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Abstract: In this paper, the design and control of a thermal stabilizing system for
an Optomechanical Uncooled Infrared Imaging camera is presented, which uses an
array of MEMS bimaterial can tilev erbeams to sense an infrared image source. A
one-dimensional lumped parameter model of the thermal stabilization system w as
deriv ed and experimetally v alidated. A model-based discrete time Linear Quadratic
Gaussian Regulator(LQGR) control scheme, with a stochastic ambien t noise model,
w as implemened. The control system incorporates a reference model, which generates
desired reference temperature trajectory, and integral action to respectively diminish
overshoots and achiev ezero steady state error in closed loop. Simulation results
sho wthat the designed LQGR con trolleris able to enhance ambien ttemperature
low frequency disturbance atten uationby more than 50dB. The con trolsystem is
able to regulate the focal-plane array (FPA) temperature with a standard deviation

of about 100uK, in spite of tHact that the temperature measuremen

standard deviation of 1mK.

t noise has a
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1. INTRODUCTION

In many engineering applications involving tem-
perature sensitivity issues, it is required that the
temperature be regulated to within some oper-
ating range. T emperature stabilization systems
ha vebeen discussed in many publications. T em-
perature regulators that utilize P eltier junction
heat pumps and conven tional PID conrollers are
commonly used no vadays (Sloman et al., 1996).
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The temperature control system design presented
in this paper is part of a no velOptomechanical
Uncooled Infrared Imaging system, which utilizes
an arrayof MEMS bimaterial can tilev erbeams,
and it is currently under development by the au-
thors of this paper, (Zhao et al., 2001a), (Zhao et
al., 2001b). Infrared (IR) vision is an indispens-
able technology for night vision, surveillance and
na vigation through obscure en vironmerts. Our
uncooled IR imaging system consists of an ab-
sorption pad for IR radiation and a focal-plane
array (FPA) of about 300 x 300 pixels, with each
pixel containing a bimaterial cantilev er beam built
based on the MEMS technology, and shown in Fig.
1, (Zhao et al., 200 a). A low-pow er visible laser



Fig. 1. FPA built on MEMS technology.

is used to measure cantilever deflections for the
localized interferometry to project it onto a visible
charge-coupled device (CCD). A first prototype
of such an infrared system, which did not utilize
a thermal control system such as the one pre-
sented in this paper, was described in (Perazzo et
al., 1999). The new design has MEMS cantilevers
that have a much larger sensitivity than those
in the design presented in (Perazzo et al., 1999),
requires that the FPA temperature be regulated
to within a standard deviation of 100uK. This
yields a Noise Equivalent Temperature Difference
(NETD) standard deviation of 1.67mK (Zhao et
al., 2001b). The NETD of an IR imaging system
represents the resolution of the target tempera-
ture, that can be measured by the device. This
paper describe the design of a thermal stabilizing
system for the IR imaging system. The design
was carried out in two stages. In the first stage
a passive thermal shield design was invented to
maximize the attenuation of ambient temperature
fluctuation while still maintaining a high sensi-
tivity to the IR source. The second stage of the
design involved feedback control. After obtain-
ing stochastic models of the ambient temperature
noise disturbances and sensor noise, a Kalman
filter observer was designed to estimate the FPA
temperature and a Linear Quadratic Gaussian
Regulator was implemented to regulate the FPA
temperature. The control system was designed in
order to enhance low frequency ambient tempera-
ture disturbance attenuation without significantly
degrading the device’s sensitivity to the target IR
temperature.

2. DESIGN AND MODELING

A SEM photograph of the fabricated FPA is
shown in Fig. 1. A schematic depiction of the
camera is shown in Fig. 2. The bimaterial can-
tilever deflection, as its temperature rises due to
absorption of the incident infrared radiation, is
proportional to the change in temperature of the
beam and also to the difference between the ther-
mal expansion coefficients of the two cantilever
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Fig. 5. Power spectrum density of ambient tem-
perature.

materials. An optical system using visible light
simultaneously measures the deflections of all the
cantilevers of the FPA, and collectively projects
a visible image of the spatially-varying IR radi-
ation onto a visible CCD or CMOS array. As
shown in Fig. 2, the FPA is surrounded by a
heat shield, which consists of a copper cylinder
and a thermally conductive sapphire plate. This
shield isolates the FPA from fluctuations in the
ambient temperature T,. The sapphire plate is
transparent to laser light, allowing the laser to be
used as an interferometry measurement system to
obtain an image from the FPA. A thermo-electric
peltier junction heater/cooler comprises the ther-
mal actuator, which is capable of adding heat to or
removing heat from the system. A thermistor on
the side of the copper ring senses its temperature
T.y. Another thermistor is attached to the vacuum
chamber to measure the deterministic initial am-
bient temperature. The thermal shield has a low
thermal resistance for the copper cylinder (Recu1),
as shown Fig. 3 and so does the sapphire plate.
However the thermal resistance between the FPA
and the copper cylinder (R.s;) is chosen to be
relatively high, in order to isolate the FPA from
the regulated thermal shield. As a consequence,
the thermal system provides a large amount of
attenuation in open loop, (—50 ~ —100dB) in the
range of (0.002 ~ 10Hz) from the disturbance
T, to FPA temperature T,,, as shown in Fig.
4. An one-dimensional lumped parameter model
was used to model the thermal system taking
into account of thermal capacitance and thermal
resistance of the copper block and sapphire and
silicon plates in Fig. 3. Fig. 5 shows the power
spectrum density of the measured ambient tem-
perature in the lab where the IR imaging sys-
tem is located. Based on this data, a model for
the ambient temperature fluctuations was derived
which consists of a critically damped second order
linear dynamic system with a cut-off frequency of
2.5 x 1072 [rad], which is excited by zero mean
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Fig. 6. Augmented system with a linearized ther-
mal plant, an actuator model and an stochas-
tic noise model.

white noise w(t) E(w(i)w(j)T) = W;;, where
W = 1600 [K?] (obtained from the measurement
in Fig. 5) and 0;; is the Kronecker delta. A high
sensitivity thermistor and analog bridge circuit
were used to measure the copper ring temperature
with a ImK measurement noise standard devia-
tion.

3. CONTROL LAW
3.1 The Kalman filter for the linearized plant

The closed loop system was designed based on a
discrete time linearized thermal plant which in-
cluded the third order lumped parameter thermal
model depicted in Fig. 3, the identified ambi-
ent temperature stochastic noise model and an
empirically found actuator dynamics. An aug-
mented system for the observer and the controller
was constructed as shown in Fig. 6. The aug-
mented system consists of the plant state z, =
[Tew Tsa Tsi]', where T., is the copper ring
temperature, T, is the sapphire plate tempera-
ture and Ty; is the silicon substrate temperature,
the actuator state zy and the noise model state
TN = [Tn1  Tn2)?. The state zx is not control-
lable from the control input u, ;) but is stable and
it is only of a stochastic nature.

Tp(t+1) Tp(t) Uq
) | =Aa | Ty | +Ba | To | +Gaw(?)
TN (t+1) TN(t) T;

ie.,

Xat+1) = Aaex6) Xa(t) + Ba(6x3)Ua(t) + Gaw(t)

Yat) = CaXay +0(2),

(1)

where w(t) and v(t) are white noises, which have

the following properties

E(w(t)) =0, E(w(@w(j)") =W
E@w(t) =0, E@(iw()T) = Véy.

In addition, the deterministic mean values of

the ambient and target temperatures, respectively
T, and T}, are also considered as inputs to the



system given by Eq. (1) and depicted in Fig. 6.
The output of this system is the copper cylinder
temperature T,, and only T, is penalized by the
controller. Therefore, the corresponding B, and
C, are

B, = [Bai(6x1) Ba26x1) Bas(ex1)]
C,=[1 000 0 0]

Given the detectable pair (A4,,C,) and the sta-
bilizable (A,, B,), there exists a steady state
Kalman filter gain, which is given by M, =
¥,0T(C8,CT 4+ V)™, where ¥, is the solution
of the following algebraic Riccati equation

Y = A8 AT + G, WGT

2
—4,5.0T (x0T +v)Tlex, AL @)

Using the Kalman filter gain M, from Eq. (2) and
the system parameters in Eq. (1), an optimal state
estimator can be constructed as follows

Xa(t+1|t+1) = (I - Msca)AaXa(t\t)

3
+(I - Msca)Baut + Msyt+1- ( )

3.2 Integral action and reference model for the
desired trajectory

An integral action control was implemented to
compensate for the detrimental effects of constant
disturbances (Bitmead et al., 1990). Define the
tracking error as e; = y, — vy, where y, = Ty, is
the copper ring temperature and y, = Ty, is the
reference temperature trajectory. The incremental
tracking error integral is given by

Liw=L+e=L+CyXq—yr (4)

A second order linear dynamic system with an
unit static gain was chosen for the reference
model.

Tre41) = Arex2)Trr) + Briax1)Ur(r)
Yr(t) = Cr(1x2)Tr(1)

Utilizing Eq. (5) and Eq. (4) with the plant model
Eq. (1) the linear quadratic tracking problem can
be reformulated into a standard linear quadratic
regulation of the following composite system with
an extended state.
Xa t
xiruck — It( )
Tr(t)

The state equation for 2{"4°* is then obtained by

combining the state equations of X, I; and
Tr(t)- Ur() 18 & constant set-point.

Aaexe) Oex1 Opxa2
track __ track
Z’t+1 = Ca 1 _CT‘(IXQ) Ty
O2x6  O2x1 Ar2x2) (6)

" Baiex1) O7x1 ](%(t))
O3x1  Brixi) | \(Ur@)

yireck is given by
Uit = Yoy — Yr(ey) + 9e i

— Crtrackwirack — [Ca e _ CT] track: (7)
where g, is the weighting factor between the track-
ing error and the incremental tracking error. Mul-
tiplying the each side of Eq. (6) by the difference
operator (1 — ¢ 1) and considering Up(s) to be a
constant desired set-point leads to

Td(t) Tq(t—1)
e — Atrack er 1

Lrd(t) Trd(t—1)

B _

" { %13(31)] (1 =g Hug = ve1)
ie.,
track track trac track
xd(t) A ( 1) + B (o (8)
chﬁ) Coyi—1) — CrZrg—1) + gelt—1,

where 24, 1) = (1—¢7") X o) and z,4¢—1) = (1—-
q_l)mr(t), while the tracking criteria performance
index can be written as

J = Z{ xfiT?Ck Qtrack(l,fi?a)ck) + TRtrackVt}‘

(9)
where ¢ = (1 — ¢ Nzl v = (1 -
q 1)uq(t+1 Q track _ Crtracchtrack and Rtrack >
0 is a weighting factor for the incremental control
input v;. Therefore, the optimal control having
penalty on the error and the incremental error is
given by

uq(t) — _Ktrackxirack
t—1
(10)
= —KaTqt)) — Krxpy) — Ke Z e,
to

where the optimal control gain matrix is given by
Ktrack —
_ (Rtrack

and P is the solution of the following algebraic
Riccati equation

AtrackTPAtrack

[Ka(1x6) Keaix1) Kpixz)]
+ BtrackPBtrack)fl BtrackTPAtrack

I - AtrackTPBtracthrack

+Qtrack =0.
(11)
A block diagram of the overall LQG control sys-
tem with integral action and desired temperature
trajectory tracking is shown in Fig. 7. This con-
troller guarantees the rejection of a constant dis-
turbance and tracking of a desired temperature.

4. RESULTS AND DISCUSSION

The temperature control system described in Fig.
2 was built and assembled by the authors. This



Ambient Desired
Temperature | Set Point——>|  Tajectory
model ur Generator Xr
Ta Yr
A
Tcu Tcu
Actuator - Thermal — Kalman
Dynamics | —» Plant Filter b
q Xa

/
Control Uq L ge Integral error

Ke |[<+—

Ao Q»

Fig. 7. LQG with desired trajectory control
scheme

included a vacuum chamber (1m Torr) and the
temperature shield consisting of the copper ring
and the sapphire plate. An analog amplifer to
drive the thermo-electric heater/cooler and a low-
noise bridge circuit for the thermistors were also
costume designed and built. An optical readout
system to produce the images from infrared source
was also constructed. The control algorithm with
a sampling time of 0.1[sec] was written in the 'C
' programming language on a personal computer
using a Data Translation DT322 16 bits analog-
to-digital and digital-to-analog converters. The
thermistor on the bottom of the heat sink chamber
was used to measure the ambient temperature
T, . Its mean value was experimentally determined
and it was used as the value of the deterministic
disturbance temperature. The real time measure-
ment of T, was also used to linearized the dynam-
ics of the thermo-electric heater/cooler using an
algorithm described in (Sloman et al., 1996). Sev-
eral typical experimental results are presented and
described in this section. A comprehensive simu-
lation study allowed us to select the initial values
for the control parameters g. in Eq. (7), Rf"ack
in Eq. (9) and the DC gain and the time con-
stant of the thermo-electic heater/cooler model.
Model identification and validation was based on
matching transient responses. Appropriate model
parameters were chosen so that the experimen-
tal and simulated results closely resembled each
other, as shown in Fig. 8 and in Fig. 9. Parameters
of the thermo-electric heater/cooler model change
easily depending on operating conditions such as
the chamber vacuum level, the quantity of ther-
mal conductive paste that was used between the
heater/cooler and the chamber floor and the oper-
ating temperature of the FPA. The heater/cooler
model parameters were subsequently retuned to
match the experimentally determined state esti-
mation covariances to their corresponding sim-
ulation values, as shown in Table 1. However,
transient responses in the experiment exhibited
oscillatory modes, as the control penalty gain
Rtrack wag decreased, which were not observed
in the simulation results. This is attributed to
unmodeled dynamics between the copper ring and
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chip temperatures. Table 1 shows that simulation
and the experimental results are in close agree-
ment. With a copper ring temperature measure-
ment noise that has a 1ImK standard deviation,
the FPA T., temperature could be regulated to
within a standard deviation of about 100uK. As
shown in Table 1, the standard deviation of the
FPA T,., temperature is about twice as that of
T.., due to the relatively large fluctuation in the
sapphire plate temperature which had a standard
deviation of 8.92mK in the simulation results. Fig.
10 shows a close up of the steady state response
for the measured copper temperature T,.,, the
estimated copper temperature Tcu, the estimated
silicon temperature Tsi, as well as the estimated
FPA temperature T.,. The Kalman filter output
Tcu estimates well the measured temperature T,,.

5. CONCLUSION

This paper presented the design and control of a
thermal stabilizing system for an Optomechanical
Uncooled Infrared Imaging camera. Experiments



Table 1. Steady state simulated and
experimental results of the LQG control

with penalty on the copper temperature
T., with g, = 1, Rt"*k = 0.1.

Std Deviation  Unit  Simulation  Experiment
ogppeasured mK 1.013 1.131
o, uK 46.43 61.52
o uK 69.23 73.77
o uK 120.0 117.3
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Fig. 10. Close up of the steady state experimen-
tal results with g, = 1,R"™** = 0.1. (1)
Tze“s“”d and Tey, (2) Ts; (3) Tep.

showed successful results for the prototype cam-
era with the optical readout system. The ther-
mal shield system provides a large amount of
attenuation in open loop from disturbances in
the ambient temperature 7, to FPA temperature
T.n. A carefully designed ambient temperature
disturbance model was used to represent ambi-
ent temperature fluctuations, and this model was
subsequently used in a model based discrete Lin-
ear Quadratic Gaussian Regulator(LQGR) con-
trol scheme. The LQGR controller was able to
achieve an additional low frequency attenuation of
more than 50dB of disturbance rejection from the
ambient temperature T}, to the FPA temperature
T.r. The disturbance attenuation was achieved
without introducing any significant attenuation in
the closed loop sensitivity from the target temper-
ature source T} to T.p, as shown in Fig. 4. The
proposed control law includes a reference model
to diminish overshoots and an integral action to
achieve zero steady state error in closed loop, even
in the presence of constant ambient temperature
disturbances. Experimental results showed that
the standard deviation of T, was around 100uK
as expected. Thus, the designed thermal isolation
and regulation control system is well suited for
the intended infrared imaging camera’s purpose
of accurately sensing the infrared source T}.
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