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Abstract

The objective of this paper is to obtain time-varying models of the thermal dynamics of a 3D hot thin film anemometer
for Mars atmosphere. To this effect, a proof of concept prototype of the REMS (Rover Environmental Monitoring Station)
wind sensor on board the Curiosity rover has been used. The self and cross-heating effects of the thermal structures have
been characterized from open-loop measurements using Diffusive Representation. These models have been proven to
be suitable in the analysis of the thermal dynamics of the sensor under constant temperature operation employing the
tools of Sliding Mode Controllers. This analysis allows to understand the long term heat diffusion processes in the whole
structure and how they may affect the raw output signals.
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The objective of this paper is to obtain time-varying 20
thermal dynamics models using recent aplication of Diffusive Representation (DR), [1], of a proof of concept prototype of the REMS (Rover Environmental Monitoring
Coldwind
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sensor. The REMS sensor suite is an instrument from the Mars Science Laboratory (MSL) on board 25
thedie
Curiosity
E rover that landed in Mars in 2012. REMS
included humidity, pressure, temperature, radiation and
wind velocity sensors [2, 3, 4]. In this paper, we used a
prototype of the engineering model developed in 2008 that
led to the flight model which is currently on board of the
Curiosity rover. The prototype is very similar in concept
and size to the flight model.
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2018 [5]. The performance in terms of dynamic range and
resolution has been enhanced in these wind and temperature sensors. The same device concept, although including
pointand number of senmany significant changes Cold
in structure
sors, is scheduled to fly in NASA’s Mars 2020 Rover, as
temperature
part
of the wind sensor that will include the MEDA (Mars
?T
Δ
difference
Environmental
Dynamics Analyzer) instrument [6].
The main novelty of this paper resides in the application
PCB
of diffusive representation to extract the thermal dynamical
models of complex space sensor structures such as those
of the wind sensors in REMS, TWINS or MEDA, which,
to the best knowledge of the authors, has never been done.
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Figure 1: Photography of the proof of concept prototype of REMS
wind sensor. One of the PCBs with a group of dice can be seen.
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Figure 2: Photography of a dice set over the PCB. The dice are
named A, B, C and D.

February 12, 2018

Rsens

70

Rheat

75

Rref
80

Figure 3: Zoom of one die, where the heating, sensing and reference
resistors are shown. In the experiments of this paper Rheat has been
used for heating and sensing temperature.
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of the components of the system under study as a function
of the power delivered to the heat sources. On the other
hand, the time evolution under closed-loop operation (constant temperature control) was obtained using the theory of
Sliding Mode Controllers (SMC) [15]. The necessary statespace models for the sliding mode analysis are provided
from open-loop measurements at different wind velocities
using Diffusive Representation modeling. These state-space
models have proven to be very well suited for thermal applications [9]. In [1], each thermal dynamics model was
extracted from a constant wind speed experiment. In this
paper, however, the method is different, as the thermal
dynamics models are extracted from a single experiment
with wind velocity switching due to the working principle
of the wind tunnel used. Furthermore, the obtained models
are more complex, since they include self and cross-heating
effects across the different subsystems in the sensor.
The REMS wind sensor is operated under constant
temperature anemometry mode. This is achieved using a
thermal sigma-delta modulator, which places the system
within the control surface determined by Temperature =
constant in finite time, which is followed by a sliding motion.
It must be noted that in the case that concern us, the
analysis of the resulting dynamics is performed under the
infinite sampling frequency approximation using the tools
of equivalent control typical of SMC.
The experiments described in this paper, were carried
out at CAB (Center for Astrobiology, INTA-CSIC) facilities in Madrid, Spain. For the experimental setup, a five
meter linear wind tunnel has been used. The wind tunnel
operation mode is different from the hypobaric chamber
used in [1] where a fan set the wind velocities. In this case,
the tunnel has a rail inside where the sensor is positioned.
The equivalent Mars velocities are achieved by moving the
sensor through the rail. The sensor support also has a
pan and tilt system which provides different pitch and yaw
positions for the boom. Figure 4 shows the wind sensor
employed in the experimental setup inside the tunnel at
the start position, and with pitch and yaw angles set to 0◦ .
DR and SMC are used together and are explained in
Section 2 of this paper. Section 3 describes the sensor and
the experimental setup. Three main experimental results
are shown in section 4. Firstly, in 4.1 diffusive models of
the dice have been obtained for different wind conditions.
Secondly, the heating of the boom due to the heating of the
dice has been characterized in paragraph 4.2. The third
experiment shown in subsection 4.3, consists in predicting
the closed-loop behaviour from the DR models of the dice
obtained previously. Finally, the conclusions of the paper
are presented in section 5.

This modeling is very important for designing the control
algorithm at the system level.
All these wind sensors are based on thermal anemometry, which is the method that has been used in multiple 90
occasions for the challenging task of sensing wind in Mars
(CO2 atmosphere, low pressure in the range 6-12mBar and
a large temperature dynamical range from 150K to 300K)
[7, 8]. It consists in the detection of the wind velocity
by measuring the power dissipated of a heated element 95
due to forced convection. The wind velocity and direction
in REMS wind sensor, is detected by measuring the tangential wind components at three points of a cylindrical
supporting structure (boom). This is done by measuring
the convection heat transfer of four silicon dice with plat-100
inum (Pt) resistors. These resistors are grouped in sets of
four in a coplanar plane, to achieve 2D wind sensitivity.
Full 3D direction is measured placing three of these sets
at 120◦ to each other in the boom. These dice-sets are
placed on three PCBs (Printed Circuit Board). In Figure105
1, the boom used in the experimental setup with the view
of one of the resistors set on its PCB is shown. In Figure
2, one of the three silicon dice sets can be seen , while in
Figure 3 the resistors’ structure of one die is observed. The
dice are named, A, B, C and D. In this prototype the dice110
are placed on a supporting structure of Pyrex pillars to
increase thermal isolation to the boom.
Diffusive Representation is a mathematical tool that
allows the description of a physical phenomena based on
diffusion, using state-space models of arbitrary order in the115
frequency domain. It is appropiate for model extraction of
fractional systems, such as thermal [9, 10, 11] or electrical
2. Diffusive Representation and Sliding Mode Con[12, 13, 14]. A first analysis of heat flow dynamics described
trollers
by diffusive representation in a hot thin film anemometer
was described in [1], where thermal models were obtained
This section describes briefly the theoretical grounds
for a spherical 3D wind anemometer for different wind veand tools of diffusive representation and sliding mode conlocities. These models provide the temperature dynamics120 trollers used in the sensor thermal dynamics analysis.
2

2.1. Diffusive Representation

125

Diffusive Representation theory allows obtaining exact and approximate state realizations of a wide class
of integral operators of rational or non-rational nature.
Given a non-rational transfer function, H(p), associated
with a convolution causal operator denoted by H(∂t ), the
diffusive realization of this operator is expressed by the
following input (u) – output (y) state space realization of140
u 7−→ y = H(∂t )u = h ∗ u of the form [13]:
∂ψ(ξ,t)
∂t

y(t)

= R−ξψ(ξ, t) + u(t), ψ(ξ, 0) = 0
∞
= 0 η(ξ, t)ψ(ξ, t)dξ

(1)

where ξ ∈ R is frequency, η(ξ, t) is the diffusive symbol of145
H(∂t ) that represents the system behaviour, i.e., how the
system evolves as a function of the input signal, u(t). The
state-variable ψ(ξ, t) is a time-frequency representation
of the input, called the diffusive representation of u(t) .
The diffusive symbol is a solution of the following integral150
equation directly obtained from Laplace transform (with
respect to t) [13]:
Z ∞
η(ξ)
H(jω) =
dξ, ω ∈ R∗
(2)155
jω + ξ
0
When modeling thermally a device, two distinguisable
effects can be considered: the self-heating effect, due to the
injection of power into the heaters of the own device, and
the cross-heating effect, consequence of injecting power into
heat sources in parts of the structure different from the one
in which temperature is sensed. If we consider four similar
devices thermally coupled, the temperature of each device
when the four of them are working simultaneously will be
the result of the superposition of the self and cross-heating
effects. The modeling of the four coupled devices of Figure
2, A, B, C and D, will consider four inputs (PA (t), PB (t),
PC (t) and PD (t)) and four outputs (TA (t), TB (t), TC (t) and
TD (t)). Besides, to be able to handle experimental data, a
discrete approximation of H(∂t ) can be built discretizing
the continuous variable ξ into {ξk }1≤k≤K , where K is the
order of the discretized model. Now equation (2) remains
like this:
H(jω) =

K
X
k

130

160

ηk
dξk ,
jω + ξk

ω ∈ R∗

(3)

from which the bandwidth of the model can be extracted
from the diffusive symbol. The diffusive representation165
equations are the followings:
• Self-Heating. Power only in device X, the rest of the
structure is passive
X
dψk
(t)
dt

135

=

−ξk ψkX (t) + PX (t),

ψkX (0) = 0 (4)

• Cross-Heating. Power only in device Y, the rest of
the structure is passive
dφY
j (t)
dt

=

−υj φYj (t) + PY (t),

φYj (0) = 0 (5)

for j = 1 . . . J, and Y = A, B, C or D. J is the model
order and {υj } is the discretized frequency mesh for
the cross-heating models.
The frequency discretization for the self-heating effect,
ξk , may be different to the frequency mesh of the crossheating effect, υj . Their model orders can also be different:
K for the self-heating case and J for the cross-heating.
In general, self and cross responses may be very different.
As the frequency mesh is chosen with respect to the time
response characteristics of the devices, they will be different
when considering the self or the cross effects. The frequency
mesh of the diffusive symbols, ξk and υj , is set according
to the spectral contents of the dynamic characteristics of
the system. The frequency sets are usually geometrically
spaced. The minimum frequency is set to fmin = U/T ,
where T is the total duration of the experiment and U is the
number of wind velocities applied during the experiment.
The maximum frequency, on the other hand, is chosen
accordingly with the sampling period, fmax = 2T1 s , where
Ts is the sampling period [9].
The output at each device when the four devices are
working simultaneously is:
T̃A (t)

=
+

PK AA
PJ BA
A
B
k ηk (t)ψk (t) +
j ηj (t)φj (t)
PJ CA
P
(6a)
J
C
DA
D
j ηj (t)φj (t) +
j ηj (t)φj (t)

T̃B (t)

=
+

PJ AB
PK BB
η (t)φA
ηk (t)ψkB (t)
j (t) +
PjJ jCB
PkJ DB
(6b)
C
(t)φD
j (t)
j ηj (t)φj (t) +
j ηj

T̃C (t)

=
+

PJ AC
PJ BC
η (t)φA
η (t)φB (t)
j (t) +
PjJ j DC j D
PjK jCC
(6c)
C
(t)φj (t)
k ηk (t)ψk (t) +
j ηj

T̃D (t)

=
+

PJ AD
PJ BD
η (t)φA
(t)φB
j (t) +
j (t)
j ηj
P
PjJ jCD
(6d)
K DD
C
(t)φj (t) + k ηk (t)ψkD (t)
j ηj

where ηkXX ∈ RK is the self-heating diffusive symbol
for device X (represents the thermal behaviour of device X
as a function of power injected into itself) and ηjXY ∈ RJ is
the cross-heating diffusive symbol for device Y when power
is being injected into device X (represents the thermal
behaviour of device X as a function of the power injected
into device Y ).
If ηkXX is time-varying (i.e. varies with different wind
velocities) the dynamical system for the self-heating case
of device X is described by:
X(n)

ψk (t) = 0
t ∈ [t0 , tn ]
X(n)
X(n)
ψ̇k (t) = −ξk ψk
+ u(t) t ∈ [tn , tn+1 ]
X(n)
X(n)
ψ̇k (t) = −ξk ψk
t > tn+1

where X = A, B, C or D is the corresponding device.

3

(7)
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=
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ηk
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(t) +

PK
k
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where ηk
∈ RK is the self-heating diffusive symbol of225
device X associated to the system’s conditions in the n-th
interval in t ∈ [tn , tn+1 ]. ck ∈ RK represents the initial
conditions of the system at the beginning of the measurements, at t = t0 . In these discretized time intervals, the
diffusive symbols can be considered constant in a wind
experiment. With this approach, the thermal models for
different wind situations can be extracted from a single
open-loop experiment, with t ∈ [t0 , tF ], in which wind230
speed is continuously switched between several wind velocities. The sensor will be characterized for U wind speeds,
{w1 , . . . wU }. Each wind speed is applied in an interval
t ∈ [tn , tn+1 ]n=0,...,N , where N is the number of wind events,
such that, N  U . All the wind velocities are applied for235
a short time ∆tn = (tn+1 − tn ), where ∆tn  tF , for all
n. In the meantime, a Pseudo Random Binary Sequence
(PRBS) current is applied to the heat sources in open-loop
mode with a period TP RBS  ∆tn  tF . This type of
input signal has a wide frequency spectrum which improves
the quality of the fittings in presence of noise [16].
The self, ηkXX , and cross-heating, ηjXY diffusive symbols,240
together with the initial condition constants, ck , are inferred
by solving the finite dimensional least-squares problem
formulated as in [17].
2.2. Sliding Mode Controllers
245
It is is known that constant temperature operation
mode in anemometers (CTA mode) is better in terms of
time response [2]. In this operation mode, the temperature
in the heating elements is forced to be constant and the
power required at every element to keep constant the temperature is the output signal of the sensor. To this effect,
thermal sigma-delta modulators have been used, which
apply a modulated power to maintain the temperature
constant in the structure, [15]. In this control, at each
sampling period, Ts , the temperature of the hot element,
Tn = T (nTs ), is compared with the desired target temperature, ∆T . If Tn ≥ ∆T , Pof f is injected into the system
during the following sampling period. On the contrary, if
Tn < ∆T , Pon is injected. In the literature other control
methods can be encountered to maintain the temperature
constant in a thermal sensor, as in [18] and [19]. In this
paper, the analysis of the closed-loop dynamics has been
undertaken using the tools of equivalent control, typical of
sliding mode controllers for the infinite sampling frequency
approximation. These types of controllers alter the dynamics of the system by applying a discontinuous control
signal so that under some conditions the system ’slides’ on
a certain control surface [1, 15]. For the general case of
finite order thermal systems, the following control surface
is defined:
P
XX(n) X(n)
σ(ψ(t)) = ∆T − T̃ X (t) = ∆T − n,k ηk
ψk (t)(8)
4

where T̃ X (t) is the temperature in device X. If the reachability conditions from [1] are accomplished, the system will
be placed within the control surface σ(ψ(t)) = 0 in finite
time.
The equivalent control under a sliding motion that maintains the temperature of the thermal structure constant is
given by the condition σ̇(ψ(t)) = 0. For a system described
by diffusive representation the equivalent control is [1]:
ueq (t) = Γ(n)−1

P

m,k

XX(m)

ηk

X(m)

ξk ψk

(t) t ∈ [tn , tn+1 ](9)

P XX(n)
where Γ(n) = k ηk
. In [1] and [17], a more complete
development of SMC theroy can be found.
The time evolution of the power requiered to maintain
the temperature constant can be predicted by the SMC
analysis, even in the case of wind speed changes. The
equivalent control is predicted from the diffusive symbols
for each specific wind velocity inferred in the open-loop
characterization. In the closed-loop experiment, the wind is
kept constant within the time intervals ∆tn = (tn+1 − tn ),
for n = 0, . . . N , where N is the number of wind intervals
such as N ≥ U , in this case.
3. Experimental Setup Description
In this section, a detailed description of the sensor and
of the wind tunnel used in the experiments is given. As
it has been mentioned above, for the experimental measurements the wind sensor was enclosed in a five meter
linear wind tunnel. The air pressure inside the tunnel was
set to 240 mBar and the experiments were made at room
temperature. Air temperature and pressure information

Figure 4: Photography of the prototype of REMS wind sensor inside
the tunnel used in the experiments. In this photo, the sensor is
positioned at the start position (0m) with pitch and yaw angles set
to 0◦ .
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Figure 5: 8-th order self-heating diffusive symbols of each die (A, B,
C and D) at zero wind velocity, obtained from experiment A.1. The
four diffusive symbols are very similar among them.
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300

4.1. Thermal dynamics model of self-heating and crossheating of the silicon dice at different wind velocities
The self-heating models have been obtained for two
cases, for wind velocity zero (no movement of the car) and
for Mars equivalent wind velocity ±2.5m/s.
For the zero wind velocity case (experiment A.1), four
identical experiments have been carried out. Each experiment consisted in exciting only one of the Pt resistors of the
dice set (RA , RB , RC or RD ) with a 10Hz PRBS of current,
between 1mA and 4mA, while the rest of the resistors of

Diffusive symbol [K/J]

255

the silicon dice, at different wind velocities, have been obtained. From the obtained models, the prediction of the
temperature of each dice when all the resistors are working
together has been made. Secondly, from experiment B.1,
a DR model has been obtained describing the temperature
evolution in the boom as a result of the total power injected
in the four dice of one PCB. Finally, the prediction of the
output power of the sigma-delta modulator of a die working
in closed-loop under constant temperature mode has been
made in experiment C.1.

T [K]

250

is provided by four temperature and four pressure sensors
placed along the tunnel. The operating method of the
tunnel consists of a car on a rail that moves at a certain
velocity. The range of velocities the car can take goes from305
6m/min to 30m/min. At the given pressure and temperature conditions, the equivalent Mars wind velocities that
provide the same Reynolds numbers range approximately
from 2m/s to 10m/s. The tunnel has a pan and tilt system
that allows the boom to move in yaw direction ±165◦ and310
in pitch direction +33◦ and −43◦ . Depending on the pitch
and yaw position of the boom, the signal observed at a
given velocity will be different in forward movements (from
0m to 5m position) than in reverse movements (from 5m to
0m position). The time the car lasts in travelling from the
start to the finish position points ranges from 50s to 10s315
(for 6m/min and 30m/min respectively), which is a very
short time taking into account the expected values of some
time constants in the system.
The prototype of the REMS wind sensor is composed of
three PCBs placed on a cilyndrical boom of 152mm lenght320
and 20mm diameter. Inside the boom, a Pt100 resistor
measures its temperature. The three PCBs are 120◦ from
each other with four silicon dice set in each one. The dice of
each set have a dimension of 1.5x1.5 mm and are named: A,
B, C and D, and they are positioned as a grid (see Figure 2).
Each die contains three platinum resistors, one for heating,
another for temperature sensing and a third one used as
a temperature reference within the closed loop (see [2]).
These resistors can be observed in Figure 3. The electrical
conexion between the PCB and the resistors is made by
a wire bonding process. The resistors were fabricated in
clean room facilities using a silicon wafer. Silicon oxide
(SiO2 ) was grown thermally for electrical isolation. On top
of the SiO2 , the platinum resistors were patterned with a
photolitography process. The platinum, thanks to its high
temperature coefficient of resistance, is the most suitable
material for these devices [20]. In our case, only the heating
resistor has been used, both for heating and measuring the
temperature. The dice’s heating resistors are named RA ,
RB , RC and RD , and their nominal resistance values at
0◦ C are: R0A = 1767Ω, R0B = 1753Ω, R0C = 1755, and Ω
R0D = 1760Ω. The resistors of the PCB on the top of the
boom, when this is placed parallel respect the longitudinal
axis of the tunnel, have been used in the measurements.
For the measurements, a National Instruments’ FPGA
connected to a PC and located outside the tunnel is used.
Both the open and closed-loop operation modes of the
experiments are implemented in the FPGA.
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In this section the experimental results obtained from
the application of the theory described in section 2 are
explained. Three main experimental results have been
obtained. Firstly, in experiments A.1 to A.4, the thermal dynamics models of self-heating and cross-heating of

Figure 6: Fitting of time evolution of the temperature of die B at
zero wind velocity from the open-loop experiment A.1. There is a
good agreement between the experimental data (in blue) and the
fitting data (in red). The inset figure shows a 10s zoom.
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to both movements, the response is higher in the forward
direction. If we look at the top view of the boom of Figure
7, it can be observed that in forward movements dice A
and B are the two most sensitive to the wind. However, in
reverse movements, die B is left behind respect dice C and
D and therefore its response is not as high.
During experiment A.2, a 20Hz PRBS sequence of current, between 1mA and 4mA, was injected in the heater
of die B, while the rest of the resistors remained off. The
experiment lasted 1700s, and the sampling frequency was
set to 40Hz. The geometrically distributed frequency mesh
is set in the range {1.7x10−3 , 20}Hz and the model order
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Figure 7: Top view of the boom inside the tunnel. Boom is positioned
at pitch 0◦ , yaw −45◦ to ensure good sensitivity in die B both in
forward and reverse movements.
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Figure 8: Top: Fitting of the time evolution of the temperature of
die B with velocities ±2.5m/s, from open-loop experiment A.2. In
blue, the experimental data, and in red the fitting data is shown.
The inner figure shows a 10s zoom. Bottom: Wind velocity sequence
applied to the die along experiment A.2.
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the sensor system are switched off. Each experiment lasted
15 minutes and it was sampled with a period Ts = 0.05s.
Taking these parameters into account the frequency mesh
for the diffusive model is set in the range {1.1x10−3 , 10}Hz
while the model order chosen is set to K = 8. In Figure 5 the diffusive symbols obtained for the four dice (A,
B,C and D) are shown. The four diffusive symbols for
each die are almost indistinguishable among them. This is
something to be expected since the four components have
the same thermal characteristics. A frequency peak can
be encountered around 0.2Hz. As the fitting is done with
an arbitrary discretization of the frequency, the frequency
set with significant values of the diffusive symbols give an
approximate value of the time constants of the thermal
filters of the system. To avoid repetition, only the fitting of
the experimental measurement of die B is shown in Figure
6. As it can be observed in the zoom of the Figure 6, the
matching between experimental and fitting data is good.
In the case of Mars equivalent wind velocities ±2.5m/s
(experiment A.2), only die B has been analyzed. For this
experiment, the pan and tilt system is set to pitch angle
0◦ and yaw angle −45◦ . This choice in the boom position
is made based on the best wind incidence in die B when
the car is moving. At this position, a good wind sensitivity,
both in forward and reverse movements, is ensured in die B
(see Figure 7). The experiment consisted in a continuous
sequence of forward and reverse movements of the car,
therefore, good sensitivity in both directions was needed
to obtain the models for the two velocities given:
- for v = +2.5m/s from 0m to 5m.
- for v = −2.5m/s from 5m to 0m.
It must be noted that, although die B has good sensitivity

500

(w1) = +2.5m/s

400

(w2) = -2.5m/s

300
200
100
0
-100
10-3

10-2

10-1

100

101

102

Frequency [Hz]
Figure 9: 8-th order self-heating diffusive symbols for die B for
velocities ±2.5m/s, obtained from experiment A.2. There is a frequency peak at approximately 0.3Hz, where diffusive symbols are
distinguisable between each other.
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Figure 10: Cross-Heating diffusive symbols for dice A, B, C and D, inferred from experiment A.3. The active die in the first row (all in blue)
is A. In the second row (all in red) the active die is B. In the third row (all in pink) the active die is C. And finally, in the fourth row (all in
green) the active die is D. The nine cross-heating diffusive symbols have an order J = 7, and their frequency peak is around 0.1Hz.
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chosen is set again to K = 8. Figure 8 shows the fitting of395
the temperature measurement together with the wind velocities applied inside the tunnel. There is a good agreement
between experimental and fitting data. Besides, Figure 9
shows the obtained diffusive symbols for v = ±2.5m/s. As
observed, the diffusive symbols are distinguishable from400
each other, depending on their wind velocity, in the unique
frequency peak at approximately 0.3Hz. The wind dependence can be parameterized as a variable amplitude of the
pole at that frequency. At higher wind speeds, the temperature in the die is lower which means that the amplitude405
in the corresponding diffusive symbol is lower too. In [17],
the relationship between different wind velocities and amplitudes can be observed better for a spherical wind sensor
using the same sensing principles.
On the other hand, the DR cross-heating models have410
been obtained (experiment A.3). In this case, the temperature evolution of a die is obtained from the heat dissipated
in another die where power is being injected. It has been
observed empirically that in presence of different wind
velocities, no sustainable differences are observed in the415
cross-heating diffusive symbols, therefore, only the zero
wind velocity case is presented.
In experiment A.3, four identical measurements have
been carried out to obtain each die’s cross-heating diffusive symbols. The die where the PRBS current sequence420
is injected is considered the active die. In each measurement, a 1.25Hz PRBS current between 1mA and 4mA is
injected in the active die of a PCB, while the remaining
7

dice of the PCB are measured with a low current to avoid
self-heating. The four experiments lasted 1 hour and were
sampled at a 2.5Hz frequency. The frequency mesh for
all is approximately in the range {2.7x10−4 , 0.2}Hz, and
the order chosen for the cross models is J = 7. As the
cross-heating effect is expected to have a slower respone,
the excitation PRBS current is of a lower frequency than
the used when obtaining the self-heating models. Figure
10 shows the cross-heating diffusive symbols obtained from
the experiments. At each row, the diffusive symbol for
each die respect to the active die is observed. For example, the first row represents the diffusive symbols of dice
B, C and D when the active die is A. The models are
symmetric with respect to the active die. The thermal
influence of the adjacent dice to the active die is always
similar, whereas the die in diagonal respect to the active
one is heated differently and with much smaller amplitude.
For example, if we look at the first row of Figure 10 the
diffusive symbols, ηAB and ηAD are very similar between
them, as dice B and D are adjacent to the the active die
A. Similarly, in the second row we can see the similitude
between diffusive symbols ηBA and ηBC , because A and C
are adjacent to active die B in this case. At the same time,
the four mentioned diffusive symbols take the same shape.
In the same way, this concordance also happens with the
diagonally positioned die. The most significant frequency
peak in the cross-heating models is around 0.1 Hz. In
these models a displacement of the frequency peak to lower
frequencies can be observed, due to the slow dynamics of

435
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430

the cross-heating if comparing with the self-heating models.
This cross-heating is due to thermal transport within the
boundary layer and thermal conduction through the set
pillars–PCB.
From the models of Figures 5 and 10, from experiments
A.1 and A.3, it is possible to predict the temperature at
each die when all the dice are working simultaneously,
applying superposition as in equation (6). The DR models
have been validitaded in the four dice at zero wind speed.
Results from die B are only presented due to the similarity
among the other dice’s predictions. In this experiment, A.4,
of 1h of duration, a 10Hz PRBS sequence between 1mA
and 4mA is injected in the four dice, while the temperature
at each die is registered with a sampling period of 0.05s.
The input signal is fed into the self and cross-heating
models and by superposition the temperature prediction is
obtained. Figure 11 shows the experimental temperature
evolution of die B and the predicted temperature from the
models. In Figure 12 the self-heating and cross-heating
independent temperature contributions, together with die
B’s temperature measurement is shown. As it can be
observed, the total temperature of the die, depends on how
much the die has been heated by its own injection of power
(self-heating) and by the heating produced by the rest of
the dice (cross-heating).
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Figure 11: Prediction of the open-loop temperature evolution of die
B when all the dice are working simultaneously, in experiment A.4.
There is good matching between the experimental measurement (in
blue) and the superposition of the models output (in red) as shown
in the zoom of 1min of the inner figure.
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4.2. Boom heating DR model
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u(t) = PA (t) + PB (t) + PC (t) + PD (t)
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The objective of this subsection is to model the heating
of the boom as a result of the power injected in the dice. To
this effect, a diffusive representation thermal model of the
boom has been obtained. For this task, one of the sensor’s
PCB is made to work under constant temperature mode.
The sum of the necessary power to maintain constant the
temperature in all the dice is going to be the input of
the DR system. Therefore, to provide variability to the
input signal, as no wind velocity was applied, the target
temperature set on the dice was changed randomly every 5
minutes among three different constant values: 315K, 320K
and 325K. Experiment B.1 lasted 20h and was sampled
every 0.1s. The sigma-delta current in the four dice was
set to Ilow = 1mA and Ihigh = 4mA. As mentioned before,
the input of the DR system is the sum of the dissipated480
power of all the dice, while the output of the model is the
difference between the temperature of the boom and the
air temperature. Specifically we have:
(10)485

where Tamb (t) is the air temperature inside the tunnel and
Tboom is the boom temperature. Air temperature is obtained from the sensors along the tunnel. The model order
chosen in this case is J = 6. In Figure 13, the evolution of
the changing temperature of the four dice along the whole490
experiment is shown. On the other hand, on top of Figure
14, the fitting of the difference between the boom and the
air temperature is observed, where there is a reasonable
8

5
0

5

10

15

20

25

30

35

40

45

50

55

60

time [min]
Figure 12: In blue the experimental measurement of the temperature
of die B, when all the dice are working simultaneously in experiment
A.4 is shown. The contribution of the self-heating effect (in red) and
of the cross-heating effect (in yellow) are shown independently.

matching between the experimental measurements and the
fitted data. Below, the inferred 6-th order diffusive symbol
is presented. It has a maximum between f = 2x10−4 Hz
and f = 2x10−3 Hz. These low values make sense since the
heating of the boom was expected to be slow. Furthermore,
it follows that the boom structure is thermally coupled
to the dice and therefore the heating of the boom may
generate drifts in the sigma-delta power dissipated on the
dice when the sensor is under regular operation. This will
be further disccused in subsection 4.4.
4.3. Prediction of the closed loop output from self-heating
model
Finally, the prediction of the closed-loop dynamics is
going to be obtained using SMC theory when different
wind velocities are being applied. Again, the boom is
positioned at pitch 0◦ yaw −45◦ angles and die B is chosen
for this experiment, numbered C.1. The wind velocities for
the experiment are the ones characterized in section 4.1,
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Figure 13: Temperature evolution of dice A, B, C and D along
experiment B.1. The target temperature changed every 5min among
three values: 315K, 320K and 325K.
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Figure 15: Top: Experimental average power injected into the heater
of die B under closed loop control (in blue) and the the result of
applying the sliding mode analysis using the diffusive symbols of
Figures 5 and 9 (in red). Bottom: Sequence of the wind velocities
along the experiment C.1.
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estimators in the wind retrieval algorithm were designed.
The four dice A, B, C and D were grouped according to a
North-South and East-West convection, D and A belonging
to the North of the PCB and with C and B belonging to
the South. Similarly, D and C belong to East, and A and B
belong to the West. (See [2] for more details). The output
power of each dice was computed with two differential
magnitudes, cancelling any drift produced, as:
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Figure 14: Experimental data (in blue) Vs fitting data (in red) along
the 20h of experiment B.1, where the temperature of the dice has
been changing randomly every 5min. Bottom: 6-th order diffusive
symbol of the boom.
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v = ±2.5m/s (A.2) and v = 0m/s (A.1). In C.1 experiment,
die B was maintaned at a constant target temperature
∆T = 17.2K while the rest of the dice were switched off510
and the wind sequence of Figure 15 (below) was applied for
approximately 290s. From the DR models for each wind
velocity (those of Figures 5 and 9), the prediction of the
necessary power to maintain the temperature constant has
been done. In the top of Figure 15, the predicted equivalent
control together with the experimental control waveform
can be observed, with a good agreement between both.515
As it is observed, the diffusive approach presented in this
paper, allows to predict the thermal dynamics of a wind
sensor under wind switching conditions.
4.4. Discussion

520

As it has been seen in sections 4.1 and 4.2, cross-heating
effects are present in the sensor structure, both in the dice
and in the boom. These effects, specially the heating of
the boom, can introduce drifts in the average power of
the dice under normal operation. In order to avoid these
undiserable effects in the REMS wind sensor, differential
9

N orth − South =

(PA + PD ) − (PB + PC )

East − W est =

(PC + PD ) − (PA + PB )

Thus, it is to be expected that the influence of the long
term temperature drifts will be cancelled when using these
estimators. The corroboration of this cancellation may be
an interesting future work for this type of sensors.
5. Conclusions
A proof of concept prototype of the REMS wind sensor,
based on anemometry, has been thermally characterized
in this paper. From open-loop measurements, DR thermal models of different parts of the sensor structure have
been obtained for different wind velocities, differentiating
between the self-heating and the cross-heating effects. Furthermore, the diffusive state-space models obtained have
been proven to be well suited for predicting the close-loop
behaviour of the sensor under constant temperature operation mode using the theory of SMC. The obtained models
help to understand the long term effects in the temperature
due to the thermal coupling of the sensor’s components.
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