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Multisensor Data-Fusion-Based Approach to
Airspeed Measurement Fault Detection
for Unmanned Aerial Vehicles

Dingfei Guo, Maiying Zhong, and Donghua Zhou, Senior Member, IEEE

Abstract—Fault detection (FD) plays an important role in
guaranteeing system safety and reliability for unmanned aerial
vehicles (UAVs). This paper focuses on developing an alternative
approach to FD for airspeed sensor in UAVs by using data
from gyros, accelerometers, global positioning system, and wind
vanes. Based on the kinematics model of the UAV, an estimator
is proposed to provide analytical redundancy using informa-
tion from the above-mentioned sensors, which are commonly
implemented on UAVs. This filter process is independent of
the airspeed measurement and the aircraft dynamics model.
Furthermore, we employ the observability rank criterion based
on Lie derivatives and prove that the nonlinear system describing
the airspeed Kkinematics is observable. The )(2 test and cumu-
lative sum detector are employed to detect the occurrence of
airspeed measurement faults together. Finally, the performance
of the proposed methodology has been evaluated through flight
experiments of UAVs.

Index Terms— Airspeed estimation, fault detection (FD),
kinematics model, pitot tube, unmanned aerial vehicle (UAV).

I. INTRODUCTION

HE mobility and economic efficiency of unmanned aerial

vehicles (UAVs) provide them with a high number of
applications [1]. A UAV is a typical multisensor system,
including inertial measurement unit (IMU), global positioning
system (GPS), air data system (ADS), magnetometer, and so
forth. To achieve precise control and navigation of the UAYV,
the reliability of the sensor system must be ensured. One of
the most important sensors is the pitot tube, which provides
information about the airspeed. The standard method for deter-
mining airspeed is to calculate the airspeed using the dynamic
pressure measured from a pressure sensor connected to a pitot
tube. This sensor is very exposed because of its position in
the airstream, and it can easily be clogged by dust or water
particles that freeze at higher altitudes when they come into
contact with the airplane body. Pitot tube defects can have
catastrophic consequences for airplanes, particularly UAVs,
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which do not have the same sensor redundancy that is
available on larger aircraft. Thus, fault detection (FD) and
isolation techniques that incorporate analytical redundancy are
favored.

A general approach for airspeed sensor FD is hypothesis
testing of the innovation [2]. Dating back to the 1970s,
the use of analytical redundancy was employed for sensor
failure identification, as reported in [3], for example. In that
work, a bank of so-called “sequential probability ratio tests”
computed the probabilities on whether a sensor was faulty
over a time window of residuals. Other innovation tests were
performed, e.g., chi-square tests in [4] or the Tracy—Widom
distribution test in [5]. However, these approaches cannot
isolate airspeed sensor faults from actuator or other sensor
faults. Another technique is the multiple model adaptive
estimation technique [6] based on an idea from [7]. This
technique is based on a bank of parallel Kalman filters, each
of which matches a particular fault status of the system or any
one sensor/actuator. However, this approach requires a priori
statistical characteristics of faults that occurred in the system.
In practice, such information is mostly not available, and
using this approach has limited applications for airspeed FD.
Moreover, fault estimation [11] can hardly be used for UAVs
because of the same limitations. As an alternative to innovation
tests from Kalman filters, airspeed estimation is employed to
generate a residual signal for detecting potential pitot tube
faults. Reference [13] utilized stereo vision to measure the
velocity of vehicles. Reference [14] estimated the airspeed
from the throttle setting to detect failures on the pitot tube
onboard a small UAV. Another approach by Cho et al. [15]
developed an airspeed estimation algorithm using a Kalman
filtering technique based on the geometric relationship among
the airspeed, wind speed, and ground speed of a UAV.
Combining the above-mentioned two airspeed estimations and
airspeed measurements, [16] provided a detailed fault diagno-
sis analysis for the airspeed sensor. However, these approaches
suffer from a few limitations. They require the use of the pitot
tube information to estimate the wind or unknown parameters,
which are then used to estimate the airspeed; therefore, these
airspeed estimations cannot be considered to be independent
of the pitot tube. Reference [10] proposed a practical approach
for estimating the airspeed of a UAV based only on the
nonlinear equations regulating the dynamics of the aircraft
angle of attack. The authors assumed the exact knowledge
of the inertial, geometric, aerodynamic, and thrust modeling
parameters of the UAV, resulting in a quadratic equation of
the airspeed. Although an explicit aircraft model is required,
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the trained model may contain aircraft-specific information in
its parameters; therefore, it can only be used for the specific
UAV for which it has been identified. Reference [12] used
rate-gyro, accelerometer, GPS, angle of attack, and sideslip
measurements to estimate the velocity relative to the air.
The advantage of this type of approach is that it can be
implemented on any aircraft without the need for aircraft
modeling or tuning of the modeling uncertainties. However,
the observability of attitude estimation cannot be proven.

In this paper, an alternative approach is proposed for air-
speed sensor FD using the frequently used sensors in the UAV.
Different from the hypothesis testing of the innovation-
based FD, this approach uses the difference between the
airspeed estimation and the airspeed measurement to indicate
the pitot tube fault. Therefore, a pitot-tube-independent esti-
mation for airspeed is presented using the extended Kalman
filter (EKF) first. A sensing system using this approach can
be moved from one aircraft to another without requiring any
changes to the filter, except for tuning for different sensors.
Note that the accurate attitude of an aircraft is important
for the airspeed estimation. In this paper, an all error state
inertial navigation system (INS)/GPS integration algorithm is
chosen to estimate the attitude errors, which can be used
to correct the INS attitudes and other uncertainties. At the
same time, based on the observability analysis of the INS/GPS
integrated system [22], a comprehensive observability of the
system using the Lie derivative [20] is formed to ensure that
the sensor measurements provide sufficient information. In the
FD scheme, the performance of the used sensors, i.e., IMU,
GPS, and wind vanes, is a key component guaranteeing the
reliability of the FD. Therefore, health monitoring of these
sensors need to be implemented all times. Before the pitot
tube FD, this paper uses a y2 test to determine whether
these sensors work regularly. Based on the health monitoring,
a cumulative sum (CUSUM) test [24] is used to detect airspeed
sensor fault.

The remainder of this paper is structured as follows. In
section II, we give the problem statement. Section III presents
the method for estimating airspeed using a GPS receiver, IMU,
and wind vanes. Airspeed sensor FD is detailed in Section I'V.
Finally, the proposed approach is validated using actual flight
data from the Thor UAV, based on the Ultra Stick platform
from the University of Minnesota.

II. PROBLEM STATEMENT

The basic relationships between the airspeed measurement
and UAV states are derived in [25]. For simplicity, based on
Bernoulli’s equation, the airspeed can be expressed as follows:

V=K M:Kzﬁ (D
Voo p

where V is the airspeed to be measured; P, is the total
pressure; P is the static pressure; Py is the difference between
the total pressure and the static pressure, i.e., the dynamic
pressure; p is the fluid density; and K is a correction factor.
In many UAVs, pitot tubes are used to measure dynamic
pressure, which can be used to calculate airspeed.

Pitot tube failures have resulted in several fatal accidents
for commercial, military, and general UAVs. The traditional
approach to sensor fault tolerance is hardware redundancy [2].
Multiple hardware components provide protection against
damage. Such schemes operate in triple or quadruple redun-
dancy configurations. However, for small UAV systems, hard-
ware redundancy approaches cannot simultaneously achieve
high performance and high reliability. In addition, failures on
any individual pitot tube are also likely to occur on other pitot
tubes under certain weather conditions, resulting in common-
mode failures.

An alternative to hardware redundancy is analytical redun-
dancy, in which health-monitoring software uses a system
process model to generate residuals. Common techniques for
residual generation, such as [3]—[5], utilize analysis of Kalman
filtering-based innovations within a statistical framework. The
residual should be a good representation of the fault and
insensitive to process and measurement noises, and it is
expressed as follows:

j=y-§ @)
where y stands for measurements from sensors of the UAV,
including airspeed, locations, wind angles, and angular rates.
y is the estimated measurement using EKF [4] or other
Hxo-type filters [8], [9]. ¥y is the generated residual. Based
on the analysis of the residual (2), FD of the airspeed sensor
is properly implemented. However, there are a few limitations
in these innovation-based approaches. First, these approaches
cannot distinguish pitot tube faults from other sensor faults,
because this residual y also includes other sensors’ infor-
mation. Moreover, they are strong-model-based methods in
the sense that complete knowledge on the characteristics of
the signals and the underlying dynamics is required. These
structures cannot provide good cross-platform portability.

To overcome these shortcomings, this paper presents an
alternative model-independent method to detect and isolate the
airspeed sensor fault. A general diagram of this approach is
shown in Fig. 1. Several regularly available sensors, i.e., IMU,
GPS, and wind vanes, are used to estimate the “virtual
airspeed,” which is independent of the “physical airspeed”
from the pitot tube. The detection of a failed physical pitot
tube is based on monitoring of the residual between the signal
obtained via the physical sensor and its estimated counterpart.
This residual can be expressed as follows:

r=Vny—V 3)
where V,, is the absolute value of the airspeed measurement,
V is the absolute value of the estimated airspeed, and r
is the residual that only includes the airspeed information.
In Section III, we will present the formulation of the airspeed
estimation.

III. AIRSPEED ESTIMATION FORMULATION
A. System Description

Before developing the aircraft equations of motion, it is
necessary to define reference frames and sign conventions. All
reference frames are right handed with mutual orthogonal axes.
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Fig. 1. General diagram of FD scheme.
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Fig. 2. Relationship between aircraft body and wind frames.

The inertial frame (i frame) has its origin at the center of
the earth and not rotating with the fixed stars. The local-level
north-east-down (NED) frame is selected as the navigation
frame (n frame).

The body frame (b frame) is xpypzp. The origin is at the
aircraft center of gravity, with the positive xj,-axis pointing
forward through the nose of the aircraft, the positive yp-axis
out of the right wing, and the positive zp-axis through the
underside.

The wind axes are X, Y,,Z,. The origin is at the aircraft
center of gravity, with the positive X, -axis being forward
and aligned with the air-relative velocity vector, the positive
Y, -axis out of the right side of the aircraft, and the positive
Z,-axis through the underside in the X,,Y,, plane in the body
axes. Fig. 2 shows the relationship between the aircraft body
frame and the wind frame using the attack angle o and the
sideslip angle S.

The estimation is available through exploiting the dynamics
in component form [23]

u 0O r =g u 0
o |=|—+ 0 »p v |[+Ct o0
w qg —p O w g
FAx+FT
| Fa “)
m

Fa;

where V, = [u v w]” denotes the body-axis airspeed compo-
nents; Euler attitude angles ® = [¢ 6 y]” stand for roll, pitch,
and yaw, respectively; and C,IZ is the attitude transformation
matrix between the b frame and the n frame

cos i cosf
cos y sin @ sin ¢ — sin y sin ¢
cos  sin @ cos ¢ + sin y sin ¢

cr =
sin y cos @ —siné

cos i cos ¢ + sin g sin @ sin ¢ cos 6 sin ¢

sin y sin 6 cos ¢ — cos y sin ¢ cosé cos ¢

)

Here, g is local gravitational acceleration; p, g, and r denote
the body-axis projections of angular velocity; and m is the
constant mass of the UAV. The aerodynamic forces are
Fax, Fay, and Faz, and Fr is the thrust force.

Equation (4) provides the dynamic equation of the UAV.
Aerodynamic forces acting on the aircraft result from the
relative motion of the air and the aircraft. Components of the
aerodynamic forces can be expressed in terms of nondimen-
sional coefficients and dynamic pressure. Generally, modern
computational methods and wind-tunnel testing can provide,
in many instances, comprehensive data about the aerodynamic
characteristics of an aircraft. In this paper, an IMU is used to
measure accelerations and angular rates

1

ay = Z[FAX"FFT FAy FAZ]T

on=1p q rI" (6)

where a,, and ®,, are the outputs of accelerometers and rate
gyroscopes, respectively. There are multiple possible sources
of error in the accelerometer and rate gyroscope measure-
ments, such as calibration errors, alignment errors, and sensor
noise, which can be modeled as

ay =a+V+W*

oy =w+e+ W @)
where
[25% Wy
a=|ay ®= | wy (8)
az (24
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denote specific outputs. V and e represent initial bias error,
and W% and W® are zero mean Gaussian white noise
generally. Therefore, (4) is transformed into the airspeed
kinematics equation

i 0 w;  —wy u
v | =] —o, 0 Wy v
w Wy  —oy 0 w
0 ay
+C21o0 {4+ ay |. 9
8 az

From (9), uncertainties of this model are input measure-
ments from inertial sensors and attitude angles. Based on the
derived equation of INS, an INS/GPS integrated system is used
to estimate the attitude angles and bias error of inertial sensors.
A nonlinear strap-down INS error model in [17] is considered
in the following:

0® = (I — CH! + dl. + Clle
ov= (> —Cy)Cpa

—0[ (20, + @2,) x V] + C}V
op =0v+p xIp

(10)

where the prefix J stands for the error between the real value
and the value computed by IMU. v = [vy vE vp]T denotes the
ground velocity. p = [L A h]” represents the position in the
navigation frame, and L, 1, and & stand for the latitude, longi-
tude, and height, respectively. C describes a small rotation of
the navigation frame computed (¢ frame) by the INS relative
to the true navigation frame. w?e = [0 wecos L w,sinL]T
denotes the local Earth rotation rate vector in the navigation
frame; ®f = [—L JcosL + W, cOS L JsinL + we sin L] is
the rotation velocity of the navigation frame n relative to the
ipertial frame i expressed‘in the n frame; @), = w?e — a)?n,
L = (ww/(R+h)), and . = (vgsecL/(R+ h)); R is the
Earth’s radius; and p = [—L JcosL — Jsin Lr.

Note that these state dynamics (9) and (10) are only derived
from kinematics and do not depend on the specific parameters
of the aircraft model, i.e., these equations are valid for any
aircraft. IMU measurements can be estimated based on the
INS error model, because only the uncertainty of the derived
equation is known.

Due to the random nature of wind, e.g., turbulence, it is
challenging to predict the behavior of the local wind field
dynamics. Therefore, the wind velocity state dynamics are
modeled as a random walk process

fix (0)
fiy (1)
i ()

() = = Wk (1)

where W (r) is zero mean Gaussian white noise.
Based on (9)—(11), the state-space system is formulated with
the following state vector x and input vector u:

x:[VZ 60T ovi pl ul vl €717
T oTT

u=[a o (12)

The process noise vector is represented by three components
for accelerations, angular rates, and wind velocity

We(r)

We ()
WE@)

w(t) = 13)

As derived, the state equations are given in a continuous-
time nonlinear state-space format

X(1) = fe(x(2), u(), w(r)) (14)

where f. is the nonlinear continuous-time state transition
function.

Next, the output equations are defined. A GPS provides the
aircraft velocity relative to the ground in the NED frame. Wind
velocity can readily be computed from the wind triangle. Using
this relationship, the body-axis velocity components can be
rotated into the NED frame and corrected for wind by [18]

VN u Mx
Veps = | VE | =Ch | v |+ | ay (15)
1)) w Uz

Note that the estimation of the wind velocity is necessary to
relate ground velocity to airspeed, which is why the wind
velocity components are considered as states. The angle of
attack and the sideslip angle are calculated from the body-
axis velocity components

_ -1 w(t)
OC(I) = tan (m)
o(1)

= sin~! . 16
Ay = sin (\/u(t)2+v(t)2+w(t)2) (16)

As usual, one can regard the differences between the output
of INS and the output of GPS as the measurement output of
the INS/GPS integrated system to estimate the attitude angles
and inertial sensor errors

OV = Vins — Vgps

Op = Pins — Pgops- (a7
Using these signals, the output vector y is as follows:
T
y(@) = [vgpS a B ovl 5pT] . (18)

Using these relationships (15)—(17), the output equations are
defined by

y() = h(x(t)) + D(t)d(t) (19)
where
4* 0 0 I3><3 03><3
d I 0 03x3 0343
do) =] qva | PO=]0 1 033 033 (20)
ar 0 0 Iz 033
0 0 03x3 I3x3
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B. Observability Analysis

Observability provides an understanding of how well states
of a system can be inferred from the system output mea-
surements. Before the airspeed estimation, we compute the
observability matrix of the system describing the airspeed
estimation and prove that it is full rank. The system describing
the UAV airspeed and wind velocity given ground velocity
measurements is nonlinear. Therefore, tests designed for linear
time-invariant systems [19] cannot be used for examining its
observability. Instead, we hereafter employ the observability
rank criterion based on Lie derivatives [20] to determine
the conditions under which this system is locally weakly
observable.

First, we give the dimension reduction of the system for the
convenient of observability analysis. Equation (9) shows the
characteristic of airspeed kinematics, where angular rate and
acceleration are regarded as known inputs provided by INS.
Meanwhile, attitude angles, i.e., C,lj, need to be estimated.
This paper uses INS/GPS integrated system to estimate the
accurate attitude based on (10) and (17). In other words,
INS/GPS integrated system can be regarded as a single
“sensor,” which provides the complete attitude information
independently [17]. Meanwhile, [22] gave the observability
analysis about INS/GPS system and the conclusion is accept-
able for this paper. That is to say, we can regard attitude angles
and their direction cosine matrix as known inputs and only
consider the system as follows:

) )
ao| @ :[—waj om} w
fx 0353 0353 Mx
fiy Hy
iz Hz

Q

0 a
b X
3%x3 g 3x3 a
We rearrange the nonlinear kinematic equation in the fol-

lowing convenient form for computing the Lie derivatives
based on [19]:

u
o .
. ay — gsiné
g L33 ay + gcosfsing
x 033
. a; + gcosf cos¢p
Ky
%4
Wy
+ [LX“XJ} oy |. 2
3x3 w;
Let
I ay — gsind
f, = [03X3:| u; = | ay+ gcosfsing (23)
3x3

a; + gcosf cos ¢

and
Wx
P AT I I o, (24)
0353
Wz
where
0 —w v
Vol =] w 0 —u (25)
—0 u 0

where |@x | is the same form with [V,].
In order to preserve the clarity of presentation, the measure-
ment function can be divided into three parts

Veps(t) = hi(x) = [CZ I3><3] -x1(t)

a(r) = ha(x) = tan™! (%)

o(t)
. (26
Vu()? +o()? + w(t)z) (20)

B(t) = h3(x) = sin”! (

In the remaining of this section, we prove that the system
described in (22) and (26) is observable by computing among
the candidate zeroth-, first-, second-, and third-order Lie
derivative of h = [thhzh3]T, the ones whose gradients ensure
that the observability matrix O is full rank.

1) Zeroth-Order Lie Derivatives(£h):

2%y =h; = [Ch Tax3]-x

20/12 =hy = tan~! (%)

0, 1 %
£ =By =sin (m) @7

Therefore, the gradients of the zeroth-order Lie deriv-
atives are exactly the same as the Jacobians of the
corresponding measurement functions

Cl' Izx3
velh=| b ¥ 28
|:X1 0253 (28)
where
—w u
2 2 0 2 2
X us+w us—+ w
1= —uv u? + w? —ow
V2Vu?2 + 0?2 V2Vl +w? V2Vu? 4 w?
where V2 = u? + 0% + w?.
2) First-Order Lie Derivatives( £f11h" 2}2h ):
Cn
Slh=veln -fi=| 2
fl =[¥]
T G- LVx]
Lh=VEh-f; = [ X, 29)
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with gradients

I Y1
Veh=|Ty| V&h=|y,
| T3 Y3
0 0
= —[hwe ] y =[]
053 0343
f= L X3 02x3]
i 2wu w? — u?
X3 =| (u2+w?? w2 + w2)? |- (30)
k k k

In these last expressions, *, X;, and X3 are the matrices
of appropriate dimensions, which, regardless of their
values, will be eliminated in the following derivations;
hence, they need not be computed explicitly.

We end the computation of higher order Lie derivative
due to the rows of Vﬂ}lh and VS}zh that are linearly
dependent with C2. At the same time, we can give the
observability matrix

BRZ% 'Y
I, Gy Iaxs
V.eoh I X; 023
1 03x3 033
0= V,Q{lh = I = XZ 02;
VEh Y1 03,3 03,3
),2 ES ES
L V3
(3D

If the observability matrix (31) of the nonlinear system
defined in (22) is full rank, then the system is locally
weakly observable.

Lemma 1: The matrix
C} Inxs
O1=| x
! |:X4 03><3:|
formed by the first five rows and the ninth row of O. The
matrix O described by (32) is full rank if X4 is full rank

(32)

—w 0 u
M2 + w2 M2 + w2
X —uv u? + w? —0Ww
Tl vt w2 VAVl w2 VAR + 0l
2wu 0 w? — u?
(u? + w?)? (u? 4+ w?)?

(33)

It is obvious that X4 is full rank. Based on [21, Th. 1],
the observability matrix (31) is full rank when atti-
tude angles can be provided from the INS/GPS system.
References [26] and [27] analyzed the observability of a fused
INS/GPS integrated system. For constant turn maneuvers, it
is shown that at least two more modes are instantaneously
observable, which are the attitude angles. Moreover, the
azimuth angle is less observable compared with the tilt angles.
Therefore, the system described in (22) and (26) is locally
observable during nonconstant axial accelerating maneuvers.

C. Estimation Framework

For the engineering application, the discrete time systems
of this model are needed. During a short period of sampling
time Ty, we approximate the nonlinear model (14) and (19) in
the form of a discrete time linear state-space model

xp = f(xp—1, w1, Wr—1)

¥i = h(xi) + Didy. (34)

Clearly, for the nonlinear system, the process and measurement
noise covariance are considered to be uncorrelated, white,
and Gaussian with zero mean and known covariance matri-
ces Q and R as in

Qi = E[wiwi | Ry = E[did] | (35)

Since the system dynamics of the proposed method are simple,
the application of the EKF to the airspeed estimation is
straightforward. A clearer explanation of EKF is shown.

1) Perform the time update of the state estimate and
estimation-error covariance as follows:

Xih—1 = fe1Re—1,6—1, We—1, 0)
Pii—1 = FeoiProi s FL | + Li1Qu LY, (36)

where

ofy_1 Lii = ofi—1

ox et ow
2) At time k, incorporate the measurement y,, into the state
estimate and estimation covariance as follows:

Fr = (37

|’A‘k—l,k—l :

-1
K = Pyt Hl (HiPri—1 H + D(RyDY)
Xik = X k—1 + K (v — hXe k1))

Pix = (I — Ke Ho)Prx—1(I — K Hi)"

+ KDy R D] KT (38)
where
ohy
Hk == glﬁk,k—l . (39)

IV. FAULT DIAGNOSIS SCHEME
A. Sensors Health Monitoring

This paper uses the difference between the virtual
“airspeed,” estimated using IMU, GPS, and wind vanes, and
the airspeed measurement provided by pitot tube to indicate
the fault information of the pitot tube. Therefore, these sen-
sors used for the airspeed estimation need to be constantly
monitored whether they are reliable. For the EKF estimation
of airspeed, define the residual as

y(k) = y(k) — y(k) = y(k) — h(Xe 1)

Note that the output y(k) did not include the information of
the pitot tube. If the used sensors are healthy, the following
result is easily achieved:

(40)

y(k) ~ N(0, Ry). (41)
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Introduce the residual evaluation

LN TRl e
IO =57 ,-_%N YRS DIG). @2)

Based on (41), Jy (k) follows a central )(2 distribution with
11 degrees of freedom. Therefore, we can use Jy(k) as an
evaluation function and monitor the status of the sensors.
Choose a false alarm rate (FAR) ¢; then, the threshold can
be determined based on the y2 distribution

Jin = X110 (43)

Finally, the health monitoring can be performed as the
following statistical y?2 test:

if Jy(k) < Ju,

sensors work properly (44)
sensors work incorrectly.

When the evaluation function Jy (k) is under the thresh-
old Ju, the results of the airspeed estimation is credible for
the FD process. Only by healthy sensors can this approach
continues the airspeed sensor FD. In order to ensure the
reliability of this approach, the value ¢ should be appropriate.

B. Airspeed Sensor Fault Detection

Since the pitot tube was installed in alignment with the
x-direction of the aircraft, it measures the x-component of
the airspeed u. To correct this, the angle of attack a and the
sideslip angle g are utilized [23], resulting in the following
expression for the airspeed:

_ Vpitot (k)
~ cosa(k) cos (k)

where V), (k) is the absolute value of the physical airspeed
and Vpitor(k) is the x-axis component of V,, (k) calculated
by ADS. This value is used only as a comparison reference for
validating the analytical redundancy approach. It is not used
in the filtering process. The estimated values of i, 0, and ©
from the filter are used to determine the estimated airspeed,
as in

Vin () (45)

V (k) = i2(k) + 02(k) + 02 (k). (46)
The residual signal r(k) for the pitot tube is defined as
r(k) = Vin (k) = V (k). (47)

The FD procedure is designed to determine whether the
observed changes in the residual signal r(k) can be justified
in terms of the disturbance (measurement noise) or modeling
uncertainty. In Fig. 3, the histogram of the residual from
a real flight experiment is shown. We choose 20000 points
of (k). The residual has been made to have a zero mean. The
histogram shows that the noise on residual follows a normal
distribution with a general form of:

_=w?
e 2072 .

p(r;p,o)= (48)

o221

The purpose of FD is typically to detect both the positive and
negative changes in the amplitude in the mean value of the
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S
3
3

N
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<3
S

1000 -

Fig. 3. Residual characteristics.

residual signal r (k) caused by the occurrence of a fault. In this
paper, it is convenient to introduce the following hypotheses
about the residuals r(1)---r(k) for 1 < j <k:

Hy: pu=upo for 1<i<k

=ug for 1<i<j—1
H; : [” g == (49)
u=u for j<i<k.
The likelihood ratio between hypotheses Ho and H; is
j—1 k
ko H{:] p,uo(ri)Hi:j p,ul(ri)
A = . (50)
[Tizi Puo(ri)
where H?:l = 1. Thus, the log-likelihood ratio is
NG
Zh =" I (51)

i=j Puo (r i )

As mentioned in [28], the typical behavior of the log-
likelihood ratio ZX shows a negative drift before a change
and a positive drift after change. Therefore, the relevant
information regarding the change lies in the difference between
the value of the log-likelihood ratio and its current minimum
value. The corresponding decision rule is to compare this
difference with a threshold as follows:

Sty =2z - min Z] > h (52)
1<j<k
where
i M1 — Ko / “1+ (o
Zi = Y57 Z(”(k) - T) (53)
i=1
and /& is the threshold. In the second formulation
. +

$H0 =[50 - 1+ B0 - | s

where [x]T = sup(0,x). As long as the decision is taken
in favor of Hy, the sampling and test continue. Sampling is
stopped after the first of observations for which the decision
is taken in favor of Hj.

This is the well-known filter used for the detection of
moderate persistent shifts in the mean value of residuals,
named the CUSUM filter [28]. In this paper, we limited the
analysis to faults with positive amplitudes, that is, following
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the fault, the mean value of the residual is expected to be
i1 = po+ . The values of the parameter 7 (that is, the value
of the expected fault amplitude) strongly affect the sensitivity
of the CUSUM signals to faults having generic amplitudes.
In this paper, a baseline value was fixed for the fault amplitude
that is equal to the variance of the estimation error for the
airspeed channel, that is, 7 = g¢. The CUSUM filter is defined
by the following equation [29]:

Stk) = sup(O, Stk—1)— w) (55)

2
20

The FD threshold for the CUSUM signal St (k) was
selected as a compromise between the need for a fast FD and
the need for low FARs. An acceptable tradeoff was found by
setting the threshold equal to 1.5 times the maximum value
of the CUSUM signal observed in fault-free conditions for a
validation simulated flight

h = 1.5 - max(ST (k). (56)

Based on (44) and (55), the FD logic of airspeed sensor can
be expressed as follows:

if Jy(k) > Jmsensors work incorrectly
if Jy(k) < Jn, ST(k) <h no fault
if Jy(k) < Jn, ST(k) > h fault alarm.

(57)

When Jy (k) exceeds the threshold Ji,, the sensors used in
airspeed estimation is abnormal and the FD process should be
suspended; when Jy (k) is under the threshold Jy, and ST (k)
also is under the threshold 4, there is no fault in the airspeed
sensor; only when Jy (k) is under the threshold Jy, and S (k)
exceeds the threshold £, there is a fault in the airspeed sensor.
This logical structure of two residuals guarantees the reliability
and accuracy of the airspeed sensor FD.

V. EXPERIMENT
A. Ultra Stick 25e Research Platform

The research platform used in this paper is the Ultra
Stick 25¢ UAV. This platform consists of a fleet of three
UAVs that were designed, manufactured, and instrumented
by researchers of the Uninhabited Aerial Vehicle Laboratories
at the University of Minnesota for various research topics,
including formation flight, fault-tolerant flight control, and
sensor fusion. The UAV named “Thor” was utilized for this
paper, as shown in Fig. 4.

The onboard avionics system, shown in Fig. 5, features
a GlobalSat EM-406A GPS receiver with a 5-m circular
error probable for position measurements and 0.1-m/s rms
accuracy for velocity, as well as an Analog Devices iSensor
ADIS16405 IMU, accelerometers with 50-mg initial bias error
and 9-mg rms noise, and gyroscopes with 3°/s initial bias
error and 0.9°/s rms output noise. Additionally, the platform
features a Goodrich Inc., 0858 mini five-hole probe that
provides measurements of angle of attack and sideslip with
0.2° measurement accuracy in addition to static and dynamic
pressure measurements from a pitot tube.

Fig. 4. Ultra Stick 25e.

Fig. 5. Ultra Stick 25e avionics system.

B. Airspeed Estimation

To implement a nonlinear Kalman filter, the process and
measurement noise covariance matrices Q and R must be
determined. These matrices were determined using the sensor
specifications and were used as constants throughout the
filtering.

One flight from the Thor aircraft and one flight from the
Faser aircraft were selected to illustrate the effectiveness of
airspeed estimation under different situations. The Faser air-
craft is based on the Ultra Stick 120e platform and has a larger
size than Thor but the same sensors as Thor. Figs. 6 and 7
show the trajectories and estimation results of each
flight.

The Thor flight was conducted to test the waypoint tracking
algorithm with a more precise waypoint tolerance of 10 m.
A waypoint pattern consisting of five points was used, and the
algorithm and controller performed very well. The Faser flight
was an altitude/airspeed tracking performance test. In each
of the two figures, the estimation of the airspeed is shown
with the reference airspeed from the pitot tube. It is shown
that the airspeed estimation performance is independent of
the pitot tube. From these average results, these two results
both provided accurate estimations of airspeed from different
UAVs. The quantitative results for each set of flight data from
the Thor and the Faser aircraft are summarized in Table I.
The statistical results of the analyses are quantified in terms
of the mean x( and standard deviation oo of the airspeed
estimation error with respect to the independent pitot tube
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Fig. 6. Thor flight trajectory and airspeed estimation.
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Fig. 7. Faser flight trajectory and airspeed estimation.

TABLE I
AIRSPEED AND WIND VELOCITY ESTIMATION RESULTS

Aircraft  po(A V)[m/s] oo (A V)[m/s]  mean(u)[m/s]
Thor 0.3056 0.6015 1.3682
Faser 0.1904 0.7885 1.6458

reference and mean estimated wind speed. These statistics
were calculated only for in-air segments of data. Note that
flights with higher levels of wind do not lead to larger standard
deviation errors in airspeed estimation. This result indicates
that the airspeed estimation does not heavily depend on the
magnitude of wind experienced during the flight. This is also
a very desirable characteristic, since it is difficult to predict
future wind conditions.

Note that these two flights were from two different UAVs.
Thus, this result demonstrates and validates the platform-
independent effectiveness of this technique. Therefore, it can
be inferred that the accuracy of the results through this
approach is not linked to the aircraft dynamics model but is
only a function of the sensors that are used. A major benefit
of this approach is that it can be tested on one aircraft and
implemented on another using the same sensors. Additionally,
through some tuning, similar sensing systems can easily be
adapted to fit this method.

C. Health Monitoring for Sensors

Before the fault diagnosis of the pitot tube, we should
keep the other sensors outputting accurate information.

T T T T T
= EKF estimation
= = pitot tube

25t P 1

)
£ 15
>
10
5t
ols
0
Time (s)
25 T T
= EKF estimation
= = pitot tube
201 7
15
@
£
>
10
5t
0 [ . . 1A
0 100 200 300 400 500 600 700

Time(s)

Consider the y? test in (42). Based on the y? distribution,
we choose

Jin = 11,005 = 19.6. (58)

To illustrate the effectiveness, we add a simulated GPS veloc-
ity outlier to the Thor flight data as follows:

3m/s  k =200s ~ 202s
—3m/s k =202s ~ 204s
3m/s  k = 204s ~ 206s
—3m/s k = 206s ~ 208s.

AVN(]() = (59)

Fig. 8 shows two results of the y? tests. Fig. 8 (left) shows
the evaluation function in the condition that the GPS velocity
has outliers at 200-208 s. Fig. 8 (right) shows the evaluation
function in the condition that used sensors remain in a healthy
status. From Fig. 8 (left), the Jy exceeds the threshold when
the fault occurs immediately. However, Jy still remains under
the threshold in Fig. 8 (right). Therefore, when other sensors
have no faults as in Fig. 8 (right), we can use the estimation
results to implement the airspeed sensor FD.

D. Fault Detection for Airspeed Sensor

Consider the CUSUM detector in (55). Table I shows the
airspeed residual results o and g of two flights. Furthermore,
as explained in Section IV, the baseline value for the expected
fault amplitude to be used in (55) was fixed at t = gp. We add
the simulated additive fault to the airspeed from the pitot tube,
and the fault amplitude is the same as AV from Table I
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Fig. 9. Thor flight airspeed fault diagnosis.
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Fig. 10. Faser flight airspeed fault diagnosis.

For the Thor flight

A = 0.6015m/s

ty = 360s

Tr = 40s. (60)
For the Faser flight

A = 0.7885m/s

tr = 360s

Tr = 40s. (61)

Figs. 9 and 10 show the results of the CUSUM detec-
tor S*(k). From Figs. 9 and 10, we choose two thresholds
for the CUSUM detector based on (56). For the Thor flight,
we choose

h = 335. (62)

40 T

—J fault free
35+ N 1
= = threshold

Time (s)

For the Faser flight, we choose

h = 267. (63)

As shown in Fig. 9, before t = 360 s, the CUSUM signal
remains well below the threshold. With the chosen threshold
detection, the first signs that indicate the airspeed sensor fault
occurred at approximately ¢+ = 360.2 s according to the
blue line. More importantly, this observation is approximately
0.2 s within the operator’s reaction time. In Fig. 10, before
t = 360 s, the CUSUM signal stays well below the threshold.
The first signs that indicate the airspeed sensor fault occurred
at approximately = 360.1 s according to the blue line. From
these results, we can conclude that without pitot information
and dynamic parameters, this method can provide good per-
formance for airspeed sensor FD.

VI. CONCLUSION

FD of the airspeed measurement system for UAVs was
considered in this paper. An airspeed estimation based on a
kinematic model was proposed, and a detector for airspeed was
employed to detect additive step faults in the measurements
of the airspeed signal. This method was verified using real
data from two UAVs. The results revealed that the proposed
methodology is attractive for practical applications because of
its ability to detect faults.
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