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Abstract: For aircraft which move in the atmosphere, the angle of attack and angle of sideslip cannot
be measured precisely. This limits the precision of guidance and control systems, so the flush air data
sensing system module with navigation and temperature information is designed for atmosphere
parameter calculation. In this work the traditional parameter calculation method is improved, and a
new algorithm which combines pressure data, temperature data and navigation data to calculate
the atmosphere parameters is proposed. A ground experiment test scheme with a simulated flight
environment is designed and the measured data is fitted and filtered to complete the experiments.
The flush air data sensing module gets pressure data and temperature data of the atmosphere with
sensors, and the measured data is integrated with navigation information to calculate the aircraft
parameters of the angle of attack, angle of sideslip, dynamic pressure, static pressure, Mach number
and so on. Calculated parameters can be transmitted to guidance and control systems to improve
the attitude and trajectory precision for an aircraft. Experimental results show that the software and
hardware of the flush air data system module with navigation and temperature information work
well, and communication of various devices is normal. The flight status of aircraft can be precisely
calculated online, which provides a useful reference for prospective wind tunnel experiments and
flight tests.

Keywords: flush sensors; flush air data sensing module (FADSM); navigation information;
atmosphere parameter calculation; angle of attack; angle of sideslip; guidance and control

1. Introduction

With the rapid development of the aerospace industry, various types of aircraft have
emerged around the world. The structure, power, navigation, guidance and control systems
are core components of an aircraft, which receive wide attention from scholars [1–4]. The
latest developed aircraft are generally expensive, so it is necessary to improve flight status
measurement precision to obtain more useful information, allowing aircraft to display
excellent performance. If the aircraft status cannot be monitored precisely, major flight
accidents and painful losses can be caused by the accumulation of errors [5–7].

The angle of attack and angle of sideslip are very important flight parameters [8].
Almost all aerodynamic coefficients and aerodynamic moment coefficients are related to
the angle of attack and angle of sideslip. Precise calculation of the angle of attack and angle
of sideslip has great significance for the guidance, navigation and control of an aircraft.
Airplanes generally use weathervane sensors to measure the angle of attack and angle of
sideslip [9,10]. However, due to their high flight speed and serious aerodynamic heat, it is
difficult for missiles and rockets to obtain good results from external sensors so there is
still a lack of effective measurement methods for the angle of attack and angle of sideslip
for missiles, which limits further improvement of their flight performance [11–13].

How to obtain flight parameters such as the angle of attack and angle of sideslip of
missiles and rockets accurately is a difficult task at present, which has attracted many
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scholars to the study if this topic. Calia [14] calculated static pressure and Mach number
based on a neural network algorithm. Karlgaard [15] studied the application of a Kalman
filter in the calculation of atmospheric parameters. Wang [16] studied the application of
the RBF algorithm in parameter calculation. A flush air data sensing system (FADS) is a
research method which has attracted much attention in engineering applications. In the
United States, research in fields related to FADS is in a foremost position [17–19], while
research in other countries is mostly theoretical and lacking in experimental verification.

This paper designs a flush air data sensing module (FADSM), which is shown in
Figure 1. A new algorithm is proposed with pressure sensors, temperature sensors and
integrated navigation system, with which the angle of attack, angle of sideslip, dynamic
pressure, static pressure and Mach number can be calculated online. The proposed algo-
rithm is verified by digital simulations and experiments. The experimental results show
that the proposed algorithm is reasonable and the whole system works according to the
design plan, which can provide a reference for prospective wind tunnel experiments and
flight tests.

Figure 1. Designed flush air data sensing module.

2. Whole Scheme Design
2.1. Hardware Structure

The designed flush air data sensing module adopts a hemispherical head and a
cylindrical body scheme (as shown in Figure 2). The head shape can be changed into conical,
oval, parabolic, double curved and other shapes according to the actual flight conditions.

Figure 2. Structure of the flush air data sensing module.
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The flush air data sensing module is mainly composed of nine pressure sensors, an
onboard computer, integrated satellite navigation and inertial devices, a data recorder, a
battery pack, and the necessary switches and electrical interfaces for data transmission
among various components, etc. The internal structure is shown in Figure 3.

Figure 3. Internal structure of the proposed flush air data sensing module. 1-Pressure sensor unit,
2-Onboard computer, 3-Integrated navigation unit, 4-Satellite antenna, 5-Electrical interface, 6-Data
recorder, 7-Battery pack, 8-System switch.

The onboard computer is the core component of the flush air data sensing module,
which is used for online calculation of atmospheric parameters and to control the working
logic of the system. It adopts a DSP chip + FPGA chip architecture, DSP is used for
calculating the parameters, and FPGA is used for multiplexing serial ports to communicate
with other electrical devices. The DSP model is a TMS320C6748 manufactured by Texas
Instruments, Dallas, Texas, the U.S.A. with a main frequency of 300 MHz, and the FPGA
model is an XC6SLX16CSG324 manufactured by Xilinx, San Jose, California, the U.S.A.

The data acquisition, processing and transfer speed of the module that can be mounted
on aircraft systems have critical importance. The baud rate of communication from the
data recorder to the onboard computer is set as 115,200 to ensure the whole system works
normally. The frame frequency of data from the data recorder to the onboard computer is
64 Hz, which is fast enough for the calculations of the onboard computer.

2.2. Pressure Sensors Layout Design

The head of the module adopts a hemispherical structure, and pressure sensors are
installed in this head. The axis of a single sensor coincides with an angle normal to the
hemispherical structure. The flush air data sensing module can be installed in front of a
missile, so when the aircraft flies with different velocities and attitudes, the flow field near
the pressure sensors will change according to the distributed position, then the angle of
attack, angle of sideslip, dynamic pressure, static pressure and Mach number can be derived
by an algorithm. Theoretically, the more pressure sensors there are, the more precise the
calculation results will be, but because of the limited volume of the head of the flush air
data sensing module, nine pressure holes are selected for the precision and convenience
of the experiments. Using a flow field simulation, the layout position of the sensors is
optimized as shown in Figure 4, where φ is defined as the circumference angle, (clockwise
is positive when viewed from the direction of main view), and the zero degree line is down
the direction of a plumb line as shown in Figure 4. λ is defined as the cone angle (clockwise
is positive when viewed from the left view, and the horizontal line shown in Figure 4 is
the zero degree line). Nine pressure sensors are used to measure the atmospheric pressure,
and the serial numbers of these pressure sensors are shown in Figure 4. A close-up image
of the holes drilled in the head of the module for pressure sensors to measure is also shown
in Figure 4.
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Figure 4. Distributed position of pressure sensors. (a) Front view, (b) Left view, (c) A close-up image
of pressure measuring hole

2.3. Electrical Scheme Design

The electrical scheme design focuses on the connections between the electrical equip-
ment, data transmission interfaces and the overall scheme of the cable network. Specific
models of sensors and other equipment can be selected for assembly according to the actual
flight environment. The precision indicators should meet the specific flight mission needs.
The schematic working diagram of the flush air data sensing module is shown in Figure 5,
and the electrical connection schematic diagram is shown in Figure 6.

Figure 5. Working schematic diagram of the flush air data sensing module.

Figure 6. Electrical connection schematic diagram of the flush air data sensing module.

In Figure 5, the space environment parameters mainly include the atmospheric pres-
sure and temperature, and the flight parameters mainly include the angular velocity,
acceleration, position, speed, and attitude, etc. The environment parameter acquisition unit
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is composed of four or more pressure sensors and one or more temperature sensors. The
more sensors, the higher calculation precision will be derived. Nine pressure sensors are
selected here to get the required parameters. According to the specific mission, other types
of sensors can be selected. The flight parameter acquisition unit comprises the integrated
navigation system. The onboard computer is mainly used to calculate the angle of attack,
angle of sideslip, dynamic pressure, static pressure and Mach number online with the
measured information and generate the necessary flight control instructions. It can transmit
calculated data and flight control instructions to other electrical equipment for specific
missions. The data recorder can convert analog signals measured by the pressure sensors
and temperature sensors into digital signals and transmit them to the onboard computer
for calculation. It also stores the original data of flight status parameters, environment pa-
rameters and data calculated by the onboard computer. The power supply unit is a battery
pack composed of lithium batteries. This battery pack supplies power to the data recorder,
while the sensors, integrated navigation unit and onboard computer use secondary power
provided by the data recorder to work. An offline processing computer can import data
from the data recorder, which is used to analyze the flight process to optimize the guidance
and control parameters. In the case of flight accidents, one can find the failure reasons and
optimize the design of the guidance and control systems.

The data recorder is composed of an acquisition and storage circuit, signal conditioning
circuit and RS422, RS232 isolation circuit, etc. It can adjust input sensor analog signals, and
transform analog signals into digital signals. The data recorder can also store the data of
the integrated navigation system and the onboard computer. All analog and digital signals
are collected and programmed into a certain frame format and stored in a flash memory
module. Meanwhile, the collected data is transmitted to the onboard computer online for
display, analysis and processing in real time. When an experiment is finished, the data
stored in the data recorder can be recovered by suitable data processing software, then it
can be analyzed to determine the flight status.

The sensor unit is composed of nine pressure sensors. The temperature sensor is a
standby unit with an analog channel, and two RS485 serial channels are in standby and not
actually installed in the flush air data sensing module. A pressure sensor is composed of a
sensitive device, a power supply circuit, a signal conditioning circuit, a filter circuit and an
input and output interface. When a pressure sensor is powered, it outputs pressure with
analog digitals for the data recorder to collect, convert, store and output in real time. When
data is recovered from the data recorder, data processing software is used to analyze and
calculate it.

The integrated navigation system mixes satellite signals and inertial signals together
to get navigation information. The external plug-in integrated navigation unit is a J30J-
25ZKP manufactured by Xi’an Lichuang Electronic Technology Co., Ltd., Xi’an, Hunan,
China, which is connected with the data recorder through two RS232 serial interfaces to
transmit the original inertial measurement and satellite measurement data. When it is
powered, navigation information is transmitted to the data recorder through two RS232
serial interfaces for collection and storage. When an experiment is finished, data processing
software is used to recover the integrated navigation data.

The external plug-in onboard computer is a J30J-25ZKP manufactured by Xi’an
Lichuang Electronic Technology Co., Ltd., Xi’an, Hunan, China, which is connected with
the data recorder through two RS422 serial interfaces. One RS422 serial interface is used to
receive all kinds of data collected and compiled by the data recorder in real time. Another
RS422 serial interface is available for expansion. The onboard computer calculates and
analyzes the received data to get useful results, and the useful information is fed back to
the data recorder through RS422 serial interface.

The independent external battery pack supplies power to the data recorder and
provides +15 V voltage. The power supply unit of the data recorder includes a DC
conversion module, which converts +15 V voltage into the required +5 V, ±12 V, +28 V
voltages. It provides secondary power for the sensors (±12 V), integrated navigation
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system (+28 V) and the onboard computer (+5 V). The battery pack uses lithium batteries
which can be charged and discharged repeatedly.

In the offline processing computer equipped with data processing software, which is
used to store and recover data from the data recorder, the data format for recycling is .dat.
Recovered data can be analyzed, calculated and expressed by figures. Calculated data can
be exported as various formats for subsequent requirements.

2.4. Cable Network Design

The cable network design of the proposed flush air data sensing module is shown
in Figure 7. There are eight cables in the flush air data sensing module corresponding
to ten electrical interfaces. X1–X10 represent the electrical wiring terminals and S1–S8
represent cables. TJ represents a plug insert pin, ZK represents a socket insert jack. The
connectors shown in Figure 7 are models of cable outlet terminals, which are connected to
each electrical device. The connector models of the electrical devices are not marked, and
they are connected to connectors at the cable outlet terminals.

Figure 7. Cable network of the flush air data sensing module.

2.5. System Workflow

The workflow of the flush air data sensing module is as follows:

(1) To check working voltage, current and set initial working parameters;
(2) To start the timer and wait for its trigger;
(3) When the timer triggers, the data recorder starts to collect and record data and supply

power to the onboard computer, sensors and integrated navigation unit;
(4) When the whole system begins to work, the pressure sensors measure the atmospheric

pressure and the temperature sensor measures the atmospheric temperature with
analog signals in real time. The data recorder will convert these analog signals from
the sensors into digital signals, which are divided into two channels, one channel of
data is connected to the onboard computer, while another channel of data is stored
in the flash memory of the data recorder. The navigation system will get navigation
information and transmit it to the onboard computer and data recorder. The onboard
computer will mix data from the various devices together and calculate the angle of
attack, angle of sideslip, dynamic pressure, static pressure, Mach number and so on,
and the calculated data is transmitted to the data recorder for storage in real time;
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(5) When an experiment is finished, the data from the data recorder is recovered by
the processing software in the offline processing computer. Recovered data can
be analyzed to optimize the system iteratively. The system workflow is shown
in Figure 8.

Figure 8. Working flow of the flush air data sensing module.

3. Atmospheric Parameter Calculation Algorithm

The installation position of the sensors is shown in Figure 9.

Figure 9. Installation position diagram of the pressure sensors.

The measurement equation of a pressure sensor is:

pi = qc

(
cos2 θi + ε sin2 θi

)
+ P∞ (1)

where, pi is the pressure value measured by the i-th pressure sensor, qc and P∞ represent
dynamic pressure and static pressure, respectively, ε represents the shape coefficient,
which is affected by the flow compression, aerodynamic shape and other systems. It is
usually regarded as a function of the angle of attack, angle of sideslip and Mach number
fε(α, β, Ma), and the precise function relationship should be determined by wind tunnel or
flight tests. θi represents the angle between the normal direction of the i-th pressure sensor
and the local airflow velocity vector. It is known as the incoming flow incidence angle,
which can be calculated from the local angle of attack and angle of sideslip:

cos θi = cos(α) cos(β) cos(λi) + sin(β) sin(φi) sin(λi) + sin(α) cos(β) cos(φi) sin(λi) (2)

where, λi is the conical angle of the installation point of the i-th pressure sensor, which
represents the angle between the normal direction of the pressure measuring hole and
the central axis of the flush air data sensing module. φi is the circumference angle of
the installation point of the i-th pressure sensor, which represents the angle between the
vertical center line in the main viewing direction to the axis of the pressure measuring hole
direction. The units of λi, φi are rad. The definition of λi, φi is shown in Figure 4.

There is a definite function between dynamic pressure, static pressure and Mach
number. Under subsonic conditions, the function can be solved by the isentropic flow rule.
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Under supersonic conditions, the adiabatic positive shock wave relation rule can be used
to calculate the required parameters [20]. The specific equation is:

qc

P∞
=


(
1 + 0.2Ma2)3.5 − 1 , Ma ≤ 1

166.92Ma2
(

Ma2

7Ma2−1

)2.5
− 1 , Ma > 1

(3)

3.1. Calculation of the Angle of Attack and Angle of Sideslip

In the calculation process the input is the pressure value given by the pressure sensors.
A three-point method is used to calculate the local angle of attack and angle of sideslip.
According to the pressure values of three different pressure sensors, three measurement
equations are established:

pi = qc(1− ε) cos2 θi + qcε + P∞
pj = qc(1− ε) cos2 θj + qcε + P∞
pk = qc(1− ε) cos2 θk + qcε + P∞

(4)

By combining these three equations and dividing the pressure value at any two
pressure sensors by the difference, the following equation can be obtained:

pi − pj

pj − pk
=

cos2 θi − cos2 θj

cos2 θj − cos2 θk
(5)

Let τik = pi − pk, τji = pj − pi, τkj = pk − pj, to transfer the incident angle expression
of Equation (2) into Equation (5), and take three points installed on a vertical line to realize
decoupling of the local angle of attack and angle of sideslip, namely. We can then obtain:[

cos(α) cos(β) cos(λj) + sin(α)cos(β)sin(λj)
]2

+τji[cos(α) cos(β) cos(λk) + sin(α)cos(β)sin(λk)]
2

+τkj[cos(α) cos(β) cos(λi) + sin(α)cos(β)sin(λi)]
2 = 0

(6)

To expand the above equation, we know τik + τji + τkj = 0, so:

A = τiksin2λj + τjisin2λk + τkjsin2λi
B = τik cos λjsinλj cos φj + τji cos λksinλk cos φk + τkj cos λisinλi cos φi

(7)

Thus, Equation (6) can be simplified as:

A(tan2 α− 1) + 2B tan α = 0 (8)

We can get α = 1
2 tan−1

[
A
B

]
.

According to the definition of incidence angle, then:
ai = cos α cos λi + sinαcosφisinλi, bi = sinφisinλi, and Equation (6) can be expressed as:

cos2 β(τika2
j + τjia2

k + τkja2
i ) + sin2 β(τikb2

j + τjib2
k + τkjb2

i )

+2 sin β cos β(τikajbj + τjiakbk + τkjaibi) = 0
(9)

Then:
A′ = τikb2

j + τjib2
k + τkjb2

i
B′ = τikajbj + τjiakbk + τkjaibi
C′ = τika2

j + τjia2
k + τkja2

i

(10)

Equation (9) can be simplified as:

A′ tan2 β + 2B′ tan β + C′ = 0 (11)
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When A′ 6= 0, the following solution can be obtained:

tan β1, tanβ2 = − B′

A′
±

√(
B′

A′

)2
− C′

A′
(12)

When A′ = 0, it is easy to know tan β = − C′
2B′ , and the value of the angle of sideslip

can be obtained easily by using an inverse trigonometric function.

3.2. Calculation of the Mach Number

The Mach number is related to the sound velocity and the aircraft velocity:

Ma =
V
Vs

(13)

where V represents the aircraft speed, and Vs represents the local sound velocity. The value
of V can be measured by the integrated navigation system. The local sound velocity is
related to the temperature which can be calculated by a temperature sensor:

Vs =
√

γRTs (14)

where, γ represents an adiabatic coefficient, equal to 1.4. R represents an air coefficient,
which value is 287. R represents the atmospheric temperature. With all this the Mach
number of an aircraft can be obtained by Equation (13).

3.3. Calculation of the Dynamic Pressure and Static Pressure

If the Mach number is obtained, Equation (3) and Equation (16) are combined. Putting
the position information of pressure sensors, angle of attack and angle of sideslip cal-
culated above into Equation (2), the incidence angle of each pressure measuring hole
can be obtained. Then, the incidence angle can be put into Equation (1) to obtain the
following equation:

pi = (qc + P∞) + qc(ε− 1) sin2 θi =
[

1 sin2 θi
][ qc + P∞

qc(ε− 1)

]
(15)

The equation can be expressed as matrix form, AX = P, where:

A =

 1 sin2 θ1
...

...
1 sin2 θn

, X =

[
X(1)
X(2)

]
, P =

 p1
...

pn

 (16)

The least squares solution can be obtained as: X =
(

AT A
)−1 AT P.

Equations (3), (13) and (16) can be used to obtain dynamic pressure qc and the static
pressure p∞.

3.4. Calculation of the Shape Coefficient and Atmospheric Density

From above equations, we can get:

t =
X(1)
X(2)

=
qc + P∞

qc(ε− 1)
(17)

This equation can be expressed as:

qc

P∞
=

1
t(ε− 1)− 1

(18)
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According to the dynamic pressure qc, the static pressure p∞ and the temperature t,
the shape coefficient ε can be obtained.

The function between dynamic pressure qc and aircraft velocity V is:

qc =
1
2

ρv2 (19)

where ρ is the atmospheric density, then the atmospheric density ρ can be calculated as:

ρ = 2
qc

V2 (20)

4. Flow Field Simulation Analysis

In order to realize decoupling between the angle of attack and angle of sideslip with
convenient calculation, pressure sensors 1, 3 and 5 are used to calculate the angle of
attack, and pressure sensors 6, 3 and 9 are used to calculate the angle of sideslip. Pressure
sensors 1-9 are used to calculate the dynamic pressure, static pressure, Mach number,
atmospheric density and shape coefficient. pi represents the measured pressure data of the
i-th pressure sensor, the following equation can be obtained according to Equation (7):

A = p5−p1
4

B =
√

3(p1−2p3+p5)
4

α = 1
2 arctan( p5−p1√

3(p1−2p3+p5)
)

(21)

The following equation can be obtained according to Equation (10):

A′ = p9−p6
2

B′ = (2p3−p6−p9) cos α
2

C′ = (p6−p9) cos2 α
2

(22)

If A′ 6= 0

β = arctan(
(2p3 − p6 − p9) cos α

p6 − p9
±

√
[
(2p3 − p6 − p9) cos α

p6 − p9
]
2

+
(p6 − p9) cos2 α

p6 − p9
) (23)

If A′ = 0

β = arctan(
−(p6 − p9) cos α

2(2p3 − p6 − p9)
) (24)

Flow field simulation software is used for the simulation analysis. The real angle of
attack is set as −13◦, the angle of sideslip is set as 0◦, the Mach number is set as 5, the
height is set as 40 km, the temperature sensor precision is 0.25 ◦C, the integrated navigation
system precision is 0.12 m/s, and the pressure sensor precision is 1 kPa. All the above
parameters are set as the input conditions. The flow field simulated pressure distribution
is shown in Figure 10, and the calculated results are shown in Table 1. The simulation
software is a mature module in which the initial parameters are set before delivery, so
the mesh and computational settings don’t need to be revised in the software, we only
input the flight status parameters according to requirements in the assumption that the
simulation software procedure is right.
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Figure 10. Pressure distribution diagram.

Table 1. Calculated parameters and real parameters of specific conditions.

Parameters Real Value Calculated Value

Angle of attack −13◦ −13.714◦

Angle of sideslip 0◦ −0.66076◦

Dynamic pressure 5025.01021 Pa 6543.43605 Pa
Static pressure 287.144 Pa 206.807 Pa
Mach number 5 5.00263

Atmospheric density 0.00399568 kg/m3 0.00520369 kg/m3

Shape coefficient 0.01140587 0.03528756

It can be seen from Table 1 that the Mach number, calculated angle of attack and angle
of sideslip have high precision, while the calculated dynamic pressure, static pressure,
atmospheric density and shape coefficient have low precision. According to reference [21],
it is proved that deviation of three-point method for the flush air data sensing module
itself is very small and can be ignored here through wind tunnel experiments. Because
of the large deviation of the flow field simulation data, the calculated flight status of the
flush air data sensing module differs greatly from the real value of the flow field. The
simulated results can show the change rules of the proposed algorithm and the workflow
of the flush air data sensing module, and provide a reference for prospective wind tunnel
experiments and flight tests. The theoretical analysis can also provide a reference for the
design of an experimental scheme.

5. Experimental Verification
5.1. Physical Assembly

According to the design scheme, the proposed flush air data sensing module was
manufactured, as shown in Figure 11.

There are nine pressure measuring holes on the head of the flush air data sensing
module and each pressure measuring hole corresponds to a pressure sensor, as shown in
Figure 12. A satellite antenna is connected to the integrated navigation system for receiving
satellite signals. The integrated navigation unit adopts a combination of satellite and iner-
tial device data. The inertial devices correspond to a strapdown micro-electromechanical
system (MEMS), which contain MEMS gyroscopes and accelerometers. A loose combina-
tion solution is adopted between the satellite and inertial devices. The data recorder and
pressure sensors work together, and analog data of the pressure sensors is converted into
digital data by the data recorder. The onboard computer calculates the flight parameters
online with the measured data. The electrical equipment have electrical interfaces and use
data cables to communicate with each other. A battery pack supplies power to the whole
system, and the system switch decides if the whole system will work or not. The schematic
calculation diagram of the strapdown inertial navigation is shown in Figure 13. Integrated
navigation using the loose combination between satellite and inertial device data is shown
in Figure 14.
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Figure 11. Physical picture of flush air data sensing module. 1-Pressure measuring hole, 2-Satellite
antenna, 3-Onboard computer, 4-Integrated navigation, 5-Electrical interface, 6-Data recorder, 7-
Battery pack, 8-System switch.

Figure 12. Physical diagram of pressure sensors. 1-Pressure sensors, 2-Data cables, 3-Plug-in.

Figure 13. Calculation schematic diagram of the strapdown inertial navigation system.
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Figure 14. Integrated navigation using a loose combination between satellite and inertial device data.

5.2. Test Workflow

In the designed overall scheme, the sensor unit include pressure sensors and tempera-
ture sensors, whereby pressure sensor data can be used for calculating the angle of attack
and angle of sideslip directly, and temperature sensor data can be used for calculating the
sound velocity, the integrated navigation system can be can be used for calculating the
aircraft velocity, and the combination between a temperature sensor and the integrated
navigation unit can be used for calculating the Mach number. The dynamic pressure and
static pressure can be calculated by combination of the pressure sensor, temperature sensor
and integrated navigation data [22]. This calculation process is shown in Figure 15.

Figure 15. Calculation process of the flush air data sensing module.

The angle of attack and angle of sideslip are two very important parameters of aircraft,
as almost all aerodynamic coefficients are related to the angle of attack, angle of sideslip
and Mach number. Thus will lead to stalling phenomena when the angle of attack is
too large, which results in serious failure. For the calculation of atmospheric parameters,
the angle of attack and angle of sideslip are the basis to solve other parameters, and the
precision of other parameters is also related to the angle of attack and angle of sideslip.
For the designed flush air data sensing module, the calculation of the angle of attack and
angle of sideslip are given high priority. Pressure sensors and integrated navigation are
installed in the manufactured flush air data sensing module, while the temperature sensor
is a reserved channel and has not been installed in the present version.

Pressure and velocity data are derived from measurements, while the atmospheric
temperature is derived from a standard atmospheric calculation equation instead of a
measurement. Taking measured data to verify if the data communication of the flush air
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data sensing module is normal or not, the system workflow can be also verified, which
provides a reference for prospective wind tunnel experiments and flight tests.

5.3. Static Calculation Test

The prototype flush air data sensing module is stationary on the ground, so the real
angle of attack and angle of sideslip are zero. The atmospheric parameters are calculated
based on navigation, temperature and pressure information, so the calculation precision
and the performance of system can be evaluated. The precision of navigation equipment is
high, so the measurement value of navigation equipment is considered as the true value,
and the measurement errors of navigation equipment are ignored. Then, the navigation
equipment is moved randomly on the ground to represent small disturbance data to
evaluate whether the system works normally and whether the calculated results of the
angle of attack and angle of sideslip diverge in the case of a small disturbance of the
navigation equipment data. The acceleration, eastern velocity, northern velocity, upward
velocity, velocity magnitude and Mach number are respectively shown in Figures 16–19.
The hardware attributes of the flush air data sensing module have critical importance, while
the sample rate, bandpass and the method to avoid aliasing and protection of recording
data from external noise have been considered by the manufacturers of hardware, so the
sample quality has been tested before delivery. When the experiments are carried out on
the ground, the system works normally, so the parameters detailed above don’t need to
be considered.

Figure 16. Measured triaxial acceleration data.

Figure 17. Measured integrated velocity data.
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Figure 18. Variation curve of velocity with time.

Figure 19. Variation curve of Mach number with time.

In Figure 16, the abscissa represents time and the ordinate represents the triaxial
acceleration. At the beginning, the whole system has not completed initialization, so it
is out of working state and the triaxial acceleration is zero. When the whole system is
powered, the integrated navigation is not completely horizontal, so the gravity acceleration
produces components in three axes. The magnitude of acceleration is about 9.8 m/s2, so the
integrated information works normally. Then, experiments are carried out on the ground
to control the flush air data sensing module’s movements as planned. The acceleration
measured is consistent with the actual motion.

In Figure 17, the abscissa represents time and the ordinate represents the triaxial
velocity. The integrated navigation unit integrates accelerometer data and combines it
with satellite velocity data to get the integrated velocity. The velocity of the integrated
navigation system is consistent with the actual motion.

In Figure 18, the abscissa represents time and the ordinate represents velocity. The
variation curve of velocity with time is obtained by synthesizing the velocity vector, which
is consistent with the actual motion.

In Figure 19, the abscissa represents time and the ordinate represents the Mach number.
The temperature is obtained according to the standard atmosphere temperature, then the
local sound velocity is obtained, so the curve of the Mach number changes with time can
be obtained. Experimental results show that the proposed algorithm is feasible, and the
Mach number of the flush air data sensing module can be calculated.
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When experiments are carried out on the ground, the real angle of attack and angle of
sideslip in motion are difficult to get, so the angle of attack and angle of sideslip are set as
zero for a high quality standard value reference. The range of the pressure sensor is 200 kPa,
and its precision is 1 kPa. This precision is too low for calculating the parameters. The
measurement data will fluctuate around a real value with noise, and if the measurement
data is fitted by a polynomial, it will have a small variance, and the data which is off the
fitting curve will be considered as noise. The polynomial-fitting data is considered the real
value, so the measurement noise is filtered. The digital data output of the pressure sensor
is related to the one-time polynomial of the analog data input, so a one-time polynomial is
used to fit the measured pressure data and filter out the influence of noise.

Pressure sensors 1, 3, 5 are mainly used to calculate the angle of attack. The measured
pressure data fitting curve is shown in Figures 20–22, a fitting curve comparison is shown
in Figure 23, and the curve of the calculated angle of attack is shown in Figure 24. The
calculation process of the angle of sideslip is the same as for the angle of attack, and the
results are shown in Figure 25. Calculated dynamic pressure results are shown in Figure 26
and calculated static pressure results are shown in Figure 27.

Figure 20. Measured data and fitting curve of pressure sensor 1.

Figure 21. Measured data and fitting curve of pressure sensor 3.
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Figure 22. Measured data and fitting curve of pressure sensor 5.

Figure 23. Comparison of pressure sensor fitting curves.

Figure 24. Calculated angle of attack results.
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Figure 25. Calculated angle of sideslip results.

Figure 26. Calculated dynamic pressure results.

Figure 27. Calculated static pressure results.

As shown in Figures 21–23, the abscissa represents time and the ordinate represents
the pressure value. ExperimentalData represents the measured data, while FittedLine
represents the line fitted by a one-time polynomial. P1, p3, and p5 represent lines of
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three pressure sensors fitted by the one-time polynomial, respectively. It can be seen that
p1 and p3 are relatively close. Theoretically, the angle of attack of the flush air data sensing
module is zero, so p1 and p3 should be completely consistent. Because the precision of the
pressure sensor is low, the actual data fluctuation is large. The fitting method itself also has
errors, which leads to further deviation of the fitted lines.

Figure 24 shows the calculated angle of attack results. The abscissa represents time
and the ordinate represents the calculated value of the angle of attack. The theoretical
angle of attack is zero when the flush air data sensing module is put on the ground without
motion, so the deviation of the calculated angle of attack is less than 1◦, and the precision
of the calculated angle of attack is relatively high. When the flush air data sensing module
flies at high speed with an actual specific angle of attack, the pressure measured by the
distributed position of different pressure sensors is certain and the deviation is relatively
stable, which allows us to obtain higher calculation precision by analysis. The calculated
results are related to the algorithm itself, sensor precision, sensor installation position and
assembly precision, etc., so calibration should be carried out before a flight to obtain higher
calculation precision.

Figure 25 shows the calculated angle of sideslip results. The abscissa represents
time, and the ordinate represents the calculated value of the angle of sideslip. When
an experiment is carried out on the ground, the theoretical value of the angle of sideslip is
zero, so the deviation of the calculated angle of sideslip is less than 0.5◦. The calculated
angle of sideslip results are related to the angle of attack, so the calculated precision of
the angle of sideslip can be improved by improving the calculated precision of the angle
of attack.

In Figures 26 and 27, the abscissa represents time and the ordinate represents the
pressure value. Qc represents the dynamic pressure, Pinf represents the static pressure.
When the flush air data sensing module is on the ground without any motion, it can be seen
that the dynamic pressure value changes very little, the maximum dynamic pressure value
is less than 0.3 Pa, and the dynamic pressure change trend is consistent with the Mach
number. The magnitude of the static pressure change is within 50 Pa, or about 1/10,000
relative to the standard atmospheric pressure, so noise interference is well suppressed by
the proposed algorithm. The experimental results are consistent with the theoretical analy-
sis, so the proposed algorithm and overall design verification scheme are well supported
by the experimental data. Since there is a dynamic pressure term in the denominator of
the calculation equation of the shape coefficient and atmospheric density, singular values
will be generated while the dynamic pressure is very small, so the calculation of the shape
coefficient and atmospheric density are not analyzed when the experiment is carried out on
the ground. In the future, wind tunnel experiments and flight tests can be used to calculate
the atmospheric density and shape coefficient, so as to obtain higher calculation precision.

5.4. Dynamic Calculation Test

When an aircraft is flying, the value derived from the pressure sensor will change
in real time, and a dynamic measurement error will be generated. Dynamic calculation
tests can evaluate whether the calculated angle of attack and angle of sideslip diverge
with the fluctuation of pressure measurement data in the flight environment to ensure the
normal status of the system. When an aircraft flies at zero angle of attack and zero angle
of sideslip, the pressure at pressure measuring hole 3 is relatively large, and the pressure
at other pressure measuring holes is relatively small. During the ground experiment, a
large atmospheric pressure is injected into pressure measuring hole 3 to simulate flight
status with zero angle of attack and zero angle of sideslip, so we can verify whether the
calculated results are consistent with the theoretical analysis. Theoretically, when flying
at zero angle of attack and zero angle of sideslip, the value of pressure sensor 3 should
be greater than 1, 5, 6 and 9, which is less than twice that of other pressure sensors. It is
reasonable to apply 1.6 times standard atmospheric pressure to pressure measuring hole 3.
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Figure 28 shows the pressure data measured by pressure sensors 1, 3, 5, 6, 9, Figure 29
shows the calculated angle of attack and Figure 30 shows the calculated angle of sideslip.

Figure 28. Pressure data measured by pressure sensors 1, 3, 5, 6, 9.

Figure 29. Calculated angle of attack results.

Figure 30. Calculated angle of sideslip results.
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In Figure 28, the abscissa represents time and the ordinate represents the pressure data
measured by the pressure sensors. P1, p3, p5, p6, p9 represent the pressure values measured
by pressure sensors 1, 3, 5, 6, 9, respectively. It can be seen that the maximum pressure
measured by pressure sensor 3 is about 1.6 times that of pressure sensors 1, 5, 6, 9 after
a large atmosphere pressure value is applied to pressure measuring hole 3. The applied
atmosphere pressure varies continuously, it is increasing at first and then decreasing.

In Figure 29, the abscissa represents time and the ordinate represents the calculated
angle of attack value. It can be seen that the calculated angle of attack value tends to zero,
which is consistent with the theoretical analysis.

In Figure 30, the abscissa represents time and the ordinate represents the calculated
angle of sideslip value. It can be seen that the calculated angle of sideslip value tends to
zero, which is consistent with the theoretical analysis.

5.5. Engineering Application

The designed flush air data sensing module can be integrated into a single module
with output electrical interfaces, which can be installed on the head of a missile, rocket,
airplane and so on. Online calculations of the angle of attack, angle of sideslip, dynamic
pressure, static pressure, Mach number, atmospheric density and shape coefficient can
be transmitted to the guidance and control systems to develop the flight performance. A
block diagram of an aircraft with a high performance guidance, navigation and control
(GNC) system based on online calculated atmospheric parameters is shown in Figure 31.
An aircraft based on the calculated atmospheric parameters and high performance GNC
system will be used to complete a flight mission in the future.

Figure 31. Block diagram of an aircraft with high performance GNC system based on online calcu-
lated atmospheric parameters.

6. Conclusions

Design and a verification scheme of a flush air data sensing module is proposed, and
an overall composition scheme is designed in detail, simulation analysis and experimental
verification are completed by proposed new algorithm with navigation information and
temperature information. This work offers two main innovations:

(1) The traditional three-point method is improved to integrate navigation information
and temperature information for parameter calculation. The classical three-point algo-
rithm uses pressure sensors and determines the shape coefficient through wind tunnel
experiments to calculate the dynamic pressure, static pressure and Mach number.
Wind tunnel experiments require high precision devices and costly operations. A new
algorithm is proposed with pressure sensors, temperature sensors and an integrated
navigation system to calculate the angle of attack, angle of sideslip, dynamic pressure,
static pressure, Mach number, atmospheric density and shape coefficient. It is more
convenient for calculating the required parameters with good real-time performance
relative to the classic three-point algorithm. The proposed algorithm can obtain more
useful parameters relative to the classic three-point algorithm with bright prospects.
The proposed algorithm is verified by flow field simulation analysis and experimental
tests, in which it can be seen that the simulated and experimental results are consistent
with the theoretical analysis. It can provide a reference for prospective wind tunnel
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experiments and flight tests, and better calculation results can be obtained by the
fusion of various data;

(2) Proposing an intuitive function between the angle of attack, angle of sideslip and
measured pressure. The analysis shows that a zero bias of the angle of attack is
related to the difference between p1 and p5, and a zero bias of the angle of sideslip
is related to p6 and p9, so pressure sensors 1, 5 are symmetrically distributed, and
pressure sensors 6, 9 are also symmetrically distributed to reduce the zero bias in
the flush air data sensing module. In order to improve the calculation precision, it
is necessary to eliminate the zero bias as much as possible with analysis, so this has
high significance for improving the installation precision of pressure sensors 1, 5, 6, 9.
We can select high precision pressure sensors to reduce noise fluctuations and try to
ensure consistency of fitted lines at symmetrical positions with measured data. The
calculation precision of the angle of attack and angle of sideslip can be improved
by reducing the zero bias, and the precision of other parameters will improve in the
meanwhile, then the overall performance will be improved.

Flow field simulation analysis and experimental results can provide references for
prospective wind tunnel experiments and flight tests. Different test methods can verify
each other, so as to optimize the design scheme and obtain better calculation results. Online
calculated results can be transmitted to a guidance and control system to evaluate the
real-time flight status of aircraft and complete specific flight missions.
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