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INTRODUCTION
The Laser Interferometer Space Antenna (LISA)
and other precision spaceflight missions require
gravitational reference sensors (GRS) for drag-
free control [1]. LISA uses laser metrology to
measure distance between proof masses in three
identical spacecrafts. The primary mission goal of
LISA is detecting the gravitational waves. The to-
tal acceleration disturbance to each proof mass is
required to be below 3× 10−15 m/s2

√
Hz. Opti-

cal path length variations on each optical bench
must be kept below 40 pm/

√
Hzover 1 Hz to 0.1

mHz. Thermal variations due to, for example, so-
lar irradiation, or temperature gradients across the
proof mass housing are expected to be significant
disturbance sources.

This article focuses on a thermal control system
developed for LISA gravitational reference sensor
(GRS) ground verification testing which provides
thermal stability better than 1 mK/

√
Hz to f < 1

mHz, and which by extension is suitable for in-
flight thermal control for the LISA spacecraft to
compensate solar irradiation.

Stabilizing the thermal environment against low
frequency disturbance is one of the most impor-
tant problems for LISA performance verification.
Lowering the sub-mHzthermal drift caused by di-
urnal variations is the main objective, with stabil-
ity requirement δT < 30 µK/

√
Hz for f > 0.01

mHzmeasured at the sensor. Our main concern
in the laboratory is the daily ambient temperature
variations which causes the thermal drift of the
GRS proof-mass support stage and the optical
path lengths. Hence the thermal control system,
which is discussed in this article, must be able to
reject such thermal disturbance in the very low fre-
quency band to realize the LISA level verification

[2], [3].

In a lab environment these specifications can be
met with sufficient insulation and thermal mass.
For spacecraft, the very limited thermal mass calls
for an active control system which can meet distur-
bance rejection and stbility requirements simulta-
neously in the presence of long time delay.

A simple proportional plus integral control law
presently provide approximately 1 mK/

√
Hz of

thermal stability for over 80 hours. Continu-
ing development of a model predictive feedfor-
ward algorithm will extend performance to below
1 mK/

√
Hzat f < 1 mHzand lower.

EXPERIMENTAL SYSTEM
Figure 1 shows a schematic of the experimental
system. The various layers of insulation corre-
spond roughly to the layers of thermal isolation
provided by the LISA spacecraft design [3], con-
structed from readily available lightweight materi-
als.
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FIGURE 1. Schematic of the experimental system



The GRS sensor test-object is placed in the center
of a double walled thin metal thermal enclosure,
analogous to the LISA internal shield. A precision
thermistor monitors the test-object with (< 100
µK/

√
Hz) noise. The enclosure is wrapped in

flexible insulation, and wrapped again with copper
foil. This coper foil surface corresponds roughly
to the LISA Y-tube surface, and here is temper-
ature controlled to high-precision by a heating-
pad/thermocouple feedback system. Surrounding
the enclosure and heater-pad apparatus is 2′′ of
foil-covered polystyrene foam insulation, labeled
igloo1 and igloo2, to create sealed control vol-
umes. An improved design would use a vacuum
enclosure.

The outer surface of igloo2 is maintained by a
temperature regulated air-flow system which re-
moves waste heat and provides 1st-order ther-
mal disturbance relaxation of ambient laboratory
temperature fluctuations. In this regard, the air-
flow system functions to provide approximately
the same level of thermal isolation, and stability
as should the first layer of thermal isolation pro-
vided by the spacecraft structure. The air-flow
point temperature is controlled by independent
SISO controllers, which is regulated by a bang-
bang control law operating a heater lamp and a
mechanical relay combined with steady cold air
flow from an air-chiller [4]. However, the air-flow
works only as a large heat sink, simulating for
space will be replaced with a cold radiator to deep
space. The ambient temperature can be indepen-
dently controlled using another system composed
of commodity supplies (thermostats and room air-
conditioners, for example). Note that our objec-
tive is not to reduce the disturbance itself, but in-
stead to generate a compensating input so that
net heat flux and thus temperature of the test ob-
ject is tightly controlled.

Two heating pads, our primary actuators, are
driven with an AC power source. They are in-
stalled at the top and bottom of the thermal en-
closure inside igloo2. Accordingly a continuously
variable computer controlled supply is the most
desired equipment. However, due to the limited
availability, the experiment is being conducted uti-

lizing a 24 Vac power source, the output level of
which is fixed. Therefore, the control program first
computes the numerical value of the heating pad
temperature (control signal) based on the desired
final output and then sets as the value obtained
as the reference track the reference of the control
signal. Since the band width of he heating pad
is significantly greater than that of the GRS, this
scheme performs very well to emulate a smooth
control input. Finally, the entire system is placed
within a clear plastic thermal tent, primarily to cut
down on air drafts.

Three temperature sensors are installed to mea-
sure the ambient temperature inside the thermal
tent, the heating-pad temperatures at the copper
foil outside double-walled enclosure, and the GRS
test-object inside. A typical time history of the am-
bient and GRS test-object temperature is shown
in Figure 2.
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FIGURE 2. Time history of typical daily ambient
temperature variation

The data was acquired without control authority
and reveals significant coupling between the am-
bient and the GRS temperatures, which makes it
difficult to reduce the fluctuations below the LISA
thermal requirement [5] at least with the limited
amount of thermal mass. Although the system has
multiple layers of thermal insulation, the GRS test-
object temperature is still varying roughly ±0.2
K, which is obviously too large fluctuation for the
LISA requirement.

In summary, the main objective of the experiment



is to develop robust control system that can sup-
press the ambient temperature variation as low as
possible to the LISA thermal requirement level by
using an active control algorithm in a limited ther-
mal mass environment at the low frequency band,
f ∼ 0.01 mHz. Ultimately, the control techniques
being developed through experiments could be
adapted to any types of systems that possess
large time-delays and their dynamics are heavily
dominated by them.

CONTROL SYSTEM
Figure 3 represents the control block diagram of
the entire system corresponding to Figure 1.
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FIGURE 3. Control system block diagram

Feedback and feedforward control loops are for-
mulated. As seen in Figure 2, the time delay
between the ambient temperature and the GRS
temperature is approximately 0.5 hours. Thus, by
measuring the future potential disturbance that af-
fects the GRS temperature beforehand and hav-
ing the controller compute appropriate commands
before the plant responds to the disturbance, the
feedforward controller provides effective first-order
disturbance reduction.

In addition to feedforward control, the system
takes advantage of the feedback loop. In general,
feedforward control performance largely depends
on how accurately sensing mechanisms are able
to predict the behavior of disturbance. The feed-
back control enhances the performance of reject-
ing the disturbance effects and adds robustness.
The feedback loop takes a measurement at the
sensor placed on the GRS. And the measured out-
put and the control command are fed to a Smith

regulator [6] [7] [8] to estimate the state so that
a PI controller can compute the command signal.
The parameters of the PI controller were deter-
mined from a mathematical model and numerical
optimization.

The physical plant is modeled as a combination
of a second-order system plus a single time-delay
element. The model parameters are fitted empir-
ically using least-square technique and MATLAB
simulations. Figure 4 demonstrates dynamics of
the plant in the frequency domain, which is em-
bedded in the estimator in Figure 3.
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FIGURE 4. Bode plot of the plant

EXPERIMENTAL RESULTS
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FIGURE 5. Time history of the first experiment:
heating pad temperature (control effort, top), GRS
temperature (output, middle), ambient tempera-
ture (disturbance, bottom)



Figure 5 demonstrates the 80-hour variation of the
GRS temperature (output) together with the heat-
ing pad (input) and the ambient temperature (dis-
turbance). The temperate is maintained approxi-
mately ±20 mK around 26.2 oC over 80-hour ob-
servation. As the daily ambient temperature cy-
cles in 24 hours, the GRS is still largely affected by
such a low frequency signal (∼ 10−5 Hz), which is
the major disturbance source.

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

Frequency [Hz]

T
em

pe
ra

tu
re

 S
ta

bi
lit

y 
[m

K
/r

t(
H

z)
]

← 1 mK/rt(Hz)

← 1 mHz

← 30 µK/rt(Hz)

← 0.01 mHz

FIGURE 6. Thermal stability of the GRS test-
object for 80-hour test

The mean square power spectral density of tem-
perature variations of the GRS test-object is pre-
sented in Figure 6. The thermal stability is approx-
imately 1 mK/

√
Hzabove 1 mHz.

CONCLUSION
The thermal experiment and corresponding re-
sults are presented. We have suppressed the
ambient temperate variations by a factor of 1,000
down to 1 mHz. We expect to extend the low fre-
quency suppression to 0.01 mHzand the ampli-
tude to less than 30 µK/

√
Hz.

The LISA thermal requirement is also illustrated
at the bottom left corner of the Figure 6. In order
to push the spectral density curve to the region,
two tasks are needed to be completed. Obviously,
in order to suppress temperature variations even
lower than the current level, the control algorithm
has to be improved. However, the ultimate per-
formance is limited by measurement noise from
sensors. Thus, in addition to continuing develop-
ment of the control system, for the better preci-
sion, less noise and more intermediate-term sta-

bility, improved measurement will be required [9]
to fully satisfy the LISA thermal requirement.
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