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Abstract

The main goal of master thesis is design
and practical realization of the aerometric
system for unmanned aerial vehicle with
fixed wings. Developed system consists
of two measuring modules with pressure
transducers and main module that pro-
vides data synchronization and communi-
cation.

The theoretical part of the thesis in-
cludes the general description of the aero-
metric parameters and ways how to deter-
mine them.

There are also described hardware de-
sign of printed circuit boards and parts se-
lection, mainly pressure transducers. Sec-
tion dedicated to software implementa-
tion presents algorithms and software re-
sources used in modules. Software of each
module includes real-time operating sys-
tem FreeRTOS. Another part of thesis is
dedicated to communication busses and
protocols used in modules. System pro-
vides aerometric data using CAN bus with
CANaerospace frame.

Special important part of the thesis
discusses testing of realized system, es-
pecially pressure transducers. Described
tests also include calibration procedures
of transducers, environmental testing with
focus on temperature and testing in aero-
dynamic tunnel. The last mentioned
test approach simulates the real condi-
tion test with experimental analysis of
the pitot-static probes with focus on an-
gle of sideslip measurement. There is also
discussed state of art of determination of
the aerodynamic angles using pitot-static
tube.

Keywords: embedded system,
aerometric system, unmanned aerial
vehicle, CAN bus, GPS, GNSS,
aerodynamic tunnel, aircraft, angle of
attack, angle of sideslip, CANaerospace
protocol

Supervisor: Ing. Martin Sipos, Ph.D.

Abstrakt

Hlavnim cilem diplomové prace je na-
vrh a prakticka realizace aerometrického
systému pro bezposiddkovy prostiredek s
pevnymi kiidly. Vyvinuty systém se sklada
z dvou méficich moduli se senzory tlaku
a hlavniho modulu, ktery poskytuje syn-
chronizaci dat a komunikaci.

Teoretickd cast prace zahrnuje vseo-
becny popis aerometrickych parametra
a zpusobu jak je mérit.

Také je popsany hardwarovy navrh de-
sek plosnych spoju a vybér komponent,
piedev&im senzort tlaku. Cast vénovana
softwarové implementaci popisuje algo-
ritmy a softwarové prostredky vyuzité v
modulech. Software kazdého modulu zahr-
nuje operacni systém redlného casu FreeR-
TOS. Dalsi ¢ast prace je vénovana komuni-
kacnim sbérnicim a protokoliim vyuzitych
v modulech. Systém poskytuje aeromet-
rickd data prostrednictvim CAN sbérnice
s ramcem CANaerospace.

Zvlastni dulezita ¢ast prace popisuje
testovani zhotoveného systému, predevsim
senzorti tlaku. Popsané testy zahrnuji ka-
libraci senzoru, klimatické testovani se
zamérenim na teplotu a testovani v ae-
rodynamickém tunelu. Posledni zminény
postup simuluje test v redlnych podmin-
kich s experimentalni analyzou pitot-
statickych trubic se zaméfenim na méreni
thlu skluzu. Taktéz jsou popsané soucasné
trendy v odvozeni tthlu nabéhu pomoci
pitot-statické trubice.

Klicova slova: embedded system,
aerometricky systém, bezpilotni
prostiedek, CAN sbérnice, GPS, GNSS,
aerodynamicky tunel, letadlo, thel
nabéhu, thel vyboceni, CANaerospace
protokol

Preklad nazvu: Aerometricky systém
pro bezpilotni prostiedky
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Chapter 1

Introduction

Nowadays, the aerometric system is a required component for any modern
aircraft. This "black-box" system is necessary for safe flights. It provides the
aerometric data essential for pilots (or operators) during all flight phases as
barometric altitude or true airspeed. Also, these parameters are inputs for
other aircraft systems - flight control systems or guidance systems. However,
in the case of unmanned aerial vehicles, it is not the standard equipment.
These types of aircraft for flight data acquisition can use received GNSS
data in combination with an inertial measurement unit. Sometimes, small
lightweight aircraft for short-range flights do not use any system.

Like other types of electronic systems, aerometric systems had been devel-
oping over decades. The first aerometric systems were based on the simple
mechanical principle of instruments with direct reading. Later were used
analogue circuits, and nowadays, aerometric digital modular units with digital
signal processing and many other functionalities are standard. The current
trend is to make these systems smaller and lighter, but another crucial part
is the software implementation regarding the optimal operation, functionality,
safety and security.

Modern small-sized commonly available microcontrollers with many periph-
erals are a valuable solution for small unmanned aircraft. It means that the
pressure transducers can be used for direct sensing of aerometric parameters
and microcontrollers as an aerometric system for real-time data processing
and further communication. This approach was used to design and realize the
aerometric system for unmanned aircraft. This realization included hardware
and software development. Major selected components - pressure transducers
- were tested in the Aeronautical Systems and Instrumentation laboratory
(Department of Measurement, The Faculty of Electrical Engineering, CTU)
for accuracy and temperature properties. Finally, the whole system was
tested in realistic conditions in the aerodynamic tunnel. Another experimen-
tal analysis of the selected pitot-static probes regarding the determination of
aerodynamic angles was carried out.



1. Introduction

. 1.1 State of the Art

There are already many available aerometric systems for small unmanned
aircraft as market products, e.g., the Sensor for airspeed measurement ASS-
100 ADV. This system provides measuring of airspeed in range Okmh~! to
360 kmh~t [24].

e §L(S (700
o 0§51 dl00
e V6 052G |

N, agrame

HSS =100 wn

AIRSPEED SENSOR (7o)
PN TS

Figure 1.1: Sensor for airspeed measurement ASS-100 ADV [24].

The another digital sensor system MNAV100CA [19] is designed also for air
robotic vehicle navigation and control. It includes the following measurement
devices: GPS receiver module, 3-axis accelerometers, 3-axis angular rate
sensors, 3-axis magnetometers, but mainly absolute pressure sensor and
differential pressure sensor. For communication with system is used RS-232
bus.



Chapter 2

Measurement of Air Data Parameters

In general, aerometric system, as significat part of aircraft avionics, provides
accurate information on air data parameters such as barometric (pressure)
altitude H, indicated airspeed V7ag, true airspeed Vrag, calibrated airspeed
Vo s, vertical speed VS, Mach number M, static air temperature Ts and total
air temperature T a7. These quantities are derived from sensed parameters
including static pressure py, total pressure p; and static temperature T5.

The mentioned air data parameters are important for safe flight, flight
control and they are shown in real-time on flight instruments to the pilot.
However, H and Vr g are essential for the flying of any aircraft. Barometric
altitude is the actual height of the aircraft above sea level and accurate
measurement of the H is fundamental for the piloting in the vertical plane.
Vrag is the speed of the aircraft relative to the air mass through which is
actually moving. The aerodynamic lift force Ly, , which is generated by
the motion of the aircraft through the air and is acting on the airfoil, is a
function of the Vpas (dynamic pressure), the lift coefficient Cj, surface area
of the wing S and air density at given level py,.

1
L =5 pn Vs S Cr[N] (2.1)

The aircraft service capabilities and limits of a design and construction
refer to flight (performance) envelope. This operating limits are in term of a
airspeed and altitude [Figure [2.1].

Altitude limit

RN

Altitude [ft]
*?4‘3 2

Max. operating speed

Mach number [-] —

Figure 2.1: Flight envelope that defines stall and maximum operating speed.



2. Measurement of Air Data Parameters

B 21 Principles and Methods of Measuring Air Data
Parameters

Measurement of air data parameters is based on the principle of sensing
barometric parameters, because atmospheric pressure, air temperature and
density vary with the distance above sea level. These changes are standardized
by the International Standard Atmosphere (ISA) [22] and this property is
used for measurement of pressure altitude. Related changes of static pressure
pp, (local atmospheric pressure) in altitude [figure above mean sea level
(MSL) H are described by equation [2.2].

90

T RT
p=p (1+ ZH)" [P (2.2)
0
po - Standart static pressure in MSL = 101 325 Pa; T - Standard tempera-
ture in MSL = 288.15K; R - Universal gas constant for air
=287.039 Jkg ' K~!: 7 - Standard temperature lapse rate = —0.0065 Km~?;

go - gravitational acceleration at sea level = 9.806 ms™2;

4
12 x10

—
[=)] o] o

Atmospheric pressure [Pa]
~

0 2000 4000 6000 8000 10000
Altitude above MSE [m]

Figure 2.2: Atmospheric pressure - International Standard Atmosphere.

Therefore vertical speed VS is derived from the rate of change of static

pressure .

RT
90 Ph

Following air data parameter, total pressure p;, is measured facing the
moving airstream using Pitot tube. This measures the impact pressure Q.,
which is function of the Vpug, plus the static pressure p, [2.4].

VS =—

App, = AH [m/s] (2.3)

pt = Qc + pp [Pad] (2.4)
Dynamic pressure is described by Bernoulli’s law [2.5].

4



2.1. Principles and Methods of Measuring Air Data Parameters

1
pe = pn=5pnVias = Qe [Pd] (25)

Assuming incompressible conditions, the relationships between Vg, Voas

and dynamic pressure (). are and .

2 217Q.
VTAS:J " _RT, (“) KQ + 1)
ko= 1 Po Ph

K - Specific heat ratio for air = 1.4;

VCAS:\J 26 Qe l(QC + 1>HK1 - 1] [m/s]

kK — 1po |\ po

k—1

— 1] [m/s] (2.6)

—~

2.7)

po - Standard air density at MSL = 1.225kgm ™3 ;
In general Mach number is equal to and for M < 1is .

M= YTAS | (2.5)

a - Speed of sound at given outside air temperature [m/s];

e 2 (& )T e 29

B 2.1.1 Methods of Measuring Air Data Parameters

Pitot-static probes, static ports and other parts of pitot-static system with
various types of pressure sensors are used for sensing air data parameters.

[Figure [2.3].

Static

Pitot Vent

Tube
Airflow -

P
- yd
—_—
l [WIRInInan |

L S
SRIRRIARS
() .“ (K ¢

Aircraft Skin Heater Static
Pressure

Pitot
Pressure

Figure 2.3: A electrically heated pitot-static probe [38].



2. Measurement of Air Data Parameters

Nowadays in modern aircraft are frequently used electrical pressure trans-
ducers, which include Micro Electro Mechanical Structure (MEMS) or reso-
nant pressure transducers.

Resonant pressure transducers are sensing changes in the natural resonant
frequency of vibrating element. These changes are caused by the input
pressure. Transducer provides frequency output related to the pressure being
measured. Sensor includes a thin walled cylinder with the input pressure
acting on the inside and outside space at vacuum reference pressure [Figure

2.4[57).

) __—FEvacuated
reference space
Magnetic |
drive coil —__|| 1|4
Vibrating Ht | -a—— Outer protective
cylinder [ If?\ i cylinder
| y
element *“ H °) E
LA !
i1
Magnetic < LA
pickup coil =~ /g[
— — Pressure inlet
Frequency — ™ '~

signal-pressure

Figure 2.4: Resonant pressure transducer [57].

Whole cylinder is maintained in vibration mode by making it part of a
feedback oscillator by sensing the cylinder wall displacement, processing
and amplifying the output signal and feeding it back to a suitable force
producing device. However, cylinder is density sensitive and it causes changes
in frequency of the output signal, but this change is not more significant than
that due to changes in input pressure [57].

Currently, resonant pressure transducers are essential part of the modern
aircraft and they are placed inside the air data computers (ADC). ADCs
provide all air data parameters for other aircraft systems which are connected
by fieldbus e.g. CAN (Controller Area Network), ARINC 429 (Aeronautical
Radio, Incorporated), CDSB (Commercial Standard Digital Bus) or MIL
STD 1553. ADCs are using digital data processing and calculation from
an pitot-static system, which is attached by ports on the cover of ADC.
This approach is part of the integrated modular avionics and provides better
reliability, an easy operation for maintenance and easy system backup.

6



2.1. Principles and Methods of Measuring Air Data Parameters

Figure 2.5: Honeywell AZ-810 Air Data Computer [7].

Above-mentioned MEMS technology uses capacitive and piezoresitive pres-
sure sensors. The biggest advantage of MEMS pressure transducers is small
size, low weight and very easy integration with the other electronics. They
are sensitive to very small changes in pressure [I].

MEMS pressure sensors are mainly used in the Unmanned Aerial Vehicles
(e.g., drones), due to their small dimensions. Usually they are placed in the
modules together with related electronics (e.g., microcontroller unit (MCU)).
This module has equivalent function like the ADC [13].

Figure 2.6: Avionics Anonymous MicroADC Air Data Computer [13].

B 2.1.2 Angle of Attack & Angle of Sideslip

Aerodynamic angles, angle of attack « and angle of sideslip 8 are related
angles between aerodynamic axis frame F4 and body axis frame Fp [Figure

2.7).
FB:{xB7yB7ZB} (210)

7



2. Measurement of Air Data Parameters

Fa={za,ya,24} (2.11)

trajectory

Figure 2.7: Aerodynamic frame, defining the aerodynamic angles o and 3 [31].

G, CG - centre of gravity; V - relative wind velocity vector; Lw - lift force;
xp - roll axis; yg - pitch axis; zp - yaw axis;

Angle of attack (angle of incidence) is angle between the direction of the air
velocity relative wind and the wing chord line [Figure . Angle of sideslip is
angle between direction of the relative wind velocity vector and its projection
on the plane zp zp [18].

ALift

Angle of
Incidence

Relative
Wind Vr
Wing Chord Line

Figure 2.8: Angle of attack « [18].

This aerodynamic angles are measured by vanes [15][45][32] or by special
Pitot tubes with one or more holes (pressure ports) on the front face of the
probe which are designed to be sensitive to aerodynamic angles [21][2][figure
. These probes are called as differential-pressure pitot-static probes.

8



2.1. Principles and Methods of Measuring Air Data Parameters

(a) : Air Data Probes [2]. (b) : Wing-mounted angle-of-attack

probe [17].

Figure 2.9: Measuring devices for angle of attack.

Proper measurement of aerodynamic angles is important for aircraft control
system and related flight properties. In equation C) denotes lift coefficient
which is a function of the angle of attack and it expresses the effectiveness of
the airfoil section in generating lift. Relationship between C; and « is linear
up to a certain value of auyicqr When the lift force is maximal. Then the

airflow starts to break away from the upper surface of the wing and lift force
falls off rapidly [18].

Ogritical

AQA [deg]

Figure 2.10: Angle of attack vs lift coefficient.

B 2.1.3 Differential-pressure Pitot-Static Probes

Differential-pressure pitot-static probes, which are intended to be used for
an angle of attack measurement, has two holes placed and oriented at equal
angles from side of the logitudinal axis of the pitot-static tube. In case of
any changes in wind flow direction (changes in «) the pressure difference
which exists at the two holes is measure of the angle of attack. This pressure

9



2. Measurement of Air Data Parameters

difference directly depends on the shape of the nose of the pitot-static probe,
on the angular position of the holes and also depends on Mach number and

Reynolds number [Figure 2.11] [40].

0 -

Orifices

Figure 2.11: Various shapes of differential pitot-static probes [40].

For this type of measurement are necessary two aerodynamic quantities:
differential pressure and impact pressure. In this case, the ratio of the
differential pressure and impact pressure is determined as function of angle

of attack [Equation 2.12] [Figure 2.12] [40].

Ap
— = f(a) (2.12)
q
| Sansor
146 — 0.3% A
0460
03
1.2 |- /i — 0460
/ 4
/]
’ h
/A
S
ip L
q .8 f ,/
't /7
7
/{/
R
%
L
o 10 20
a, deg

Figure 2.12: Variation of Ap/q, measured by two types of differential pitot-static
probes with hemispherical nose shapes. Measured at two values of airspeed.

= 0° [40].

The sensing holes, which are spaced by higher angle, show more sensibility
to changes in angle of attack.

10



2.1. Principles and Methods of Measuring Air Data Parameters

In [43] is described the differential pressure tube that works as pneumo-
metric sensor for measuring aerodynamic angles. Operation of this sensor
is based on measuring differential pressure as previous type of probe. Tube
has major central hole for total pressure measurement and two pairs of holes
placed symmetrically in horizontal and vertical planes with respect to the
aircraft. Angle of attack is determined as the difference of pressure measured
by holes the vertical plane. Similarly, the sideslip angle is determined as
pressure difference measured by holes in the horizontal plane.

A
=
\ 2:|®'Re
- '%I B
p/
/ A B\
< \

Figure 2.13: Calibration of the differential pitot-static probe [40].

These aerodynamic angles can be determined from [Equation [2.13] [Equa-
tion [2.14]. Coefficients k1 and ko should be selected experimentally.

Pal — Pa2
o = (2.13)
ky (pg _ Pg1 ;—paz)
8 = Pp1 — Pp2 (2.14)

+
ki (pg _ ps1 ! P,Bz)

Paper [58] describes the set of modified pitot-static probes for measuring
aerodynamic angles. In this case, four aluminium probes were attached to
a standard pitot probe. Determination of aerodynamic angles is based, as
previous, on measuring differential pressure.

11



2. Measurement of Air Data Parameters

Figure 2.14: Wing mounted installation of angle of attack, sideslip angle and
pitot probe [58].

System for determination of aerodynamic angles considers pressure differ-
ences measured by probes and pressure distribution along the wing chord
measured by specific static ports.
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Chapter 3

Concept of Aerometric System for
Unmanned Aerial Vehicle

The proposed aerometric system for UAV includes the following features:
1. measuring barometric altitude
2. measuring airspeed (Vras, Voas),
3. measuring vertical speed VS,

4. optional: GPS (Global Positioning System) position and UTC time
(Coordinated Universal Time),

5. communication via CAN bus using CANaerospace protocol [51].

Based on above-mentioned points, system has the following functionalities:
1. pressure sensing by pitot-static probe;
2. pressure sensing measurements using static pressure transducer,

3. differential (dynamic) pressure measurements using differential pressure
transducer,

4. optional: determination of the position and UTC time from GPS using
GNSS (Global Navigation Satellite System) transceiver,

5. data processing and calculation of the air data parameters using MCU,
6. data synchronization using MCU,

7. data communication with other systems in UAV using
CAN bus transceiver.

Another requirements related to the proposed aerometric system:

1. pressure sensors shall be located as close as possible to the pitot-static
probe to eliminate long air pressure hoses and related issues,

13



3. Concept of Aerometric System for Unmanned Aerial Vehicle

2. hardware and assembled printed circuit boards shall have minimal size
and weight,

3. hardware shall have resistance to environmental conditions of appli-
cation (temperature, pressure, humidity, vibrations, electromagnetic
compatibility).

B 3.1 Operational Requirements

The proposed aerometric system is intended to be used for UAV with fixed
wings with the following operational parameters:

® Vyag for range: Oms™' to 110ms™ 1,

® H for range: Om to 1000m .

However, assuming ISA and variety in static pressure at H = Om , ideal
measured range for static pressure py is 850 hPa to 1030 hPa.

Intended range of the Vg is equivalent to dynamic pressure ()., for range
from 0Pa to 1960 Pa (for H = Om ). Optimal measured range for dynamic
pressure (). is from 0 Pa to 2500 Pa.

B 32 System Architecture

For further various tests and measurements, the proposed system has an
ability to measure air data parameters from two pitot-static probes. Due to
this extension, system consists of two measuring modules: Module A and
Module B and also one main module [Figure . However, system can be
optionally extended to more measuring modules. Each module represents
stand-alone assembled printed circuit board (PCB) with related functionality.
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3.2. System Architecture

g n ' ™)

Pitot-static probe Pitot-static probe

\. J \

Ps DPe Ps Pt
Absolute Absolute
pressure sensor pressure sensor
Differential Internal CAN bus (1) Differential
pressure sensor pressure sensor

sy sy

\ Module A / \ Module B /

f \ i YT .
UART 5-5
GNSS module HCU
Main module
& J

External CAN bus

(2)
Other aicraft
systems
Figure 3.1: Top level architecture of the designated aerometric system. pCU -
Microcontroller Unit.

Based on the previous points, measuring modules are intended to be
mounted inside the aircraft wings. Measuring modules and main module
are using CAN bus with CAN Aerospace protocol for data communication.
CAN Aerospace protocol requires bus speed 1 Mbits™!. The bus is immune
to electromagnetic interference, because the signals on the both CAN lines
are subject to the same electromagnetic influences, and so the difference in
voltages between these two lines does not vary. There are two separated data
buses:

1. Internal - for data communication between main module and measuring
modules;

2. External - for data communication between aerometric system and other
aircraft systems.

From the top level design point of view, the measuring modules with
pressure sensors convert digital signal from pressure transducers to related
values with correction and also establish data communication by CAN bus.

The primary function of the main module is data transfer between aero-
metric system and other aircraft systems by CAN bus. Module also carries
out process of the GPS data (UTC time and GPS position) from GNSS mod-
ule, which is connected to module by UART bus (Universal Asynchronous
Receiver-Transmitter).

The all above mentioned features and functionalities are implemented in
MCU in related modules.
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Chapter 4

Hardware Design

Hardware design of the measuring and main modules includes electronic parts
and components selection, mainly pressure sensors following PCB design of
modules. PCBs were created using the professional software Altium Designer
[3]. Finally, all modules were assembled using manual soldering.

B a1 Component Selection

Selected components satisfy the mentioned requirements in [Chapter . The
selection was also based on previous experience with the related components.
However, the other properties were taken into account and firmware support
and development, reliability or availability of components in the markets.

In the case of the pressure sensors, the selection was focused on sensors
with digital interface due to spare space on PCB. PCBs were assembled by
Surface Mount Device (SMD) components.

B 4.1.1 Absolute Pressure Sensor

In table [Table are described parameters of two considered absolute
pressure sensors. Absolute pressure sensor MPRL has a higher resolution
of the internal ADC than the HSC sensor. For example, one single output
count of the ADC (HSC sensor) is approx. 7Pa. In terms of the barometric
altitude H it could be considered as approx. 0.58 m. However, for the chosen
MPRL sensor, one single count is mathematical considered as >0.1 Pa [Table
. The sensor MPRL, as mentioned above, was also selected due to its
smaller dimensions. MPRL sensor has compensated temperature range from
0°C to 50°C and typical power consumption is 10 mW.
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4. Hardware Design

Parameter | MPRLS0015PA0000SA [28] | HSCMANDO15PA2A3[27] |

Range [Pa] 0 — 103421, 35 0 —103421,35
Bus interface SPI 12C
TEB +1,5 % FSS +1 % FSS
Power Supply 3,3V 3,3V
Size [mm)] 5x5 10 x 13,3
ADC 24 bit 12 bit

Table 4.1: Considered absolute pressure sensors.

FSS - Full Scale Span; TEB - Total Error Band; I2C - Inter-integrated
circuit interface; SPI - Serial peripheral interface; Analog to Digital Converter;

Figure 4.1: Absolute pressure sensor MPRLS0015PA0000SA [26].

B 4.1.2 Differential Pressure Sensor

Both considered differential sensors which are described in [Table 4.2], has
the same resolution of the ADC, but 4525DO sensor has the wider range,
which is useless for the application [Table . It can be used for the wider
airspeed range. Also, the 4525D0 sensor has sided ports, and this solution
is impractical. This sensor is included in the mentioned kit for airspeed
measuring ASS100ADV. The chosen differential sensor, NPA-700B-10WD,
has compensated temperature range from 0°C to 60 °C.

| Parameter | NPA-700B-10WD [5] | 4525DO-DS3A1001DS[52] |

Range [Pa] +2490 +6894, 75
Bus interface 12C 12C
TEB +1,5 % FSS +1 % FSS
Power Supply 5V 3,3V
Size [mm] 11,36 x 7,52 12,4x 9,9
ADC 14 bit 14 bit

Table 4.2: Considered differential pressure sensors.

Sensor NPA-700B-10WD operates in a continuous measurement mode with
current consumption of approximately 3mA [6].
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4.1. Component Selection

Figure 4.2: Differential pressure sensor NPA-700B-10WD [g].

B 4.1.3 Microcontroller

The chosen microcontroller STM32F446RC (manufactured by STMicroelec-
tronics) has ARM Cortex-M4 32-bit RISC (Reduced Instruction Set Com-
puter) core [48]. This microcontroller has the main following features, which
are necessary and required for the application:

® Core operating at a frequency of =~ ® Package: LQFP64 (SMD);

up to 180 MHz;
® Direct memory access (DMA): 2

u Floating point unit (FPU); ports with 8 streams each;

® 256 kB of Flash memory (inter-
®m High Abstraction Layer libraries

nal);
) (HAP) - Application Program-
B 128 kB of Static Random-Access mlng Interface (API) pro\nded by
Memory (SRAM); the manufacturer;

® Timers: General-purpose: 10,
Advanced-control: 2 and Basic:

% ® 5V tolerant input/output pins;

B Independent watchdog;

® Communication interfaces: CAN
bus: 2. 12C: 4. SPI: 4. USART: ® ARM Embedded Trace Macrocell

4, UART: 2; (ETM);

® Operating voltage: 1.7V to ® Serial Wire Debug interface
3.6V; (SWD);

Based on microcontroller specification, the ARM (Advanced RISC Ma-
chines [11]) core on operating frequency 180 MHz is necessary for CAN bus
transmission at required speed (1 Mbits™!). FPU is useful for more powerful
computation. Above mentioned values of the flash memory and SRAM should
provide sufficient resources for related functionalities. ETM and SWD are
necessary for application debugging during software development [47].

The used microcontroller is also fully compatible with selected pressure
sensors. Although the differential pressure sensor is working with 0V to 5V
12C lines, it does not present any issue from the microcontroller side because
it has 5V tolerant input/output pins. Microcontroller normally works from
0V to 3.6V levels.
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4. Hardware Design

Maximum current consumption is 42mA for the following conditions: RUN
mode, external clock, phase-locked loop (PLL) on, all peripherals disabled,
operating core frequency 180 MHz and ambient temperature 25 °C.

B 4.1.4 CAN Bus Transceiver

CAN bus transceiver MCP2551, developed by MICROCHIP, is widely used as
industrial high-speed CAN transceiver. It supports up to 1 Mbits~! operation
speed. Power supply is 4.5V to 5.5V [35]. Maximum current consumption is
75mA for dominant condition.

—/
TXD[]1 8 ]Rs
Vss[]2 u;) 7 []CANH
Vop [|3 g 6 [ ] CANL
RXD[ |4 = 5 ] VREF

Figure 4.3: MCP2551 Pinout [35].

TXD - Transmit Data Input; Vss - Ground; Vdd - Supply Voltage; RXD -
Receive Data Output; Rs - Slope-Control Input; CANH - CAN High-Level
Voltage Input/Output; CANL - CAN Low-Level Voltage Input/Output; Vref
- Reference Output Voltage;

TXD is a transistor-transistor-logic (TTL) compatible input pin and all
input/out pins of the microcontroller are Complementary Metal Oxide Semi-
conductor (CMOS) and TTL compliant (no software configuration required).
This part was selected in SOIC package.

For CAN bus transceiver was selected slope-control operating mode which
further reduces electromagnetic interference (EMI) by limiting the rise and
fall times of CANH and CANL. The slope, or slew rate (SR), is controlled
by connecting an external resistor R.;:. The chosen value of this resistor is
10k and it is equivalent to maximum value of slew rate, approx. 24V /ps.

All boards are including 120 €2 resistors for termination.

B 4.1.5 Module Connectors

The selected MicroClasp Wire-to-Board System, manufactured by Molex,
satisfies the operational conditions and has minimal size. The most significant
property of this connection system is resistance to vibrations, because the
connectors (Crimp Housing [36]) are locked inside the right-angled PCB
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4.1. Component Selection

headers [37] [Figure [4.4]. These connectors provide the connection for the
CAN bus and the power supply.

(e

(a) : MicroClasp-to-MicroClasp Off- (b) : Wire-to-Board Header (PCB Header)
the-Shelf Cable Assembly (Crimp (molex 51382 Series) [10].
Housing) (molex 51382 Series) [9].

Figure 4.4: Board connectors.

B 4.1.6 GNSS Module

As GNSS module for acquiring GPS signal was selected board with assembled
GNSS receiver NEO-M8N-0-10, receiving GNSS antenna and power supply
circuit. Communication with the selected module is provided by the UART
bus. Board is powered with 5V [55].

G866081CChC 8
01-0-NgN-03N R

Figure 4.5: GNSS module with NEO-M8N-0-10 GNSS receiver [g].

B 4.1.7 Other Electronic Parts

SMD resistors and capacitors were selected from the corresponding values in
the 0805 package for measuring and main modules. All modules are powered
from the same 12V battery, so the voltage regulators for 5V and 3.3V power
supply are necessary. Modules design includes the following voltage regulators,
in series connection:

® BD50GASMEFJ-LBH2 [44], manufactured by ROHM Semiconductor,
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4. Hardware Design

from max. 14V to 5V, HT'SOP-J8 package;

®m TPS73633DBVT [54], manufactured by Texas Instruments, from max.
5.5V to 3.3V, SOT-23-5 package;

Measuring modules include digital temperature sensor DS18B20 in the
TO-92 package, manufactured by Maxim Integrated. The sensor commu-
nicates over a 1-Wire bus and provides resolution of the temperature to
digital conversion to 12bit [33]. The temperature sensor can be used for
real-time temperature compensation that should be included in software
implementation.

B 4.2 Module Design

As previously mentioned in the section [Section 3.2], it was necessary to design
two different boards (layouts) with different functionalities: the measuring
module and the main module. However, these PCBs have the same compo-
nents: voltage regulators, microcontrollers, CAN interface or connectors. It
means that boards are similar at some points.

B 4.2.1 Schematic Design

PCB schematic design is based on a system-level block diagram of the related
module [Figure 4.6] [Figure 4.7]. PCB schemes are in [Appendix |A.1] and in
[Appendix |A.2].

Modules are powered from the same 12V battery over the main connector
into BD50GASMEFJ-LBH2 voltage regulator. 5V is the power supply for
the CAN interface, differential pressure sensor or another voltage regulator
TPS73633DBVT. The second voltage regulator provides power supply 3.3V
for the microcontroller, absolute pressure sensor or temperature sensor. The
approximate current consumption of one module is 70 mA. Values and types of
the related capacitors were chosen based on manufacturers’ recommendations.
Diode D5 (in main module schematic) 1N4007 is used as protection against
reverse polarity.

Other diodes, ESDAVLC6-2BLY, protect the CAN bus lines against elec-
trostatic discharge (ESD) and work as a transient volt suppressor (D7, D8,
D3 and D/ in main module schematic). For CAN buses, DLW43SH101XK2L
(FL1 and FL2 in main module schematic) common mode chokes are used for
common-mode noise suppression.
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4.2. Module Design

Absolute
pressure sensor

Main 12VvDC [ Voltageregulator3.3V [z 3\ypc
connector 5VOC
i 5VDC
—”| Voltageregulator5V [~
5VOC Differential
ressure Sensor

CAN
L - 5 .
CAN interface CAN TX/RX

Figure 4.6: System-level block diagram of the measuring module.

ONEWIRE Temperature
sensor

SWDlines | SWD
connector

Bl

Inductors ,BLM21AG102BH10D, BEAD! (in main module schematic) were
later replaced with 02 resistor due to a high voltage drop which caused not
sufficient voltage for the microcontroller. This inductor is recommended by
manufacturer for ADC power supply. However, ADC functionality is not
implemented in the design.

Resistor R2 (in main module schematic) selects internal flash memory as
source for the boot. Crystal ABM3B-8.000MHZ-10-1-U-T provides 8 MHz
for microcontroller. This frequency is using by internal PLL and switched to
the required 180 MHz.

The design of all boards includes SWD connectors for debugging during
the firmware development process. SWD interface is compatible with ST-
LINK/V2 in-circuit debugger/programmer [46].

The I2C bus is used with internal pull-up resistors with a typical value of
40k€).

Measuring
module
connector

\ (2x) )

[ CAN 2 interface £ w0\
Main | 12vDC E.E

connector 5VDC CAN2 TX/RX - SWO lines

connector

ry pcu

_’l Voltage regulator5V I _J

ry

3.3VvVDC

BVG 4’[ Voltageregulator3.3V ]
CAN CAN linterface ]4—
CANTTX/RX

Figure 4.7: System-level block diagram of the main module.

CAN 2

B 4.2.2 Board Desing and PCB Assembly

Modules were designed as two-sided PCBs with no more internal layers.
Boards were designed with minimal size as possible. However, some physical
properties of components, such as dissipated heat, were considered. For better
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4. Hardware Design

heat conduction were designed wider tracks or placed thermal vias around
voltage regulators or CAN bus transceivers. On all boards were designed
on both sides ground planes. Board were manufactured by JLCPCB.COM
[30]. Also, the technical capabilities of the PCB manufacturer were taken into
account, such as minimum clearance of the 0.15 mm. Manufactured boards
are depicted in [Appendix .

All modules were assembled using manual soldering tools and devices at
home condition. However, the absolute pressure sensors were soldered in the
laboratory in the Department of Electrotechnology of the Czech Technical
University in Prague (The Faculty of Electrical Engineering). It was not
possible to solder this sensor without any damage due to its small size. Sensor
has 12 connection pads on the bottom side [Figure [4.8].

Figure 4.8: Assembled modules - top side: Main module (left) and measuring
module (right).

Dimensions of the PCBs are: main module 38.5 mm x 24.5 mm and measur-
ing module 35.5 mm x 24 mm. Thickness of the PCB is 1.6 mm. Each board
has two holes of 3.2 mm diameters placed diagonally. M3 Hexagon Socket
Head Cap Screws (DIN 912 norm) shall be used for mounting.
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4.2. Module Design

LZ601Z-6A"V¥$5989¢

Figure 4.9: Assembled modules - bottom side: Main module (left) and measuring
module (right).

After main module assembly, two LEDs and related resistors (marked as
RS, D6, R4 and D2) were disassembled and replaced by two wires. These
wires provide communication with GNSS module using UART bus.
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Chapter 5

Communication Busses and Protocols

. 5.1 Controller Area Network

CAN bus, developed by BOSCH, is a multi-master, half duplex message
broadcast system with maximum speed 1 Mbits~! (at maximum distance
40m). Originally it was developed for automotive industry for sending short
messages or values. CAN bus is also defined as serial communication bus by
International Standard Organization (ISO-11898: 2003). CAN bus protocol
includes standard Open Systems Interconnection (OSI) model [16][29].

B 5.1.1 CAN Frame and Specifications

CAN bus specifies standard format [Figure and extended format.

) R |
0 Identifier T D DLC DATA
F R E

CRC calculation

Figure 5.1: CAN bus standard frame.

The meaning of the each bit field of standard format is following:
® SOF - Start of frame (dominant bit), marks start of a message;

® [dentifier - 11 bits identifier. Identifier also determines priority of the
message. The lower value, the higher is priority;

® RTR - Single remote transmission request, if dominant the information
is required from node with specified identifier and data bytes are not
used in transmission;

B 10 - reserved bit;
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5. Communication Busses and Protocols
8 DLC - 4bits data that contains the number of bytes for transmission;

8 ACK - 2bits field, one is acknowledgment bit and the second is delimiter
bit. Every node in network which receives message overwrites this
recesive bit in original message with a dominate bit. It indicates that
message has been sent without any errors;

® DATA - maximum 64 bits of message data;

® CRC - 16 bits field, cyclic redundancy check contains the checksum of
the data;

® EOF - Thits, field for the end of CAN frame. In case of bit stuffing
error this bit field is dominant. Bit stuffing is used for maintaining
synchronization. When there are 5bit of the same logic level in frame,
one bit of the opposite logic level is placed into the bits.

The extended format is the same as standard format with the addition of
the following:

8 SRR - Substitute remote request which replace RTR bit;
8 [DE - This recesive bit indicates the following 18 bits;

B rl - reserved bit;

In CAN bus all nodes always receive all request and data, but in the same
time two nodes must not transmit message with the same identifier. The
remote frame is used for transmission request from another node. In this
frame are not present data and RTR bit is recessive [53].

Another specification is used for arbitration. In case that two or more
nodes start transmission of the message at the same time, the conflict is
resolved by bitwise arbitration using frame identifier. If there is simultaneously
transmission of the data frame and remote frame with the same identifier,
the data frame prevails over the remote frame. For error detection is also
used cyclic redundancy check with defined calculation [16].

B 5.1.2 CANaerospace Frame

CANaerospace can be used with 11 bit and 29 bit identifiers. CANaerospace
specifies using the DATA bits in CAN frame [51].
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Message header

—

Byte 0| Byte 1| Byte 2| Byte 3| Byte4 | Byte 5| Byte 6| Byte 7
;\(_AW_AW_Aﬂ(_’\ _\Y/_ -
|

Message Data (message type specific)

Message Code (UCHAR)
Service Code (xCHAR*)
Data Type (UCHAR)
Node-ID (UCHAR)

Figure 5.2: CANaerospace frame [51]

The meaning of data fields of message header is following:

# Node-ID - The node ID in range 0 - 255;
® Data Type - The data type of the transported message data;

® Service Code - The service code consists of 8 bits which may be used as
required by the specific data, but should be set to zero if unused;

B Message Code - The message code is incremented by one for each message
and may be used to monitor the sequence of receiving messages.

CANaerospace specifies the CAN identifiers for flight state, flight parameters
or flight controls. Example of some commonly used identifiers for flight state
parameters is in [Table 5.1].

CAN Flight state Suggested Units
identifier | parameter name | data types
332 . FLOAT
($14C) True altitude SHORT? m
339 FLOAT
($153) Total pressure SHORT? hPa

Table 5.1: Example of defined CANaerospace message identifiers[51]

CAN identifiers in range 1300 — 1499 are not exactly defined. They are
reserved for future use.

Transmitted data are represented by basic data formats. In CANaerospace
frame are these formats defined [51].
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’ Data type ‘ Range ‘ Bits ‘ Explanation ‘ Type ‘
oo |
FLOAT 23-bit fraction 32 o g—p?
S bit exponent value according to | ($02)
TP CXPOREn IEEE-754-1985
4 x 2’s complement 15
CHARA4 -128 to +127 | 4x 8 char integer ($OF)
Most significant
32 bits of double
o precision 30
DOUBLEH 1-bit sign 32 . .
52-bit fraction ﬂoatmg—pomt (S1E)
1L-bit exponent value according
P to IEEE-754-1985
Least significant
32 bits of double
precision 31
DOUBLEL 32 floating-point ($1F)
value according
to IEEE-754-198

Table 5.2: Example of defined CANaerospace data types[51]

B 5.1.3 CAN Bus Implementation

In application is CAN bus used for communication between modules and it
is used as major interface for aerometric system with other aircraft systems
with speed of 1 Mbits™!. Standard CAN frames which are transmitted from

aerometric system contains measured aerometric parameters.

Selected MCU has CAN bus periphery called bxCAN that provides CAN
bus communication up to two independent CAN buses (dual CAN operation).
Periphery configurations provide setting of bit timing at required bus speed.

Periphery speed was set to 1 Mbits™! [47].

Used node IDs in application are listed in[5.3|and used 11 bit CAN identifiers

’ Module name \ Node-ID ‘
Main module | 100
A module 101
B module 102

Table 5.3: Node-ID in application.
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are listed in [Appendix B.2].

Periphery also provides acceptance filters for selecting incoming messages.
In addition, the filtering is not aplicated only to CAN identifier, but it
can be used for filtering frames with RTR bits. This feature improves the
performance of CAN bus communication, because for filtering process any
software resources are not necessary (without disturbing the software). MCU
has two FIFOs (First In, First Out) buffers for each CAN periphery, with
size 3 frames, which provide storage for accepted messages. Message which is
not accepted is discarded. In application are used multiple FIFOs to receive
required frames to avoid FIFO overflow.

In application are used filters in list mode with the exact CAN identifiers
and RTR bits which should be accepted. After placing accepted message in
related FIFO, the interrupt is generated to signal that received message is
pending in FIFO. Then message is taken from FIFO and processed by SW.

For message transmission are used transmit mailboxes. In order to send
a message, it is necessary to select one empty transmit mailbox by SW.
Transmit priority was set to transmit request order. When message has been
successfully transmitted, mailbox becomes empty again.

1 /* GPS module connected */

2 CAN_FilterTypeDef sFilterConfig_GPS_MODULE;

3 sFilterConfig GPS_MODULE.FilterFIFOAssignment =
CAN_FILTER_FIFOQ0O;

4 /* Setting CAN ID list accodring to documentation */

5 /% CAN_FzR1[31:24] */

6 sFilterConfig_GPS_MODULE.FilterIdHigh = (ID_UTC << 5);

7 /* CAN_FzR1[23:16] */

8 sFilterConfig_GPS_MODULE.FilterIdLow = (
ID_GPS_AIRCRAFT_HEIGHT_ABOVE_ELLIPS0ID << 5);

9 /% CAN_FzR1[15:8] */

10 sFilterConfig_GPS_MODULE.FilterMaskIdHigh = (
ID_GPS_AIRCRAFT_LATITUDE << 5);

11 /% CAN_FzR1[7:0] x*/

12 sFilterConfig_GPS_MODULE.FilterMaskIdLow = (
ID_GPS_AIRCRAFT_LONGITUDE << 5);

13 sFilterConfig_ GPS_MODULE.FilterScale =
CAN_FILTERSCALE_16BIT;

14 sFilterConfig_GPS_MODULE.FilterMode =
CAN_FILTERMODE_IDLIST;

15 sFilterConfig_GPS_MODULE.FilterActivation = ENABLE;

16 sFilterConfig_GPS_MODULE.FilterBank = 4;

17 sFilterConfig_ GPS_MODULE.SlaveStartFilterBank = 14;

18 /* Configure the filter */

19 if (HAL_CAN_ConfigFilter (¢hcanl, &sFilterConfig_GPS_MODULE
) !'= HAL_OK)

20 /% Filter configuration was not setup */

21 ErrorHandler () ;

Listing 5.1: Implementation of the configuration of the bxCAN registers for
CAN ID filtering using HAL library.

Visualization of CAN bus transmission with decoded frames in application
is depicted in [Appendix B.1]. For data request from measuring modules
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and main module are implemented remote frames with RTR recessive bit.
Modules are responding by frames with requested data. Each parameter
can be individually received by sending related CAN identifier. Maximum
frequency for sending this remote frames is 20 Hz. However, in designed
aerometric system is implemented functionality, which provides data frames
in row with all available parameters. This stream of data frames can be
received by sending one remote frame with CAN identifier 1499. Maximum
frequency for requesting the mentioned frame is 10 Hz. Detailed description
of software implementation and testing of the CAN bus is in [Section |§|]

B 52 Inter-Integrated Circuit

Inter-Integrated Circuit (I2C), designated by NXP, is serial half-duplex bus
with two bus bidirectional lines connected to a positive voltage supply with
pull-up resistor, marked as [41]:

® SDA - serial data line, for data transmission between the master and
slave device;

® SCL - serial clock line, provides the clock signal generated by the master
device;

R/ ACK/ ACK/
START ADDRESS W NACKIDATAINACK STOP

Figure 5.3: 12C frame.

B 5.2.1 Implementation in Application

In application is I2C used for data communication with differential pressure
sensor NPA-7000B-10WD with 100 kHz speed. Description of the communi-
cation frame is in [41].

For I?C data transfer was implemented simple peripheral driver according
to reference manual published by MCU manufacturer. Another option was
to use peripheral driver developed by MCU manufacturer (HAL library), but
this option caused timing issues.

. 5.3 Communication with GNSS Module

GNSS module provides communication using NMEA and UBX protocol using
UART bus.
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B 5.3.1 NMEA Protocol

NMEA frame is depicted in [5.4. Each message starts with $ and it ends with
<CR><LF> ASCII characters. Messages are sent in one stream without any

request [39][56].

<ADDRESS> ,<VALUE> *<CHECKSUM> <CR><LF>

Checksum calculation

Figure 5.4: NMEA frame.

$GPGGA ,183828.80,5006.39186,N,01435.11612,
E,1,04,7.74,166.0,M,44.2,M, ,*5F

$GPGSA ,A,3,19,22,32,14,,,,,,,,,17.88,7.74,16.12%08
$GPGSV,3,1,12,01,80,308,,03,47,253,,
04,08,195,,08,23,183,*7C

$GPGSV ,3,2,12,10,00,068, ,14,10,276,
17,17,25,315,08,19,07,326,15*77

$GPGSV ,3,3,12,21,69,126,19,22,50,078,
15,31,09,109,23,32,36,055,31%71

$GPGLL ,5006.39186 ,N,01435.11612,E,
183828.80,A,A%69

$GPRMC ,183828.90,A,5006.39191,N,01435.11619,
E,3.945,17.38,010522,, ,A*50

$GPVTG,17.38,T, ,M,3.945,N,7.307,K,A*08

Listing 5.2: Received NMEA frames from connected GNSS receiver.

In NMEA frame, the first two characters of the address field describes talker
identifier and next three characters are related to the message content. Value
(data) field with ASCII content is followed by checksum, which is calculated
with XOR function.

In application are filtered by SW only frames marked with GPGGA address
that containts Global Positioning System Fix Data.

B 5.3.2 UBX Protocol

UBX protocol is defined by uBlox as proprietary protocol [55]. Frame is
depicted in [Figure . Every message starts with two same bytes: 0xB5
and 0x62. Class defines the basic subset of the message. Next is one byte
value of the message ID. Length is defined as the length of the payload only
and payload has variable length. Two last bytes are calculated checksum
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SYNC | sYNeC LENGTH
{CHARlICHARZ CLASS n Little Endian | TAYLOAD | CKA | CKB

Checksum calculation

Figure 5.5: UBX frame.

Main module SW includes this protocol for configuration of the GNSS
module after start-up. GNSS module is configured for measurement period
of 20Hz and UART baud rate is set to 921 600 bits~!. This configuration is
used for more frequent update of parameters, especially UTC time.

. 5.4 Other Communication Protocols

Bl 5.4.1 \Universal Asynchronous Receiver-Transmitter Bus

Universal Asynchronous Receiver-Transmitter (UART) is serial full-duplex
communication bus. For connection are used only two wires, marked as Rz
and Tr. UART Frame consists of start bit (logic 0), 8 data bits, special
parity bit and stop bit (logic 1). On the same bus are always present only
one master device and one slave device.

In SW implementation in Main module, UART provides communication
with GNSS module with speed 9600 bit s~ and 921600 bits~'. MCU receives
data stream from UART bus and stores it in memory buffer using DMA
(Direct Memory Access). MCU also provides hardware interrupts when the
UART bus is in idle state, buffer is filled in half or buffer is full. In interrupt
routine service is memory buffer copied into another memory for following
parsing of the NMEA protocol and other processing. The DMA provides
faster data transmission without core processing.

B 5.4.2 Serial Peripheral Interface Bus

Serial Peripheral Interface (SPI) is a serial, full duplex bus and includes only
one master device and one or multiple slave devices. For physical connection
are used four wires: MOSI (master output slave input), MISO (master input
slave output), CLK (clock signal) and SS (slave select).

The SPI bus is included measuring module design for communication
with absolute pressure sensors. Communication is implemented according to
manufacturer specification and it operates in blocking mode (without DMA),
where MCU core directly receives the data.

B 5.4.3 One Wire Protocol

One wire protocol (1-Wire) provides bidirectional, serial, half duplex data
communication at low speed over single wire. Bus consists of one master
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device and one or more slave devices. Each slave device has unique 64 bits
identification number [34].

One wire is used for communication with temperature sensors on measuring
modules. One wire protocol describes four states: write logical 1, write logical
0, read and reset. Differences between these states are in period duration of
low bus state. Selected MCU does not have periphery for One wire protocol,
so it has to be emulated by another periphery. In application one wire
is emulated using single GPIO pin. During transmission the GPIO pin is
controlled for input mode or output mode.
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Chapter 6

Software Design

Described software is firmware implemented in all three microcontrollers and
provides the required and predefined functionality of whole aerometric system.
Software handles communication between all boards using CAN bus (using
interrupts) and also provides communication with sensors.

. 6.1 Overview

Developed software is stored in internal flash memory and during start-up
of the MCU is loaded into RAM memory. Designed aerometric system is
embedded based system. In this manner, implemented software can be divided
into layers [Figure 6.1]. Hardware abstraction layer peripheral drivers (the
libraries developed by MCU manufacturer) allow low-level operations in MCU
using registers. At this level are configured interrupts, communication buses
or clocking configuration [49].

For implementation was selected real-time operating system (RTOS) FreeR-
TOS, as demonstration of distributed measuring system with real-time proper-
ties [4]. Tmplemented application represents algorithms for defined behaviours.

[ Application ]

FreeRTOS

‘ HAL peripheral drivers

[ Hardware ]

Figure 6.1: Software architecture.

B 6.1.1 Development Tools

The C source code was developed with the STM32CubelDE toolchain [50]
and generated code for HAL drivers. In code are placed comments for
documentation purposes. For code debugging and programming was used
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6. Software Design

the ST-LINK/V2 in-circuit debugger via the SWD interface. Software was
build up by Arm GNU Toolchain compiler [I12]. In case of any RTOS usage,
a unique debugging technique called tracing is necessary. Tracing provides
a view of individual tasks or events. Trace debugging was carried out by
Percepio Tracealyzer [42]. Both measuring modules have the same source
code, only user definition of CAN bus identifiers is different.

B 6.1.2 Common Functionality

In software for each module is implemented functionality called independent
watchdog (IWDG), which is intended for device reset when a problem oc-
curs, or as a free-running timer for application timeout management. It is
configurable using low level registers.

IWDG includes internal timer that should be reloaded by software. In
case that it reaches zero, the device will reset. There is software timer in
application with period of 400 ms and timer callback function provides IWDG
reload.

. 6.2 FreeRTOS

As was previously mentioned, FreeRTOS has multitasking feature that pro-
vides execution of concurrent tasks using single core MCU. Due to this
FreeRTOS user-defined tasks require definition of priorities.

B 6.2.1 Task Management

FreeRTOS operates with multiple tasks, but only single task is executed
at a time. FreeRTOS, as software middleware component, using scheduler
switches between individual tasks based on their priority, state and preemption
conditions. It allows concurrent task execution on a single processor core.
Task states are depicted in [Figure 6.2].
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Not Running
(super state)

Suspended

N

vTaskSuspend|() vTaskSuspend()
called called
vTaskResume()
called
vTaskSuspend|) Event Blocking API
called function called

e

Blocked

\ J

Figure 6.2: Task states [I4]

From the application point of view, there are two states: running and not
running. However, the not running state can be divided into:

® Suspend - task has been deactivated by application;

® Ready - tasks is ready for execution, but task with higher priority is
running;

® Blocked - tasks is blocked and waits for synchronization event;

During blocked state, task does not consume any hardware resources and
allows execution of the other tasks.

As scheduling algorithm was selected prioritized pre-emptive scheduling
with time slicing. Pre-emptive means that running task with lower priority is
moved to ready state and allow to task with higher priority to enter to the
running state. Task with higher priority pre-empts task with lower priority.
Time slicing shares processing time between tasks of the same priority, in
case that the tasks do not yield or enter the blocked state. In terms of the
FreeRTOS, function taskYIELD is for reschedule request.

B 6.2.2 Inter Process Communication

Inter process communication (IPC) provides data transfer between tasks and
also provides synchronization events. In FreeRTOS for IPC can be used
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queues, message buffers, semaphores, mutexes, task notifications or event
groups.

Queues are used for data transfer for multiple tasks and can provide
synchronization events. Queues are working as FIFO buffers. In application
are queues used for transfer received CAN frames to related tasks for further
processing.

In case of pending CAN message in FIFO there is triggered interrupt
callback function HAL_CAN_ RxFifoOMsgPendingCallback. In interrupt
routine each received frame from CAN FIFO is placed in back of queue.
Queues have maximum defined size in application of 20 items.

1||void HAL_CAN_RxFifoOMsgPendingCallback (CAN_HandleTypeDef *hcan
) o

2 /** \brief Required for zQueueSendToBackFromISR() */

3 BaseType_t xHigherPriorityTaskWoken = pdFALSE;

4 /*¥* \brief Frame for received message */

5 QUEUE_FRAME_t TxQueueData;

6 /% Read mesage from FIFO 0 */

7 if (HAL_CAN_GetRxMessage (hcan, CAN_RX_FIFO0O,

8

&TxQueueData.Message, TxQueueData.bytes) == HAL_0K) {
9 /% Put frame into back of queue */
10 if (xQueueSendToBackFromISR(CAN_BUS_Queue,
11 (voidx*) &TxQueueData ,
12 &xHigherPriorityTaskWoken) != pdPASS) {
13 ErrorHandler () ;
14 }
15 }
16 /% Switch to another task. */
17 portYIELD_FROM_ISR(xHigherPriorityTaskWoken) ;

18 || 3

Listing 6.1: Implementation of the CAN FIFO Callback function with placing
message into queue.

Another task (e.g. can_bus_rx_ task()) is in the blocked state because the
function xQueueReceive() is indefinitely waiting for receiving queue. After
receiving the queue item task is unblocked, the item is deleted from the queue.
Items are received from the queue in the order that they have been sent.

1||void can_bus_rx_task(void *argument) {

2 QUEUE_FRAME_t Received_Queue;

3 /%% \brief for can bus check */

4 /* Infinity loop for task */

5 while (1) {

6 /% Wait forever for queue receive CAN frames */

7 /% Queue is received from CAN1 FIFO 4nterrupts */

8 xQueueReceive (CAN_BUS_Queue, &Received_Queue,
portMAX_DELAY);

9 /* etc... */

10 }

11|}

Listing 6.2: Implementation of the call xQueueReceive for queue receiving and
unblocking can__bus_ rx_ task.
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Next type of synchronization event is provided using task notification. This
feature allows sending of chosen 32 bits value from one task to another. Also,
this notification value represents bit value, so more tasks can notify the same
task and for values will be used OR function. Task that will obtain this
value is waiting in blocked state. After receiving notification value, task
is being unblocked. This notification values can be used for state machine
implementation.

1||void can_request_rx_task(void #*argument) {

2 /* Some definitions, declarations etc.... */

3 while (1) {

4 /* Queue receive, data processing */

5 xTaskNotify (synchronization_task_handler,

notify_value_queue,

6 eSetBits);

7 /* etc... */

8 }

91}

10

11 || void synchronization_task(void *argument) {

12 /* Some definitions, declarations etc.... */

13 while (1) {

14 xTaskNotifyWait (0, (notify_value_queue |
notify_value_individual), &interrupt_status,
portMAX_DELAY);

15 /* etc... */

16 if ((interrupt_status & notify_value_queue) != 0) {

17 /* some processing in queue mode */

18 }

19 else if ((interrupt_status & notify_value_individual) !=
0) {

20 /* some processing in individual mode */

21 }

22 ||}

Listing 6.3: Implementation of task notification (IPC). can_request_rx_ task()
notifies and unblocks synchronization task with value that defines mode of
operation.

Another types of task notification are event groups. They work in similar
manner. Function xEventGroupWaitBits holds the task in blocked state,
until predefined value (bit combination) is available. However, the above
mentioned blocking functions stay in blocked state for defined time. Macro
portMAX DELAY will put them into blocked state indefinitely.
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void can_data_rx_task(void *argument) {
/% Some definitions, declarations etc.... */
while (1) {
/* Queue receive, data processing */
/% Switch to delivered parameter */
switch (Received_Queue.Message.StdId) {
/* Absolute pressure module A4 */
case ID_ABSOLUTE_PRESSURE_A:
/% Save data from queue */
if (receive_bytes (&Received_Queue,
A_module_data.absolute_pressure)) {
/% Set bits in event group */
xEventGroupSetBits (xEventGroup_received_data,
ABSOLUTE_PRESSURE_DELIVERED) ;
}
break;
/* Differential pressure module A */
case ID_DIFFERENTIAL_PRESSURE_A:
/* Save data from queue */
if (receive_bytes (&Received_Queue,
/% Set bits in event group */
A_module_data.differential_pressure)) {
xEventGroupSetBits (xEventGroup_received_data,
DIFFERENTIAL_PRESSURE_DELIVERED) ;
break;
}
/* etc... */

void synchronization_task(void xargument) {

/% Some definitions, declarations etc.... */

static EventBits_t uxBits_rx_data;

while (1) {

/* etc... */

/* Queue mode */

/% wait for maz 100ms for set all bits in
zEventGroup_recetved_data,

result save in uzBits_rz_data */

uxBits_rx_data = xEventGroupWaitBits(
xEventGroup_received_data,
ALL_DATA_DELIVERED, pdTRUE, pdTRUE, xMaxBlockTime_queue)

/* etc... */

}

Listing 6.4: Usage of event group in application. can_data_rx_task informs
the synchronization_ task of which data has been received.
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. 6.3 Module Software

B 6.3.1 Measuring Module Software

Module software includes four tasks listed in [Table 6.2]. There is implemented
binary semaphore functionality in software. This IPC is used to regularly
unblock DATA_EVALUATION task. This task is used for handling data

acquisition from sensors and also calculating other aerometric parameters.

] Parameter Note

Absolute pressure | Measured
Differential pressure | Measured
Temperature Measured

Altitude Calculated

TAS Calculated

CAS Calculated

VS Calculated

Table 6.1: Parameters acquired in DATA_EVALUATION_ TASK.

Unblocking is done using vTimerCallback task each 30 ms with priority
value of 5. This callback is triggered by software timer FreeRTOS TIMER.

’ Task name ‘ Priority ‘
Idle task 1
DATA_EVALUATION 4
CAN_RX 3
CAN_TX 3

Table 6.2: Tasks implemented in measuring module software.

However, after unblocking and executing the DATA_EVALUATION task
in one iteration, at the beginning of the next iteration and calling function
xSemaphoreTake blocks the execution of the task and allows the running
of another task. That sequence provides the regular execution of DATA_ -
EVALUATION task. Also, in the same task is granted access for writing to
memory (using DMA) space which stores measured and calculated aerometric
parameters. Another task, CAN_TX task that is used for data transmission
to main module, reads data from the same memory. To avoid conflict access
to memory during writing or reading, the semaphore for mutual exclusion
(mutex) is used.
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Timer_1_Callback()
xSemaphoreGiveFromISR(Semaphore, NULL)

l Semaphore unblocks

Mutex semaphore used for data save

data_evalutation_task() > Mutex
xSemaphoreTake(Semaphore, portMAX_DELAY) measured_data
I* Measuring routine */
xSemaphoreTake(SemaphoreMutex, y
portMAX_DELAY) Mutex semaphore used for data reading
I* Data save using DMA */
xSemaphoreGive(SemaphoreMutex) can_bus_tx_task()

xTaskNotifyWait(requiered parameter)
xSemaphoreTake(SemaphoreMutex, portMAX_DELAY)
I* Data load */
xSemaphoreGive(SemaphoreMutex)
I* Message transmission */

HAL_CAN_RXxFifoOMsgPendingCallback() XTaskNotify(can_bus_rx_task(), CAN_NO_PENDING_TX)
HAL_CAN_RxFifo1MsgPendingCallback() Task notifies that message has
xQueueSendToBackFromISR(CAN_BUS_Queue) been sent and unblocks

can_bus_rx_task()

Task notifies can_bus_tx_task()
for sending requiered parameter,
and unblocks it

Queue with received CAN can_bus_rx_task()
message unblocks task XQueueReceive(CAN_BUS_Queue_data)
xTaskNotifyWait(CAN_NO_PENDING_TX)
xTaskNotify(can_bus_tx_task(), requiered parameter)

3

Figure 6.3: Algorithm of measuring module software.

When one task takes semaphore, the other task can not access the same
resource until the first task gives back the semaphore. In case that the
second task waits for semaphore, it holds block state. Additionally the mutex
semaphore includes priority inheritance. This means that if a mutex is hold
by lower priority task and task with higher priority is waiting for it (is in
block state), then the priority of the task that holds mutex is raised to value
of priority of blocked task. It solves priority inversion issue, because it is
necessary to hold the higher priority task in block state for the shortest time.

CAN__RX task processes the received CAN frames that are delivered from
interrupt by queue. Received single CAN frame with identifier represents
request for given aerometric parameter. After the selection of the required
parameter, task is put in blocked state and waits for notification from task
CAN_TX (with CAN_NO_PENDING_ TX value). It is used to inform that
there is no pending transmission on CAN bus. After unblocking CAN_RX,
task notification with related value is send to unblock CAN TX task. This
task handles the transmission of the required data to main module and after
successful transmission it sends task notification (waiting for notification
with CAN_NO_PENDING_ TX value) to unblock CAN_ RX task for next
processing.

B 6.3.2 Main Module Software

Main module software incorporates 7 tasks [Table [6.3]. In hardware level are
activated both CAN peripherals for internal and external buses. For internal
CAN is used CAN 2 periphery (marked as slave) and for external CAN bus is
configured CAN 1 (master CAN). For each periphery are assigned two FIFOs
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(using CAN filters). Received frames from interrupts are handled in related
tasks - CAN1 REQUEST RX and CAN2 DATA RX.

’ Task name ‘ Priority

Idle task 1
SYNCHRONIZATION
CAN1 DATA TX
CAN2 DATA RX
CAN1_REQUEST_ RX
CAN2_REQUEST TX
GPS_PARSE

DN | UV | >

Table 6.3: Tasks implemented in main module software.

Software works in two modes, queue or individual. The mode is selected by
CAN identifiers of received request (frame with RTR bit from external CAN)
by CAN1_REQUEST RX task. Queue mode is selected by CAN identifier of
1499 and another received frames are individual requests for each parameter.
Software also includes set of IPC tools and workflow is described by [Figure
6.4] In case of individual mode, the same request is send to internal CAN bus
for measuring module using CAN2 REQUEST_TX task. After receiving
data frame from measuring module (using CAN2__DATA_RX task) the frame
is directly transmitted to external CAN bus (using CAN1_ DATA TX task).

When is set queue mode, after receiving request, the CAN2_ REQUEST_ -
TX task sends the individual requests for all parameters to the internal bus.
SYNCHRONIZATION task provides maximal 100 ms window (the worst
case scenario) for synchronization by using xEventGroupWaitBits function.
During this time, the task is in blocked state. After receiving all data, the
task is unblocked and the data are transmitted to external bus using CAN1_ -
DATA_TX task. In case that blocking time expires, CAN1_DATA_ TX
task send all available data. This specific blocking is implemented only for
aerometric parameters which are received from measuring modules. For
parameters obtained from GNSS module is not used time blocking, because
they are available always when the GNSS correctly acquire GNSS signal.

Data received from GNSS module are processed in the following way: Data
from UART bus are transmitted into memory using DMA and circular buffer.
In interrupt routine are data copied from circular buffer into MainBuffer.
Another IPC function xMessageBufferSendFromISR. transfers content from
this buffer into GPS PARSE task and unblocks that task. GPS PARSE
task explores, parses the required GPS frame and stores the data.

For storing all received data (from measuring modules and GNSS module)
is used memory space that can be accessed by obtaining mutex semaphore.
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CAN1_RX0_IRQ_Callback()
CAN1_RX1_IRQ_Callback()

xQueueSendToBackFromISR(CAN_BUS_Queue_request)

Queue with received CAN
message (with data) unblocks task

\ 4

can_1_tx_task()
XEventGroupWaitBits(xEventGroup_tx_data
received_parameters)
xSemaphoreTake(Semaphore,
portMAX_DELAY)
I* Data load */

xSemaphoreGive(Semaphore)

I* Message transmission to external CAN

bus */
T Mutex semaphore
used for data reading

Notification for
data transmission

Mutex
A_module_data
B_module_data
GPS_module

A

Mutex sempahore used
for data save

CAN2_RX0_IRQ_Callback()

CAN2_RX1_IRQ_Callback()
xQueueSendToBackFromISR(CAN_BUS_Queue_data)

Queue with received CAN
message (with request) unblocks task

s

o

can_2_tx_task()
xTaskNotifyWait(value)
/* CAN messages (requests) transmission to internal
CAN bus */
Notification for
request transmission

can_request_rx_task()
XQueueReceive(CAN_BUS_Queue_request)
/* Identify mode from CAN identifier */
xTaskNotify(synchronization_task(), mode)

Individual mode
value = request single
parameter

xTaskNotify(can_2_tx_task(), value)

Queue mode
value = request all data

lNotification with selected mode

synchronization_task()
xTaskNotifyWait(mode)

Individual mode
/* Wait for receiving
single requiered
parameter */
/* set of calls:
XEventGroupWaitBits() */

/

Queue mode
* Wait for receiving all
data within 100 ms time
window */
/* set of calls:
XEventGroupWaitBits() */

xEventGroupSetBits(xEventGroup_tx_data,
received_parameters)

xEventGroup_received_data
notifiest synchronization_task()
that given parameter

has been received

can_data_rx_task()
XQueueReceive(CAN_BUS_Queue_data)

Mutex semaphore used
for GPS data save

XEventGroup_GPS notifies the synchronization_task() that GPS data has been acquired

> I* Receive data */

xEventGroupSetBits(xEventGroup_received_data,
received_parameter)

[
gps_parse_task()

/* Parsing GPS message */ m HAL_UARTEX_RxEvgntCaIlback()
xSemaphoreTake(Sempahore, with GIgS data /* Receiving GPS data via UART bus */

portMAX_DELAY)
[* Data save */
xSemaphoreGive(Sempahore)

unblocks
gps_parse_task()

xMessageBufferSendFromISR(xMessageBuffer)

Figure 6.4: Algorithm of measuring module software.

B 6.3.3 Testing

All developed algorithms were tested. As test module for request transmission
to external bus was used NUCLEO-F446RE development board with the
STM32F446RE MCU. Requests were transmitted with frequency of 10 Hz.
Received data were written to COM port [Listing 6.5].

Another testing approach is in [Figure 6.5] and it shows trace log of measur-
ing unit. Log depicts the mentioned events in order: DATA_EVALUATION
task blocks on the next iteration (xSemaphoreTake (Semaphore #1 blocks))
and CAN_ RX task receives the request (xQueueReceive(Queue #2)) and
following task CAN_ TX transmit the data. Log also shows sharing access
for the memory space between tasks by Mutex.
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Figure 6.5: Trace log of measuring module.
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Chapter 7

Test and Evaluation

. 7.1 Calibration Procedures

Assembled measuring modules were calibrated using Druck PASE6000 as
pressure reference device [20].

For absolute pressure sensors was implemented in microcontrollers transfer
function [Equation prescribed by the manufacturer of the sensor [28].

(d - dmzn) Pmax. - Pmm

dma:c. - dmin.

P = + Poin. [Pa] (71)

P — Pressure reading [Pal; dpq,. — Output at maximum pressure [counts]
= 90 % of 224 counts = 0xE66666; dpin. — Output at minimum pressure
[counts] = 10 % of 224 counts = 0x19999A; P4, — Maximum value of
pressure range [Pa] = 103421.3594 Pa; P,,;,. — Minimum value of pressure
range [Pa] = 0 Pa; d — Digital pressure reading [counts];

The above mentioned pressure readings were measured [Figure and
related values of absolute error A, are shown and approximated in [Figure .
Measured input pressure range represents altitude range from —138,51 m to
1457,30 m considering ISA condition. Approximated values express linear
function, which was implemented as calibration function in microcontrollers

for A module [Equation and for B module [Equation [7.3].

Pa. = P4 — [(0.0018 - P4) — 90.4085] [Pal (7.2)

Pg. = Pz — [(0.0021 - Pg) — 120.7365] [Pd] (7.3)

P, — Absolute pressure reading for given module [Pal; P, — Corrected
absolute pressure reading for related module [Pal;
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Figure 7.2: Absolute error of measured absolute pressure.
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Figure 7.3: Absolute error after calibration.

After the calibration another measurement for validation has been carried
out. Measurement results are in [Figure [7.3]. Calculated differences between
measured and reference values of the absolute pressure are in the range defined
by the manufacturer of the sensor: +1.5% Full Scale Span = 1551.32 Pa.

The related transfer function for differential pressure sensors was obtained
by measuring with reference device. Measuring was carried out in whole
range of the input differential pressure: 0Pa - 2500 Pa. The output sensor
reading for each sensor are depicted in [Figure [7.4]. [6][5].

Transfer functions for both sensors are determined by [Equation and

[Equation [Figure [7.5].

Py = dy - 0.0026 + 7.8467 [Pal (7.4)

Pg = dg - 0.0026 + 7.944 [Pd] (7.5)

d, — Digital differential pressure reading for related module [counts]; P,
— Differential pressure reading for given module [Pal;

Module A has negligible deviations in differential pressure reading, and it
means that calibration carried out by the manufacturer is satisfactory. For
module B was used linear calibration function [Figure [7.6].

Deviation of differential pressure reading from reference pressure has been
calculated from the validation measurement after the calibration. Also, there
deviations are expressed in the related values of Vpug. For Vg calculation
was taken into account standard value of pressure py = 101 325 Pa [Figure

7.7].
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Figure 7.5: Measured differential pressure.
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B 7.2 Vertical Speed Measurement

Measuring modules are also able to provide values of vertical speed. Vertical
speed is derived from the rate of change in altitude. It could be expressed as
the first derivative of height with respect to time. In case of the measuring
module, it can be used 16 bit timer for time measurement between each
calculation. This interval is connected with the pressure measurement cycle.
Timer resolution is 1 ms.

X~ O T Wi

void VS_calculation(float *Altitude, float *VS) {
/**% \brief previous value of altitude */
static float last_value = 0;
/*% \brief elapsed time from the last calculation */
uintl6_t elapsed_time = __HAL_TIM_GET_COUNTER (&htm7) ;
/* Set timer to zero */
__HAL _TIM_SET_COUNTER (&Zhtim7, 0);
/* VS calculation, output wvalue in [m/s] */
9 *VS = (float) ((¥Altitude - last_value)*1000)/elapsed_time;
10 /* save VS for next calculation */
11 last_value = *Altitude;
12 || }

Listing 7.1: Implementation of the function for vertical speed derivation using
timer.

However, the absolute pressure data are noisy (0 = 5.8681Pa ). The
calculated vertical rate is ambiguous and suitable noise reduction is necessary

[Figure [7.8].
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Figure 7.8: Probability density (distribution) of measured absolute pressure for
set value = 1010 hPa.

For noise reduction the moving average with Gaussian kernel was selected.
It means that Gaussian-weighted moving average over each data window
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7.2. Vertical Speed Measurement

is calculated. The Gaussian kernel function K)(zg,z) [Equation has a
weight function based on the Gaussian density function. Kernel function

assigns weights to points z in region around zg [25].

1 x — xo]?
Ky (zo,z) = 3 &P [—|2)\0|] (7.6)

A — variance of the Gaussian density;
For calculation was used 1 dimensional Gaussian kernel function G (x)
centered at the origin with standard deviation o = 1.

B - zo|?
G(z) = exp g2 (7.7)

The filtering includes convolution, which provides smoothed data F'(x):
F(z) = G(z)*H () (7.8)
H(x) — original noise-corrupted data;

The above mentioned Gaussian filter is type of low-pass filter. Probability
density of the smoothed data is show in and standard deviation is o = 2.0941.
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a
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Figure 7.9: Probability density (distribution) of smoothed values of absolute
pressure for set value = 950 hPa.

For VS measurement were simulated changes in absolute pressure using
reference device. Simulation started from 27.09m to 540 m with holding
and back to 27.09 m. There were two test conditions - with rate 100 Pas™!
(approx. 8.54ms™!) and 500 Pas™! (approx. 42.7ms™1).
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Figure 7.10: Simulated vertical speed measurement with rate 100 Pas—!.

Calculated value of VS for simulated rate 100 Pa was 8.5ms™ 1.
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Figure 7.11: Simulated vertical speed measurement with rate 500 Pas—!.

Calculated value of VS for simulated rate 500 Pa was 43.1ms™ 1.
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. 7.3 Environmental Test

Environmental testing in common means measuring the performance or oper-
ational parameters of a given device under specified environmental conditions,
e.g. high or low temperatures. There was performed temperature test with
a focus on selected pressure sensors. Evaluated parameters were measuring
accuracy and operation capability.

W/(‘.I\SS
N

Figure 7.12: Laboratory setup with climatic chamber for the environmental test.

Only measuring module B was placed in a climatic chamber for testing. The
differential pressure sensor has an operating temperature range of —40°C to
125°C and compensated range of 0°C to 60 °C. The absolute pressure sensor
has an operating temperature range of —40°C to 80°C and compensated
range of 0°C to 85°C.

The test was carried out at temperatures —20°C and 60 °C. In case that
ambient temperature is lower than 5 °C, the absolute pressure sensor provided
a meaningless reading. At the given pressure set of 1000 hPa, the ambient
temperature 60 °C caused the difference in pressure reading 158 Pa. This
difference is equal to AH = 13.08 m [Figure .

A comparison of Vr4g measurements at given temperatures is in [Table
. Measured differences AVyagmaz = 0.27ms™! outside of calibrated
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7. Test and Evaluation

temperature range are not significant. For calculation was considered standard

pressure.
Ambient 1\;[5:315 fj Calculated
temperature pressure altitude
°C] [Pa] H [m]
25 100000 110.88
-20 | invalid n/a
60 100158 97.80

Table 7.1: Temperature test for absolute pressure transducer with reference
absolute pressure 100000 Pa. Altitude H values are calculated from measured
absolute pressure.

Set measured | measured | difference | measured | difference
difference Vras Vras AVrag Vras AVrag
pressure | at 25°C | at —20°C | at —20°C | at 60°C | at 60°C
[Pa] [m/s] [m/s] [m/s] [m/s] [m/s]
100 12.75 12.54 0.20 12.47 0.27
200 18.06 17.88 0.17 17.86 0.20
300 22.12 22.01 0.11 21.96 0.15
400 25.53 25.43 0.09 25.40 0.12
500 28.53 28.44 0.08 28.43 0.10
600 31.25 31.15 0.10 31.15 0.10
700 33.77 33.66 0.11 33.66 0.10
800 36.08 35.96 0.11 35.96 0.11
900 38.28 38.17 0.11 38.16 0.12
1000 40.33 40.22 0.10 40.19 0.13
1500 49.36 49.23 0.13 49.21 0.14
2000 56.94 56.80 0.13 56.82 0.12
2400 62.32 62.17 0.15 62.19 0.12

Table 7.2: Temperature test of differential pressure transducer. Test results
with differences expressed by related V4 values.

B 7.4 Wind Tunnel Testing

After the sensor calibration procedures, the aerometric system was tested in
the wind tunnel at the Department of Fluid Mechanics and Thermodynamics
of the Czech Technical University in Prague (The Faculty of Mechanical
Engineering) [23].

Direct airflow sensing was carried out by two types of pitot-static probes
[Figure [7.13]. The major difference between these two probes is that probe
with a plastic part, placed in the entrance part of the total pressure port
(probe PT - tube with plastic part), is more sensible for changes in the
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7.4. Wind Tunnel Testing

direction of the air stream (changes in @ and ). The second probe (steel tube
ST - without plastic part) has a wider entrance part of the total pressure
port, and this probe is insensible for lower changes in the direction of the air
stream. The above mentioned change can be approx. lower than 5% in range
of £20° in o and §.

Figure 7.13: Pitot-static probes: left: PT (tube with plastic part); right: ST
(steel tube - without plastic part).

Figure 7.14: Measurement setup.

For testing procedures was used modular construction which provided
mounting two pitot-static probes against air flow [Figure 7.14]. This setup
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7. Test and Evaluation

was also used for measurement of the aerometric parameters in case of changes
in 8. Changes in g were simulated by rotating whole modular construction.
The following measurements has been carried out:

1. Vrag measurement;

2. Experimental measurement of the aerometric parameters in case of
changes in .

B 7.4.1 True Airspeed Measurement

TAS measurement has been carried out using the basic setup as described in
previous section. Test results are shown in [Figure|7.15, Figure|7.16]. Dynamic
pressure was measured directly by differential pressure. Absolute error of
dynamic pressure was calculated as difference between measured dynamic
pressure and dynamic pressure related to reference speed. For reference
measurement was used U-tube manometer with liquid ethanol placed in air
flow.

Differences in Vrag (obtained results) does not present the significant error:
maximal —1.2ms~! in measured range from Oms~! to 36 ms~! (approx.
3.33%).

Measured static pressure ps = 98 367 Pa. Module A was attached pitot-
static probe PT and module B was attached probe ST.

Calculated differences between measured and reference values of the dy-
namic pressure Q. [Figure |7.16] are in range described by the manufacturer
of the differential pressure sensor: 1% Full Scale Output = +75Pa [6][5].
Also, these variations can be caused by the imperfections in the surfaces and
geometry of the pitot-static probe, as well as by the turbulence levels during
testing.

The sensor kit ASS-100 ADV [24] is equipped with 4525-DS3A001DP
differential pressure sensor with a measuring range from 0 Pa to 6894.74 Pa
with accuracy of +0.25% and TEB of +0.1%. Assuming that accuracy
and standard atmosphere condition (H = 0m), the maximum difference in
calculated true airspeed can be considered as approx. +4 meter/s. However,
for further comparison with this commercial product, it is necessary to carry
out laboratory tests focusing on device precision.

60



7.4. Wind Tunnel Testing

v
E

v

s 1 ]
< 8

L= 08 = ]
3] :

o 06F i
2 g
S 04F .
g B i it : : :
g 15 20 25 30 35

Set VTAS [m/s]

800 N T T T T

C

Measured dynhamic
pressure Q_ [Pa]
=S
o
o

O [ 1 1 1 1
15 20 25 30 35
Set V., [m/s]
Figure 7.15: True airspeed measurement. The upper figure shows difference
between measured and reference Vpag. The lower figure includes values of
measured dynamic (differential) pressure Q..

40

35

30

25}

Absolute error Aoc [Pa]

10 +

5 ' 1
15 20 25 30 35

Set VTAS [m/s]
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Bl 7.4.2 Experimental Measurement of the Aerometric
Parameters

The following two measuring methods were experimental measurements of
the aerometric parameters in case of changes in angle of sideslip 5. In both
methods was used only differential pressure sensor and measurement was
carried out in four poistions of 8: 0°, 10°, 21° and 28.5°, at two airspeed
Vras: 16.05ms™! and 32.55ms™!.

In the first method, both total pressure ports were connected to the same
differential pressure and one pitot-static probe was rotated 38.66° on mounting
against direction of airflow [Figure |7.17]. Pitot-static probe with no rotation
in starting position (5 = 0°) was connected to positive port on sensor because
there is supposed to be measured higher pressure during experiment than
in another probe. The measured parameter was differential pressure in each
position and airspeed. The goal was to determine relation between angle of
sideslip and the mentioned differential pressure on total ports of pitot-static
probe in this setup. For measurement were used the same pitot-static probes
as in previous measurement [Figure [7.13].

direction of
airflow

38,66°

pitot-static
probe
pitot-static

sense of rotation
probe

(angle of sideslip
simulation)

total pressure

b

PA(+) PB()

NPA-700B-10WD
differential pressure sensor

total pressure

Figure 7.17: Experimental measurement setup - method 1.

Measurement results from the first method are shown in the [Figure [7.18]
and [Figure |7.19]. For comparison, the results are expressed in terms of the
ratio pa/Qc. Q. is value of the dynamic pressure at § = 0° at given airspeed
and pa is measured value of the differential pressure.

As was mentioned in the previous subsection, the pitot-static probe PT is
more sensible for changes in direction of the air stream than probe ST, and
in this case it is obvious from the results in terms of the ratio pa/Q. as was
expected.
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Figure 7.18: Measured only with pitot-static probes PT at two airspeed.
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Figure 7.19: Measured only with pitot-static probes ST at two airspeed.

In the second method, static pressure ports were connected to the same
differential pressure and only one pair of the pitot-static probes NP was used
[Figure . On both pitot-static probes were sealed inner static pressure
holes. Pitot-static probe PT was not used, because both types of probes have
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the same position of the static pressure holes and total pressure measurement
is not taken into account in this case.

direction of
airflow
pitot-static
probe with
sealed inner
static pressure pitot-static
holes probe with
. sealed inner
sense of rotation static pressure
(angle of sideslip holes
simulation)
static pressure

‘ static pressure

PA (+) PB ()

NPA-700B-10WD
differential pressure sensor

Figure 7.20: Experimental measurement setup with ST probes - method 2.

0.5 L) T T T
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0.45 5
Approx. \."TAS 16.05 m/s
0.4k Measured V., . 32.55 m/s 1
Approx. VTA5 32.55 m/s

0_!— 1 ' 1 1
0 5 10 15 20 25

Angle of sideslip 3 [deq]

Figure 7.21: Measured only with pitot-static probes ST.

Measurement results from the second method are shown in the [Figure
and they are expressed similarly as in the previous method. In obtained results
the relation between angle of sideslip and ratio pa/Q., the approximated
values for the ratio pa/Q. in range § = 0° to 10°, can not be assumed as
realistic. Therefore the pitot-static probes are designed and manufactured
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7.4. Wind Tunnel Testing

for precise measurement of static pressure in lower changes of the direction
of air flow. It means that changes in static pressure measuring should not be
significant and smooth in the mentioned range.

B 7.4.3 Angle of Attack Measurement

The original idea included purchasing the pitot-static probe for measuring
aerodynamic angles. However, finally were obtained only standard pitot-static
probes, but designed measuring modules can be used with pitot-static probe
that is also dedicated for angle of attack measurement. There were not a
possibility to measure angle of attack by using any of the previously mentioned
methods. There are few scientific papers dedicated to the angle of attack
measurement by pitot-static system. In subsection |2.1.3| were described and
analysed differential pitot-static probes with hemispherical nose shape for
determination aerodynamic angles.
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Chapter 8

Conclusion

The main goal of master thesis was design and practical realization of the
aerometric system for unmanned aerial vehicle with fixed wings. Proposed
and developed system consists of the two measuring modules and main
module and is capable of measuring and providing real time aerometric data
as barometric altitude, arispeed (TAS, CAS) vertical speed, sideslip. The
main unit synchronizes these data with other GNSS parameters provided
from connected GNSS module. System was tested using aerodynamic tunnel
for simulation of real operation. Measuring modules are small-sized and can
be directly mounted into aircraft wing to short connection with pitot-static
probe.

For general description of the essential knowledge as aerometric parameters
and systems in chapter 1 was used literature with focus on aerodynamics and
aircraft systems. Next chapters in details specify the hardware (parts selection,
boards design) and software development. Software implementation includes
usage of the real time operating system FreeRTOS and advanced debugging
techniques. Hence the system includes many communication protocols and
buses, one chapter is dedicated to their description, especially to the CAN
bus with CANaerospace protocol that is the major interface in system.

Measuring modules with pressure sensors were tested with focus on accuracy
and temperature variations. The results were used for calibration. Based
on measured values, the differences are negligible and they confirm the right
selection of the absolute and differential pressure transducers for application
in aerometric system. Test approach using aerodynamic tunnel shows that
system is ready for practical usage. Maximum measured absolute error in
true airspeed was just —1.2ms~! in measured range from Oms~! to 36 ms~1.
After analysis, the Gaussian-weighted moving average was applied during
data post-processing to noised absolute pressure data. Further calculation
of vertical speed of de-noised data showed the correct rates, which has been
simulated.

Another test approach was environmental temperature test using climatic
chamber at —20°C and 60 °C. Based on test results, the differential pressure
sensor can be used with slight difference (AV7asmaez = 0.27ms™ 1) outside of
specified temperature-compensated range.

Another testing included experimental measuring using two types of pitot-
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static probes oriented in specific directions with focus on angle of sideslip.
Test results determine exact relation between measured differential pressure
and angle of sideslip. This approach could be a subject of further research.
Using this approach, it is necessary to measure aerometric data at more values
of angle of sideslip.

Measuring of angle of attack was not proven after discussion, however it
was analysed. The designed system can be used for measuring aerodynamic
angles using special differential pitot-static probe.

This prototypical aerometric system can be used for flight tests in real
unmanned aircraft after installation and mounting. Another useful usage is
for laboratory lesson related to aircraft instrumentation and also for further
experimental various measurements in aerodynamic tunnel.

B 8.1 Future Work and Development

There are possible improvements and possible development regarding the
realised system. In the case of board design, it is necessary to redesign
measuring modules for moving temperature sensor DS18B20 to another
place, which has no impact on the temperature measurement process. Also,
the thermal analysis of the board should be proven. The following design
possibility is to remove useless capacitors to save space on board. Regarding
board design, the modification of the schematic with the filter circuit can be
analysed to remove the AC component from the power supply circuit. Also,
analysis of the power input circuit behaviour during a voltage drop or rise is
necessary.

Additionally, the testing focused on electromagnetic compatibility can
be carried out, because the individual parts of aircraft avionics should not
interfere. Probably there are not any sources of electromagnetic interference
with significant impact.

Regarding software development, the One wire protocol can be emulated
using the UART bus. For optimal synchronisation process can be used UTC
time or clock signal provided by GNSS module - pulse per second. Also,
the Gaussian-weighted moving average can be implemented as real-time
functionality for denoising absolute pressure reading.

Another possibility is real-time temperature correction of pressure readings
based on temperature sensor measurement. However, environmental testing
at more temperature points is necessary for temperature compensation.

The system can also calculate and provide the calibrated airspeed, but it
is necessary to measure accuracy in further laboratory tests with a reference
device.

The graphical user interface (GUI) can be developed for further optimise
the testing procedures. That GUI can provide communication (e.g. via UART
bus) with the test module or with the CAN bus transceiver.
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Appendix A
PCB Design

. A.1 Board Schematic of Main Module
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A.2. Board Schematics of Measuring Module

B A.2 Board Schematics of Measuring Module
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A. PCB Design

. A.3 Manufactured Printed Circuit Boards
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Appendix B
CAN BUS Transmission

. B.1 Decoded CAN Bus Transmission
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B.2. CAN Identifiers

B B.2 CAN Identifiers

Parameter . CA.N Data format
identifier

Absolute pressure
(A module) 1300 FLOAT
Absolute pressure
(B module) 1301 FLOAT
Differential pressure
(A module) 1302 FLOAT
Differential pressure
(B module) 1303 FLOAT
Temperature
(A module) 1304 FLOAT
Temperature
(B module) 1305 FLOAT
Standard altitude
(A module) 1306 FLOAT
Standard altitude
(B module) 1307 FLOAT
True airspeed
(A module) 1308 FLOAT
True airspeed
(B module) 1309 FLOAT
Calibrated airspeed
(A module) 1310 FLOAT
Calibrated airspeed
(B module) 1311 FLOAT
Vertical speed
(A module) 1312 FLOAT
Vertical speed
(B module) 1313 FLOAT
UTC 1200 CHARA4
GPS alrc.raft'helght 1038 FLOAT
above ellipsoid
GPS aircraft 1036 | DOUBLEL/DOUBLEH
longitude
GPS aircraft latitude 1037 DOUBLEL/DOUBLEH
Queue request 1499 n/a

Table B.1: Implemented CAN identifiers.
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