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Abstract

Distributed Pressure Sensing for Chord Control of Airplane Roll

by

Conrad Adam Holda

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Ronald S. Fearing, Chair

Professor Francesco Borrelli, Co-chair

Comparing airplanes to birds, there is a considerable difference in the way each achieves
flight. Airplanes are rigid structures with a few sensors and actuators placed in optimized
spots on the structure. Birds, on the other hand, use biological sensors throughout their
bodies as well as are able to contort their wings and body to get the desired effects to fly. In
this dissertation, I introduce a novel method inspired by birds for achieving controlled flight
of an airplane.

First, I look at the wing in spanwise discretized sections. Each section can be analyzed as
an airfoil and has a set of pressure sensors to retrieve aerodynamic parameters: angle of
attack and freestream velocity. Three methods to retrieve these parameters are evaluated
for accuracy and computation speed. The best method is chosen for the remainder of this
dissertation. Additionally, each section has a flap that can alter the lift, drag and pitching
moment resulting from the airflow going over the section. I propose an attitude control loop
to integrate the new knowledge of the localized airflow of each wing section across the entire
wing to more optimally move the actuators and meet the desired attitude.

Subsequently, I demonstrate the proposed distributed sensing and control method working
through tests on the roll dynamics of a wing. These tests show that the new method proposed
in this dissertation detects localized airflow that would not be noticed by traditional sensing
methods, follows a reference roll signal in a nominal condition more efficiently, and better
rejects localized airflow disturbances.

Lastly, I present a novel design for sensitive thin-film capacitive pressure sensors that can
be distributed across aerodynamic surfaces without the need of embedding pressure sensors
into the wing structure.
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Chapter 1

Introduction

Flying robots and vehicles are common in many present-day applications. These robots and
vehicles typically rely on internal sensors to estimate their state. Real world disturbances,
such as wind gusts, are rejected using centralized sensors with these traditional sensors and
control schemes.

In the natural world, flying animals and insects do not rely on only internal sensors,
rather, they also use a network of biological distributed exteroceptive sensors. For example,
insects have small wind-sensitive hairs located on their wings and birds have feathers attached
to their muscles which allows them to sense wing loading [22, 23, 24]. A variety of sensors
have been created to mimic these biological sensing features, such as whisker and hair inspired
sensors. These sensors have been introduced to directly measure airflow from the amount of
whisker or hair deflection [17, 21, 22]. Fish also rely on their distributed biological sensors
to sense the flow of water around them. The lateral line is a system of sensory organs
distributed down the length of their bodies used to detect movement and pressure gradients
as they swim through water. These lateral line organs have been mimicked through the
creation of line pressure arrays, which are used on fish-like robots to better detect and reject
flow disturbances in the water [18, 30]. Just as in these fish, pressure sensor arrays can be
used to sense airflow over wings on airplane.

As air flows over aerodynamic surfaces, it produces a pressure distribution as described
by Bernoulli’s equation [3]. Measuring this pressure distribution can lead to a better under-
standing of the airflow across the surface. The design of a pressure sensor array measuring
the pressure distribution on a surface must take into consideration the resolution of the
particular aerodynamic surface being observed. For example, a butterfly has a pressure dif-
ferential on its wings on the order of Pascals [36] whereas a Horstmann and Quast HQ17
airfoil wing section traveling around 170 m/s has a pressure distribution on the order of
100’s of Pascals [20]. Researchers have used measurements of the pressure distribution to
retrieve airflow parameters in [8, 9]. With a distributed pressure sensor system, localized
airflow disturbances can be observed. For example, if a vortex disturbance is encountered,
a distributed pressure sensor array placed on the wing can sense this local occurrence, al-
lowing for an effective control system action to mitigate the effect of the vortex. A control
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Figure 1.1: A radio controlled airplane with a span of 1.1 m.

response based only on an IMU, on the other hand, may be less appropriate as it will have
less information on the airflow over potentially stalled control surfaces.

In addition to sensing the pressure distribution to retrieve an estimate of the airflow,
nature’s flyers have wings that contort into various shapes to obtain the flyer’s desired
attitude. The way wings deflect are not very similar to how today’s conventional airplanes
actuate their aerodynamic surfaces - most conventional airplanes use a few discrete actuators
to change the aerodynamic forces and moments. Flying robots have also been implemented
with wing motions similar to those of nature. These robots are equipped with bat-like
flapping wings that allow such flyers to do various maneuvers not possible with traditional
airplanes [26, 29]. Additionally, researchers have explored the possibility of having continuous
flaps rather than having a section of wing move on a pivot or hinge. The benefits can include



CHAPTER 1. INTRODUCTION 3

Pressure Sensor Type Total Sensors Actuators Reference
Capacitive, Differential 4 - [9]
COTS, Differential 4 - [13]
COTS, Absolute 7 1 (angle of attack control) [39]
COTS, Absolute 9 1 (simulated pitch control) [35]
COTS, Absolute 42 3 (simulated attitude control) [34]
COTS, Absolute 64 8 (roll control) This work

Table 1.1: Representative airflow sensing using pressure sensors. Two previous explorations
into airflow sensing also simulated control using the new information. The total sensors
section counts the number of pressure sensors used to measure the static pressure of aerody-
namic surfaces, and did not include the sensors used to measure a reference pressure. The
actuators section counts the number of actuators that used the new airflow information for
control.

more effective actuators [19], and more efficient flight by the reduction of drag [2].
In this dissertation, a distributed pressure sensor array is implemented to mimic nature

and to allow a novel controller to gain a better understanding of the localized airflow about
a wing. Table 1.1, shows relevant previous works that used distributed pressure sensors to
estimate localized airflow, three of which also implemented control techniques utilizing the
airflow estimates. Callegari et al used capacitive differential pressure sensors and a least
squares approach to retrieve the angle of attack and velocity of a wing in wind tunnel tests
[9]. Gavrilovic et al used COTS differential pressure sensors measuring the pressure difference
between the top and bottom of a wing to retrieve those parameters as well. The data was
then verified through flight tests using an angle of attack vane and pitot tube [13]. Wood
et al showed a neural network was able to determine the angle of attack and airspeed which
was used in a closed-loop controller to track a reference angle of attack signal. The neural
network was trained on data gathered from wind tunnel tests and outdoor flight tests [39].
Shen et al verified the airflow parameters in a wind tunnel and successfully simulated the
attitude control of a wing and an airplane using the information about the airflow with a
traditional airplane actuator layout [35, 34].

The contributions of this dissertation that are presented and validated use a different
approach where independent actuators are also distributed to control the roll angle. A wing,
similarly sized to the wing mounted on the airplane pictured in Figure 1.1, is discretized into
sections, so that the pressure sensor array is used to retrieve the localized, 2 dimensional
aerodynamic parameters of angle of attack and freestream velocity for thin strips of a wing.
Retrieving the angle of attack and freestream velocity parameters from the thin wing section,
an airfoil, with the use of pressure sensors is compared with three methods. The best of these
methods is used for the rest of the dissertation. The method is also thoroughly tested in a
wind tunnel. Each of the thin strips of wing is equipped with individual flaps and combined
into a complete wing. The distributed flaps allow the centralized flight controller to optimally
shape the wing to get the desired attitude of the wing. The flap deflections may be closer to
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that of a wing found in nature than that of a conventional airplane with traditional control
surfaces. Lastly, a sensitive, thin-film capacitive pressure sensor array is explored to allow for
topical application of sensors to a wing. This potential array can be used for the distributed
pressure array while improving the design of the wing so no pressure sensors would have to
be embedded inside the wing structure.

1.1 Outline

Chapter 2 will explore the retrieval of the aerodynamic parameters, angle of attack and
freestream velocity, for an airfoil. Chapter 3 will show experiments conducted in a wind
tunnel to retrieve the aerodynamic parameters for an airfoil using consumer off-the-shelf
(COTS) pressure sensors. Chapter 4 will introduce a new control method that utilizes
distributed COTS pressure sensors to optimally control an airplane and is proven by a few
tests. Chapter 5 will look at sensitive thin film capacitive pressure sensor design to be applied
to aerodynamic surfaces.
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Chapter 2

Retrieving Aerodynamic Parameters
using Distributed Pressure Sensors
along a Chord

As air flows across a shape, it can speed up or slow down as it conforms to the shape. This
change in the flow imparts a force on the shape from both the shear stress and the pressure
distribution on the surfaces. The pressure distribution is determined by the speed of the air
flowing over the particular section. The faster the air is moving over the section the lower
the pressure will be at that section. This phenomena is described by Bernoulli’s equation
[3]:

ptotal = pstatic + pdynamic (2.1)

The total pressure of the air is the sum of the static pressure, the pressure on the surface
producing the pressure distribution, and the dynamic pressure. The dynamic pressure is
computed from the velocity of the air, v∞, and the density of the air, ρ:

pdynamic =
1

2
ρv2∞ (2.2)

Aerodynamicists have also found that the pressure distribution can be nondimension-
alized for different shapes with respect to the static pressure and the dynamic pressure of
the freestream air. The coefficient of pressure, representing the nondimensionalized static
pressure, is given by:

p− p∞
1
2
ρv2∞

= Cp (2.3)

where p is the static pressure at the given point, and p∞ is the static pressure of the envi-
ronment.

In aerodynamics, a 2-dimensional section of an aerodynamic surface designed for produc-
ing a lift force while minimizing a drag force is called an airfoil. The coefficient of pressure,
and therefore the static pressure, varies along the airfoil, which can be denoted by the posi-
tion, x. It also varies on how the airfoil is positioned with respect to the airflow, known as
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the angle of attack, α. In a viscid analysis, the coefficient of pressure distribution will also
change relative to freestream velocity, v∞. Whereas in an inviscid analysis, the coefficient of
pressure distribution does not rely on freestream velocity. Thus, the coefficient of pressure
for an inviscid analysis is a function of position and angle of attack, Cp(x, α), while for a
viscid analysis the coefficient of pressure also depends on freestream velocity, Cp(x, α, v∞).

Assuming the shear stress imparted by the flow on the airfoil is small, an inviscid analysis
can be used to compute the pressures on the surface of the airfoil. Therefore, the forces and
moments on the airfoil can be computed by integrating the pressure distribution over its
surface. Instead, if shear stresses are not to be neglected, a viscid analysis should be used.
In this case the forces and moments can be computed by integrating the pressure and shear
distributions. These forces and moments on the airfoil from the freestream are known as the
lift, drag and pitch moment. Additionally, when using a viscid analysis, airflow separation
from the airfoil can be recreated which results in a drastic drop off in lift as the angle of
attack becomes too aggressive. In an inviscid analysis, this phenomena is not observed which
results in some inaccuracies.

2.1 Sensitivity of Aerodynamic Parameters with

Respect to Pressure

A pressure sensor can measure the static pressure at a point on the airfoil with some noise,
σ. The sensor equation is modeled by the coefficient of pressure and the velocity of the
freestream air velocity.

s =
1

2
ρv2∞Cp + p∞ + σ (2.4)

The error of the sensor can cause retrieving the airflow parameters to stray from their true
values, thus it is useful to determine the sensitivity of such parameters with respect to the
sensor noise.

The following sensitivity analysis is of an airfoil that uses an inviscid assumption of the
airflow and only contains a single sensor to determine either the airflow velocity or angle
of attack. It is important to note, that both airflow velocity and angle of attack cannot be
determined by one sensor.

2.1.1 Airflow Velocity Sensitivity

Rewriting the sensor equation, 2.4, to compute the airflow velocity exhibits a function of the
sensor reading, the angle of attack, static pressure of the freestream airflow, and density of
the air.

v∞ =

√
2
s(x)− p∞
ρCp(x, α)

(2.5)



CHAPTER 2. RETRIEVING AERODYNAMIC PARAMETERS USING
DISTRIBUTED PRESSURE SENSORS ALONG A CHORD 7

Adding the additional assumption of level flight, where air density is relatively constant, the
sensitivity is proportional to the inverse of the airflow velocity for an inviscid analysis.

∂v∞
∂s(x)

=
2

ρCp(x, α)

(
2
s(x)− p∞
ρCp(x, α)

)−1/2

=
2

ρCp(x, α)v∞
∝ 1

v∞
(2.6)

This result shows that the accuracy of a static pressure sensor used to determine the airflow
velocity is more critical at lower velocities.

A common RC airplane, as in Figure 1.1, flying in a park approximately ranges in veloc-
ities from 5 m/s to 15 m/s. At its lower velocities, the same error in static pressure reading
as the airplanes higher speeds will result in three times worse estimates of the airspeed.
The inverse relation between velocity and the sensitivity is described in Figure 2.1, when
ρCp(x, α) is equal to 2.

Figure 2.1: The sensitivity relationship between static pressure anywhere on the airfoil with
respect to freestream velocity, when ρCp(x, α) is equal to 2.

2.1.2 Angle of Attack Sensitivity

Looking at the sensitivity of retrieving the angle of attack with respect to the static pressure
sensor error, the relation is not as obvious. Angle of attack affects the the sensor equation,
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2.4, by changing the coefficient of pressure. The coefficient of pressure is determined exper-
imentally or with the use computational fluid dynamics. To get the sensitivity of the angle
of attack, the chain rule must be implemented

∂Cp(x, α)

∂s(x)
=

∂α

∂s(x)

∂Cp(x, α)

∂α
(2.7)

Mitigating the need to differentiate large differential equations, ∂Cp/∂α was estimated from
XFOIL [10]. The estimates from XFOIL were computed using inviscid assumptions due to
the fact that the viscous analysis resulted in non-smooth derivatives of the coefficient of
pressure with respect to angle of attack.

∂α

∂s(x)
=

1
∂Cp

∂α

(
2

ρv2∞

)
(2.8)

It is apparent that the sensitivity equation is not as simple as in the previous case. The
sensitivity relies on airflow velocity, angle of attack, and position of the pressure sensor on
the airfoil.

Again, looking at the RC airplane in Figure 1.1 and assuming a NACA 2412 airfoil for
the airplane’s main wing, the sensitivity of the angle of attack can be observed in Figure
2.2. As the position on the airfoil and freestream velocity change, the sensitivity of angle of
attack with respect to pressure change. The plots show 5 different locations at two freestream
velocities. This result - sensors near the rear of the airfoil are more sensitive - is as expected
from looking at the coefficient of pressure distribution along the airfoil as the angle of attack
varies. As seen in Figure 2.3, the rear of the airfoil has a smaller coefficient of pressure change
across all angle of attack. In comparison, the front of the airfoil coefficient of pressure values
vary more as the angle of attack is altered.

Additionally, an inverse relationship is also noticed with the sensitivity as the airflow
These results mean that the optimal aerodynamic parameter retrieval will occur at faster
freestream velocities as well as sensors near the leading edge. This was also theorized in
previous works, where sensors were placed near the leading edge had better airflow estimation
of the angle of attack [40].

2.2 Least Square Approach to Retrieve Angle of

Attack and Freestream Velocity

As noted earlier, one pressure sensor is not adequate to retrieve both aerodynamic param-
eters: angle of attack and freestream velocity. At least two static pressure measurements
are needed; however, more will help address the issue of sensor noise. Using more than 2
sensors will also result in an over determined system, so a method to reduce the error of the
aerodynamic parameter estimations needs to be implemented.
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(a) v∞ = 5 m/s

(b) v∞ = 15 m/s

Figure 2.2: Sensitivity with respect to angle of attack for an inviscid model at 5 locations
on a NACA 2412 airfoil. (a) Shows sensitivity when the airflow is at 5 m/s. (b) Shows
sensitivity when the airflow is at 15 m/s.
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Figure 2.3: Coefficient of pressure on the airfoil as angle of attack is varied from 1◦ to 7◦.

The first method that can be used to retrieve the aerodynamic parameters is by least
square minimization as done by S. Callegari, et al [9]. Writing out the minimization of the
error between measured static pressure of the sensor array and the estimated static pressure
array:

min
α,v∞

∥s− 1

2
ρv2∞Cp + p∞1∥22

s.t. v∞ ≥ 0
(2.9)

The freestream velocity must be bounded because the airfoil will be assumed to be going
forward and the coefficient of pressure will only be computed by XFOIL going forward, not
backward. Additionally, the coefficient of pressure can either be computed using an inviscid
analysis or a viscid analysis. For this method in this dissertation, a viscid analysis was used
to better estimate conditions near stall. To solve the minimization, a descent method can
be used due to the nonlinearity of the coefficient of pressure, Cp.
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2.3 Kalman Filter Approach to Retrieve Angle of

Attack and Freestream Velocity

Without weights the least squares approach does not take into consideration the varying
sensitivity with respect to sensor position on the airfoil. To optimally weigh the sensors,
a Kalman Filter can be used. A Kalman Filter will also leverage previous sensor readings
to generate a better estimate of the aerodynamic parameters, whereas the least squares
approach only considers the current sensor readings.

A 0-dynamics model is used with additive disturbance for the dynamics model:[
α(k)
v∞(k)

]
=

[
α(k − 1)
v∞(k − 1)

]
+ v(k − 1) (2.10)

whereas there are two options for the sensor model. The first option is using an inviscid
sensor model for the coefficient of pressure:

s(k) = h(α(k), v∞(k),w(k)) =
1

2
ρv2∞(k)Cp(x, α(k)) +w(k) (2.11)

and the second option is using a viscid sensor model:

s(k) = h(α(k), v∞(k),w(k)) =
1

2
ρv2∞(k)Cp(x, α(k), v∞(k)) +w(k) (2.12)

Both sensor models assume additive sensor noise. Additionally, for this dissertation, the
additive model disturbance and sensor noise are assumed to be independent.

The sensor model is nonlinear from the coefficient of pressure function. An Extended
Kalman Filter (EKF) or an Unscented Kalman Filter (UKF) can be used to deal with
the nonlinearity. The EKF, however, relies on the Jacobian of the sensor model, so the
EKF should only be used if using an inviscid analysis for the coeffienct of pressure as the
viscid analysis does not have well behaved derivatives. This means the EKF will not do well
recovering aerodynamic parameters in extreme scenarios such as stall and should be relegated
to typical flow regimes away from airflow separation. The UKF has no such restriction as it
does not rely on derivatives of the coefficient of pressure, so the coefficient of pressure was
determined via viscid analaysis.

2.4 Simulations

Simulations were conducted to compare the 3 methods of retrieving aerodynamic parameters.
The methods were then compared using two criteria: speed of determining an estimate and
estimate accuracy. The first criteria is necessary if the particular approach will be used for
real time aerodynamic parameter sensing (and control). The second criteria is useful, not
only for accurate measurements, but also the ability to relax the pressure sensor resolution
requirements resulting in a larger variety and/or cheaper pressure sensors that could be
utilized.
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2.4.1 Simulations in nominal operating conditions

First, the approaches were simulated for a set of aerodynamic parameters away from airflow
separation of a NACA 2412 airfoil at 5◦ angle of attack and 10 m/s freestream velocity.
The simulations have 5 sensors located at 10%, 20%, 40%, 60%, and 80% of the chord, each
sensor has a zero mean noise of with a standard deviation of 5 Pa, making the additive
sensor model noise w ∼ N (0 Pa, 25I Pa2).

100 steps were simulated. All 3 approaches used the same additive noise inputs. The
simulations were conducted in Matlab on a Dell XPS 15 with an Intel i7-11800H CPU.

Figure 2.4: Comparison of the 3 methods to retrieve aerodynamic parameters of 5◦ angle of
attack and 10 m/s freestream velocity where the pressure sensors had noise characterized
by a normal distribution with a 5 Pa standard deviation.

Method Avg α Avg v∞ Avg Time
Least Squares 4.98◦ ± 0.99◦ 10.04± 0.84 m/s 33.6 ms
Extended KF 5.18◦ ± 0.15◦ 9.66± 0.14 m/s 0.7 ms
Unscented KF 4.98◦ ± 0.18◦ 10.01± 0.15 m/s 1.1 ms

Table 2.1: Comparison of methods to retrieve aerodynamic parameters at a nominal flight
condition of 5◦ angle of attack and 10 m/s freestream velocity.
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From the results, it can be seen that all three approaches seemed to get reasonably close
to the actual aerodynamic parameters of 5◦ angle of attack and 10 m/s freestream velocity.
However, the Least Squares approach had the greatest variance as well as took the longest
time to compute an estimate - over one magnitude longer than the other two approaches. The
EKF seemed to perform the best as it was the fastest and the accuracy seemed comparable
to the UKF, while seeing slightly less variance than the Least Squares approach. This is as
expected as the Kalman Filter approaches use the history of the past sensor readings as well
as uses an optimal weight by the knowledge of varying sensitivity of sensor position.

2.4.2 Simulations near airflow separation

Next, a set of aerodynamic parameters near airflow separation were simulated with an angle
of attack of 12◦ and freestream velocity of 10 m/s. The rest of the simulation variables
remained the same.

Figure 2.5: Comparison of the 3 methods to retrieve aerodynamic parameters of 12◦ angle
of attack and 10 m/s freestream velocity where the pressure sensors had noise characterized
by a normal distribution with a 5 Pa standard deviation.

From these results, a slightly different outcome was obtained when compared to the
nominal case where stall was not an issue. The EKF clearly had the largest error in both es-
timates, whereas the Least Squares approach and UKF seemed to be able to more accurately
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Method Avg α Avg v∞ Avg Time
Least Squares 11.28◦ ± 1.31◦ 10.06± 0.32 m/s 32.2 ms
Extended KF 17.52◦ ± 1.89◦ 7.36± 0.51 m/s 0.7 ms
Unscented KF 11.99◦ ± 0.12◦ 10.01± 0.12 m/s 1.1 ms

Table 2.2: Comparison of methods to retrieve aerodynamic parameters at a flight condition
close to stall at 12◦ angle of attack and 10 m/s freestream velocity.

estimate the actual aerodynamic parameters. This stems from the fact that the EKF had
to rely on the derivatives from an inviscid analysis that cannot predict stall. The remaining
parameters seem to carry over from the previous simulations. The Least Squares approach
had the highest variance and took the most time to compute, while the EKF approach was
marginally faster than the UKF approach.

2.5 Concluding Remarks

Static pressure measurements at known points on an airfoil can be used to determine the
angle of attack as well as the freestream velocity of the airfoil. From the discussion in this
chapter, it can be seen that these pressure measurements are more tolerant to errors or
noise the faster the freestream velocity is and the closer these measurements are taken to
the leading edge of the airfoil. These observations can, therefore, help in the placement of
pressure sensors on an airfoil and dictate what velocity would result in optimal retrieval of
the aerodynamic parameters if needed for control of an aircraft.

Additionally, 3 approaches were benchmarked to compare how each performed for two
regimes: a nominal case where separation is not expected, and an aggressive case where
separation and stall dynamics of the airfoil are close. Overall, the Unscented Kalman Filter
approach proved to do the best in both cases. The UKF was relatively quick to compute
the angle of attack and freestream velocity while still retaining accuracy in both benchmark
cases. Better accuracy can also be achieved if the 0-dynamics model is replaced with a more
realistic dynamics model of the airfoil. An example can be if on an airplane, the dynamics
model can utilize the difference of the pitch angle and flight path angle of the airplane to
give an a priori estimate of the angle of attack.

Failure of sensors can also be an issue in retrieving aerodynamic parameters. There are
a plethora of ways a pressure measurement can be inaccurate. The rudimentary case of
sensor noise was addressed in the three methods; however, large errors, from sensors failures,
can skew the retrieval of aerodynamic parameters. An algorithm can be adapted to ignore
specific sensors if their readings are considerably far from the distribution the UKF predicts.
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Chapter 3

Retrieving Aerodynamic Parameters
in Wind Tunnel Experiments using
COTS Pressure Sensors

3.1 Retrieving Aerodynamic Parameters

Most COTS pressure sensors are factory calibrated. However, these pressure sensors may
potentially lose calibration through shipping, soldering and handling. Thus, small pressure
errors may occur. It was noticed that the changes in pressures were relatively accurate,
but there were small offset errors present. These offsets can be negated by subtracting an
average upon startup; however, this results in the sensor reading the relative static pressure
compared to the averaged static pressure upon board startup. This is shown by the relation:

si = pi − p∞ (3.1)

Combining the new pressure measurement of relative static pressure with the analysis pre-
sented in Chapter 2, the sensor reading with respect to position on the airfoil, angle of attack,
and freestream velocity becomes:

si =
1

2
ρv2∞CP (xi, α, v∞) + σ (3.2)

Using this new sensor model, the Unscented Kalman Filter can still be used to retrieve the
angle of attack and the freestream velocity of the airfoil.

3.2 Experimental Setup

Experiments were conducted inside an Eiffel style wind tunnel. Designed by Engineering
Laboratory Design Inc., the wind tunnel was an open-circuit design with a 6.25 to 1 contrac-
tion section. The working section of the wind tunnel was 45.5 cm × 45.5 cm × 91.5 cm.
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In addition, the wind tunnel had a controller regulating the frequency of the suction fan;
depending on the environmental parameters (i.e. temperature of the room) the frequency of
the suction fan could be mapped to an airflow velocity.

To calibrate the airflow velocity, a TSI VelociCalc 8346 anemometer was used which
related the frequency of the suction motor to airflow velocity. The anemometer’s data sheet
states that the measurement is accurate to within 3% or 0.015 m/s, whichever is larger. [38]

Figure 3.1: The wind tunnel setup of a wing with a NACA 2412 airfoil.

The wing tested used a NACA 2412 airfoil with a chord section of 15 cm and is pictured
in Figure 3.1. The wing spanned the entire 45.5 cm test section so that wingtip effects would
not interfere with results. The wing was mounted to the port holes on the wind tunnel so
that the section could be rotated and set at various angles of attack. The angle of attack
measurements were denoted in 1 degree increments and the angle of attack of the airfoil
was able to be set to an accuracy of 0.5◦. A PCB was used inside a 0.05 mm layer line 3D
printed airfoil section with 8 ports on top of the airfoil. The remainder of the section was
constructed out of extruded polystyrene and covered in a vinyl material. The position of
the ports were spread at the positions 5 mm, 10 mm, 15 mm, 20 mm, 73.8 mm, 86.3 mm,
and 107.1 mm from the leading edge. The latter 4 pressure ports were positioned such that
they would be able to detect airflow separation on the airfoil for angles of 3◦, 4◦, 5◦, and 6◦;
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however, the resolution of the sensors was not sufficient to be able to detect separation. All 8
sensors were used to retrieve the aerodynamic parameters of angle of attack and freestream
velocity.

3.2.1 COTS pressure sensor board layout

The PCB used in the wind tunnel tests was designed to measure static pressures along the
airfoil. The board was also designed with future work in mind - it would eventually be used
to actuate control surfaces via a PPM signal to a commercial RC hobby servo while sensing
pressures to retrieve the aerodynamic parameters of the wing section. The board resulted in
being 20 mm wide by 106 mm long and is pictured in Figure 3.2.

(a) Front of PCB

(b) Back of PCB (rendered)

Figure 3.2: The PCB inside the wing used to measure the relative static pressure at 8 points
as well as compute the estimates for the angle of attack and freestream velocity onboard of
its RP2040. The right side is closest to the leading edge when inside the wing, while the left
side is closest to the trailing edge of the wing. Pressure sensor footprints U8, U9, and U10
were not populated. It contains capability to communicate to other boards via I2C and can
actuate an RC servo via PPM.

Due to the presiding worldwide chip shortage, a limited selection of pressure sensors and
MCU’s were available to choose from.

The pressure sensors that were selected were TE’s MS5607-02BA barometric pressure
sensors [5]. These pressure sensors were selected because they are able to communicate
via SPI, had decent resolution, and were available. It was important to select a chip that
communicated via SPI as these sensors would be on the same communication bus, and
sensors usually only have one or two addresses given by the manufacturer on other forms
of communication (i.e. I2C). SPI allows for the MCU to communicate with a specific chip
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by driving the respective “chip select” signal line, allowing for more sensors to be on the
communication bus. The pressure sensors also have 5 oversampling ratio (OSR) levels to
choose from, which dictate the sampling rate and resolution of the pressure sensor’s ADC.
The highest resolution RMS is 2.4 Pa, which typically takes 16.44 ms, and the lowest
resolution RMS is 13 Pa, which typically takes 1.08 ms to sense. To achieve a 100 Hz loop
rate, the middle OSR was chosen - a resolution of 5.4 Pa typically taking 4.16 ms.

The MCU selected was the Raspberry Pi RP2040, which is an ARM Cortex-M0+ running
at 133 MHz [1]. This chip was selected because it has dual core functionality (to optimally
allocate resources for control in future work), could communicate with I2C (for communi-
cation to the to other boards in future work) and SPI (for communication to the pressure
sensors), was reasonably fast, as well as was available.

As shown in Figure 3.2, the PCB has 11 total footprints for pressure sensors, however, only
8 are populated. The three extra sensor footprints were laid out for the leading 4 pressure
sensors if need to locate pressure sensors elsewhere due to wing structure interference, like
a wing spar or other items. In current design the more central three footprints were not
needed and the front 4 were just used.

3.3 Wind Tunnel Results

Multiple pairs of angle of attack and freestream velocity were retrieved successfully inside
the wind tunnel. The initial tests were conducted with the freestream velocity ramped up,
held at 13 m/s, then ramped back down.

The first case presented is a test case at 5◦ angle of attack. In Figure 3.3a, the estimates
track relatively well when the wind tunnel is held at a high speed of 13 m/s. The velocity
seemed to have a similar variance throughout the test; however, the angle of attack estimate
has a variance that is clearly dependent on the freestream velocity. From the tests, it was
noted that although the wind tunnel was turned off, the freestream velocity estimate was
hovering around 3 m/s. This is due to the fact that at low velocities the noise of the sensors
is larger than the nominal pressure drop.

The results also hold for angles of attack closer to stall. Figure 3.3b, shows the case
when the wing section is set to 12◦ angle of attack. As in the previous case, the freestream
velocity has a similar variance throughout the test and the angle of attack variance strongly
correlates to freestream velocity. It should also be noted the angle of attack estimate strays
from 12◦ when the freestream velocity is low.

3.3.1 Noise versus freestream velocity

Continuing to explore to the sensitivity calculations conducted in Chapter 2, the noise is
compared for the angle of attack and freestream velocity estimates to the noise in simulations
at the same conditions.
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(a) α = 5◦

(b) α = 12◦

Figure 3.3: The output of the UKF for a NACA 2412 airfoil in the wind tunnel that was set
at (a) 5◦ and (b) 12◦ angles of attack and had the airflow velocity sped up to 13 m/s then
slowed back down.
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The angle of attack estimate has a clear correlation with freestream velocity as seen in
the ramp up, hold, and ramp down tests done. The relation was inspected with 5 different
freestream velocities at 5◦ angle of attack. Figure 3.4 shows the standard deviation of the
angle of attack estimate. The standard deviation of the angle of attack estimate from the
wind tunnel tests was also compared with the standard deviation of simulations that were
conducted over the same velocity range. The decrease in standard deviation of the estimate
from the wind tunnel tests is consistent with that of the simulation results.

Figure 3.4: The standard deviation of angle of attack estimate with respect to freestream
velocity when the NACA 2412 airfoil was at 5◦. The wind tunnel tests were compared to
simulation results.

Unlike for the angle of attack estimate, the freestream velocity estimate has a very small
change in standard deviation with the change in freestream velocities that were tested. This
can be seen in Figure 3.5, which was taken from the same 5 tests that were used to retrieve the
angle of attack estimate noise. When compared to the standard deviation of the simulation
results, the wind tunnel tests were reasonably close for the slowest 3 tests, however, the two
fastest tests seem to have strayed from what the simulation predicted.
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Figure 3.5: The standard deviation of freestream velocity estimate with respect to freestream
velocity when the NACA 2412 airfoil was at 5◦. The wind tunnel tests were compared to
simulation results.

3.4 Concluding Remarks

It can be seen that the aerodynamic parameters can be retrieved from static pressure mea-
surements on an airfoil using COTS pressure sensors. From the various tests, the angle of
attack and freestream velocities were estimated accurately if the airflow velocity was suffi-
ciently high enough. The variance also was dependent on the freestream velocity - the higher
the velocity, the lower the variance was.

Just as in these tests results, traditional airspeed sensors have trouble detecting low
speeds. In common manned airplanes, the airspeed does not “come alive” until the airplane
has a measurable amount of airspeed in which the pressure system can differentiate the total
pressure and the static pressure, measured by the pitot tubes, from their associated noise.
On these common manned airplanes, the sensors are designed to be effective in the flight
envelope of the airplane they are implemented on. Likewise, the pressure sensors on the chord
can be fitted to the flight envelope that the airplane will be operated in. This could be done
by choosing the appropriate fine-resolution, small-noise pressure sensors as well as varying
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the amount of pressure sensors used to estimate the aerodynamic pressure sensors. It should
be noted from the work shown in Chapter 2, the closer the pressure sensors are located to
the leading edge, the more efficient and effective the aerodynamic parameter estimate.

In future work, higher precision and accurate pressure can potentially be used to detect
flow separation on the wind section to bound angle of attack estimates. This can help ex-
tend the effective flight envelope that the aerodynamic parameter estimation can be utilized
without increasing the number of sensors.

Appendix

Here are results from the tests conducted in the wind tunnel for 5 different freestream
velocities at 5◦ angle of attack to analyze noise in Figures 3.4 and 3.5. The scales were
kept consistent so that they could easily be compared with one another. The tests were
conducted at equally spaced frequencies of the wind tunnel’s fan at 25 Hz, 35 Hz, 45 Hz,
55 Hz, and 65 Hz which translate to 5.78 m/s, 8.38 m/s, 10.85 m/s, 13.35 m/s, and
15.65 m/s, respectively. The dashed line represents what angle of attack the wing section
was set using the markings on the wind tunnel mount or the freestream velocity that was
measured using the VelociCalc anemometer for their respective plots.

Figure 3.6: The estimates from the wind tunnel test conducted at 5◦ angle of attack and
5.78 m/s.
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Figure 3.7: The estimates from the wind tunnel test conducted at 5◦ angle of attack and
8.38 m/s.

Figure 3.8: The estimates from the wind tunnel test conducted at 5◦ angle of attack and
10.85 m/s.
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Figure 3.9: The estimates from the wind tunnel test conducted at 5◦ angle of attack and
13.35 m/s.

Figure 3.10: The estimates from the wind tunnel test conducted at 5◦ angle of attack and
15.65 m/s.
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Chapter 4

Control Design utilizing Distributed
Pressure Sensors with Roll Control
Tests

Traditional autopilots use successive loop closure to control airplanes to achieve waypoints
in 3 dimensional space [6]. A control diagram describing the loops is shown in Figure 4.1.
The inner-most loop is an attitude controller that maneuvers the airplane into an attitude
that the navigation controller desires. The attitude is estimated from a couple of attitude
sensors, like IMUs.

Figure 4.1: A traditional autopilot diagram that controls an airplane to follow a waypoint
mission.

This method works well, but cannot detect localized disturbances and act accordingly.
Localized disturbances can result in the controller requiring a input that cannot be fulfilled.
This is because the airflow is at a different state when compared to a nominal state with the
same sensor readings which were computed in CFD or in a wind tunnel. Traditional control
derives PID gains from the stability gains from such nominal models.
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In this chapter a new method of roll attitude control is introduced. Specifically, the
method discretizes the wing into small sections and treats them as 2 dimensional airfoils.
These sections are then integrated to estimate the resulting force and moment from the wing.

4.1 Control Scheme for Distributed Sensors

Distributed sensors over the aerodynamic surfaces can measure static pressure to help esti-
mate the current state of airflow over the surfaces. These measurements can be used with
various models for that estimation. However, many of these methods, like CFD, take long
to compute and are not feasible for real time, closed loop control. Instead a method to
discretize the wing into n more manageable sections is used as seen in Figure 4.2.

Figure 4.2: An illustration of a 3 dimensional wing sectioned up into small discretized wing
sections.

Each section is looked at as a 2 dimensional airfoil. The pressure sensors associated
with each section can be used to determine the aerodynamic parameters, angle of attack
and freestream velocity for that section as investigated in Chapters 2 and 3. Estimation for
the parameters using the UKF method is quick enough to retrieve the parameters to use
in closed loop control. This analysis uses the assumption that spanwise flow of the wing is
negligible.

When looking at the pressure profile of the entire wing, the lift force from the pressure
differential between the top and bottom surfaces is lowest at the wing tips. This loss in lift
is well known by aerodynamicists, and can be looked at as a lower effective angle of attack
for the wing sections closer to the tips [4]. In this new control method, the sections at the
tips, namely i = 0 and i = n−1, will estimate a lower angle of attack when compared to the
sections in between. An illustration of the discretized, nominal lift profile is seen in Figure
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4.3; it shows how the outside sections will produce less lift. This profile would be different if
a localized disturbance is applied - some sections can see a reduction or an increase in lift.

Figure 4.3: An illustration of a nominal lift distribution on a finite wing, with the discretized
lift distribution estimates of each wing section.

To utilize the aerodynamic parameters of the discretized sections of wing, the traditional
inside attitude control loop from Figure 4.1 was replaced with a modified attitude control
loop shown in Figure 4.4. This modification still uses the attitude estimate to find the
attitude error, however, it now sets the flaps based on a force and moment computation as
well as an optimization problem with the new estimate of aerodynamic parameters derived
from the distributed pressure sensors.

Figure 4.4: The modified control diagram of a plane. The inner loop has a novel attitude
controller that uses airflow measurements from each wing section.

The force and moment computation is a straight forward 2nd order controller - to get
from attitude errors to moments and forces. For this dissertation, this 2nd order controller
was set to have a time constant of 0.1 seconds and be critically damped. The optimization
problem uses the moment and force computations as constraints that the integration of lift,
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drag, and moment estimates must equate. Additionally, the flap deflection is constrained by
the physical limits of the flap and the amount a flap can move in a single time step. The
optimization then minimizes the drag of the entire wing by optimally deflecting flaps that
achieve the proper forces and moments with the least amount of drag. This optimization
can be changed to penalize other criteria, such as radar cross section that may be useful for
stealth aircraft, but for this dissertation, drag was the only criteria being minimized.

To simplify the evaluation of the new controller, only the roll attitude was focused on,
whereas the remaining states could still be controlled using a more traditional form of attitude
control. The optimization problem to convert desired roll moment to all flap positions is
described as:

min
δi

∑
i

1

2
ρv2∞,i · ci · dSi · Cd,i(δi)

s.t., Mcmd =
∑
i

ri ×
1

2
ρv2∞,i · ci · dSi · Cl,i(δi),

δi ∈
[
δmin
i , δmax

i

]
,

(4.1)

where ρ is the density of the air, v∞,i is the estimate of the wing section’s freestream velocity,
ci is the section’s chord length, dSi is the wing sections width, Cd,i(δi) is the wing section’s
coefficient of drag as a function of flap deflection, and Cl,i(δi) is the wing section’s coefficient
of lift as a function of flap deflection. δmin

i and δmax
i are the limits set on the flap deflection

based on the the intersection of the flap physical limits and the limits the flap could move
in a time step of the attitude control loop.

This optimization problem is required to solve quickly as it is part of the inner-most
control loop described in Figure 4.4. The complete nonlinear model for Cl,i(δi) and Cd,i(δi)
is not necessary and can be estimated with simpler expressions. A simple affine expression
was used for the these functions, making the optimization problem a simple Linear Program.
This allows for more discretized sections to be used without drastically slowing down the
loop rate of the new attitude controller.

4.2 Experimental setup

The wing design used for the experiments of the new control method is comprised of 8
identical wing sections shown in Figure 4.5. These sections are 100 mm wide and have a
chord length of 160 mm, with a 30 mm flap spanning the entire wing section. The same
PCB design from Chapter 3 was used to measure static pressure at 8 points along the chord
using TE’s MS5607 pressure sensors and a 3.9 g RC servo to actuate the flap. The PCB
and pressure sensors were centered for each wing section, but the RC servos were offset to
the left, making each section have a small mass bias to the left. The section was made
from extruded polystyrene with 3D printed inserts where the flap and spars interfaced the
polystyrene wing section. The inserts were printed with ColorFabb’s LW-PLA. The pressure
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ports were located at 5 mm, 10 mm, 15 mm, 20 mm, 73.8 mm, 86.3 mm, and 107.1 mm
from the leading edge of the wing sections The pressure ports were printed on a Formlabs
Form 2 SLA printer using Tough V4 resin. The ports were sealed to the pressure sensor on
the PCB with silicone sealant.

Figure 4.5: Rendered chord section of wing. Note: Pink extruded polystyrene was used
instead of white expanded polystyrene.

The wing, shown in Figure 4.6, is comprised of 8 wing sections: 4 for each side of the
wing. Along with a 75 mm fuselage width, the wing span resulted in being 875 mm. The
sections are held together by two carbon rods that are the structural spars of the wing.
The wing section PCBs are all connected via I2C to the main flight controller, a Navio2
by Emlid connected to a Raspberry Pi 4B. The flight controller ran a custom version of
Ardupilot [37]. The software was written so that the control method could switch from a
traditional control method to the newly proposed control method by user input. When the
user chooses traditional roll control, the software runs a PD controller, where each side of

Figure 4.6: Picture of complete wing with 8 identical wing sections.
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the wing section’s flaps are commanded together acting as ailerons. When the user chooses
the new control method, the flaps move to the positions commanded by the optimization
problem’s solution mention in the previous section.

There are two main setups for the experiments conducted on the wing. In the first setup,
the wing was attached with a tether to a rotating boom. This boom was powered by a
brushless motor that could swing the wing in a circle at approximately 4 rad/s. In the
second setup, the wing was constrained to its roll axis with 2 bearings. It was then attached
to the front of an electric bike. This second setup also had an option to have a movable flap
controlled by the bike-rider mounted to locally disturb airflow. As the e-bike was ridden,
air flowed over the wing and the flight controller controlled the wing to a desired roll angle.
When there was no airflow over the wing, the wing leaned to the left (negative roll angle)
due to the left-bias of mass from each section. This bias was minimal - when there was some
airflow over the wing, both controllers were able to overcome that bias and level the wing.
The bike was also ridden outside on a relatively flat street where external disturbances from
the wind were present, although a best effort was made to conduct testing during less windy
and less gusty days.

It should also be noted that the first setup on the boom was conducted indoors, and
the second setup constraining all but the roll axis on the e-bike was performed after sunset.
This is because TE’s MS5607 pressure sensors are sensitive to sunlight. It was observed that
pressure readings could swing on the order of kPa between being in direct sunlight versus
being in the shade.

4.3 Experiments

Three sets of experiments were conducted to validate the new control algorithm. The tests
were conducted to prove the measurement capability and accuracy on a multi-section wing,
track a reference roll angle signal more efficiently and as accurately as a traditional controller,
and be better suited at rejecting disturbances. Table 4.1, shows the three sets of experiments
conducted along with their objectives. Figure 4.7 shows diagrams of the the wing test setups.

Test Objective
Circle “Lasso” Test Retrieve freestream velocity gradient along wing
Step Reference Response Track reference roll angle with better efficiency
Step Disturbance Response Better disturbance rejection

Table 4.1: Table of experiments conducted with each experiment’s objective.

4.3.1 Circle “Lasso” Tests

This first test, the Circle “Lasso” test, was conducted as a proof of concept to show that the
wing could accurately measure variable airflow across the wing. Using the rotating boom
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(a) (b) (c)

Figure 4.7: These are diagrams of the tests conducted. (a) The motorized boom setup for
the Circle “Lasso” test. (b) The setup of the wing using two bearing on an e-bike for the
step reference response test. (c) The setup of the wing using two bearing on an e-bike with
a flap to cause a localized airflow disturbance for the step disturbance response test.

setup (Figure 4.7a), the wing was swung in a circle at around 4 rad/s. The center of the wing,
the fuselage, was located 1 m from the center of rotation. During this test, the freestream
velocity was estimated by each wing section. The computed radius was then derived from
the freestream velocity estimate divided by the yaw rate of the wing as shown by:

Rcomputed =
v∞
r

(4.2)

where v∞ is the estimated freestream velocity of the current wing section and r is the yaw
rate of the wing. The results are shown in Figure 4.8.

Note that the rotation speed was not exactly constant during this test due to the periodic
nature of the setup. Therefore, rather than looking at the estimated freestream velocity at
each section, as it varied with the rotation speed, the measured radius was compared to the
computed radius to determine the accuracy of the estimates.

For a perfect estimate, without errors or noise present, the calculated radius should be
the same as the measured radius. The dashed line in Figure 4.8 represents this ideal scenario.
It should also be noted that the outside sections of the wing would see a higher freestream
velocity while the inside sections would see a lower freestream velocity. For the wing sections
that were further from the center of rotation, the calculated radius, and therefore freestream
velocity estimate, accurately predict the measured radii as shown in Figure 4.8. However, this
trend does not hold true for the wing sections closer to the center of rotation. The calculated
radii and estimates are higher than expected. This is due to the freestream velocity estimate
not being accurate at lower velocities. As seen in Chapter 3, at lower airflow velocities,
due to pressure sensor noise, the estimates incorrectly output velocity values larger than the
true velocity. Hence, the results successfully illustrate differences in localized airflow, given
sufficient airflow velocity.
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Figure 4.8: Results from the Circle “Lasso” test show how the various wing sections’ es-
timates of the freestream velocity divided by the yaw rate of the wing can reproduce the
measured distance of each wing section to the middle of rotation. A perfect estimate would
result in data points being on the dashed line.

4.3.2 Step Reference Response Tests

The step reference response test was conducted using the e-bike setup (Figure 4.7b) with
the goal of tracking a reference roll angle with improved efficiency. In this test, the reference
roll angle was a square wave with a period of 6 seconds and an amplitude of 10◦. The
approximate time of each test was just under 15 seconds, or about 2 periods of the reference
roll signal.

First, a baseline test was conducted using a traditional roll controller, which consists of
a PD controller that uses an IMU. The results of the reference tracking of this controller
can be seen in Figure 4.9a. As described in the experiment setup, at the beginning of the
test, the wing started with a lean to the left (a negative roll angle) due to a left-mass bias.
When airflow began flowing over the wing, the flaps gained sufficient control authority to
follow the reference square wave roll angle. This test demonstrated that the traditional roll
controller was able to track the reference signal.

The next test was conducted using the new roll controller which utilized the velocity and
angle of attack estimates. The results of the reference tracking of this controller can be seen
in Figure 4.9b. Again, it is apparent that the controller was able to track the square wave
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(a)

(b)

Figure 4.9: Step reference response of roll attitude using (a) a traditional roll controller and
(b) the new roll controller.
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reference signal.
During both tests, the angle of attack and freestream velocity estimates were recorded -

the traditional roll controller did not, however, utilize these measurements. These estimates
were used to compare efficiency between both controllers. Due to the nature of these tests
being conducted on a bike where the exact same velocity profile was not achievable, an
estimated coefficient of drag for the entire wing was compared. This coefficient of drag was
averaged on two steps and the two roll control methods were compared. The results shown
in Figure 4.10, show that the new control method is nominally more efficient. However, it
is also seen that shortly after the step, the new control method is not more efficient for less
than 0.5 sec.

Figure 4.10: A comparison of the averaged estimated coefficient of drag for two reference
steps.

4.3.3 Step Disturbance Response Tests

The step disturbance response test was conducted using the e-bike setup (Figure 4.7c) to
demonstrate localized disturbance rejection. In this test the reference roll angle was set to
0◦. When at speed and the wing was about level, a flap was deflected to disturb the airflow
on the right side of the wing. The approximate time of each test was about 15 seconds.
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(a) Traditional Control Method (b) New Control Method

Figure 4.11: Pictures taken during the disturbance test spaced 1 second apart. The flap is
deployed shortly after the first image, causing a localized airflow disturbance on the right-
most sections. (a) Shows the results of a traditional controller. (b) Shows the results of the
new controller - note the independent flap segment responses on right wing.

First, looking at a traditional controller, the localized airflow disturbance will not be
measured but its effects on the roll attitude will still try to be rejected by the controller.
The results of the traditional controller can be seen in the stills in Figure 4.11a and the plot
in Figure 4.12. By the last frame in the stills, the wing is tilted considerably more to the
right. Analyzing the plot, the localized airflow step disturbance occurs just after the 200
seconds mark, and the wing first dips closer to the 0◦ reference angle then dips to the right
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as a result. It is important to note that testing over multiple runs the wing attempts to
return to level, but always has a larger steady state error due to the airflow disturbance.
The controller does not know about the disturbance and was still trying to control the plane
as if there were no disturbance. The steady state error can be minimized with larger gains,
but that comes at a cost of a more jittery controller during nominal airflow conditions.

Figure 4.12: The roll attitude response from step disturbance test using a traditional con-
troller. The localized disturbance was imparted on the right-most section of the wing at just
after 200 seconds.

Next, the new controller was tested with the localized airflow disturbance. This time
the centralized controller got the additional information about the disturbance through the
change in angle of attack estimates on the wing sections. The results of the new controller
can be seen in the stills in Figure 4.11b and the plot in Figure 4.13a. The time when the
disturbance is imparted on the wing is less noticeable than the test with the traditional
controller when just looking at the roll angle of the wing. However, from the pictures taken
during the test, it can be seen that each section’s actuators are moving independently of
each other to reject the disturbance. The roll angle stays consistent throughout the test,
proving that the disturbance was rejected better.

The step disturbance is also well visible in the angle of attack estimates. These estimates
of angle of attack are shown in Figure 4.13b. Before the flap was deployed (localized step
disturbance), the right-most wing section, i = 7, is measuring a lower angle of attack when
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(a)

(b)

Figure 4.13: (a) The roll attitude response from step disturbance test using the new con-
troller. (b) The estimate of angle of attack of the three right-most wing sections during the
same time. The localized disturbance was observed and measured by the two right-most
sections of the wing at just before 29 seconds, but not for the 3rd right-most section, i = 5.
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compared to the sections next to it, i = 5 and i = 6, although the sections are rigidly
mounted to each other with no wing twist. These angle of attack estimates follow the theory
that the high pressure on the bottom of the wing bleeding over the wingtip to the low
pressure region on top of the wing is consistent with a lower effective angle of attack. [4]
However, the estimates drastically differ when the flap, localized disturbance, is deployed. It
is observed that the disturbance specifically changes the airflow to not only the right-most
section, i = 7, but also the section next to it, i = 6. Both estimates measure an increase in
angle of attack as the flap is deployed, whereas the i = 5 section remains unchanged. This
information was able to be utilized by the central flight controller to set the flap positions
accordingly resulting in significantly better roll angle tracking.

4.4 Concluding Remarks

The use of distributed pressure sensors in a control loop was shown in this chapter. A
wing was discretized into sections, where each section was analyzed separately. Each section
measured pressure sensors to retrieve an estimate of the airflow. An experiment conducted
showed that localized airflow was retrieved accurately if at sufficiently high freestream ve-
locities.

A centralized flight controller could then use the estimates in a control loop to solve a
minimization problem to determine the optimal flap deployment for desired attitude. The
new control method introduced was shown to be a viable replacement for traditional controls
on a 0.875 m wing through two experiments. The controller was successfully demonstrated
on both following a reference signal and rejecting a localized airflow disturbance. During the
reference signal tracking test, it was also shown that the cost metric that was decided on to
be minimized in the optimization block of the controller, drag, was lower than that of the
traditional controller.
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Chapter 5

A Tactile Sensor for Distributed
Pressure Sensing on Fixed Wing Flyer

A wide variety of robotic tactile sensors have been developed using transduction techniques
such as capacitive, optical, and resistive [16]. While tactile sensors typically measure contact
forces in grasping, highly sensitive arrays can be used for measuring pressure distributions
resulting from airflow around surfaces. In addition to high sensitivity for airfoil applications,
it is also required that the sensors be low profile, conformal to a surface, and easily able
to cover a wide area. Considering the availability of integrated electronics for capacitive
touch screens (e.g. [15]), capacitive tactile sensing is an attractive choice. Table 5.1 shows
representative capacitive tactile sensors, starting with the pioneering array sensor of Boie [7].
As shown in [7], capacitive sensors have low noise, giving sensitivity limited largely by
the cell nominal capacitance and compliance. In the table, time/cell indicates the rate at
which a cell updates its measurements, where by averaging 100 measurements, the resolution
can be improved by a factor of 10. In this chapter, a tactile sensor array that measures
pressure distributions across aerodynamic surfaces is introduced and optimized. This sensor
is indicated on the last two rows of Table 5.1.

Array Size Cell Size Resolution Time/Cell Reference
8× 8 2.5× 2.5 mm2 ? 40 us [7]
8× 8 3.3× 3.5 mm2 600 Pa 2.2 ms [11]
8× 8 0.1× 0.1 mm2 2.3 kPa 80 us [14]
5× 5 1× 1 cm2 2.5 Pa 10 sec [27]
1× 10 ≈ 1 cm2 60 Pa 1 ms [15]
1× 22 7× 8 mm2 100 Pa 1.9 ms [28]
10× 15 1× 1 cm2 25 Pa 1 ms Preliminary Design
10× 15 1.5× 1.5 cm2 20 Pa 1 ms Optimized Design

Table 5.1: Representative capacitive tactile sensors

The sensor array designs introduced in this chapter falls within the range of resolution
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and update rate of the cells of comparable size shown in Table 5.1. To demonstrate the
pressure distribution measurements during flight, the preliminary array design was installed
onto the wing of an RC airplane and tested at speeds up to 12 m/s. The results are then
compared to results of the same airfoil generated through a 2D airflow analysis using XFOIL
[10].

5.1 Preliminary Sensor Design

The preliminary sensor array being presented in this chapter utilizes capacitance measure-
ments to determine pressure distributions. An increase or decrease in pressure moves the
two electrodes closer or further apart, resulting in increased or decreased capacitance, re-
spectively. For these types of pressure sensors to be applicable on airplanes, they must be
able to map static pressure distributions across a wing or aerodynamic surface.

5.1.1 Dielectric Material Spring

If two similarly sized electrodes are kept parallel to one another, the capacitance is inversely
proportional to the distance given by:

C = ϵ0
A

δ
(5.1)

where ϵ0 is the dielectric constant, A is the area of one of the electrodes, and δ is the distance
between the electrodes.

A dielectric material insulator can be placed between the electrodes, acting as a spring, to
relate pressure on the electrodes to capacitance. Assuming the change in dielectric constant
from the insulator being squeezed is negligible, the pressure to capacitance equation is:

∆p = E

(
δ1 − δ2

δ1

)
= E

(
1− C1

C2

)
(5.2)

where ∆p is the pressure change and E is the Young’s modulus of the insulator. Rewriting
the resulting capacitance from the applied pressure change as C2 = C1 + ∆C, then with
small ∆C, (5.2) can be estimated as:

∆C

C1

≈ 1

E
∆p (5.3)

This shows that the ratio between the pressure change and percent capacitance change is
approximately the inverse of the Young’s Modulus of the insulator. Therefore, the sensitivity
of this design is dependent on the Young’s modulus: less stiff dielectric material results in
a greater capacitance percent change for a unit pressure change. However, obtaining low
modulus dielectric materials (e.g. ≈ 10kPa) with low hysteresis can require microstruc-
tured materials [32], and the 10 kPa dielectric would give only a 1% change at the nominal
aerodynamic load of 100 Pa.



CHAPTER 5. A TACTILE SENSOR FOR DISTRIBUTED PRESSURE SENSING ON
FIXED WING FLYER 41

5.1.2 Clamped Beam Spring

To create a higher sensitivity pressure sensor, the electrodes must have a larger change in
distance for the same pressure change. This can be achieved if the elastic dielectric layer
is swapped for a suspension design where the electrode is only supported at the edges, as
seen in Figure 5.1. In this pressure sensor, the suspension design has supports on all four
sides. The membrane is modeled as a two-dimensional beam so that an analytical model
can be utilized. This 2D model is a fixed-fixed beam with uniform load, where the pressure
to displacement relation is:

∆δ(x) = − x2

2t3E
(L− x)2∆p (5.4)

where E is the Young’s modulus of the top conductor, t is the thickness of the membrane,
L is the distance between the membrane supports, and x is the distance from one of the
supports. Note that using this type of model will overestimate the displacement as the
conductor near the unmodeled fixed edges will displace less than what the model predicts.

1 mm

AA

Section A-A

Sealed Via

RX Line Electrode

TX Line Electrode

Paper Adhesive

Aluminized PET

L

1

0.2 mm

Figure 5.1: The model of a single capacitive cell in the sensor array. Each cell’s area is
1 cm2. The paper adhesive is comprised of thermal adhesive on both sides of paper. The
aluminized polyester has the aluminium face down and has been removed in the top view to
show more detail. Additionally, a ground-fill (not pictured) was used on both layers where
there were no electrodes to shield the cell from electrical noise.
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The relationship between the change in pressure and the change in capacitance is derived
in [14]:

∆C

C1

≈ L4

60t3δ1E
∆p (5.5)

where δ1 is the original distance of the gap before a pressure is applied. This equation
shows that if L4

60t3δ
is greater than 1, then the suspended membrane design will see a larger

percentage change in capacitance for the same pressure change when compared to the design
using the dielectric material insulator as a spring.

The material of the top conductor is aluminum coated polyethylene terephthalate (PET)
film with thickness t, of 40 µm and has a Young’s modulus, E, of approximately 3.0 GPa
[25]. Using paper with thermal adhesive on both side for the supports of the membrane
results in an original distance, δ1, of 0.2 mm. With the same nominal aerodynamic loading,
as Section 5.1.1, of 100 Pa, a 43.4% change in capacitance would be expected for a double
clamped beam, with significantly lower sensitivity for the membrane clamped at 4 edges.

The sensor was, therefore, chosen to be 1 cm×1 cm with a suspended membrane design.
However, rather than having one electrode fixed and one electrode on the membrane, both
electrodes were fixed and a grounded aluminized polyester film membrane was used. The
electrodes were designed to be a low cost 2-layer PCB as seen in Figure 5.1, while the
grounded membrane provides some electrical noise shielding. The sensor was fabricated by
laminating laser cut adhesive film to the FR4 PCB, followed by laminating the aluminized
polyester layer.

5.1.3 Capacitance Array

Capacitive sensors are readily arrayed. A set of sensors in an array can share an electrode,
where the only requirement is that the other electrode is not shared between any of the
sensors in that set. To efficiently array these sensors, two sets of electrodes can be arranged
perpendicularly in lines ensuring no two electrodes in the same set form a capacitive sensor.
In Figure 5.2, one set of electrodes is configured vertically while the other set is configured
horizontally.

The capacitive pressure sensor array uses the IQS550 capacitive trackpad IC from Azoteq
to measure the capacitance of the sensors. This IC has 15 transmit lines and 10 receive lines.
Each transmit line can be sensed by each of the receive lines, therefore, the largest array one
IQS550 IC can support is 150 cells. The IC measures the capacitance and outputs values
that are relayed via an I2C bus. Using the sensor design in Figure 5.1, the IC can reliably
read all 150 cells and convey the information through the bus every 150 ms.
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(a) (b)

Figure 5.2: The prototype rigid PCB design of the pressure sensor array. (a) Shows the top
of the board. (b) Shows the bottom of the board. In both figures, the left side is closest to
the leading edge when mounted on the wing for the tests.

5.2 Capacitive Pressure Sensor Tests of the

Preliminary Design

To test the capacitive sensor array, the rigid PCB shown in Figure 5.2 was mounted flush
on the top surface of a wing with a span of 1.1 m, chord of 20 cm, and thickness of 1.3 cm.

The PCB was recessed into the wing to ensure that the airflow was not disturbed during
testing. The array was also placed away from the wingtips to minimize the effects of wingtip
vortices. The mainly flat airfoil is pictured in Figure 5.3. The first row of elements in the
sensor array are located 2 cm from the leading edge and the last row of elements are located
just before the airfoil begins to taper off. The receive lines for the Azoteq IC start with RX:
9 closest to the leading edge and end with RX: 0 closest to the trailing edge. The transmit
lines for the Azoteq IC start with TX: 0 closest to the wing root and end with TX: 14 closest
to the wing tips.

Alternatively, a flexible PCB could be similarly applied to the surface. In this case, a
recess to prevent the flexible PCB from disturbing the airflow would not be necessary. The
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Figure 5.3: The airfoil used to confirm the preliminary capacitive pressure sensor array on
the RC airplane. The blue highlights show the locations of the individual pressure sensor
array cells on the airfoil. The airfoil’s chord is 20 cm.

use of a flexible PCB could also be beneficial when mounting the sensor array as it would
allow a non-flat surface to be used. For example, the array could be used on a common
NACA airfoil rather than the flat airfoil presented in this paper.

Testing of this pressure sensor array was performed on a wing mounted on a test fixture
protruding from the back of a pickup truck. The sensor array collected pressure measure-
ments while the truck was accelerated from 0m/s to approximately 12m/s, then decelerated
back down to 0 m/s. A wind vane was located below the wing to ensure that the airflow
was undisturbed by the body of the truck. In addition to collecting pressure measurements
from the sensor array, an LPS25H STMicroelectronics barometer logged ambient air pressure
and a Wind Sensor Rev C Modern Devices anemometer logged freestream velocity. While
the tests were aimed to be conducted in a still air, no wind environment, light breezes were
inevitable.

5.2.1 Calibration

The pressure sensor array was calibrated to account for manufacturing and temperature
deviations. To ensure accuracy, the pressure sensor array was calibrated on the wing rather
than off of the wing in a pressure chamber. This is due to the fact that the extruded
polystyrene wing touches the PCB and therefore adds stray capacitance, making calibration
of the array off of the wing in a pressure chamber inaccurate.

The calibration process assumes that the relation is linear, as approximated in (5.5).
Since the test location was situated on a slightly inclined road, measurements at the top
and bottom of the road were taken on both the capacitive pressure sensor array and the
barometer. The average measurements from each location were used to compute the linear
relation:

K =
ptop∞ − pbottom∞
Ctop − Cbottom

(5.6)

From here on, K, will be referred to as the sensitivity constant. During testing, the change
in elevation of the road resulted in approximately a 90 Pa change in ambient pressure. This
change in ambient pressure is equivalent to a 7.4 m elevation change. The ambient pressure
profile is shown in this chapter’s appendix.
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5.2.2 Expected Pressure Distributions

XFOIL was used to predict the pressure coefficient distribution on the airfoil shown in Figure
5.3. Once the pressure coefficient distribution was computed, the predicted static pressure, p,
was then calculated as a function of freestream velocity squared, U2

∞, and ambient pressure,
p∞. The ambient pressure acts equally on the entire wing, therefore, it does not produce a
pressure differential. To focus on the differences in the pressure distribution that produce
aerodynamic forces, only the relative pressure distribution, p− p∞, was plotted.

In Figure 5.4a, the relative pressure distribution of the top surface is shown for three
different freestream velocities. Note that the relative pressure distribution is negative, which
means that the pressure is producing an upward force on the top of the wing surface. In-
tegrating the distribution over the entire airfoil results in the aerodynamic forces per unit
span of the wing acting on the airfoil. These aerodynamic forces due to pressure can then be
decomposed into lift and drag forces. Additionally, the relative pressure distribution changes
as the angle of attack varies. Figure 5.4b illustrates the relative pressure distribution for an
angle of attack of 5◦. Overall, a majority of the relative pressure distribution is more nega-
tive, resulting in a larger lift force. It can be seen that both pressure distribution magnitudes
also increase with the square of the freestream velocity.

The distributions in Figures 5.4a and 5.4b are well within the region of angles of attack
before the airfoil stalls. During stall, the airflow separates from the surfaces, which causes
highly dynamic airflow in the separated region. This dynamic instability in the flow consists
of vortices and vortex shedding [12] and would be difficult to match a simulation with
measured data. Therefore, testing of the pressure sensor array was only performed where
airflow is close to steady behavior with minimal separation occurring.

5.2.3 Results

As previously discussed, the pressure sensor array tests were conducted on a slightly in-
clined road, resulting in changes in ambient pressure. The pressure sensor array measures
static pressure, meaning that the changes in ambient pressure affect these measurements.
To evaluate the test results, the relative pressure distribution estimates from XFOIL were
compared to the measured relative pressure distribution from the barometer, anemometer,
and pressure sensor array.

Cp

(
1

2
ρv2∞

)
= p− p∞ ≈ K∆C − p∞ (5.7)

The left side of (5.7) is the estimate of the pressure from XFOIL and the right side is the
pressure that comes from pressure array measurements.

Figure 5.5a shows results from one of the cells on the sensor array during the test at
0◦ angle of attack. It is shown that the pressure measurements follow the XFOIL estimate
with respect to freestream velocity. The standard deviation is 25.3 Pa while having a decent
sensitivity, where the sensitivity constant, K, is 0.46 Pa. Results from the 0◦ angle of attack
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(a) α = 0◦

(b) α = 5◦

Figure 5.4: Relative pressure distribution for the airfoil shown above at (a) 0◦ and (b)
5◦ angles of attack flying at 5 m/s, 10 m/s, and 15 m/s according to XFOIL. The RX:
6 cell location is highlighted to show the expected pressure drop for the cell discussed in
Section 5.2.3.
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(a) α = 0◦

(b) α = 5◦

Figure 5.5: Comparison between the XFOIL estimated relative pressure and the measured
relative pressure at cell, RX: 6 TX: 3, for an angle of attack of (a) 0◦ and (b) 5◦.
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test show that more than half of the cells in the sensor array have at most a standard
deviation of 55 Pa and more than a fifth of the cells have at most a standard deviation of
35 Pa.

Figure 5.5b illustrates the same element in the sensor array, but at an angle of attack of
5◦. It is shown that the pressure sensor measurement also agrees with the pressure estimates
from XFOIL. For this cell, at a 5◦ angle of attack, the standard deviation is 22.9 Pa. As
expected, at a higher angle of attack, there is a larger drop in relative pressure. Results
from the 5◦ angle of attack test show that more than half the cells in the sensor array have
at most a standard deviation of 45 Pa. Similar plots for the 0◦ and 5◦ angle of attack tests
were created for the remaining cells in the sensor array. A comprehensive evaluation of all
150 cells is presented in the following section and in Figures 5.8 and 5.9.

5.2.4 Potential for Improving Sensitivity

The sensitivity of the cells can also be improved without lowering bandwidth by averaging
their measurements with adjacent cells or by row if similar pressures are expected. In this
case, where the pressure sensor array was mounted towards the center of the wing, the rows
of cells are measuring very similar pressures, therefore they can be averaged. Figure 5.6

Figure 5.6: The pressure average on the entire RX: 6 row for an angle of attack of 5◦. If
the pressure distribution is assumed to be constant over a section of cells, then they can be
averaged to reduce the standard deviation.
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shows the average of the entire row of cells, which also contained cell RX: 6, TX: 3. The
standard deviation dropped to only 10.6 Pa. It is important to note that this cannot be done
closer to the wingtip as the pressure loss in the spanwise direction is significant. Another
way to improve sensitivity is by optimizing the design of the sensor.

5.2.4.1 Cell Quality

The sensitivity of the cells in the pressure sensor array is represented by each cell’s sensitivity
constant, K. The values that are larger are more sensitive, since the same change in pressure
will result in a larger percent change in capacitance. However, it is important to take into
consideration noise of the sensor. If a sensitive cell has a large amount of noise, variance in
measured pressure will be large. A good cell will have both high sensitivity and low noise.
To qualitatively inspect the array, a metric defined as the normalized ratio of variance over
K, is used in Figure 5.7. Lower values define better cells.
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Figure 5.7: The normalized ratio of the variance over the sensitivity constant, K, of each
cell is mapped. Better sensors register lower numbers with this metric. The top row, RX: 9,
is closest to the leading edge, while the bottom row, RX: 0, is closest to the trailing edge.

The metric was then used to prevent bad cells from deteriorating averaged results. A
threshold of 0.45 for the ratio of the variance over K, was chosen empirically. This threshold
only skipped over 15 cells, which were not included in the averaging. The results from the
0◦ and 5◦ angle of attack tests were averaged in the spanwise direction at 11.5±0.2 m/s and
12± 0.2 m/s, respectively. These averages were compared to XFOIL predictions in Figures
5.8 and 5.9.
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Figure 5.8: Relative pressure distribution for the airfoil at 0◦ angle attack with a freestream
velocity of 11.5 m/s. The sensor measurements within ±0.2 m/s for each row were averaged
and plotted with a ±1 standard deviation range. RX: 8 has a large error for this test and is
not captured in the range of the relative pressure range plotted.

The measurements correlate with XFOIL estimates well, with the exception of the second
and third rows, RX: 7 and 8, in the 0◦ angle of attack test. It is hypothesized that there was
some stray capacitance which caused a drift in calibration.

5.3 Optimized Sensor Design

To be usable as part of the control shown in Chapter 4, the pressure sensors were optimized
to be more sensitive. Getting the capacitive pressure sensors to be more sensitive, there are
a two improvements made on the preliminary thin-film capacitive pressure design. Addi-
tionally, the design would be manufactured on a flex-PCB to be able to conform to a more
efficient airfoil.

The first design change was to the membrane of the sensor. Rather than being 1 cm ×
1 cm, the membrane was expanded to 1.5 cm × 1.5 cm. This reduces the stiffness of the
membrane so the same pressure drop results in a greater deflection of the membrane.

The second design change was to optimize the traces of the sensor so that the same
change in pressure results in the maximal change in capacitance. To increase the change
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Figure 5.9: Relative pressure distribution for the airfoil at 5◦ angle attack with a freestream
velocity of 12 m/s. The sensor measurements within ±0.2 m/s for each row were averaged
and plotted with a ±1 standard deviation range.

in capacitance, a design that changes the electric field gradient the most, must be utilized.
As explored in previous works, the electric potential field gradient can be increased by
increasing the edges of the traces through the use of finger-like designs [33, 31]. Therefore,
an axi-symmetric design was developed and optimized through the use of a grid search of
the design’s parameters - rather than using parallel fingers, concentric sets of circles were
used.

5.3.1 Optimized Sensor Analysis

The optimal pressure sensor was designed for a 10 Pa drop in pressure. Using an FEA tool,
the center of the aluminized Mylar membrane was computed to have a 4.7 µm deflection for
the pressure drop. With the deflection profile from the FEA tool, another FEA analysis was
run for the various parameters of the design.

The axi-symmetric design had several parameters as noted in Figure 5.10. Searching
over possible parameter values, the trace width of the finger and the outside ring width was
noticed to have little effect to the capacitance change, so they were chosen for robustness of
the design and manufacturability. This design was for a flex-PCB, so the outside ring was
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Figure 5.10: The to-scale optimized capacitive pressure sensor design with the parameters
labeled. The outer-most ring and the connected traces are the drive traces, and the inner-
most via and connected traces are the sense traces. There are 4 sets of rings shown here.

chosen to be 0.5 mm to prevent cracking of the trace, while the finger width was chosen to
be 0.1 mm. The center radius on the other hand was more optimal for the design if it were
smaller, so the smallest size of via was used - the via connected the inside trace to the rest
of the sensor array. The other parameters, number of ring sets and gap between traces, were
varied and compared to choose the largest change in capacitance. The final design is shown
in Figure 5.10.

Figure 5.11a shows the percent change in capacitance for the 10 Pa drop in pressure.
It shows that the best design choice was a design with the least number of ring sets and
the largest possible gap between traces. However, this result fails to take into consideration
stray capacitance from the PCB that comes from routing the traces near other traces. The
stray capacitance can reduce the change in capacitance by the relation:

∆C% =
δC

C0 + Cstray

(5.8)
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(a) No stray capacitance

(b) 50 fF of stray capacitance

(c) 100 fF of stray capacitance

Figure 5.11: The percent change in capacitance with a 10 Pa drop in pressure.
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If the design does not have a large nominal capacitance, C0, then stray capacitance can
drastically vary the percent change in capacitance. Varying amounts of stray capacitance
were explored and the results can be seen in Figures 5.11b and 5.11c. The optimal parameter
values are now towards the center of the design space. Consequently, the capacitance pressure
sensor design was chosen to have 4 sets of rings and a trace gap width of 0.35 mm.

5.3.2 Optimized Sensor Tests

The new sensor design was then tested with a 150 Pa pressure drop. The results of the
optimized pressure sensor are shown in Figure 5.12. This result is from one of the better
sensors in the array that was compared to the same pressure sensor as before, the LPS25H
from STMicroelectronics. The test was conducted for 30 seconds, after which the capacitance
sensors seem to have drifted. The noise for the pressure sensor was improved from the
previous design - the standard deviation of 25 Pa was improved to a standard deviation of
20 Pa. This is larger than that of the pressure sensors used in Chapters 3 and 4, but this
can potentially be overcome by using more sensors for each wing section.

Figure 5.12: The output of one of the better capacitive pressure sensors for a 150 Pa pressure
drop. The noise was measured to have a standard deviation of 20 Pa.
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5.4 Concluding Remarks

The distributed capacitive pressure sensor array presented in this chapter demonstrated its
ability to measure small quasi-static pressure distribution changes across an aerodynamic
surface. The optimized pressure sensor design was able to obtain a resolution of 20 Pa.
This resolution was obtained while the entire array was being measured every 150 ms, which
translates to a 1 ms time/cell update rate.

5.4.1 Sensor Limitations

Some limitations were observed while testing the capacitive pressure sensor array. The
first observation was that the colder outside temperature had an effect on the sealed cells.
Testing in colder weather caused the air inside of the cells to shrink and show higher initial
capacitances. The second observation was that close proximity to another object may change
the capacitance of the cells. Luckily, for aerial vehicles, close proximity to another object
is not a concern during flight. However, this may affect the usability of this sensor when
utilized in another application where other objects may be close by.

5.4.2 Future work

Manufacturing variability needs to be reduced by using more uniform bonding technology
such as thermoplastic welding, rather than a pressure sensitive adhesive which may have
stability issues. With improvements in sensor manufacturing consistency, the sensor array
can be used with the work from previous chapters to sense localized airflow disturbances and
allow the control of the airplane with a less intrusive distributed pressure sensor array.

Appendix

Figures 5.13 and 5.14 are the test condition profiles. Both tests for 0◦ and 5◦ angle of attack
were conducted on the road in the direction of decreasing elevation.
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Figure 5.13: The ambient pressure profile and freestream velocity for the test at a 0◦ angle
of attack.

Figure 5.14: The ambient pressure profile and freestream velocity for the test at a 5◦ angle
of attack.
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Chapter 6

Conclusion

In this dissertation, a method to measure the pressure distribution, analyze the airflow,
and control an airplane through the use of distributed pressure sensors across sections of a
wing was introduced. Chapter 2 compared three methods used to retrieve the 2 dimensional
aerodynamic parameters of angle of attack and freestream velocity from distributed pressure
sensors over the chord of the airfoil. The Unscented Kalman Filter was chosen due to its faster
compute time and higher accuracy. Chapter 3 then explains how the Unscented Kalman
Filter was utilized to retrieve the aerodynamic parameters during wind tunnel testing. These
two chapters demonstrated how the use of an Unscented Kalman Filter with a zero-dynamics
model and the use of the coefficient of pressure from a viscid XFOIL analysis was able to
estimate the parameters well. The UKF was able to accurately compute estimates in about
1 ms for all conditions tested. It was also observed that the accuracy of the estimates
improved as the velocity of airflow was increased. Chapter 4 then combined the findings from
Chapters 2 and 3 to introduce a control scheme that utilized the estimates of the airflow
on all sections of wing to control the attitude of an airplane. This control scheme took
advantage of distributed pressure sensors to optimally adjust actuators (i.e. flaps) across the
wing sections accordingly. The performance of this control scheme was also proved with roll
attitude tests, where the new controller was able to more efficiently track a reference signal as
well as better reject a localized airflow disturbance when compared to a traditional controller.
Last, Chapter 5 explored an innovative method to develop and manufacture sensitive, thin-
film, capacitive pressure sensors which could be applied to aerodynamic surfaces to measure
the pressure distribution across a wing. The potential for such technology was illustrated
as an improvement as the current design utilizing COTS sensors, which are intrusive to
the structure of the wing. Implementing thin film capacitive pressure sensors allows for the
retrieval of 2 dimensional airflow parameter estimates to be performed on multiple discretized
sections of the wing with little to no wing structure intrusion.
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6.1 Future Work

There are two foreseeable areas that have the potential for future work based on the exper-
iments conducted for this dissertation. The first area is in the space of thin-film capacitive
sensors. As noted in Chapter 5, the design presented had a large variability in manufactur-
ing quality. Utilizing such a thin film pressure sensor over a COTS pressure sensor would
improve the performance of the airplane as the structure would not need to be modified,
and consequently made heavier. Therefore, rather than accommodating the pressure sensors
inside the wing, they could be applied topically to the wing surface.

The second area that could be explored is improving the method for checking for bad
estimates. During the tests conducted for this dissertation, there were a few failed pressure
sensors that drove the estimates away from the actual values of the aerodynamic parameters.
If the turbulence in the environment is characterized, each sensor reading could then be
compared adjacent sensors to prevent the controller from using bad estimates.
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