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INTRODUCTION
Laser Interferometer Space Antenna (LISA) aims
to detect directly gravitational waves from mas-
sive black holes and galactic binaries. LISA is
essentially a massive Michelson interferometer
placed in space with a third spacecraft added.
In Einstein’s theory of general relativity, the grav-
ity is due to curvature of spacetime, which is
caused by the presence of massive objects. The
gravitational waves are ripples in spacetime. As
the waves reaching to the vicinity of the Earth
pass through the LISA spacecraft, the fractional
change in interferometer arm length can be as
small as 10−21 m/m

√
Hz even for the power-

ful sources. LISA will monitor fractional changes
in the light-travel times across arms of a nomi-
nally 5 million km. For this reason LISA requires
gravitational reference sensors (GRS) for drag-
free control [1] and will achieve the required sen-
sitivity through minimizing spurious forces (non-
gravitational-wave force), which come from both
the environment and the spacecraft themselves.
The total acceleration disturbance to each proof
mass, which floats at the center of GRS, is re-
quired to be below 3 × 10−15 m/s2

√
Hz. Optical

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

√
Hz [2]. The job of the

spacecraft is to shield an internal proof mass that
falls freely, not attached to the spacecraft, from
external disturbances.

Several sources contribute to the disturbances
including magnetic force, cosmic rays, tempera-
ture fluctuations, residual gas pressure, and sen-
sor disturbance [2]. This presentation focuses on
minimizing the effects of thermal disturbances to
the proof-mass (PM). Thermal effects seem to be
an innocent problem to manage. However, lim-
ited thermal mass of the spacecraft and relatively
low frequency range, they calls for active com-
pensation mechanism to satisfy the requirements
particularly at low frequency range. P. L. Ben-

der [3] claims that the passive thermal isolation
clearly will become worse at frequencies substan-
tially below 0.1 mHz and suggests the need of ac-
tive temperature control systems as well as larger
gaps around the proof-mass: the current nomi-
nal gap size between PM and S/C is 2 mm. The
modular GRS (MGRS) has been proposed by the
team from Stanford University with the suggested
gap size of a few cm [4].

Thermal disturbances due to, for example, solar
irradiation, or temperature gradients across the
proof mass housing is expected to be significant
disturbance source to the LISA sensitivity require-
ments of ∆T < 30 µK/

√
Hz over 0.1 mHz to 1

Hz. Even a small temperature gradient can pro-
duce distortions in the housing structure, which
results in a change in the mass attraction force
[5]. Temperature fluctuations also cause radiome-
ter effects with residual gas pressure as well as
the net thermal radiation pressure.

Designing an active control system compensat-
ing low-frequency disturbance input is extremely
challenging. First of all, the temperature stabil-
ity requirement is significantly tighter compared to
other types of thermal control requirements. The
temperature profile of the spacecraft must be uni-
form to the order of 10−5 K/

√
Hz both tempo-

rally and spatially. Another challenging factor is
the time-delay. The Smith-predictor [6] is a ma-
jor control scheme that compensates time-delay.
Because we are also interested in spatial tem-
perature profile, the control system is required to
manage multiple outputs as well as multiple in-
puts in the presence of constraints. Thus, the
model predictive control (MPC) scheme is mainly
discussed in this paper even though some of the
experimental results were obtained through the
Smith-predictor scheme.

We have developed a thermal control system for



LISA GRS. For ground testing, the LISA specifica-
tion can be met fairly readily with massive amount
of insulation and thermal mass. Since the ground
testing facility is by extension suitable for in-flight
thermal condition to compensate external forces,
the test facility is designed to be analogous to the
spacecraft structure. Continuing development of
control algorithm and improvement of measure-
ment resolution will extend performance to below
than LISA coverage of super massive black hole
mergers.

EXPERIMENTAL SYSTEM
Figure 1 shows a schematic figure of the exper-
imental system. The various layers of insulation
correspond in a rough way to the layers of thermal
isolation provided by the LISA spacecraft design
[7], although various adaptations were necessary
to be consistent with resource availability. The
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FIGURE 1. The schematic of the experimental
system
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 a sealed control vol-
umes. The outer surface of igloo2 is maintained
by a temperature regulated air-flow system which
removes waste heat, simulating for space will be

replaced with a cold radiator to deep space.

Six heating pads, our primary actuators, are
driven with an AC power source. They are in-
stalled around the surfaces of thermal enclosure
inside igloo2 and two are installed outside igloo1
to create artificial temperature disturbance inputs.
Accordingly a variable controllable AC power sup-
ply is the most desired equipment. However, due
to the limited availability, the experiment is be-
ing conducted utilizing a 24 Vac power source,
the output level of which is fixed. Therefore,
the control program first computes the numeri-
cal value of the heating pad temperature inputs
(control signal) based on the desired final outputs
and then sets as the value obtained as the ref-
erence track the reference of the control signal.
Since the band width of the heating pad is signif-
icantly greater than that of the GRS, this scheme
performs very well to emulate a smooth control
input. Seven sensors are installed to measure
the ambient temperature inside the thermal tent,
the heating-pad temperatures, temperatures in-
side double-walled enclosure and the GRS test-
object. Finally, the entire system is placed within
a clear plastic thermal tent, primarily to cut down
on air drafts.

A typical time history of the ambient and GRS
test-object temperature is shown in Figure 2. The
data was acquired without control authority and
reveals significant coupling between the ambi-
ent and the GRS temperatures. 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 fluc-
tuation for the LISA requirement, 30 µK/

√
Hz.

PLANT MODEL
The physical plant is modeled as a combination of
a second-order system plus a single time-delay
element. The model parameters are fitted em-
pirically using least-square and MATLAB simula-
tions. Our plant model with p inputs and q outputs
is expressed in a state-space model.

˙x(k + 1) = Ax(k) + Bu(k − h) (1)
y(k) = Cx(k) + ζ(k)

where x is the n-dimensional state vector, u is
the p-dimensional control input vector, h is the
time-delay, w is the disturbance vector, ζ is the
q-dimensional measurement noise vector, A, B,
and C are system matrices with dimensions n×n,
n × n, n × p, n × 1, and q × n, respectively.
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FIGURE 2. Time history of typical daily temper-
ature variation

MODEL PREDICTIVE CONTROL
In this section, a MPC control law is developed
for a general case of MIMO LTI systems. Figure 3
represents the control block diagram of the entire
system. Feedback and feedforward control loops
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FIGURE 3. Control system block diagram
are formulated. The optimizer minimizes the cost
function given by

J(k) = ||Yd(k) − Y (k)||2
Q̂

+ ||∆U(k)||2
R̂

(2)

where Yd(k) is the Hp × q-dimensional reference
trajectory, Y (k) is the predicted outputs, ∆U(k) is
the Hp × p-dimensional input sequence, Q̂ and R̂
are the weighting matrices. In order to compute
the optimal control input by minimizing the cost
function, predicted outputs need to be computed
over the prediction horizon, Hp. The predicted
outputs is given by

Y (k) = G(A − KC)x(k) + GKy(k)
+ F1Up(k) + F2∆U(k) (3)

where, K is the observer gain,
G =

[
C,CA, · · · , CAh+Hp

]T , Up(k) =

[u(k − h), · · · , u(k − 1)]T past input trajectory,

F1 =



CB 0
...

. . . CB 0
CAh−1B · · · CAB B

...
...

CAh+HpB · · · CAHp+2B
∑p+1

i=0 CAiB


∈ ℜ(h+Hp+1)q×hp

and

F2 =



0 · · · 0
...

. . .
...

CB
. . .

...

CAB + CB
. . .

...
...

. . . 0 0∑p
i=0 CAiB CAB + CB CB


∈ ℜ(h+Hp+1)q×(Hp+1)p

Using Eq.(3), the cost function can be expressed
as a function of ∆U(k).

J(k) = ∆UT (k)H∆U(k) + 2b∆U(k) (4)

where

H = FT
2 Q̂F2 + R̂

b = ET
k Q̂F2

Ek = Yd(k) − G(A − KC)x(k) − GKy(k) − F1Up(k)

Note that the constant term in Eq.(4) is omitted.

If no specific constraints is specified, the optimal
input ∆U(k) is given by the least-square solution
that minimizes the cost function Eq.(4).

∆U(k) = H−1FT
2 Q̂Ek (5)

Otherwise, if constraints are present, the solution
is given by quadratic programming. In order to
add feedforward action to the controller, the inter-
nal model includes a dynamics of sinusoidal dis-
turbance temperature, which is given by

xd(k + 1) = Adxd(k)
w(k) = Cdxd(k) + ζd(k)

Moreover, the actual cost function account for the
estimate of disturbance effect that is given by

dest(k) = yplant(k) − ymodel(k) (6)



and then the cost function is finally expressed by
modifying the Ek:

Ek = Yd(k) − G(A − KC)x(k)
−GKy(k) − F1Up(k) − dest1⃗ (7)

where 1⃗ ∈ ℜ(h+Hp+1)q×1. The weighting matrices
Q̂, R̂, and the prediction horizon Hp are chosen
so that the control law Eq.(5) is stabilized.

RESULTS
Figure 4 demonstrates the portion of 30-day sim-
ulation of the temperatures measured at the sen-
sors together with the heating pad (input) and the
ambient temperature (disturbance). The temper-
ate is maintained approximately ±25 µK over 30-
day observation. As the daily ambient tempera-
ture cycles in 24 hours, the GRS is still affected
by such a low frequency signal (∼ 10−5 Hz). Dur-
ing the simulation, the disturbance temperature
was modeled as a sum of three sinusoidal waves,
d(t) =

∑3
i=1 Ai sin(ωit + φi). The mean squared
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FIGURE 4. Time history of the GRS test-object,
control input, and disturbance temperature
power spectral density of temperature variations
of the GRS test-object as well as some experi-
mental data is presented in Figure 5. The tem-
perature fluctuation is almost achieved below 30
µK/

√
Hz above 0.1 mHz.

CONCLUDING REMARKS
The simulation and corresponding past thermal
experiment results are presented. The result im-
plies that the control law will attenuate tempera-
ture variation as low as by a factor of 104 ∼ 105.
We are expecting to implement the control system
in our laboratory and demonstrate experimental
results at the annual meeting. In addition to con-
tinuing development of the control system, for the
better precision, less noise and more long-term
stability, improved measurement will be required
to fully satisfy the LISA thermal requirement.
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FIGURE 5. Thermal stability in the frequency
domain (below of dashed lines indicates the LISA
thermal requirement).
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