and interface parasitic load are shown as fractions of the total parasitic load

(qp) in Figure 5-1. Note that the parasitic loads are different than the disturbance loads (i.e.

distributed interface load). The parasitic load is different from the distributed load in that the

parasitic load is assumed to be a relatively steady state phenomenon, and therefore does not
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affect the transient behavior of the system. The disturbance loads can fluctuate rapidly;
therefore it is the disturbance response to changes in distributed load, not parasitic load,
which is the important metric for characterizing the performance of the temperature

controller.

The resulting simplified time domain governing equations derived from from Egs. (5.1) and (5.2)

arc:

dTc _ —C,MyATe = AGp + Adc g

A dt C (6.1)
C
AL _ 2Ty = Teo) A=y AT, + A4, 6.2
dt C (6.2)
1
The simplified Laplace domain governing equations are:
—AG; . (S)+AG; (s
AT, (s) = ——2Lr eﬁ",m(c )m dr(s) 63
C] S+ p0
¢
—Ag . (8)+Aqq ;_ Ky
AT () = —24p ) jcl;;l o (5) 64
Cc[S"F P Oj
Ce

The assumptions used to build the simplified thermal model are verified by agreement of the
complete, non-linear and simplified, linear models of the controlled PT/RI system. The
controlled transient response to a step change in thermal load predicted by the two models is
compared, where the models use the same feedback control gains. The two models predict a
maximum temperature fluctuation that agrees to within 4% and exhibit nearly equal settling time

as shown in Figure 6-6.
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Figure 6-1 graphically represents the simplified Laplace domain governing equations in SBD
form. Note that, unlike the complete model shown in Figure 5-1 , the simplified model treats the
cold head and interface as non-interacting thermal systems, which are each controlled by a single

manipulated input.

A dl (s
o aqpf‘ Ay (s) ] N od mi\TC(S)
Af (s)— > - —
5f ‘0 + } CC‘ Ay
Cold Head  Adcgepr(s) mye, II‘
N . Ay o 5(S) S) B AT
. 0m‘ Ani(s) ILr—eff git\S)_ T‘-_\.I}(S)
AR (5) —» e \T:q—T > -
% aRj— ‘0 p( 7,0 C.O) 7 "
5)

Ag,(

A

Manipulated Inputs Interface

Figure 6-1: State block diagram for the simplified transient thermal model for PT/RI system.

6.2 Analog Temperature Control Algorithm Development

Temperature control algorithms for the cold head and interface are developed using analog
control theory. A Proportional-Integral (PI) controller is selected for controlling the PT\RI
temperatures; most thermal and fluid systems naturally exhibit stable first order transient
behavior and therefore do not require derivative control in order to prevent the error from
becoming large [1]. This section describes the development of a closed form solution for the
controller gains given a desired damping ratio, settling time, and maximum temperature

fluctuation in response to a step change in thermal load.

Section 3.5 showed that changes made to the interface valve and the interface load affect the
interface temperature on approximately the same time scale. Therefore, the interface valve can

be used to modulate the flow rate in the distribution loop in order to minimize the interface
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temperature fluctuations. The PI controller regulates the interface valve resistance using a
feedback control signal which sums the proportional and integral values of error (in this case the
deviation of the interface temperature from the desired temperature). A similar PI control
algorithm is developed for the cold head; this PI controller adjusts the refrigeration power (via

compressor stroke) based on the cold head temperature fluctuations.

6.2.1 Interface temperature control

The interface controller adjusts the effective interface refrigeration (Aq;, ;) based on the

interface temperature deviation (A7; ) away from the desired temperature deviation (AT} ges),
which is zero. Using a PI controller, the change in the effective interface refrigeration is

calculated by:

t
Aqp e =kprers+ jki,l er dt (6.5)
0
where e7 j is the interface temperature error defined as.
AT, ... — AT,

€rp =By 4o I (6.6)

and k,; and k;; are the proportional and integral gains for the interface controller. The controller

transfer function in the Laplace domain is:

ki g
Cpri(s)=ky,+ S

(6.7)

The controller gains shown in Figure 6-2 for the interface are selected assuming that the system

provides an effective refrigeration (Aqg; ,_.s ;) that is approximately equal to the commanded

effective refrigeration (Aq; ,_.4 , *)- The complete SBD of the interface control system which
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includes the physical relationships of the interface hardware, such as effective refrigeration
dependence on mass flow, and mass flow dependence on cooling loop valve position, is shown

in Figure 6-11.

Interface controller

Interface and cooling
loop valve

A(]J,r—gﬂ,m % AQI@[T 51 Agf.r—eﬁ’.m (V}
Aql,eff * 7 -
A(:[](S) mﬂcp
Figure 6-2: State block diagram for the interface with a PI controller. The effective interface

refrigeration is assumed to be equal to the commanded effective refrigeration for
the controller gain selection process.

The transfer function describing the interface temperature response to changes in interface load

1S:

AT[(S):L s 6.8)
Ag;(s)  C; Sz+m00p+kp S+ki7,l
Cr ¢

. . Aq; . .
The controlled interface temperature response to a step change in interface load (i) is
s

therefore:

1 Aq;
ATy (s) =— . (6.9)
C, S2+mocp+kp s+ki—’l
C[ C[

The temperature response can be converted to the time domain using an inverse Laplace

transform. The standard form of Eq. (6.9) is:
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. 2
A w,
AT (s) = ——1L— — 1, . (6.10)
Cro,;” s"+20; 0,5+ 0,
where @, is the interface controlled natural frequency:
ki 1
W, ;== 6.11
n,l C] ( )
and (7 is the controlled interface damping ratio:
0 thpr (6.12)

oI 2\ki 1 Cr

Figure 6-3 shows a controlled transient response and is referred to in order to clarify the transient
response parameters discussed subsequently in this section. Note that the controller parameters
used to generate Figure 6-3 were selected so that the damping ratio is low (0.2) in order to

highlight the oscillatory response.
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Figure 6-3: Thermal response of interface to step increase in thermal load which shows the

important transient response parameters. The damping ratio is set relatively low to
highlight the oscillatory behavior.

The maximum interface temperature fluctuation is determined by finding the first peak of the
temperature response. The first peak, which is the maximum peak, can be identified by setting
the derivative of the temperature response equal to zero. The derivative of the temperature
response in Eq. (6.10) is:

d 1 s

—T;(s)

(6.13)

The inverse Laplace transform of Eq. (6.13) yields the derivative of the interface temperature

response in the time domain.

dT; -1 o
—4 = = sin (@ t— 6.14
i C[,B[e ( Bl ¢1) ( )

where:

Br=\1-¢/° (6.15)
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and

1

¢, = tan”! [?J (6.16)

and 7 is time. The first peak of the oscillatory temperature response occurs when the derivative
of the temperature change first becomes zero and is associated with the first zero of the

sinusoidal term in Eq. (6.14); this occurs when the time is:

1 =% (6.17)

where #,; 1s the peak time. The peak interface temperature is then calculated by substituting the
peak time into the time-domain representation of the interface temperature response. The
interface temperature in the time domain is calculated using the inverse Laplace transform of Eq.

(6.10).

o exp(—gl @y t)sin(a)n,l Br t)

T = (6.18)
Cro, By

The maximum interface temperature change normalized by the magnitude of the thermal

disturbance (Ag;) is formulated by substituting the peak time into the transient interface

temperature response from Eq. (6.18).

ATy max 1 19 ).
v _C],BIC')n,I exp( 5, ]Sll’l(¢[) (6.19)

The controlled interface system is 2" order; the settling time () for a 2" order system with a 2%

settling criteria is [2]:
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4

g1 2"

t (6.20)

The maximum interface temperature change expressed in terms of the damping ratio and settling

time is therefore:

AT],max N ts,] 4] _é/[ ¢1 .
TR exp[ 5, )sm(gxﬁ,) (6.21)

Note that the maximum interface temperature fluctuation is fixed for a given damping ratio (¢7)
(¢ and pj are functions of {7 according to Egs. (6.15) and (6.16)) and interface settling time

(t5,7). Equation (6.19) shows that the temperature response scales linearly with the change in the

load. Also, a larger interface heat capacity will tend to reduce the temperature fluctuation as will
a more tightly controlled system, represented by a smaller settling time. Equation (6.19) and
Figure 6-4 (a) also shows that the maximum temperature fluctuation decreases as damping ratio
is reduced. However, decreasing the damping ratio also decreases the system stability.
Therefore, a damping ratio of 1/ V2 (0.707) 1s chosen for the interface controller in order to

balance the maximum temperature fluctuation and the stability. The maximum temperature

fluctuation as a function of settling time with fixed damping ratio (0.707) is shown in Figure 6-4

(b).



86

y g ; ' 0.6
- settling time (i5 ) =50 s . damping ratio (1) = 0.707
0.3
0.5
—, 0.25 o4
IS )
Il wlx
% b 0.3
g I~ o N
S 0.15 =
Z?l = S , I
I 04 4| 0.2
0_05 0‘1
0 . ol . . . . . . . .
0 0.2 0.4 0.6 0.8 1 10 20 30 40 50 60 70 80 90 100
Damping ratio () Interface settling time [s]
€Y (b)
Figure 6-4: Maximum interface temperature fluctuation as a function of settling time with a

fixed damping ratio of 0.707.

Figure 6-4 (b) or Eq. (6.21) can be used to select the settling time (and subsequently the
controller gains) which yields the desired maximum interface temperature fluctuation. Clearly a
smaller settling time leads to a more tightly controlled system; however, the settling time
selection must consider the limits of the physical system. A very small settling time could yield
an overly sensitive control scheme that is very responsive to noise and therefore less stable.
Additionally, the torque and speed limits of the motor and other hardware used to physically
affect the control must be considered when choosing the settling time. The settling time selected

for experimental testing was 50 s; this settling time selection is discussed further is section 6.4

Selecting the damping ratio and settling time leads to a unique set of controller gains; combining
Egs., (6.11),(6.12), (6.19), and (6.20) yields a closed form solution for the controller gains in

terms of the damping ratio ( {7), settling time ( z;1).

16C
k'] :—1
2 .2
o1 ¢

i,

(6.22)
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and:

:8CI_ZS,1 I’i’locp (6 23)
Z‘s,]

kp 71

Nominal controller gain values used for experimental testing were calculated using a damping

ratio of 1/4/2 and a settling time of 50 seconds. Table 6-1 summarizes the nominal interface

controller parameters.

It is useful to describe the maximum temperature rise in terms of a dimensionless temperature
fluctuation. The dimensionless temperature relation is defined naturally from Eq. (6.21) and is,
effectively, the temperature fluctuation normalized by the temperature change that would be
experienced by the interface heat capacity (C)) if it were subjected to the load disturbance for the
settling time (7). The dimensionless interface temperature fluctuation is only a function of the
damping ratio; the dimensionless temperature rise for a damping ratio of 0.707 is 0.081 and is
shown in Table 6-1. The dimensionless interface temperature fluctuation is shown as a function

of the damping ratio in Figure 6-5.

G 9 ).
< exp(}sm(gﬁ,)
{ AT, C, ] _ B (6.24)

Aqrtg 4
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Figure 6-5: Dimensionless interface temperature fluctuation as a function of the damping ratio.

The analytic calculation of maximum temperature in response to a step load increase is verified
by comparing with the simplified, linear operating point model (Figure 6-2) with the complete,
non-linear model (Chapter 4). The linear model is implemented in MATLAB, the model script
is in Appendix B. Both models employ the same control algorithm and gains, as well as the same
step change in interface load. The temperature response for a 50 s settling time and damping
ratio of 0.707 is shown in Figure 6-6. The predicted maximum temperature rise exactly matches
the operating model peak temperature rise (as it should, both are based on the same linear
equations), and is very close to the non-linear model peak (agreement is not exact because the
nonlinear and weak terms were neglected for the linear model). The agreement between the
models in Figure 6-6 also demonstrates the validity of using the simplified, linear model to

choose the controller gains that yield the desired performance characteristics.
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Table 6-1: Nominal interface controller parameters used in the experimental tests.
Parameter Nominal Value
Cooling loop mass flow (771 ) 0.146 g/s
Interface thermal capacitance (Cy) 15 J/kg-K
Helium specific heat (cp) 5.2 kJ/kg-K
Damping Ratio (&y) 0.707
Interface settling time (zg, 1) 50s
Maximum interface temperature fluctuation (AT7 ;4x) 0.269 K/W
o o neyae
Dimensionless maximum interface temperature fluctuation | —— 0.081
Agrtsr)
Interface proportional gain (kp, 1) 1.64 W/K
Interface integral gain (k; J) 0.192 W/k-s
0.3 - - -
g predicted maximum w/ settling time 50 s
< A e e e — 0.08 g,
= 0.25 c
©
) <
S o
S o2 0.06 4
° £
= @
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Figure 6-6: Linear and non-linear model prediction of the controlled interface temperature

response for a step increase in interface load.

6.2.2 Cold head temperature control

The cold head controller uses a PI control algorithm to adjust the pulse tube refrigeration (Ag,,, )

based cold head temperature (A7¢ ) fluctuations away from the desired set point. Figure 6-7

shows the controlled cold head topology; note that for the controller design, the commanded
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pulse tube refrigeration (Ag,, *) is assumed to be equal to the actual pulse tube refrigeration
(Aq,.). A more complete diagram which shows the physical relationships of the cold head

hardware, such as pulse tube refrigeration dependence on compressor stroke, and compressor

stroke dependence on Variac voltage is shown in Figure 6-12.

Cold head controller Cold head

di-
A (s)
ar > PAL(s)
8

+ > Aé’p; * qupt - A(jpf(S)_

"y C. e

Aé’c.a’fgﬁ’(s) IM-

Figure 6-7: State block diagram for the cold head with a PI controller. The pulse tube
refrigeration is assumed to be equal to the commanded refrigeration for the
controller gain selection process.

The cold head controller gains are selected using the same method as was described for the
interface; the gains are selected to achieve a desired transient response to a step change in
thermal load. The cold head thermal dynamics are very similar to that of the interface as shown
by comparing Figure 6-7 and Figure 6-2. Therefore, the design process described by Egs. (6.5)
through (6.21) for the interface is also used to select the cold head gains (making the appropriate
changes to reflect the cold head vs distributed load characteristics). After making the appropriate
cold head parameter substitutions (e.g., cold head thermal mass and temperature), the controller

gains are set according to:

(6.25)
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and:
k,c= = P (6.26)
ts,C
and the maximum cold head temperature fluctuation is:
AT, t _
: C,max _ s,C ;C exp( é/C ¢C Jsin(¢c) (627)
Adca-ey  4Cchc Pe

The cold head controller differs from the interface controller in the selection of the damping ratio
and settling time. The cold head damping ratio is chosen to be 0.9 to achieve a more damped
response. The settling time is a characteristic of the eigenvalue that describes the cold head;
therefore, in order to separate the cold head and interface eigenvalues, the cold head settling time
is chosen to be 10x the interface settling time (500 s as compared to 50 s). Separating the
eigenvalues ensures the controller won’t result in a resonance between the cold head and the
interface. The maximum cold head temperature fluctuation to a step load change is 0.061 K/W,
as calculated by Eq. (6.27) using a settling time of 500 s and a damping ratio of 0.9. Table 6-2
summarizes the cold head controller parameters with nominal performance specifications used in
the experimental verification section. The control of the cold head temperature is less important
than the control of the interface temperature; therefore a comparison of the linear and non-linear
behavior of the cold head is not presented here. The cold head controller developed in this
section adequately controls the cold head temperature, as shown in the controlled experimental

results section (Chapter 7).
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Table 6-2: Nominal cold head controller parameters used in the experimental tests.
Parameter Nominal Value
Cooling loop mass flow (772 ) 0.146 g/s
Cold head thermal capacitance (C(C) 725 J/kg-K
Helium specific heat (cp) 5.2 kJ/kg-K
Damping Ratio ( {C) 0.9
Cold head settling time (%5, C) 500 s
Maximum cold head temperature fluctuation (ATC s4x) 0.061 K/'W
Dimensionless maximum cold head temperature fluctuation [Mj 0.081
Agritse )
Cold head proportional gain (kp, 0 10.84 W/K
Cold head integral gain (k; C) 0.0573 W/k-s

6.3 Interface digital model development and comparison with analog
model

The control algorithms presented in Section 6.2 was analyzed using an analog model but
eventually implemented with a digital control system created in the LabVIEW™ software. A
digital model of the controlled interface was therefore created and the predicted results are
compared with the analog model developed in Section 6.2 in order to ensure that the analog
model can be used to select the controller gains. Figure 6-9 shows that the response predicted by
the digital model nearly exactly matches the analog model when using the 3.3 Hz sampling rate
that is chosen for the experiment. Additionally, the digital model is used to show the minimum
sampling rate required to maintain stability is about 0.1 Hz (i.e., one data point every 10
seconds). A digital model of the cold head was not created; it was assumed that the cold head
analog model sufficiently predicts the digital implementation given that the cold head has a much
longer time scale than the interface. That is, if the sampling rate is acceptable for the analog

interface model approximation then the sampling rate it will also be acceptable for the cold head.
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The simplified linear analog model of the interface shown in Figure 6-2 is converted to the

digital model shown in Figure 6-8. The interface model is converted to the digital domain by

including the Zero Order Hold (ZOH) or latch which represents the digital controller’s inability

to make adjustments to the refrigeration in periods of time that lie between the sample periods.

The interface model in the Z-domain is formulated using a Z-transform of Eq (6.3) including the

latched interface:

Z l _AQI,r—eﬁ,m (S) + Aq[ (S)

AT (z) = (1—2—1)

4

which simplifies to:

1 1-¢7

ATy (2) = T

Cpmo z— ea

where 7 is the sampling rate, z is the z-transform operator and:

1 C I’i’lo
a=—= p
T C

The PI controller is defined as:

k.

I,

Where eris the interface temperature error.

S C”i’lo
C] S+

T

Cpr(2)=er (Z)(kp,l +:

(6.28)

(6.29)

(6.30)

(6.31)



94

Interface controller
Interface

ki T

¢ Agj.eﬁ' =1 Ag?~f*€ﬁr~m(:) . @ 1 l*e_aT AT;(2)
Aq’l_eﬁ»* 7 cpfho s 4
Agr(2)

Figure 6-8: State block diagram of the interface with digital control implementation.

The simplified interface digital model was implemented using MATLAB (Script in Appendix B)
and it is compared to the analog model in Figure 6-9. The digital model uses a 3.3 Hz sample
rate; the analog and digital models both use the controller gains listed in Table 6-1 and are run
for a step increase in interface load. The models exhibit nearly identical temperature response
which demonstrates the validity of using the analog model to select the controller gains for a

digital implementation.
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Figure 6-9: Comparison of the controlled interface temperature response using the digital and

analog models. Both models use the controller gains listed in Table 6-1 and a step
increase in interface load. The digital model uses a 0.3 s sample period.

A parametric analysis of the digital model sample period was performed to characterize the
maximum allowable sample period required for stability. Short sample periods generally yield
stable systems as the controller makes adjustments on a time scale that is faster than the
dynamics of the controlled system. However, controller cost (monetary and computational) is
inversely related to sample period; therefore the sample period study seeks to find a sample
period which balances stability and controller cost. The effect of varying the sample period on
the controlled interface temperature is shown in Figure 6-10. The sample period analysis was
performed for the interface using the control gains listed in Table 6-1. Figure 6-10 shows the 0.3
s sample period selected for experimental testing is well below the unstable sample period of 12

s, and is a reasonable sample rate for a relatively inexpensive controller.
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Figure 6-10: Comparison of the digital controlled interface temperature response using varied

controller sample period where model uses the controller gains listed in Table 6-1
and a step increase in interface load. The 0.3 s sample period was chosen for the
experimental tests. A 12 s sample period yields an unstable system.

6.4 Interface settling time selection

The interface settling time was chosen as 50 s as discussed in section 6.2.1. The maximum
temperature fluctuation increases with settling time, as shown by Eq.(6.21); therefore, in general,
it is desirable to minimize the settling time. However, the control algorithm must also consider
the physical limits of the control system. For example the commanded response of the valve
required to achieve a small settling time may be unrealistic if the torque or speed required
exceeds the maximum performance that can be obtained from the valve stepper motor.
Additionally, a robust control scheme must consider the system response to noise; an overly
aggressive control scheme will cause the system to continually and significantly respond to noise
(e.g., noisy temperature measurements), which can lead to instability and unnecessary wear on
the control hardware. For this specific system it is assumed that the motorized valve has very
fast dynamics compared to the transient temperature behavior, therefore, the system sensitivity to

noise is the primary physical limit that should be considered when selecting the settling time.
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A LabVIEW program which simulates the transient behavior of the interface and includes the
physical parameters such as valve rotation was used to study the noise system limitation. The
LabVIEW program is included with the accompanying CD. Note that the program requires
LabVIEW v8.0 or later, the motion control toolkit, and the signal express toolkit. The interface
temperature is filtered using both a low-pass 15 Hz analog filter and a low-pass 100 Hz 5™ order
Bessel Infinite Impulse Response (IIR) digital filter. The filtered signal exhibits noise in the
0.005 to 0.03 K range; 0.03 K noise is used in the model to determine upper limit of the effect

signal noise.

Figure 6-11 (a) shows the interface valve response to a random 0.03 K noise with the controller
gains listed in Table 6-1. Figure 6-11 (b) shows the corresponding change in interface
temperature. The valve rotates by + 20° which causes the interface temperature to fluctuate by
+0.002 K. In this case, the wear on the valve could be significant and is more important than the
relatively small temperature fluctuations. The valve rotation and interface change for 100 and 20
second settling times are = 5° and + 60° and 0.001 K and 0.01K. The 50 second settling time
chosen for experimental testing nominally balances maximum temperature fluctuation and noise

sensitivity.
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Figure 6-11: Interface response to signal noise with a settling time of 50 s. The interface valve (a)

and interface temperature response (b) are shown.
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State block diagrams for the (a) cold head and (b) interface showing the detailed relationships between the hardware
physical parameters such as effective interface refrigeration, mass flow, and valve flow coefficient for the interface, and
pulse tube refrigeration, compressor stroke, and variac voltage for the cold head.
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7 Comparison of Modeled and Experimental Controlled
Temperature Response

The control algorithms for the cold head and interface developed in Chapter 6 are implemented
using LabVIEW software interfaced with the control hardware discussed in Chapter 2. The
controlled system performance is studied using step changes in interface load that are applied by
the resistance heater connected to the cooling loop. Figure 7-6 shows that with a 0.5 W interface
load step increase, the maximum interface temperature fluctuation with no control, pulse tube
refrigeration control using cold head temperature feedback (controller 1), pulse tube refrigeration
control using interface temperature feedback (controller 2), and both pulse tube refrigeration
control using cold head temperature feedback and interface valve control using interface
temperature feedback (controller 3) was 1.8 K, 0.35 K, 0.15 K and 0.08 K, respectively. The

additional temperature control afforded by the interface valve is discussed in this chapter.

The predicted and measured interface temperature response is compared in Figure 7-9 for a step
increase and a step decrease in the interface load. The model predicts the maximum temperature
fluctuation to within 40% for the step increase in interface load and to within 7% for a step
decrease in interface load. The settling times were 100 s and 70 s for the increase and decrease
in load, respectively, as compared to 50 s predicted by the model. Note that the results in this
chapter show steady operating temperatures near 215 K, while the results from Chapter 3 show
temperatures near 140 K. The pulse tube developed a leak and had to be repaired; the pulse tube
performance significantly decreased after the repair. The cause of the decreased performance
has not been identified. Fortunately, the temperature control concept presented here is valid at
any temperature, so the results at higher temperature are valid for predicting lower temperature

operation.
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7.1 Uncontrolled and Baseline Control Experimental Results

Figure 7-1 shows the experimental cold head and interface temperature response to a 0.5 W step
increase in interface load with no control system. The uncontrolled response is similar to the
response studied in Chapter 4; the interface temperature increases by 0.35 K on the short time
scale associated with its own thermal mass (~20 s) and the cold head temperature increases by
1.8 K according to its own time scale of ~1000 s. On the longer time scale, the interface

temperature response follows the cold head.
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Figure 7-1: Interface and cold head temperature response to a 0.5 W step increase in interface

load with no temperature control

The transient response of the system to a step increase in distributed load with the cold head
temperature controlled via feedback that regulated the pulse tube refrigeration (i.e., control of the
variac voltage) was studied. Figure 7-8 (a) shows the State Block Diagram (SBD) of the system
in this configuration. The response of the interface with cold head control only is used as a
baseline to demonstrate the additional temperature control that is available with the interface
valve that would not be available in a conventional system. Figure 7-2 shows the interface (a)

and cold head (b) temperature response to a 0.5 W step increase in interface load. The interface



103

temperature rapidly rises 0.35 K, as it did in the completely uncontrolled case; the thermal mass
of the cold head requires 100’s of seconds to respond and therefore the control algorithm
computed based on cold head temperature fluctuation will not respond quickly enough to
regulate the interface temperature during its initial, rapid temperature increase. However, the
interface temperature does not increase beyond the initial 0.35 K deviation over the long term as
the cold head refrigeration is adjusted to maintain a constant cold head temperature. Note that
the interface exhibits steady state error as the interface temperature is not explicitly controlled.
Additionally, the experimental test with cold head control only is much shorter than the

uncontrolled test as the system reaches steady state more rapidly.
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Figure 7-2: Interface (a) and cold head (b) temperature response to a 0.5 W step increase in
interface load with pulse tube refrigeration control using cold head temperature

feedback.

Another baseline test was performed where the pulse tube refrigeration was regulated based on
the interface temperature error. Figure 7-8 (b) shows the SBD of the system in this
configuration. The performance of the system based on the interface temperature fluctuation is

significantly improved, as shown in Figure 7-3. The maximum interface temperature fluctuation
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is 0.15 K and the settling time is about 200 s. The interface temperature is controlled by the

decreasing cold head temperature, which provides an effective interface refrigeration defined as:

AGp ey 1, = Mg Cp Al (7.1)
where Aq; . 1. 1s the effective caused by a change in cold head temperature (A7), i is the

nominal cooling loop mass flow rate, and ¢, is the specific heat of Helium listed in Table 5-1. A

pictorial representation of Aq; ,._.4 - is shown in Figure 7-8.
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Figure 7-3: Interface (a) and cold head (b) temperature response to a 0.5 W step increase in

interface load with pulse tube refrigeration control using interface temperature
feedback.

The physical model shown in Figure 7-8 highlights the assumption that the dominant interface
cooling, when control is provided adjusting the pulse tube refrigeration, is provided by the

change in cold head temperature (Ag I r—eff T, ), and not the change in cooling loop mass flow
(Aq; y—efr s )- The pulse tube refrigeration is adjusted via compressor stroke, which affects the

pressure differential driving the helium through the distribution loop. However, Figure 7-4
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shows that experimentally, the effective interface refrigeration from the changing mass flow is

small compared to the refrigeration from the changing cold head temperature.
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Figure 7-4: Effective interface refrigeration for the controlled 0.5 W step response shown in

Figure 7-3 where the pulse tube refrigeration is adjusted using the interface
temperature feedback.

7.2 Full Control Experimental Results

The interface temperature response is more tightly controlled when both the cold head and
interface control are employed as shown in Figure 7-5. The maximum interface temperature

fluctuation is reduced by a factor of 4 (compared with AT feedback control of Ag,, : Figure
7-2) and a factor of 2 (compared with AT feedback control of Ag,, : Figure 7-3). The settling

time is reduced to about 100 s. Note that the interface temperature has no steady state error as it
is explicitly integral controlled. Additionally, the maximum temperature fluctuation here is
limited by hardware specific to this demonstration of the PT/RI concept. Tighter temperature
control could be achieved, for example, with a more aggressive control strategy (i.e. larger

interface controller gains), which would require feedback signals with less noise. This
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improvement could be accomplished with better wire shielding, additional filtering efforts, or use

of an observer [1] with observer temperature feedback.
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Figure 7-5: Interface (a) and cold head (b) temperature response to a 0.5 W step increase in

interface load with a cold head and interface temperature control.

7.3 Comparison of Experimental Results

The transient responses to a 0.5 W step increase in interface load with the four controller
implantations: no control, pulse tube refrigeration control using cold head temperature feedback
(referred to as controller 1), pulse tube refrigeration control using interface temperature feedback
(referred to as controller 2), and both cold head and interface control (referred to as controller 3)
are compared in Figure 7-6(a). Clearly, the responses with control have reduced temperature
fluctuation compared with the uncontrolled test. Figure 7-6(b) show same data displayed in

Figure 7-6(a), but it focuses on the interface temperature data with control.
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Figure 7-6: Interface temperature response to a 0.5 W step increase in interface load with: (a)

no control, pulse tube refrigeration control using the cold head temperature
feedback or interface temperature feedback, and both cold head and interface
control and (b) cold head control only and both cold head and interface control.

Figure 7-6 shows the system experiences a smaller temperature fluctuation when the interface
temperature is explicitly controlled using either the interface valve (controller 3) or the pulse
tube refrigeration (controller 2). Additionally, the system disturbance rejection, characterized by

the maximum temperature fluctuation and settling time, is only marginally better using controller
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3 compared to controller 2. This result was somewhat unexpected as controller 2 must change a
high energy state to regulate the interface temperature, where controller 3 changes a low energy
state to regulate the interface temperature. The cold head thermal mass requires a relatively large
amount of energy to change and is therefore considered a high energy state, whereas the cooling
loop mass flow can be adjusted quickly with little energy and is a low energy state. Therefore, it
was expected that controller 3 would show a significantly better disturbance rejection than

controller 2 as controller 3 can adjust the effective interface refrigeration with less energy.

The unexpected performance of controller 2 is explained by Figure 7-7 which shows the cooling

rate related to the manipulated state (i.e. pulse tube refrigeration Ag,, for controllers 1 & 2 and
Aqy —ef i for controller 3). Controller 2 requires 2.5 times the change in pulse tube cooling

power required for steady state, while controller 3 only requires 1.2 times the change in effective
refrigeration for steady state. The maximum temperature fluctuation with controller 2 is
nominally double as that with controller 3. Controller 2 therefore requires about 4 times more
manipulated cooling rate change capacity than is needed for controller 3. Therefore, the
fundamental advantage of using the interface valve is the reduction in cooling rate capacity
required to regulate the interface temperature. For a given pulse tube, the interface valve extends

the range of distributed loads for which the system can achieve a desired temperature control.

Unfortunately, this range extension was not plainly demonstrated with these tests, as the pulse
tube refrigeration did not reach its saturation limit in the test shown in Figure 7-3 and Figure 7-7.
Additionally, the performance with controller 3 could have been improved with more aggressive

controller gains while controller 2 would quickly reach hardware limitations if its gains were
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increased. Controller 3 gains were limited for testing because of noise related issues discussed in

Chapter 6.

Ag ; with pulse tube refrigeration
P control w/ AT; feedback

with pulse tube refrigeration control
+ Aq[ ,—eff ,m  w/ AT feedback and interface valve
control w/ AT, feedback

Refrigeration [W]

800

Figure 7-7: Manipulated cooling rate for the controller 2 (pulse tube refrigeration control using
interface temperature feedback), and controller 3 (pulse tube refrigeration control
using cold head temperature feedback and cooling loop mass flow control using
interface temperature feedback).

A current typical method for controlling distributed loads is via a conductive strap (e.g., a copper
bus bar), which thermally links the cold head and the interface. In this configuration, the pulse
tube refrigeration is adjusted using the interface temperature as feedback; this control method is
referred subsequently as controller 0. The PT/RI system with controller 2 offers two main
advantages compared with controller 0. First, the conductive straps are large and inflexible
compared to the tubing used to distribute the cooled Helium with the PT/RI system. The tubing
is therefore much more convenient than conductive straps to distribute over long or complex
pathways. The second advantage with controller 2 is that the time scale with which pulse tube
refrigeration adjustments are applied to the to the interface is shorter than the corresponding time
scale for controller 0. The rate at which controller 2 can change effective interface refrigeration

is limited by the cold head thermal mass and the time required for the helium to leave the cold



110

head and reach the distributed load. The rate at which controller 0 can change the effective
interface refrigeration is limited by the cold head thermal mass and the thermal resistance of the
conductive strap. For any considerable distance, the conductive strap will either be resistive or
massive and therefore controller 2 can change the interface refrigeration more rapidly than

controller 0.

Controllers 2 and 3 can provide nominally equivalent performance (within a factor of 2) with
regard to control authority under certain circumstances, as shown by the controlled temperature
response in Figure 7-6 (b). However, controller 2 has two main hardware restrictions that can be
avoided using controller 3. The first limitation with controller 2 is related to the relatively large
amount additional pulse tube cooling capacity required to adjust the effective interface
refrigeration for this configuration, as previously shown in Figure 7-7. The second limitation
with controller 2 is related to its off-design performance. If the steady state load changes
significantly, the required pulse tube performance relative to cold head temperature and cooling
loop mass flow will be unbalanced and may fall outside the available performance map. For
example, with controller 2 if the load is significantly increased, the cooling loop mass flow is
fixed and only by significantly reducing the cold head temperature can the system control the
load change. However, it may not be possible to achieve the required cold head temperature
reduction even at full stroke due to limitations in the steady state performance shown in Figure
3-5. Controller 3 adjusts the mass flow and therefore does not require the cold head temperature
to change; the pulse tube performance map constraint will therefore be satisfied over a wider

range of distributed loads.

The choice of whether to include cooling loop valve control must consider the required

temperature control performance as well as the expected range of distributed loads. If the
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temperature control achievable with the controller 2 configuration is acceptable, and if the
distributed load is relatively static, it is likely not worth the additional complexity of
implementing the cooling loop valve control. The valve can be adjusted statically to achieve the
desired nominal operating point manually, but would not be dynamically controlled. Automatic
interface valve control and controller algorithm 3 can be implemented for: tighter temperature
control, a larger envelope of manageable distributed loads, or for systems with multiple
distributed loads and interface loops connected to a single cold head, which require the ability to

individually adjust the effective interface refrigeration for each loop.
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Figure 7-8: State block diagrams for the baseline control case where the pulse tube refrigeration is regulated using (a) the cold head

temperature feedback and (b) interface temperature feedback.
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7.4 Comparison of Predicted and Experimentally Measured
Controlled Temperature Response

Figure 7-9 shows the comparison of the predicted and measured interface temperature response
with both cold head and interface control (controller 3). The model is compared with the
experimental results for both a step increase and step decrease in the interface load in order to
demonstrate that the control algorithm and modeling efforts are valid for both positive and
negative load fluctuations. The model predicts the maximum temperature fluctuation to within
40% for the step increase in interface load and to within 7% for a step decrease in interface load.
The settling times were 100 s and 70 s for the increase and decrease in load, respectively, as
compared to 50 s predicted by the model. The differing absolute responses between the increase
and decreased interface load suggests that the commanded and actual effective interface

refrigeration (Aq; ,_;*) and (Aq; ,_.; ) are not equal.

The primary uncertainty in the model relative to the discrepancy in commanded and provided
effective refrigeration is the relationship between the mass flow rate and valve position; this
relationship is based entirely on the theoretical equation provided by the valve manufacturer and
has no in-situ empirical validation. ~ Note that Chapter 3 does discuss an empirical model for
mass flow rate; however, the interface valve used to develop this model was different than the
valve used to implement the control strategy. Suggestions for further work in this regard include
experimental validation of the valve position/mass flow relationship using the same method
discussed in Chapter 3. Additional systems identification efforts beyond the scope of this project
including frequency response methods which could be used to further increase the accuracy of

the model.
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8 Conclusions

8.1 Experimental Verification of Pulse Tube Rectified Interface
Concept

The two primary purposes of this research were to demonstrate Pulse Tube Rectifying Interface
(PT/RI) concept as a means to cool distributed loads and to investigate the use of the interface
valve to provide additional temperature control. The transient responses with no control and
with three different control algorithms were compared experimentally; the results are used to
discuss the extension of distributed load management that is available by controlling the
interface valve due to the reduction in the required controlled cooling capacity (Section 7.3). For
this specific system, the amount of additional dynamic cooling capacity required for a desired
interface control was reduced by a factor of 4 when the interface valve was used to regulate the
interface temperature as opposed to the pulse tube compressor. The fundamental dynamic
advantage associated with the valve is the ability to adjust the effective interface refrigeration by
manipulating a low energy state which can be rapidly changed with minimal power (i.e. interface
mass flow), rather than manipulating than the high energy state which requires significantly more
power to adjust (i.e. cold head temperature). Additionally, the valve control extends the steady

state operation map available with the PT/RI system.

The additional complexity associated with including the interface valve with the PT/RI system is
not warranted for all distributed loading situations; when large temperature fluctuations are
acceptable, the pulse tube refrigeration capacity is large relative to the distributed load
fluctuations, and the distributed load is not expected to change significantly from a nominal
operation point, then controlling the interface temperature using the pulse tube compressor is

sufficient (i.e., a fixed orifice can be used to regulate the flow through the cooling loop). The
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interface valve should be implemented if tighter temperature control is desired, a large envelope
of distributed loads is expected, or the system has multiple distribution loops which require

individual adjustment of refrigeration.

8.2 Controller Design Process

The controller development process discussed in this report is meant to be a guide for the
development of control strategies for PT/RI systems. The following numbered list is a summary
of the controller design process used in this research, which was ultimately used to determine the
controller gains in a closed form solution. Note that many of these steps are not absolutely
required but these steps provide a guidance relative to the important design considerations and at
least one method of addressing these considerations. The design process assumes that: the
cryocooler system incorporates the rectifying interface with the pulse tube, the system uses both
pulse tube refrigeration and cooling loop mass flow control (controller 3 in chapter 7), the system
uses Proportional-Integral (PI) control for both the interface and cold head, the pulse tube and
interface valve have been sized correctly relative to the expected magnitude of the distributed
load, and the nominal operating conditions such as pressures, temperature, cooling loop mass

flow, and thermal capacities are known.

1. Perform steady and uncontrolled transient performance experimental tests similar to those

shown in chapter 3.

2. Create a non-linear model using experimental data which captures steady state and

transient behavior, as shown in chapter 4.
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Create a linear model which captures the dominant relationships within the system, as
shown in chapter 5, verify linear model through comparison with the complete, non-

linear model.

Select a damping ratio that is appropriate for the interface; for example, a damping ratio

of 1/4/2 generally yields a system that balances stability and performance (i.e., the

maximum temperature fluctuation shown in Figure 6-4 (a).

Use the desired maximum temperature fluctuation to a step change in interface load and

the damping ratio to calculate the required settling time as shown in Figure 6-4 (b).

Controller gains can be calculated in closed form using the settling time and damping

ratio with the analog control model as shown in Chapter 6.2.1

Select the cold head damping ratio; a damping ratio of 0.9 was chosen for this experiment

to ensure the stability of the cold head temperature.

Select the cold head settling time to be 10x greater than the interface settling time. This

ensures eigenvalue separation and avoids the possibility of a resonance.

Calculate the cold head control gains using the cold head damping ratio and settling time,

as shown in Chapter 6.2.2

The controller must compute the physical hardware change that is required to provide the
desired refrigeration. For example, as shown in Figure 6-12, the interface refrigeration is
adjusted via the cooling loop mass flow which is a function of the cooling loop valve

rotational position and corresponding flow coefficient (C,).
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11. Create a digital model of the interface to study the effect of control loop sample rate on
performance.  Ensure that the analog model sufficiently predicts the digital
implementation and that the control loop sample rate is well above the sample rate

associated with instability.

12. Implement the control strategies in hardware, verify and tune system to achieve desired

temperature control.

8.3 Future Recommendations

The PT/RI system tested here was relatively simple and primarily used to demonstrate the
additional control available using the rectified interface system. It would be possible further
extend the ability of the system to control interface temperatures using both software and

hardware modifications.

1. The pulse tube refrigeration performance dependence on valve position could be
decoupled to further regulate the cold head temperature. Figure 7-5 shows that the cold
head temperature fluctuates 0.3 K for a 0.5 W step load with control algorithm 3 (Chapter
7 describes this controller). The cold head temperature fluctuation is partially related to
the decrease in pulse tube refrigeration when the cooling loop mass flow is increased as
shown in Chapter 3. If the pulse tube refrigeration was simultaneously increased when
the cooling loop mass flow was increased (i.e. a feedforward command to the pulse tube
compressor based on the empirical relationship pulse tube performance and interface
mass flow), the cold head temperature fluctuation would decrease, subsequently

providing better interface temperature control.
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2. The interface valve control was limited by the noise in the interface temperature feedback
signal. A cleaner signal could be achieved in hardware by better wire shielding, or in
software using an observer [1] where the observer interface temperature is used as the

interface feedback signal.

3. The range of dynamic distributed loads that could be managed by the PT/RI system, and
the maximum temperature fluctuation performance of the system could be improved by
using a parallel system of valves for each distributed loads which provides partitioned
state feedback [2]. A large valve driven by the integral control signal (I in the PI
controller) could be used to control the long term, steady mass flow changes which may
be relatively large. A smaller valve driven by the proportional signal (P in the PI
controller) would then be used to regulate the short term smaller mass flow changes.
This cascaded system would have fine enough resolution to make rapid small mass flow
adjustments which is useful at the beginning of a step response or for small changes in
interface load. Additionally the system could provide large changes in mass flow which
is used for the remainder of the step response and large changes in the steady distributed

load magnitude.

4. Additional systems identification efforts could be used to tune the control system.
Frequency response methods or ARMAX modeling [3] could be used to create a better
model of the uncontrolled and controlled system behavior. These models would be used
to make changes to the control algorithm to optimize the performance with a given set of

hardware.
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Appendix A — Mass Flow Data Point Omission

Chapter 3.7 mentions the omission of the mass flow data point for 80% stroke and % open valve
setting. A decrease in stroke reduces the pressure difference between the high and low pressure
buffers and therefore should reduce the mass flow through the cooling loop. Additionally, a
decrease in cooling loop valve opening should reduce the cooling loop mass flow. The mass
flow data in for all stroke and valve settings follows this trend, except for the 80% stroke, Y4
open valve setting (with all data points the mass flow is 0.17 g/s). It was noted that the no-load
data point for this particular control combination was taken on a different day than the rest of the
data in the set and this measurement was a clear outlier relative to the load curve shown in Figure
3-10. When this no-load data point is excluded from the calculation, the mass flow calculated for

the 80% stroke, %4 open valve setting fits the expected trend for mass flow.

Figure A-1 and Table A-1 summarize the mass flow and parasitic load with the exclusion of the
no load data point from the 80% stroke, 4 open valve setting. The omission of the no-load
operating point reduces the calculated mass flow rate from 0.17 g/s to 0.14 g/s, which follows the
expected trend for a decrease in valve opening. For modeling purposes, the no-load data point is

subsequently left out of the mass flow calculation.
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Figure A-1: Load curve for 80% stroke, valve ¥ open highlighting the change of excluding the

Table A-1:

no load data point from the mass flow and parasitic load calculation.

Mass flow and parasitic load data for 80% stroke, ¥ open valve setting showing the difference
when the no load data point is cut out.

Stroke Valve setting  Slope (1) Parasitic(q'p)

with no load data point 80% Y4 open 0.17 g/s 10.1 W
without no load data point 80% Y4 open 0.14 g/s 7.0 W
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Appendix B - Matlab Script for Digital and Analog Simplified
Linear Interface Model

%linear digital and analog thermal model for PT/RI system - interface

clc;
clear all;
close all;

kp = 1.64; %[W/K] proportional gain

ki = 0.192; %[W/K-s]integral gain

cp=5.2e3; %[J/kg-K] helium specific heat

C_1=15; %[J/K]interface thermal mass

m_dot_0=0.145e-3; %[kg/s]nominal mass flow

T_desired=0; %[K] desired temperature fluctuation
zeta=(m_dot_O0*cp+kp)/(2*sqrt(ki*C_1)); %damping ratio

T _settling=4*sqgrt(ki*C_I)/(ki*zeta); %[s] settling time

Ts = [0.01 0.3 10 12]; %[s] sampling period vector
T end = 100; %[s] simulation total time
Tau_ 1 = C_1/(m_dot_0*cp); %interface thermal time constant
a = 1/Tau_Il;

q l mag = 1; %[W] interface load step magnitude

%create place holders for Temperature matrix
T_dr=zeros(T_end/Ts(1)+1, length(Ts));
%create place holders for Time matrix
time_dr = zeros(T_end/Ts(1)+1,length(Ts));

%create closed loop dynamics for varying sample time

for 1=1:length(Ts)

fs(i) = 1/Ts(i); %[Hz] sampling frequency

time = 0:Ts(i):T_end; %simulation time space
z=tf("z",Ts(i)); %makes expressions with "z" in them z-transfer functions
step = ones(length(time),1); %step heat input

G_c = -(/(1-z2(-D))*ki*Ts(1) + kp); %Digital Pl controller

Gpl = -1;

%2nd part of parsed model
Gp2 = 1/(cp*m_dot 0)*(1-exp(-a*Ts(i1)))/(z - exp(-a*Ts(i)));
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G_loop = G_c*Gpl*Gp2; %loop gain
G_dr_cl = Gp2/(1+G_loop); %closed loop disturbance response
%simulate a step heat input

[T_dr_1 time_dr_1]=Isim(q_l_mag*G_dr_cl,step);

%insert temperature and time values into matrix
for j=1:length(time)
T dr@,1)=T_dr_1(J);
time_dr(g,1)=time_dr_1();
end
end

%Calculate effective refrigeration in Digital model
for j=1:length(time)

T error(J,1)=T_dr(j,i)-T _desired; %interface temperature error
q | _eff p(§,1)=kp*T_error(j,i); Y%proportional control
if j::

%integral control for first step
q l eff 1(,1)=ki*Ts(i)*T_error(J,i);
else
%integral control
ql eff 1g,D)=q_ 1l eff 1(-1,i) + Ki*Ts(1)*T_error(j,i);
end
%total refrigeration - negate to make signs for control work
q_l_eff_tot,)=-(q_l_eff_1g,i)+qg_l_eff p(J,i));
end

%Digital Model - end

%Analog model
%*************************************************************

time_a=0:0.1:T_end; %Analog time vector

step_a = ones(length(time_a),1); %step heat input

s=tF("s"); %makes expressions with "s" in them continuous transfer functions
G_c_a=(kp + ki/s); %analog Pl controller

Sys a=1/C_1*1/(s + cp*m_dot _0/C_1); %interface thermal system
G_loop_a=G_c_a*Sys_a; %controlled interface loop gain
G_dr_c_a=Sys_a/(1+G_loop_a); %closed loop disturbance response transfer
function

[T_a time_a]=Isim(g_l _mag*G _dr_c_a,step_a,time_a); %simulates step heat input

%*************************************************************

% AEAAAIAAAIAAAAIAAAXAAAAAAAAAXAAAAAAAAAAhXk

Ffigure(l) %disturbance response comparing analog and digital models
plot(time_a,T_a,"b.",time_dr(:,2),T _dr(:,2),"g+"),--.

axis([0 100 -0.05 0.3]),grid, ...

xlabel("Time [s]","FontSize",16, "FontWeight®,“"bold"), ...
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ylabel ("Distributed load temperature
[K/W] ", "FontSize",16, "FontWeight", "bold®), ...
set(gca, "FontSize",14,"XTick",[0:20:100], "YTick",[-0.1:0.1:0.3], - - -
*XMinorTick®,"on",*YMinorTick","on")

figure(2) %disturbance response using digital model - demonstrates unstable
control sample rate
plot(time_dr(:,2),T_dr(:,2),"g+",time_dr(:,3),T_dr(z,3), r*", ...
time_dr(:,4),T_dr(:,4),"ko"),axis([0 100 -2 2]),grid, ...
xlabel("Time [s]","FontSize",16, "FontWeight®,“"bold"), ...
ylabel ("Distributed load temperature
[K/W]*, "FontSize",16, "FontWeight®,"bold®), ...
set(gca, "FontSize",14,"XTick",[0:20:100], "YTick",[-3:1:4], - - .
"XMinorTick","on","YMinorTick","on")
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