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SYNOPSIS: In this report research in the preliminary aspects of constructing a helicopter based Unmanned Aerial Vehicle (UAV) is explored. In this research a Robbe Contest model scaled helicopter was used as a platform. Furthermore, a system setup including software, electronic hardware and mechanical mounting has been designed to make the helicopter ready for autonomy and data logging. A model has been constructed for hover flight by decomposing the helicopter dynamics in to sub components and using simplifications which in similar work have proven successful. Parameter estimation of the derived model equations has been attempted, however due to incomplete data logged from the conducted test flights, this have not been possible. An optimal controller has therefor been constructed using a model of a YAMAHA R-50 model helicopter derived in [Mettler et al., 1999]. A state space model of the helicopter, has successfully been derived but has not been verified, however guidelines for possible improvements are given. The implemented controller is tested in MATLAB and is found to be working within the specified requirements for hover. To archive better reliability of system electronics a internal measuring unit is proposed. As for the next step of the model would be fitting the model parameters by using system identification.
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Introduction As technology advances, more and more tasks are today performed by automated machines and robots. Especially in the region of autonomous vehicles interest have in the last couple of years risen as both private, commercial and military institutions have discovered applications were such robots are useful. The most famous autonomous vehicle has probably been the Pathfinder rover which was developed by NASA and explored Mars in 1997. The mission was such a success for NASA that further two rovers was sent to Mars again, named Spirit and Opportunity and these now explore Mars here in 2004. But autonomous vehicles are not only constricted to space exploration. Companies such as the Japanese Yamaha Motors and the German EMT both produce unmanned aerial vehicles that are used both for private and military purposes. EMT produces the remotely controlled airplanes that are used by among others by the American military for surveillance and reconnaissance in the battlefield. Yamaha Motors on the other hand produce unmanned autonomous scaled helicopters that primarily are for agriculture applications such as crop dusting. This project seeks to perform the initial leading tasks for building an autonomously controlled scaled helicopter system. The choice of a flying system opposed to a land based vehicle resides in the freedom that can be obtained with a flying system platform. The number of terrains in which a land based vehicle can manoeuvre is strongly limited. A flying platform can on the other hand be used in a much wider spread of terrains and must only avoid obstacles in its flight path. The specific choice of a helicopter as opposed to an airplane resides in the greater manoeuvrability of the helicopter. Take off and landing in very limited spaces and the ability for the system to stand still in the air (hover) would not be possible with an airplane and this has therefore led to the choice of a more versatile platform as the helicopter is. The autonomous helicopter will be based on a radio controlled model scaled helicopter which will be modified for data acquisition and autonomous control. Furthermore the project seeks to establish a mathematical simulation model of the dynamics of the helicopter, identify the parameters of the model and lastly design a controller for a hover manoeuvre with the helicopter. As the work in this project only will be introductory, the helicopter is not expected to fly autonomously during this semester, but the work done could be used as a basis for further work with the system. 1
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System description In the constructing of a system to autonomously control a helicopter it is crucial that both mechanics, electronics and software are robust, since errors could easily course severe damage to the system and the surrounding environment. Assembling the system from scratch, gives the possibility of choosing equipment that fulfils the demand of robustness. However in doing so it is important to use experience from other research already done in the area and use methods that have already been tested. In the sections 1.1, 1.2 and 6.1 a description of a normal helicopter is given whereas the rest of section 1 gives a description of the equipment the necessary for an autonomous helicopter. Figure 1.1 shows the system structure needed for autonomous flight where a helicopter is equipped with a computer system (PC/104) and sensors. The picture shows both the helicopter system itself and the ground station where the helicopter system is controlled from. The ground station will consists of a laptop computer for control and monitoring of the computer system on the helicopter through a LAN link and a remote radio controller (RC) with which the helicopter can be steered. The helicopter receives the control signals (PWM) through a radio receiver, decodes these and routes them to the control motors (servos). The computer on the helicopter is connected both to a set of sensors and also to the radio receiver and the servos through a sampling board. With these connections the computer can both monitor the helicopter when it is controlled manually and also control the helicopter autonomously. The routing of the control signals are then performed in a flight selector. Lastly a gyroscope controller is also present on the helicopter to stabilize the tail in flight. The system must in normal flight observe the control signals that the helicopter receives and collect sensor data, and in autonomous flight the system must disconnect the control signals from the radio controller and control the helicopter it self. The autonomously controlled helicopter will consist of the following components: • Helicopter airframe • Servos 3



1.1. SPECIFIC HELICOPTER DATA • Radio Control system • Sensors • Computing hardware Ground Station Laptop Remote Control
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Figure 1.1: System structure for autonomously flight.



1.1 Specific helicopter data A helicopter can general be decomposed in six major components: A main rotor and stabilizer bar, a tail rotor, a swash plate, a set of control servos, an engine and a fuselage. A technical scheme of the helicopter used in this project can be found the attached cd. A drawing containing the measurements of the helicopter can be seen on figure 1.2. The helicopter can be steered through five control inputs: Collective pitch, cyclic longitudinal pitch, cyclic lateral pitch, yaw and throttle. The collective pitch and throttle controls are used to control the height of helicopter, the cyclic pitch controls move the helicopter in the longitudinal and lateral directions, and the yaw rotates the helicopter. To simplify the notation of the control surfaces the collective pitch will sometimes be referred to as pitch control and the D. 1st June 2004
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CHAPTER 1. SYSTEM DESCRIPTION 1490 mm
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Figure 1.2: Dimension of the helicopter.



cyclic pitch controls as the aileron control (sideways tilt) and the elevator control (forward/backwards tilt). The main rotor blades can be rotated up to a maximal speed of 1950 rpm. This is done by a two stroke engine named Webra 61-P5, for which data can be found in appendix A.1. The engine is connected to both the main and the tail rotor through a gear transmission system. The transmission ratios to the rotors are respectively 1 : 9.23 to the main rotor and 1 : 4.66 to the tail rotor. The speed of the engine is controlled by the throttle control and the motor is coupled to the rotor-drives through a throw clutch. Due to the rotation of the main rotor, torque is generated that acts on the whole fuselage and forces the helicopter to spin around the rotor axis. To prevent this a tail rotor is added to generate trust to counteract the effect of the main rotor and thereby effectively contributing to the stability of the fuselage. The tail rotor is also used to alter the heading of the helicopter by altering the generated thrust and will therefore also be referred to as the rudder control. Changes of the pitch are done mechanically by the swash plate which is controlled by the aileron and elevator servos. In addition to main and tail rotors a stabilizer bar can be seen on figure 1.2. The stabilizer bar adds to D. 1st June 2004
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1.1. SPECIFIC HELICOPTER DATA the dynamics of the system, and serves to stabilize the helicopter in role and pitch manoeuvres to make it easier to control for the pilot. A rate gyroscope and a gyroscope controller of the model GY501 produced by Futaba are mounted on the helicopter. The gyroscope acts as a yaw-axis (rudder) stabilizer for the helicopter. An example of its function is that in the case where a force is applied from a side wind on helicopter the rate gyroscope will counteract the rotation of the tail and bring the tail back to its previous position so the heading of the helicopter is unchanged. The only effect therefore be lateral drift of the helicopter. To illustrate the function figure 1.31 and 1.42 shows a helicopter without and with a gyroscope controller.



Figure 1.3: Principles figures without a gyro.



Figure 1.4: Principles figures for a rate gyro.



1 2



Figure source:[Corporation, 1998a] Figure source:[Corporation, 1998a]
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CHAPTER 1. SYSTEM DESCRIPTION



1.2 Servos To manually control the helicopter a remote control radio system is used which consists of a transmitter, a receiver and a set of servos. The control signals in the transmitter are modulated either in Pulse Position (PPM) form, mostly used for airplanes, or Pulse Code (PCM) form which is required by law for helicopter control because of greater robustness. In the helicopter a receiver demodulates the signal and passes it on to the servos for control of the helicopter flight through changes in throttle/pitch, rudder, aileron or elevator. A servo consists of an electrical motor, a gear box, a positioning sensor and control electronics. The output of a servo, which is a angular position of the servo arm, is controlled by the input signal. To set the position of this arm a pulse-width modulated signal is used where the width of the signal varies from 1 ms to 2 ms. This signal moves the arm from 0 ◦ to approximately 90 ◦ inside the maximum range of a servo. The repetition frequency varies from 50 to 100 Hz depended on the manufactures. An illustration of the signal encoding together with the corresponding servo positions can be seen on figure 1.5.



Figure 1.5: Pulse-width modulated signal vs servo position. The left and right images illustrate the outer positions spanning from 0 ◦ to 90 ◦ , whereas the centre image illustrate the centred (neutral) position at 45 ◦ .



As figure 1.5 shows the servo will be in a centred (neutral) position when the on-time of the control signal has a duration of 1520 µs, and this will also correspond to the neutral position of the control stick on the RC. Furthermore the first and last position shown on figure 1.5 correspond to the extreme control positions of the servos as the on-time of the control signals are respectively at their minimum and maximum. These positions will naturally also correspond to the full movement of the control stick. The most common used servos on helicopters today are analogue but digital D. 1st June 2004
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1.3. ATTITUDE SENSORS servos are slowly gaining ground because of a faster response time to control signals. The physical designs of both analogue and digital servos are identical but the digital type has a microprocessor which analyses the incoming control signal and controls the motor. The control electronics in the servos, power the motors with a switched voltage signal (PWM). In the conventional type the switching frequency is about 50 Hz, and in the digital about 300 Hz. Because of the higher switching frequency the response of the servo will also become faster, and give a smoother servo arm movement. The electrical connections between servos, battery, receiver, and gyro are shown on figure 1.63. The servos connected to CH1, CH2, CH3 and CH6 are analoge whereas the servo connected to CH4 is digital. The reason for use of a digital servo for the rudder is that a fast response is needed to compensate rotation of the tail. The receiver used on the helicopter is a PCM 9 channel of the model R149DP-35 from Futaba with a modulation frequency of 35 MHz.



Figure 1.6: Electrical diagram for servo connections to the receiver and the supply battery.



1.3 Attitude sensors A set of sensors are added to the helicopter to enable it to determine the state it is in. These sensors include accelerometers measuring linear acceleration, rate3



Figure source:[Corporation, 1998b]



D. 1st June 2004
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CHAPTER 1. SYSTEM DESCRIPTION gyroscopes measuring angular velocity and a tachometer that measures the main rotor speed. These sensors enable the onboard computer to determine variations in velocity along the x-, y- and z-axes and variations in the angels of the helicopter around the x-, y- and z-axes. Beneath a list of the sensors needed on the helicopter for attitude determination can be seen: • Three linear accelerometers measuring acceleration in three dimensions • Three rate-gyroscopes measuring angular velocity in three dimensions • A tachometer measuring the angular velocity of the main rotor The above mentioned sensors will give sufficient information to control the helicopter in a hover manoeuvre. The bandwidth of the accelerometers and the rate-gyroscopes should be at least be 10 Hz to measure any sudden movements of the helicopter. The rate-gyroscopes used for this project are single axis rategyroscopes named ADXRS300 and the linear accelerometers are dual axes accelerometers named ADXL311EB. Both of these sensors are produced by Analog Devices. The sensor used for the tachometer is built around three magnets mounted on the main rotor shaft and a hall-effect sensor called TLE4905 produced by Siemens. Rate-gyroscope The specifications for the ADXRS300 are stated below. For further information the datasheet [Devices, 2004] can be sought on the attached cd. • Dynamic range: ±300 ◦ /s • Initial sensitivity: (25 ◦C 5 mV/◦ /s (typ.) • Bandwidth: 40 Hz • Sensitivity vs. temperatur range: 4.7 − 5.3 mV/◦ /s • Rate noise density (25 ◦ C 0.2 ◦ /s/Hz (typ.) • Operating voltage 5.0 V
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1.3. ATTITUDE SENSORS



ADXR 300EB



Figure 1.7: Illustration of a rate-gyroscope of the ADXR300EB type.



Linear accelerometer The specifications for the ADXL311EB are stated below. For further information the datasheet [Devices, 2003] can be sought on the attached cd. • X-axis and Y-axis aligned to within 0.1 ◦ (typ.) • Measurement range of ±2 g • Typical noise floor is 300 µg/Hz allowing signals below 2 mg (0.1 ◦ of inclination) to be resolved (bandwidths 10 Hz). • Bandwidth: 50 Hz • Sensitivity at XFILT, YFILT 312 mV/g (typ.) • Sensitivity Change due to Temperature (Delta from 25 ◦ C) −0.025 %/◦ C • 0 g Voltage XFILT and YFILT 2.5 V • 0 g Offset vs. Temperature (Delta from 25 ◦ C) 2.0 mg/◦ C • Operating voltage 5.0 V



ADXL 311EB



Figure 1.8: Illustration of an accelerometer of the ADXL311EB type.



Figure 1.9 shows the orientation and mounting of the sensors relative to one and another. In section 3.3 a more detailed description of the mounting, size and placement can be obtained. D. 1st June 2004
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CHAPTER 1. SYSTEM DESCRIPTION



Figure 1.9: Placement of the sensors relative to each other.



Tachometer The wanted output of this sensor is the number of rotations of the main rotor per minute (RPM). According to 1.1 this number will not exceed 1950 RPM. As three magnets are mounted on the main rotor shaft, three signals will be given per rotation. To derive the RPM the total quantity is divided with three.



1.4 Sensors needed for cruise flight To be able to navigate with the helicopter additional sensors are needed. These sensors are going to give the helicopter greater manoeuvrability and the ability to determine its position in three dimensions. The greater manoeuvrability is obtained by adding the ability to avoid obstacles, identify predetermined objects and surroundings, whereas information about an absolute position can be used to make the helicopter follow a route specified by way-points and accomplice tasks. The sensors needed to give the helicopter these extra features can be seen in the list shown bellow. • Altimeter • Global Positioning System / Differential Global Positioning System • Compass • Digital camera D. 1st June 2004
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1.4. SENSORS NEEDED FOR CRUISE FLIGHT The sensors in the list above for autonomous flight should give an absolute position and heading. The precision of the helicopter position could with the use of sensor fusion between all the implemented sensors be within 1 m of the exact position. The operation frequency of the compass and GPS/DGPS should be within the region of 1 Hz − 10 Hz to allow the helicopter to navigate with a close to real time position update. Altimeter To determine the altitude of the helicopter an altimeter is needed. For hover or flight at a relatively high altitude the precision of the altimeter is negligible, but at take-off and landing manoeuvres the precision has to be relative high. At these manoeuvres a precision of down to 1 cm would be desirable. The bandwidth of altitude meter should be at least 10 Hz. Several ways for determining altitude of an object exist and some of these are listed below: • Barometrically • Optically • Acoustically The barometric altimeter determines the height by measuring variations in airpressure. This way of measuring heights has its drawbacks as the barometric pressure can be influence by variations in weather conditions and by the air flow from the main rotor. The optical altimeters measures the distance to a object by measuring the time of flight or the deflection of a light beam, reflected by a object. As a mirror is needed at the object to reflect the light this method will not be usable in this project. The last type of altimeter is based on the reflection of ultra sound from a object. This method gives the second most precise calculation but likewise has drawbacks because there is a minimum distance from the sensor to the ground where measurements are not reliable. The minimum distance for some of products found is approximately 10 cm. Both the optical and acoustical sensors has other operation fields such as keeping the helicopter at a safety distance to objects or obstacles during cruise flight. Global Positioning System By using the Global Positioning System it is possible to get an absolute position measurement within 5 m − 20 m and this can be improved to within a meter using D. 1st June 2004



12



Kl. 22:43



CHAPTER 1. SYSTEM DESCRIPTION a Differential Global Positioning System or DGPS. In comparison with a GPS the DGPS has a precision of 1 m − 4 m.



Compass A compass mounted on the helicopter gives a heading but to be able to get more precise heading a sensor fusion with a GPS/DGPS is a possibility.



Digital camera The digital camera is the eye of the helicopter because it searches the surrounding environment through the digital pictures for predefined object and obstacles. With this screening of images it should be able to avoid collision with obstacles within the flying route. To accomplish this the digital camera mounted on the helicopter should have a resolution of at least 640 × 480 dpi and a operation frequency of at least 1 Hz.



1.5 Computer tasks and flight mode selector Two basic tasks will have to be performed by a computer on the helicopter in the progress of this project, one in which data for a system identification process will have to be collected and another in which the computer will have to control the helicopter. To enable a computer to perform these tasks the original wiring of the radio and servo system as shown on figure 1.6 will have to be modified in accordance to figure 1.10 for the first task and in accordance to figure 1.11 for the second task. The data that needs to be collected by the computer in task 1 consist of: The control signals for the servos produced by the radio receiver and the gyro controller, the attitude information from the accelerometers and rate gyroscopes and the main rotor angular velocity. In the second task both the computer as well as the receiver should be able to deliver control signals to the servos. To accomplish this, a flight mode selector is introduced which can switch between the control signals from the two sources and route them to the respective servos. This switch is controlled by an extra channel on the receiver, and gives the user on the ground the ability to activate and deactivate the computer controller and manually control the helicopter when necessary. D. 1st June 2004
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1.5. COMPUTER TASKS AND FLIGHT MODE SELECTOR



Figure 1.10: Modification to radio-servo wiring for task 1



Figure 1.11: Modification to radio-servo wiring for task 2



D. 1st June 2004
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CHAPTER 1. SYSTEM DESCRIPTION



1.6 Flight computer system As described in section 1.5 a flight computer is needed that can both sample analogue and digital signals for the system identification process, as well as generate digital control signals based on a control loop. These tasks require that the computer as a minimum has an analogue to digital converting unit (ADC) with at least seven channels for the sensors and tachometer. Furthermore both digital input and output interfaces (DIO) with at least six channels for each should also exist. The conversion rate of the ADC should be of such a size that each channel can be sampled with at least 1 kHz to avoid undersampling of the signals. Beyond the input and output capabilities of the flight computer a processing sub system, consisting of a CPU, RAM and static storage space is also needed. The task which demands the most processing power is the second one where both controlling algorithms, analogue sampling and digital signal generation has to be performed. For this task a CPU of the Pentium class with a clock cycle of at least 300 MHz is preferable as the demands on the system are high. Another factor that is important for the helicopter system is that of the limited weight that can be lifted in to the air. As a mains supply is not available for the computer in the air a power supply based on batteries must be used. Because a normal computer system needs more than one voltage level to operate, a power supply unit (PSU) must also be used to convert the single battery input voltage to the several voltages needed by the computer. To meet these criterion’s a micro controlling unit with integrated ADC as produced by Atmel and Microchip could be used. These units are small and very light, but they lack in raw processing power and static storage space. An alternative is a small form factor version of AT standard used with normal x86 PCs called PC/104. The PC/104 form factor supplies the individual components of the computer (CPU, PSU, ADC etc.) as 10 by 10 cm square boards that can be stacked upon each other. A fully AT compatible computer can therefore be made with a few of these boards and software development as well as general interacting is simplified by the fact that a keyboard and monitor can be connected directly to the PC/104 computer. To preserve development freedom and because of the greater processing power a PC/104 computer system will be used as the flight computer in this project.



1.7 PC/104 hardware specifications To meet the requirements that are needed to perform the tasks mentioned in section 1.6 a PC/104 system is build with system specifications as can be seen in table 1.1. The typical power consumption for a PC/104 system as described in table 1.1 is about 20 W, with 6 W for to the CPU board, 5 W to the PSU, 3 W to the D. 1st June 2004
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1.8. OPERATION SYSTEM FOR THE FLIGHT COMPUTER CPU board PSU board



Sampling board



Memory Mass storage device Network controller



PV-0588: 300 MHz Geode 6x86 PV-5124S: 16 − 30 VDC input, 30 W, 5 V 5 A, 12 V 0.25 A, −12 V 0.1 A, 3.84 MB solid state disk PV-2019S: 45.45 kHz, 16 AI 12 bit (voltage), 8 AI 12 bit (current), 2 AO 12 bit, 8 DI, 8DO, 2 32 bit counters 128 MB, SO-DIMM, 144PINS FlashIDE128-L: DiskOnFlash module, 128 MB PV-1048: Ethernet board, 10 Base-T, RJ45 connecter



Table 1.1: Hardware for PC/104



sampling board, 4 W to the memory, 0.5 W to the flash disk and 1.5 W for the network controller (all numbers are approximated peak values). The power supply based on batteries for the PC/104 will of course have to accommodate a power draw as described above. Furthermore the electronics for converting the voltage levels in the PSU will also have to be able to handle the amperage draw associated with the wattage consumption.



1.8 Operation system for the flight computer An operating system (OS) will be needed for the flight computer that both offers multitasking capability in a real-time environment as well as insures general hardware compatibility. Several operation systems could potentially be used on the helicopter as for example: Linux, Windows and QNX. All three of these systems have their share of pro and cons, Linux for example is in contrary to Windows and QNX primarily written as open source which insures good development capabilities. Windows on the other hand is compatible with a broader span of hardware and QNX offers a more robust memory and thread handling scheme in comparison with the other two. QNX is chosen for the flight computer because of its stability advantages. The QNX real-time OS software package used in this project is called QNX Momentics Development Suite Non-Commercial edition 6.2.1 and it is available in two different versions: A full developer version which requires a licence and a free version without advanced development tools. A licence will be sought acquired for the full version, but because a long processing time for the licence can be expected, the development of the flight computer software will be D. 1st June 2004
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CHAPTER 1. SYSTEM DESCRIPTION started with the free version of the OS.



1.9 System monitoring To have the ability to supervise the status of the flight computer and to initiate programs when the helicopter is in the field, a network connection between a laptop computer acting as a base station and the flight computer on the helicopter will be used. With such a network connection a secure shell (SSH) connection can be established from the base station to the flight computer, and full control of the helicopter computer system will then be possible through the base station.



1.10 Safety requirements As remotely controlled airplanes and helicopters have the potential to cause harm to people and damage to property a licence is required to pilot these. As no one in the project group owns a license themselves, help is acquired from Hans la Cour-Harbo who is in possession of a license. Furthermore flying with model helicopters is only allowed at approved airfields and flight tests must therefore be carried out at such places. To have the ability to rescue the helicopter if the flight controller falls out, a minimum test flight height of 10 m will be used, so that the helicopter can be saved by manual control. Furthermore an other limitation regarding the model helicopter also exists, and this is the total weight of the helicopter mounted with all equipment and a full fuel tank. The weight limitation determines the category for which the model is placed within, with the respective rules and licences required for the operating of the helicopter. Model planes and helicopters under a total weight of 7 kg are categorised as small models where a licence is issued to the pilot. Models weighing over 7 kg are on the other hand categorised as large models and a licence is here issued to the model it self rather than to the pilot. This fact demands some consideration because of the rules and licence problems associated with large scaled model 4 .



4



Only two person are able to give these licences and inspections of large helicopters, and both have residence in the opposite part of Denmark on Zealand.



D. 1st June 2004



17



Kl. 22:43



2



Specification of requirements Throughout the analysis chapter demands and requirements for the general autonomous helicopter system have been established. A summery of these demands and requirements are listed in this chapter together with new and more detailed requirements. This summery leads to a list of objectives for this project in the end of this chapter.



2.1 Physical requirements and limitations The helicopter system has to comply with a set of requirements and limitations and these will be listed in the following sections.



2.1.1 Weight of computer cabinet and mounting hardware The total weight of the helicopter together with a computer cabinet and mounting hardware attached to it may not exceed 7 kg in order to withhold the classification as small model helicopter.



2.1.2 Dimensions of computer cabinet The dimension of the cabinet for the electronics, batteries etc. should be of such a form that a mounting beneath the helicopter will be possible and so that room for all the electronics together with padding will exist. Furthermore the weight distribution in the cabinet should also be adapted to that of the helicopter, so that the centre of gravity (CG) will reside beneath the main rotor. To prevent damage to the computer and other hardware components a chock absorbing material should be attached to the inside of the cabinet. The computer should also be placed in a position where the flow of air can flow passed the computer to transport heat to outside of the cabinet. 18



CHAPTER 2. SPECIFICATION OF REQUIREMENTS



2.1.3 Sensor mounting The sensors should be fixed to the helicopter’s fuselage so the orientation of the sensors are as perpendicular to that of the helicopter as possible. Furthermore the individual sensors should also be mounted orthogonal to each other, so that the sensor data obtained will correspond to the six degrees of freedom (DOF) of the model system.



2.1.4 Landing-gear The landing gear has to be designed so that it can accommodate the cabinet for the electronics.



2.2 Hardware 2.2.1 Choice of sensor types In order to fulfil the goal of performing a hover manoeuvre attitude sensors are needed. A list of the required sensors is shown below: • Two dual axes linear accelerometers. • Three rate gyros. • One tachometer. Sensor Accelerometer Rate gyro Tachometer



Precision meters/sec2 degrees/sec rotations/sec.



Connection 3 analogue input 3 analogue input 1 analogue input



Bandwidth 50 Hz 40 Hz 2.5 Hz



Table 2.1: Sensors characteristic



2.2.2 I/O-connections The I/O-connections on the flight computer have to accommodate the following requirements: • 5 digital output from flight computer for servo control • 5 digital input from remote controller for control signals D. 1st June 2004
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2.2. HARDWARE • 1 digital input for gyro-controller on the helicopter • 1 digital input for flight mode indication • 1 analogue input for tachometer • 3 analogue input for three linear accelerometers • 3 analogue input for three rate gyros If the above-mentioned is summed up the following requirements for the I/Oconnections can be listed as: • Digital inputs: 7 • Digital outputs: 5 • Analogue inputs: 8



2.2.3 PC/104 system specifications CPU-board Cyrix: 300 MHz Geode 6x86 Sampling-board 45.45 kHz, 16channel 12bit analogue input, 8bit digital output, 8bit digital input Memory 128 MB SO-DIMM, 144pins Mass storage device 128 MB, solid state flash disk Communication 10 Base-T Ethernet controller, 10 Mbps D. 1st June 2004
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CHAPTER 2. SPECIFICATION OF REQUIREMENTS Power supply and battery life The PSU for the PC/104 system must be based on battery supply and has to have the ability to deliver power to the following components: • CPU-board



∼ 6W



• I/O & sampling board



∼ 3W



• PSU-board



∼ 5W



• 10 Mbps LAN-board



∼ 1.5 W



• Memory module



∼ 4W



• Flashdisk



∼ 0.5 W



The battery life has to last for at least 15 min which approximately is the flight time obtained with the capacity of the fuel tank. The PSU has to be able to handle an peak energy consumption of at least ∼ 20 W.



2.2.4 Remote radio controller Except the standard requirements for a RC for control of a helicopter a minimum of one extra channel is also needed for the change between autonomous and manual flight modes.



2.2.5 Selection of flight control - Manual or autonomous A piece of selecting hardware is needed to switch between autonomous and manual flight modes. The selector for flight control should be robust and have a failsafe function that switches back to manual flight mode if a fault occurs.



2.3 Software 2.3.1 Choice of software The software on the flight computer has to be executed in real-time as both data acquisition and controlling have strict time requirements. The software also needs to be robust in all aspects at autonomous flight because a malfunction can cause serious damage or dangerously situations. The operation system chosen for the helicopter system will be QNX. The free version of the OS will used for the initial software development, and the developer version will be used if a licence can be acquired therefore. D. 1st June 2004
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2.4. DYNAMICS AND MODELLING LIMITATION



2.4 Dynamics and modelling limitation The amount of deviation between the orientation of the mathematical model and the physical model should be held as small as possible in the x-, y- and z-axes. For attitude control of the system a greater offset in the z-axis than in the x- and y-axis is tolerable as rotation about the z-axis does not affect the hover stability of the system.



2.5 Objectives for the helicopter To specify and state the work propagation for this project with the helicopter a list of objectives is constructed in a prioritized order. Objectives for future work can be found in appendix E. 1. Helicopter modification for data acquisition and controlling 2. Modelling of helicopter dynamics 3. Parameter identification 4. Controller design for hover manoeuvre 5. Implementation of controller and test In the following sections demands for the individual objectives will be listed.



2.5.1 Objective 1 In the first objective the radio controlled helicopter will be modified for data acquisition and autonomous control. For this attitude sensing sensors will be mounted on the helicopter and a flight computer will be coupled to the servos and the sensors on the helicopter. Furthermore software for data acquisition on the system will be designed.



2.5.2 Objective 2 In the second objective describing differential equations will be made for the helicopter dynamics. These will describe both the rigid body and the rotary parts of the helicopter as well as also the servos controlling the helicopter. D. 1st June 2004
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CHAPTER 2. SPECIFICATION OF REQUIREMENTS



2.5.3 Objective 3 The objective covers the parameter determination for the helicopter model. These parameters will be found both through flight tests with the helicopter and through stationary tests performed on individual parts of the helicopter on the ground.



2.5.4 Objective 4 This objective covers the construction of a stable controller for a hover manoeuvre. The controller will be designed with optimal control and estimation theory as the helicopter is a multi input multi output (MISO) system.



2.5.5 Objective 5 In this last objective the goal is to implement the controller on the flight computer system and to test it. The test involves the handling Of a stabilized hover manoeuvre at a constant height within of about 10 − 20 m. The controller also has to have the ability withstand disturbances caused by gust of winds and other environmentally factors. As only attitude sensors will be used, compensation of sensor drift will not be a goal in this objective.



D. 1st June 2004



23



Kl. 22:43



Part II System setup



24
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Mechanics This chapter will describe the design of the computer cabinet and sensor mounting as well as the modifications made to the landing gear. On figure 3.1 an illustration of the modified helicopter is shown.



Sensor−block



Modified landing gear



Computer cabinet Right view



Front view



Figure 3.1: Illustration of the modified helicopter with the computer cabinet and sensor mounting.



The helicopter has a maximum lifting capacity of 10 kg including the helicopter itself. In order not to hamper flight performance the weight of the computer cabinet and sensors should not exceed approximately 2.5 kg as the weight of the helicopter chassis and motor is 5.4 kg and not is allowed to exceed 7 kg according to section 1.10. The form and dimension of the cabinet for the electronics, batteries, etc., should be of such a form that a mounting beneath the helicopter will be possible and so that room for all the electronics together with padding will exist. Furthermore the weight distribution in the cabinet should also be adapted to< have little influence of the center of gravity (CG). The cabinet for the helicopter should be affixed to the landing gear or fuselage, in order to minimize the possibility of movement in the mounting.



3.1 Landing gear As the landing gear will be stressed under landings and take-offs, it should both be flexible and stable to absorb vibrations and shocks. Therefore the landing gear has been enlarged with aluminium plates that stiffens the gear and also ensures 25



3.2. COMPUTER CABINET enough space for the computer cabinet. The dimensions for the modified landing gear and the new total height of the helicopter is shown on figure 3.2.



655 mm 265 mm



530 mm



470 mm Front view



Right view



Figure 3.2: Dimensions of the landing gear together with the new height of the helicopter.



3.2 Computer cabinet A computer cabinet is needed to protect the hardware from motor oil, rain, dust, etc. The computer cabinet will contain the PC/104 flight computer, batteries, the radio receiver and other hardware. Another reason for use of a computer cabinet is to fixate. Figure 3.3 shows the design of the cabinet with connections, switches and LED’s. To prevent damage to the computer and other hardware components a chock absorbing material has been attached to the inside of the cabinet. The computer is also placed in a position where the flow of air can pass the computer to transport heat to the outside of the cabinet.
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CHAPTER 3. MECHANICS



Battery 1



Battery



Receiver



Flash disc



Battery 2



Computer system



Front side



Top view



Padding



Sel Keyboard



TTL



Mouse LAN



Ventilation fan Battery



VGA



PC



Power



Serial Int.



Ext.



ON



OFF



IDE−connection



Ext. battery



Side view



Figure 3.3: The layout of computer cabinet for the helicopter with computer system, batteries, receiver, connection, switches and LED’s.



3.3 Sensor mounting The two accelerometers and the three rate-gyroscope sensors have all been mounted on the helicopter on a cube that places the sensors orthogonal to each other (see figure 3.4) and thereby covers the six DOF for the system. The cube itself measures 70 × 60 × 40 mm along respectively the y, x, and z axes and the centre of the cube is mounted XXX from the centre of the frame skal lige have tallene coordinate system. For the sensor system the centre of the cube is used as the fra Emir centre of origin for the sensor coordinate system, and the different sensors are mounted with offsets as shown in table 3.1 with respect to the origin of the sensor coordinate system.
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3.3. SENSOR MOUNTING



Accelerometer



y



Mounting hardware



11 00 000 00 111 11 000 111 00 11 000 00 111 11 000 111 00 11 00 11 0000 1111 0000 1111



Gyro



−x



Gyro



z



Figure 3.4: Mounting hardware for the sensor and orientation.



Sensor Accelerometer 1 (acceleration along X- and Z-axes) Accelerometer 2 (acceleration along Y- and Z-axes) Rate gyro 1 (rotation about X-axis) Rate gyro 2 (rotation about Y-axis) Rate gyro 3 (rotation about Z-axis)



Offset mm X Y Z 0 35 0 34 0 0 -39 0 0 0 -35 0 0 0 30



Table 3.1: Placement of sensors in respect to origin of the sensor coordinate system
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Hardware In the following chapter the electronics build for the helicopter system will be described. For all the electronics build and for the flight computer a general power supply circuit has been devised, that handles the connection of various power sources (mains supply and batteries) and furthermore generates 5 V for the sensors and all the TTL logic. To measure the main rotor speed a tachometer has been build that produces a voltage level proportional to the speed and this signal is measured with the ADC board on the flight computer. An interface between the radio receiver, the flight computer and the servos has also been build. The interface includes both a decoder for the flight mode selection signal and a switch-circuit used to route the control signals from either the receiver or the computer to the servos. An interface between the sensors mounted on helicopter has also been build, wherefrom the sensors are supplied with power and the signals are sent to the flight computer. All the above circuits have been implemented on a printed circuit board (pcb) for which the layout can be found in appendix B.7. Two other circuits have also been made, one which interfaces the radio receiver with the digital input on the ADC board and another that interfaces a led array to the flight computer for a visual signalling aid. Schematics for all the abovementioned circuits can be obtained in appendix B.4.



4.1 Power supply To supply the sensors, the computer and other electronics with power, battery packs will be used. As the weight of the cargo is a concern for the helicopter, to types of batteries will be used; one set consisting of two heavy nickel cadmium (NiCd) batteries delivering 2400 mAh at 9.6 V and another set consisting of two light lithium polymer (LiPo) batteries delivering 700 mAh at 11.1 V. The use of two sets of batteries gives the system a longer run-time, as the heavier NiCd batteries can be used on the ground, when servicing and setting the system up, and the lighter LiPo batteries can the be used in the air when the helicopter flies. To make the switching between battery sets easier a circuit that permits both sets of batteries to be connected to the system at the same time has been devised. This can be seen on figure B.1. The circuit simply cross-connects the battery packs at the negative terminals and routes the positive terminals through a single point double 29



4.2. TACHOMETER throw switch that switches between internal (LiPo) supply and external (NiCd) supply. To accommodate the two different supply voltages as well as to give the ability to connect the system to a mains power supply a PSU-circuit has been constructed. The electronics on the helicopter primary needs two voltage levels to operate: 5 V for sensors and TTL logic and 12 − 30 V for the PC/104 system. To generate the 5 V the voltage from a single battery pack (9.6 − 11.1 V) is routed through a protective diode to a voltage regulator that produces a stabilized 5 V output. The voltage supply for the PC/104 system is generated by connecting two of the battery packs in series. The voltage produced hereby is also routed through a protective diode and the resulting voltage (19.2 − 22.2 V) is feed to the PSU of the PC/104 system which handles any further voltage regulation. A schematic for the PSU-circuit is shown on figure B.2.



4.2 Tachometer To measure the angular velocity of the main rotor a tachometer has been build. This device is based on three components: A set of magnets, Siemens TLE4905 hall sensor and frequency to voltage converter. The schematic for this device can be seen on figure B.3 and B.4. This solution is chosen due to the fact that the gear section on the helicopter is already designed for implementation of such a sensor. When the hall element circuit is not exposed to a magnetic field it will emit 5 V, but when a magnet is put near the hall sensor the output voltage will decrease to 0 V. A pulse is therefore generated every time a magnet passes the sensor. Due to lack of digital inputs on the ADC board the pulses from the hall sensor are converted to a voltage through a frequency to voltage converter (LM2917). The schematic used with the LM2917 IC can be seen on figure B.4 and it is a modified version of the one shown in the application note [LM2917, ] (Frequency to Voltage Converter with 2 Pole Butterworth Filter to Reduce Ripple). The modification done to the circuit concerns the input stage of the circuit, which has been adapted to accommodate the signal level from the hall element. The voltage generated by the circuit will be proportional to the rotational speed of the main rotor and the signal produced is afterwards sampled by the flight computer. The mentioned circuit is designed to emit approximately 4 V at 1 kHz input frequency. Furthermore a second order passive low pass filter with a pole at 2 Hz is coupled to the output of the IC to reduce the output ripple. D. 1st June 2004



30



Kl. 22:43



CHAPTER 4. HARDWARE



4.3 Flight mode selector To select between manual and autonomous flight on the RC controller, as described in section 1.5 a piece of hardware is needed that can decode the signals coming from the radio receiver. As mentioned in the Analysis chapter, the servo control signals are shaped as repeating pulse trains, where the servo position is encoded in the pulse-length (on-time) of the signal. The frame width of the signal has a period of 18 ms, and the control information is encoded as an on-time (high level) ranging from 920 µs (min) to 2102 µs (max) in the beginning of the signal with a following off-time (low level) of about 16 to 17 ms. As one of the control channels on the remote control will be dedicated to the selection of the flight modus, the minimum and the maximum on-times of the control signal will be used to respectively select the manual and the autonomous flight modes. The radio receiver used for this project together with its signal specifications can be seen in table 4.1. In the following two sections the circuit used to decode the output from the radio receiver will first be described, where after the circuit used to switch between the servo control-signals from the flight computer and the radio receiver will be described. Radio receiver brand Signal level Low: High: Signal period On-time Min: Neutral: Max:



Robbe Futuba PCM1024 R149DP 35 MHz 0V 3.3 V 18 ms 920 µs 1520 µs 2102 µs



Table 4.1: Radio receiver specifications



4.3.1 Servo control signal decoding To decode the incoming servo control signal a counter coupled with a free running square wave generator is used. The circuit for this is shown on figure 4.1: The length of the on-time of the control signal is measured by the use of the counter U2A, by counting the number of the pulses that the square wave generator generates within the period of the on-time. The square wave generator generates a D. 1st June 2004
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4.3. FLIGHT MODE SELECTOR



Figure 4.1: Servo control signal decoder circuit.



signal with a period of about 166 µs and as the counter (U2A) triggers on negative flanks, it will generate a square wave signal with a period of 2656 µs at the output QD. To activate the counter the servo control signal from the radio receiver is first converted to TTL signal level, inverted and then sent into the clear pin (CLR) on the counter. The counter will count as long as the clear pin is held low and when it is pulled high it will reset and set the pins QA to QD low. As the servo control signal is inverted, the result is that the counter will count in the on-time of the servo control-signal and be reset in the off-time of the servo control-signal. When a servo control-signal with an on-time of 920 µs is feed into the circuit, the counter will only be able to generate pulses up to the QC output before it again is reset. But when on-time of the servo control signal is increased to 2102 µs, the counter will be able to count on all four outputs. This fact then effectively enables the circuit in figure 4.1 to distinguish between the two on-time lengths (max/min) which correspond to two control stick positions on the RC. To use the output signal of U2 (pin QD) to select between the flight modes, the pulses that occur on U2 have to be converted to a constant high level signal that does not become low until the 2102 µs on-time reduces to 920 µs. To make this conversion a peak detector coupled with a Schmitt trigger is used. The circuit for this is shown on figure 4.2. The peak detector on figure 4.2 works by charging the capacitor C5 through the diode D7 every time a pulse occurs on pin QD on U2A. The voltage across C5 herby gradually increases every time a pulse occurs on QD. As current will not run back into U2A when QD is low because of the diode D7 and only a very little D. 1st June 2004
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CHAPTER 4. HARDWARE



Figure 4.2: Signal holding circuit.



current will run into U6D because of its high input impedance, the resistor R4 is inserted after the capacitor to continually discharge C5. Because of the resistor the voltage level across C5 will decrease again when the servo control-signal returns back to 920 µs again. With the chosen component sizes for C5 and R4 a delay of about 2 ms exists from when the control signal changes from 920 µs to 2102 µs a delay of about 75 ms exists in the opposite direction. This long delay of 75 ms insures that glitches in the control-signal will not propagate out through to the selection signal and thereby stabilize the circuit.



4.3.2 Servo signal switching To switch between the servo control signals produced by the radio receiver and those produced by the flight computer, as described in section 1.5, a switching circuit (see B.6 for schematic) has been devised. The switching circuit is controlled by the selection signal produced by the decoding hardware described in section 4.3.1 which enables the use of a switch on the RC to switch between either manual or autonomous control of the helicopter. As there are five servos to control, five control signals coming from both the flight computer and the RC system have to be switched between. To accomplish this two tri-state buffers stages have been used in between the two signal output busses and the single input bus at the servos. As the control signals produced by the radio receiver and the gyro-controller are 3.3 V signals, an inverting Schmitt trigger has been used before the buffers, that converts the signals amplitudes to TTL compatible signal levels. Hereafter an inverting tri-state buffer has been used to handle the radio and gyro servo control signals, and a non-inverting tri-state buffer has been used for the flight computer servo control signals. The flight computer, radio receiver and gyro controller have all been connected to the servos according to the schematic shown on figure 4.3. The servo control signals produced by the flight computer are taken from the digital output on the ADC board, and the respective servos are connected to the outputs as shown in table 4.2. D. 1st June 2004
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4.4. SERVO CONTROL SIGNAL SAMPLING



Figure 4.3: Radio and servo connections



Digital output (Connector P1) pin nr. 1 2 3 4 5



DIO bit bit nr. 0 1 2 3 4



Servo Rudder Aileron Elevator Throttle Pitch



Table 4.2: Flight computer servo connections



4.4 Servo control signal sampling To sample the servo control signals the digital inputs on the ADC board on the flight computer are used. The signals are extracted from the signal switch described in 4.3.2 just after they have been converted to TTL levels (5 V after the Schmitt trigger). Because the digital inputs on the ADC board are opto-isolated, the voltage appearing across the input has to be above 10 V to be registered by the board. To compensate for this voltage level difference a transistor circuit has been inserted in between the servo switch and the ADC board, that shifts the 5 V appearing at the input of the circuit to 12 V at the output. The schematic for this level shifter can be seen on figure B.8. The respective servo control signals have all been connected to the digital input channels as shown in table 4.3.
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CHAPTER 4. HARDWARE Digital input (Connector P2) pin nr. 1 2 3 4 5 6 7



DIO bit nr. 0 1 2 3 4 5 6



Signal type Rudder servo control signal Rudder radio signal Aileron servo control signal Elevator servo control signal Throttle servo control signal Pitch servo control signal Flight mode (switch) signal



Table 4.3: Flight computer input connections for servo control signals



4.5 Flight mode indicator To give the person controlling the helicopter a visual indication for when the software on the flight computer is ready, a LED array has been mounted on the tail of the helicopter. This LED array has been connected to pin 2 (data bit 0) on the parallel port on the flight computer, and the control signal is feed into a transistor circuit which can be seen in figure B.7. The circuit supplies the LED array with approximately 25 mA, depending on the voltage on the batteries, and it is turned on and off according to the logical level (high/low) occuring on pin 2 on the parallel port.



4.6 Sensor coupling The accelerometers, the rate-gyroscopes and the hall sensor for the tachometer have all been connected to the interface board for supply voltage and for further signal routing to the AD-converter board on the flight computer. The schematic for these connections can be seen on figures B.3 and B.5 in the appendix. The respective sensors have been connected to the analogue input channels as shown in table 4.4.
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4.6. SENSOR COUPLING



ADC channel number 1 2 3 4 5 6 7 8



Sensor Y-axis accelerometer X-axis accelerometer Z-axis accelerometer Y-axis rate-gyroscope X-axis rate-gyroscope Z-axis rate-gyroscope Temperature rate-gyroscope Tachometer



Table 4.4: Sensor connections on AD-converter board
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Software This chapter will provide an overview of the chosen operating system QNX (OS) and it will describe the overall software design for the helicopter system.



5.1 Introduction to QNX QNX will be used as the OS on the flight computer and all data handling as well as any software execution will be performed in QNX. QNX is knows for its specialising in reliability and scalability for computer systems. The OS is also equipped with a variety of other functionalities [QNX, ]: A true microkernel, advanced memory protection, distributed processing capability, symmetric multiprocessing, POSIX APIs (threads) and a dynamically upgradeable architecture. Notable is the support of POSIX which makes it UNIX compatible and defines a set of real-time extensions to the base 1003.1 standard [POSIX, 2001]. These extensions consist of semaphores, prioritized process scheduling, real-time extensions to signals, high-resolution timer control, enhanced IPC primitives, synchronous and asynchronous I/O, and a recommendation for real-time contiguous file support [QNX, ]. These standards are also used by many other real-time OS’s such as RT-Linux.



5.2 Data acquisition software To perform a system identification, sensor data of the helicopters movement in response to a given input is needed. A program must therefore be made to receive and decode the servo control signals and sample the all the sensors at a given sample rate. Both the servo control signals and sensor data have to be time stamped in order to have ability to compare these afterwards. To archive this one thread is made for the handling of sensor data and one for servo control signals data. Having multiple threads with hard real-time criteriaŠs requires that the processing time is scheduled. This will however first be introduced later on after the real-time requirements for each thread is analyzed. 37



5.2. DATA ACQUISITION SOFTWARE



5.2.1 Sensor thread To perform an analogue to digital conversion a register be written to, to initialize the AD hardware. A typical AD conversion will take approximately 22 µs. After an conversion has been completed result will be written to a register by the AD processor and there from it can then be read. The program flow for the sampling of the sensors is shown on figure 5.1. Initialize 100Hz periodic signal SampleTime[n] as elapsed clock cycles Read sampled value at channel m into signal[m][n] Increase m If m > channel amount Wait for periodic signal Increase n If n > max pcm samples End thread



Figure 5.1: Flowchart of the sensor sampling thread



Each sampling period takes 208 µs and having 8 sensors leaves 26 µs per sample for time stamping. With a 100 Hz sampling frequency this leaves (10 − 0.208) ms = 9.792 µs where the thread is suspended.



5.2.2 Servo control signal thread The servo control signal is, as explained in section 1.2, carrying information through the time width of its pulse, stretching from approximately 1 ms to 2 ms. This needs to be decoded for all 5 servos plus the signal generated by rate-gyroscope controller. A sampling of eight servo control signals from the radio receiver is shown on figure 5.2. As explained in section 1.5 the servo control signals are attached to the digital inputs on the ADC board, and can on the flight computer be read as a byte. To D. 1st June 2004
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CHAPTER 5. SOFTWARE



Figure 5.2: The servo control signals signal from the receiver to the servo motors



decode the control signals, the start and stop times for each pulse are needed. This is done by polling the input byte until a change occurs and the time stamping these events. If figure 5.2 is inspected, it can be seen that some of the edges of the pulses lie very close to one and another. This will of course lead to latency on the following time stamp, if the first is not finalized quickly enough. The program flow for gathering of the servo control signals is shown on figure 5.1. The actual decoding of the signals is done after each sampling session to minimize the latencies.



Initialize Poll sample[n] byte Equal Compare sample[n] with sample[n−1] Not equal SampleTime[n] as elapsed clock cycles Increase n If n > max pcm samples End thread



Figure 5.3: Flowchart of the servo control signals sampling thread



As constantly polling on the input will use a lot of processor power thread scheduling is needed to give the system time to sample the sensors. D. 1st June 2004
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5.2. DATA ACQUISITION SOFTWARE



5.2.3 Thread scheduling



Sensor thread Servo thread Main thread



Convert ClockCycles to time And save data



Servo sampling



Sensor sampling



Servo sampling



Sensor sampling



Priority



Initilize



The servo control signals thread needs all the processor resources and the sensor thread only needs the processor recourses in 208 µs with a 100 Hz interval and are suspended otherwise. It therefore seems reasonable to run a fixed priority scheduler in which the thread that is ready with the highest priority will run until it is blocked or it is pre-empted by a thread with a higher priority i.e. a first in first out (FIFO) policy. Letting the sensor thread have the highest priority will lead to the process behaviour shown on figure 5.4.
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Figure 5.4: Flowchart of the threads



5.2.4 Test of system identification software To verify the functionality of the software flight test has been performed, where both the servo control signals and the rate-gyroscope sensor have been sampled. In the flight, yaw manoeuvres have been performed where the helicopter has been rotated 180 ◦ around the z-axis. The results of the test can be seen on figure 5.5.
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CHAPTER 5. SOFTWARE [a] Decoded rudder PWM signal
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Figure 5.5: Sampled data from flight test, where yaw manoeuvres have been performed.



Figure 5.5(a) and (b) respectively show the sampled rudder servo control signal and a low pass filtered version of the same. The bottom graph (c) on figure 5.5 shows the sampled data from the rate-gyroscope measuring angular velocity about the z-axis. As it can be seen on both on figure 5.5(b) and (c), a correspondence between both the control input and the resulting movement can be established.
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6



Modeling This chapter will explain how the helicopter model was developed. This is done using already established modeling methods developed for rotary wing aircrafts. To give the reader insight in how the modeling of a helicopter is done. A fundamental explanation of the helicopter functionality and the way it operates is given.



6.1 General helicopter theory This section will explain a helicopter manoeuvrability by varying the cyclic and collective inputs to the main rotor blades. A description of the stabilizer bars will also be given.



6.1.1 Cyclic and collective pitch control Through the cyclic pitch mechanism roll and pitch manoeuvres are possible. A pitch manoeuvre is a tilt of the helicopter around the y-axis, and a roll manoeuvre is a tilt around the x-axis. These manoeuvres can be seen on figure 6.1(a) and 6.1(b). These movements are achieved by tilting the main rotor disk. The thrust generated by the main rotor is always perpendicular to the tip of the rotor and as figure 6.2 shows the tilted thrust vector which has a thrust component that pushes the helicopter forward. An example will now be presented which explains how a pitch motion is conducted: A helicopters stands still in the air in a hover manoeuvre and we want it to move forward. To do this an input must be given on the elevator stick. In a real helicopter the elevator is controlled by the forward/backward movements of the flight stick. To get a forward movement of the helicopter the flight stick must be pushed forward. This input is transferred to the swash plate which in turn pushes on the stabilizer bar and the main rotor blades to make the disk, made by the spinning rotor, tilt forward and as figure 6.2 shows, this creates a propulsion force which pushes the helicopter forwards.
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6.1. GENERAL HELICOPTER THEORY
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(a) Pitch motion as the result of an elevator input



(b) Roll motion as the result of an aileron input



Figure 6.1: Movement produced by longitudinal and lateral cyclic pitch.
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Figure 6.2: Propulsion and lifting forces generated by tilt of the main rotor.
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CHAPTER 6. MODELING The Swash plate is a central component in the design of a helicopter. This makes it possible to convert translateral inputs from the flight stick or in our case the servo to a rotational input for the control of the rotor head (see figure 6.3). The swash plate consists of a non-rotating part (below the ball bearing), and a rotating part (above). The swash plate has three DOF. The collective input will rise or lower the swash plate, and the cyclic inputs will tilt the swash plate with a longitudinal or lateral inclination. To rotor head



Rotating control rod



Ball bearing



Non−rotating control rod



Rotor shaft



To engine/drive system To flight stick/servos



Figure 6.3: Function diagram of a swash plate



The main rotor blades can flap and change angle of attack (see figure 6.4). Flapping describes the vertical motions of the rotor blades when the main rotor rotates. This is common for all main rotor blades and is independent of the rotor hub type used. The hub is where the to rotor blades are connected to the rotor shaft including the hinges that allows for pitch and lag (see figure 6.5). To produce a lift with main rotor blade profile that is symmetrical, the angle of attack or pitch must be greater than 0◦ . For the helicopter used in this project the hovering pitch of the main rotor blades is about 4◦ at a main rotor speed of Ω = 1600 RPM. This lifting angle is called collective pitch and is used to lift or lower the helicopter. To get the main rotor disk to tilt the pitch of the blades must be changes by cyclic input with the same period as Ω. To explain the rotor function the azimuth must be defined. The azimuth is the horizontal plane in D. 1st June 2004
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6.1. GENERAL HELICOPTER THEORY
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Figure 6.4: Profile of a symmetrical rotor blade
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Figure 6.5: Rotor Hub



D. 1st June 2004



46



Kl. 22:43



CHAPTER 6. MODELING which the main rotor blade travels divided into 360◦. If the helicopter is seen from above 0◦ is in front of the helicopter along its x-axis. 90◦ is to the right along the helicopters y-axis. When elevator input is applied the main rotor blade is at the maximum positive pitch at 90◦ azimuth. From this position the pitch will decline. The lifting force created by this angle will lift the blade as it continues to travel. When the blade reaches 180◦ azimuth the blade will have reached its highest flapping point. At this azimuth the pitch of the blade has become 0◦ and as the rotor travels further the pitch will keep falling. At 270◦ azimuth the flapping or hight of the rotor tip is the same as at 90◦ . Here the blade has it minimum pitch level which will push the rotor tip down as it moves towards 0◦ azimuth (see figure 6.6). Lifting Force +Maximum pitch



Intermediate pitch Intermediate pitch −Minimum pitch Down Force



90 Degrees Azimuth x−axis 180 Degrees Azimuth



0 Degrees Azimuth 270 Degrees Azimuth y−axis



Figure 6.6: Cyclic movement of the main rotor blades



When this cycle is repeated by both rotor blades the result is that the rotor disk is inclined in the desired flight direction and the helicopter moves forward. The same also applies for flight in other directions. Generally speaking to make the helicopter fly in a certain direction the main rotor blades must be inclined in the flight direction. This results in perpendicular thrust generation relative to the rotor plane, and pushes the helicopter in the desired direction. On figure 6.7 the pitch and flapping is described graphically. Here it can be seen that there is a 90◦ phase lag from the pitch curve to the flapping curve. D. 1st June 2004
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6.1. GENERAL HELICOPTER THEORY
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Figure 6.7: Cyclic pitch and flap curves



6.1.2 Stabilizer bar When a pitch level is set on a spinning rotor, there is always a tendency of the rotor blade to counteract this action, because of the force created by the rotor interacting with surrounding air. If the cyclic inputs were to be fed directly to the main rotor a large force would be needed to move it because of the gyroscopic effect it would have an inhibiting effect on the controls. To compensate for this most helicopters are fitted with stabilizer bars as can be seen on figure 1.2. The stabilizer bar produces no noticeable lift, but a part of the cyclic inputs are fed mechanically to the main rotor blades through the stabilizer bar. At the ends of the stabilizer bars are a pair of paddles are attached which behave in the same manner as the main rotor blade to cyclic input. Cyclic inputs from the flight stick are fed to the stabilizer paddles as a pitch alteration. This makes the paddles flap as described in the rotor blade description. In turn this flapping is fed to the rotor blades as a pitch input. Thus reducing the force needed to give cyclic input. The graphs on figure 6.8 show flap and pitch of the main rotor and the stabilizer bar. From the graphs it can clearly be seen that the flap of the stabilizer bar coincide with the pitch of the main rotor. The flapping motion of the rotor blades is restricted by the “stiffness” of the materials used for the main rotor blades and the type of rotor hub used. This is D. 1st June 2004
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CHAPTER 6. MODELING 1
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Figure 6.8: Cyclic pitch and flap curves



not the case for the stabilizer bar as it can pivot free on the rotor axis. The pitch level of stabilizer bar will move it up and down and the pitch level is therefore the controlling factor when the helicopter flies. Furthermore the centrifugal force created by the mass of the stabilizer bar will try to keep the stabilizer bar levelled. The power of the centrifugal force is determined by: The length of the stabilizer bar, the mass of the stabilizer bar and the angular velocity. In a helicopter without a stabilizer bar, the helicopter response to a cyclic input is dependent on the angular velocity of the main rotor blades, i.e. if the angular velocity increase the cyclic response will also increase. This is not the case in a helicopter with a stabilizer bar, because the increased centrifugal force will reduce the flapping of the stabilizer bar. In effect higher angular velocity gives lower cyclic response. The stabilizer bar is also called a Bell-Hiller stabilizer bar after it’s inventors. As described a part of the cyclic input is fed to the main rotor blades through the stabilizer bar, this is often referred to as the Hiller part of the stabilizing system. Another part of the cyclic input is fed directly to the main rotor blades and this is called the Bell part (see figure 6.9). An increase in the Bell factor will make the helicopter more aggressive in its handling, but too much will make it unstable. An increase in Hiller factor will on the other side make the helicopter easier to control in small manoeuvres such as in a hover. Too large a Hiller part will although make the control of the system seem more sluggish. D. 1st June 2004
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6.1. GENERAL HELICOPTER THEORY
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Figure 6.9: Main rotor pitch coupling diagram



6.1.3 Reference Frames And Notation A helicopter model can be divided into four subsystems as seen on figure 6.10. These are actuator dynamics, rotary wing dynamics, force and moment generation process and rigid body dynamics. S
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Figure 6.10: Model development progression



The forces, dynamics and sensor readings has however not the same reference frame. Figure 6.11 shows the position frames used. The reference frames are presented on figure 6.11. All reference frames, with the exception of the inertial frame, shown on figure 6.11 is assumed to have the same orientation and position in the y-direction. The frames of different orientation is shown on figure 6.12. The model development will follow the diagram progression shown on figure 6.10 and will be described as following for each subsystem: D. 1st June 2004
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Figure 6.11: Orientation of reference frames
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Figure 6.12: Orientation of reference frames
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6.1. GENERAL HELICOPTER THEORY • Actuator dynamics A servo control signal is given as input to each servo: – S



Servo controlling the main rotor collective pitch angle θ0 .



– Str



Servo controlling tail rotor collective pitch angle θ0tr .



– Sc



Servo controlling elevator pitch angle θ1c .



– Ss



Servo controlling aileron pitch angle θ1s .



To simplify the measuring process, the servo dynamics are approximated using data from a given signal to a measured servo output. The mechanical linkage from servo to each pitch angle are considered linear and in 1:1 ratio. The nonlinearity such as friction and slack are considered as disturbances. • Rotary wing dynamics Lower case of θ is only used to describe a pitch angle or angle of attack. These are θ0 describing collective pitch. Cyclic pitch θ1 c which is given in a longitudinal direction but will influence flapping in a lateral direction and lastly θ1 s which is influencing longitudinal flapping. The dynamics from the pitch bias or collective pitch of the blades on main rotor, θ0 , and tail rotor, θ0tr , to the thrust generated by the main rotor |Tmr | and tail rotor |Ttr | are modeled. The direction of the main rotor thrust in longitudinal β1c and lateral β1s direction, is modeled from the given elevator pitch angle θ1s and the aileron pitch angle θ1c respectively to z1 . The thrust vector, which is perpendicular to the tip path plane (TPP), is modeled in the body fixed reference frame (BF) and thereafter mapped over to the spatial plane. • Force and moment generation process The helicopter will be considered as a rigid body for calculation of the forces {b fx ,b fy ,b fz } and {0,0,s fg } acting on the helicopter body. Furthermore the same consideration is used in calculation of moments { b τx , b τy ,b τz } and {0,tp ftr ,0} acting on the helicopter. Forces and torques will be represented in body fixed reference frame. • Rigid body dynamics The governing quantities in rigid body dynamics are: joint forces b f, moments b τ , helicopter mass, inertia mass matrix I. 1



The pitch θ1s generates a flap in the β1c direction and θ1c in the β1s direction. For an explanation see section 6.1
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CHAPTER 6. MODELING



6.1.4 Previously published work To acquire knowledge about helicopter functionality and modeling, the project group sought inspiration in work published on same subject. Therefore the modeling chapter is highly influenced by articles: [Mettler et al., 2000] and [aer. Christian Munzinger, 1998]. Model decomposition and standard model structure of a helicopter is borrowed from [Koo et al., ] where after elaboration of the standard helicopter model is performed and fitted to the helicopter used in the project.



6.2 Actuator Dynamics This section deals with the modeling task of the dynamic response of the servos used to control the helicopter in its six DOF. When modeling the dynamics of the three servos connected through the swash plate to the rotor blade and later the servo controlling the yaw dynamics, it has been decided to model a complete close-loop system from servo to rotor blade. The alternative is to model each subsystem: servo, mechanical linkage and blade dynamics, and combining them for a close loop system. By making a complete closed loop system from the start has been possible to reduce the complexity of the modeling task and still deriving a valid transfer function. In this chapter a model structure for system identification will be developed and a first guess parameter estimate will be given. In the following chapter more precise parameters for the different sub models will be approximated from data collected in various test.



6.2.1 Main Rotor Actuator Dynamics As described earlier and in [Mettler et al., 1999] the main contributor to forces and moments acting on the fuselage is the main rotor. This is controlled directly and indirectly by four servos, where three are connected mechanically through the swash plate to the rotor blades / stabilizer paddles and the last one indirectly by controlling the throttle / drive system to control the main rotor RPM. The model, of the main rotor dynamics, is a joint system description of the rotor blade and the stabilizer bar as a single system. This follows a simplification praxis used in already published work see [Koo et al., ]. The simplest way to represent the rotor dynamics is as a rigid disc which can tilt about the longitudinal and lateral axis2 . 2



[Mettler et al., 2000]
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6.2. ACTUATOR DYNAMICS To identify the servo heave dynamics, i,e the system from the collective pitch servo input signal to the rotor/stabilizer pitch. A step response test was conducted with out the engine running. The output of the step test will reveal the system type. This system will be approximated with the simplest system applicable. The identifyed parameters will probably change under the influence from the forces generated when the engine is running, but the estimate is a good first guess. These step tests where conducted using a servo potentiometer, which is a variable resistance with low friction, connected to the mechanical link on the servo. In all step test except collective pitch the servo is moved from one extreme to the other. This corresponds to a measured difference in the pulse width of the signal of 1040 ms i.e. from 1070 ms to 2110 ms. In the collective subsystem the step corresponds to a puls width difference of 430 ms from 1430 ms to 1860 ms. The reason for the shorter pulse width difference is that this is the working interval for the collective pitch also known as pitch curve. Furthermore the input signals to the colective servo are scaled to a range from 0 to 1 that denotes the servo control signal input time 1430 µs to 1860 µs. 1.4 Input Output 1.2
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Figure 6.13: Step test of collective pitch response



The figure 6.13 displays the collective pitch (θ0 ) / main rotor blade function response to a step input. The response looks much like a second order transfer function with one fast pole giving the steepest slope gradient in the figure and a slower pole causing the slow travel towards the step level. This second order naD. 1st June 2004
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CHAPTER 6. MODELING ture corresponds to the closed-loop system controlling the servo arm output from the servo input. To approximate this model a simple first order transfer function in the s-domain is devised. The reason for this simplification is to keep the regulator low in computational complexity. This will be converted into a discrete differential equation to be implemented in a regulator design. θ0 (s) K = S(s) s + τ1t



(6.1)



Where K is the appropriate gain factor and τt is the time constant. The value of τt can be directly read from the graphs. This is the time it takes for the output to reach approximately 63% of the steady state value.The final equation looks like this: θ0 (s) 4.34 ≈ (6.2) S(s) s+4 The step test of the cyclic (θ1c and θ1s ) response show a very similar output to the same step input. This was anticipated because the servo is the same as in collective pitch. It is however expected that the forces from the main rotor will influence the system when the engine is running. The response of the cyclic pitch will be faster then collective. This is because the collective pitch is influenced by larger forces. But because of the similarities the equation for collective pitch will also be the used for the cyclic states. in effect: θ1s (s) θ0 (s) 4.34 θ1c (s) = = ≈ Sc (s) Ss (s) S(s) s+4



(6.3)



From [Mettler et al., 1999] a important moment must be noted, and that is the response of a rotor disk with a stabilizer. Such as the Bell-Hiller system used it will delay the flap response to approximately 5 revolution of the main rotor. This gives a delay of : tdelay =



1 ·5= ω



1 1800 [rpm] 60 [s]



· 5 = 167 [ms]



(6.4)



Because of the response time of this delay relative to the time constant of θ0 , θ1c and θ1s this delay can be neglected.



6.2.2 Tail Rotor Actuator Dynamics The last test is the yaw system, i.e. the digital servo and mechanical linkage controlling the tail rotor. The anticipated response here can also be approximated to that of a second order transfer function. Due to the use of a digital servo the response is expected to be significantly faster. D. 1st June 2004
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6.3. ROTARY WING DYNAMICS AND FORCE/MOMENT GENERATION 1.4
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Figure 6.14: Step test of tail rotor response



As figure 6.14 shows the yaw or tail rotor response was, as predicted, faster than both collective response and cyclic response. The to attain the transfer function for the rudder the same procedure as in the case of the collective and cyclic response was used. The resulting function is: 12.2 θ0tr (s) = Str (s) s + 10



(6.5)



6.3 Rotary wing dynamics and force/moment generation In this section actuator dynamics are used as input to rotary wing dynamics that affect forces and moments acting upon the helicopter. Thereafter forces and torques are identified and a set of describing differential equations are derived ready to use for system identification. It is important to notice that when pitch,flapping angles and thrust are discussed their relative frame will not be denoted until movement and rotations calls for this. In order to avoid high complexity of the force and moment equations certain simplifications are introduced before attempting to extract the model describing equations D. 1st June 2004
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CHAPTER 6. MODELING



6.3.1 Simplifications According to [Johnson, 1994], magnitude and the direction of the thrust generated from the main rotor and the tail rotor is mainly dependent of following dynamics: • Main rotor angular velocity A higher angular velocity will generate a higher thrust. This will be simplified because the the use of a engine governor to keep the engines RPM constant. Thereby allowing us to view the contribution from the angular velocity as a constant. • Rotor pitch thought the azimuth The cyclic pitch results in a inclined tip path to which the thrust generated is perpendicular. • Density of air The density of the air has a direct impact on the thrust generated by both rotor blades. But as the altitude of the flight envelope is limited this can be approximated to a constant. • Blade radius The length of the rotor from the center of rotor hub to the tip of the rotor blade is proportional to the thrust generated. • Rotor wing shape A symmetric wing shape will generate thrust as long as the pitch of the blade is θ > 0◦ . In a semi symmetric rotor wing the pitch level, where thrust sizes to be generated, is below 0◦ • Helicopter induced velocity A helicopter in transitional movement will generate more lift on the side of the rotor blade which advances into the wind. And less lift on the retreating side because of the relative air speed. This disturbance will only occur outside our flight envelope, thus can be neglected. • Cross winds. Cross winds will inevitably have a influence on the helicopter. The controller resulting from this work is only meant to be used in a helicopter in absence of side wind or in low wind. Thus this influence can be neglected. • Induced wake flux Can affect the tail rotor performance in transitional movement and as ground effect. As this is outside the flight envelope it can be disregarded. D. 1st June 2004
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6.3. ROTARY WING DYNAMICS AND FORCE/MOMENT GENERATION • Bell-Hiller bar The Bell-Hiller stabilizer system has a large contributing factor on the controllability of the helicopter. In this work the stabilizer will be modeled into the dynamics of the rotor blade. This has previously been done with success in autonomous helicopter meant for low performance flight. [Mettler et al., 2000]. Including all these variables will make the thrust generating equation excessively complex and time consuming. Therefore it has been decided to simplify the equation by disregarding number of dynamic generating effects that either contribute the least amount of effect on the overall dynamics, or that only will occur outside the specified flight envelope. The disregarded dynamics contributions are; Induced velocity, density of air, cross winds, induced wake flux and rotor wing shape.



6.3.2 Thrust equations The thrust generation is depended on the rotor blades angle of attack (pitch). Given the Fourier series representation for the main blade pitch motion as



θ(ψ) = θ0 + θ1c cos(ψ) + θ1s sin(ψ) + θ2c cos(2ψ) + θ2s sin(2ψ) + . . .



(6.6)



Where ψ is the azimuth angle of the rotor blade. And assuming that the pitch is kept relative stable in the blade motion with no uncontrolled vibrations. The main rotor pitch dynamics can be described as the first harmonics θ1c , θ1s and the bias θ0 .They are controlled by the cyclic aileron, cyclic elevator and collective servo respectively and are seen in respect to the TPP Likewise the blade flapping β, in respect to the hub plane, due to the pitch θ can be described as: β(θ) = β0 + β1c cos(θ) + β1s sin(θ) . . .



(6.7)



Since the simplification of β only includes the first harmonics, the motion path of the blade tip is spanned in the TPP with the orientation angles β1c , β1s and the bias β0 in respect to the hub plane. The thrust vector created by the main rotor Tmr can now be described by the angles θ1c and θ1s as the argument of the thrust vector arg(Tmr) and the bias angle of the pitch β0 as the modulus |Tmr |. D. 1st June 2004
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CHAPTER 6. MODELING Thrust modulus By using the simplifications, the main rotor generated thrust contribution from the collective input, is the absolute value of the thrust vector Tmr . In effect |Tmr | can be defined as proportional to the following [aer. Christian Munzinger, 1998], page 50: |Tmr (t)| = θ0 (t) · Ω · rmr · KT mr



(6.8)



• rmr denotes main rotor blade radius • θ0 denotes main rotor pitch angle • Ω denotes main rotor angular velocity of the blades in the clock wise direction. • KT mr is a constant used to compensate for the simplifications that are implemented. The same is done for the tail rotor. |Ttr (t)| = θ0tr (t) · Ωtr · rtr · KT tr



(6.9)



This same approximation is used in earlier published work [Koo et al., ] tpp
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Figure 6.15: Thrust direction



Thrust Argument To be able to determine the direction of the thrust the longitudinal (θ1c ) and lateral (θ1s ) TPP tilt angles must be known (see figure 6.15). Again due to simplifications D. 1st June 2004
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6.3. ROTARY WING DYNAMICS AND FORCE/MOMENT GENERATION implemented the differential equations describing the dynamics of β1c and β1s can be expressed as : β1c (t) = θ1s (t) · Ω · K1c β1s (t) = θ1c (t) · Ω · K1s



(6.10) (6.11)



Noting that there is a 90◦ lag from cyclic pitch maximum angle to flap effective angle (see figure 6.6). Resulting force vector In a hover flight cyclic inputs will be required thereby changing the TPP, and again, changing the direction of the thrust. Assuming that the thrust generated by the rotating blades is perpendicular to the TPP the thrust direction will change as well. Therefore the force vector generated by the main and tail rot or will be a function of β1c and β1s : b



fx = −|Tmr | · sin β1c



(6.12)



b



fy = |Tmr | · sin β1s



(6.13)



b



tp



fz = −|Tmr | cos β1c · cos β1s fytr = −Ttr



(6.14) (6.15)



Gravitational force has to be included in the force equations and is defined as mass of the helicopter times the gravitational acceleration. To find the gravitational force vector acting on the body frame, gravitational force has to be rotated with the body, therefore the gravitational force acting on the body fixed frame can be expressed as: b fg = RTsb (Θ) · s fg (6.16) Thereby the resulting force equation represented in the body frame for translateral movements is:   b fx b f = b fy + tp fytr  + b fg ⇓ (6.17) b fz     b fx 0 b f = b fy + tp fytr  + RTsb (Θ) ·  0  (6.18) b fz m·g



6.3.3 Torque equations Net torque acting on the system is composed of tree torque components; D. 1st June 2004
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CHAPTER 6. MODELING • Thrust torque generated by the main and tail rotor • Torque due to aerodynamic resistance and the motor counter torque • Torque produced by the angular momentum of rotating blades these components will be described in detail and equations describing there’s magnitudes will be derived. Thrust torque generated by the main and tail rotor Thrust generated by the rotating blades does not effect the CG directly due to the difference between the body frame and hub plane origins. Therefore a rotational motion of the helicopter will occur, thereby generating a torque acting on the CG. According to laws of physics the torque τ can be defined by following equation: τ =r·F



(6.19)



where r denotes an length and F denotes the force perpendicular to the r. Furthermore the laws of physics dictate that the net torque acting on a body about an arbitrary rotation axis is the sum of all acting torques about the same axis. Therefore the torque acting on the helicopter CG can be defined as following on the basis of [Koo et al., ]:  b  b  RF fy · hm − b fz · ym + tp fytr · ht b b MF  =   fx · hm + b fz · lm (6.20) b b tp NF fy · lm + fytr · lt where b RF , b MF and b NF denotes torque in x-, y- and z-axis acting on helicopter body. h, y and l denote height along z-axis, length along y-axis and length along x-axis of the tail and main rotor hubs from the helicopter CG (see figure 6.163 )



3



Figure source: [Koo et al., ]



D. 1st June 2004
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6.3. ROTARY WING DYNAMICS AND FORCE/MOMENT GENERATION
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Figure 6.16: Free body diagram of the helicopter. Figure courtesy of D. H. Shim



Torque due to aerodynamic resistance and the motor counter torque Considering the situation where the helicopter is hovering and the pilot wishes to increase altitude of the helicopter. This will be done by increasing the collective pitch of the main rotor blades, thus creating a larger aerodynamic resistance of the blades with the air. Thereby meaning that the area of the blades which pushes the air will increase thus generating a loss of angular momentum. The engine regulator will compensate for this loss of angular momentum by increasing the throttle and thereby producing more torque that is propagated to the blades through the gears that connect the engine with the rotor. The effective torque generated by the described system will increase and if the flight gyroscope controller is disabled the helicopter will try to rotate in the opposite direction of the rotation of the blades. Adding to the complexity the generated torque is not applied directly at the CG due to displacement between the main rotor shaft and the CG. Modeling the aerodynamic resistance generated between the air and a wing shaped rotating blades is rather complex and time demanding added with the complexity of defining its torque component that acts on the CG it has been decided to approximate the magnitude of the torque with a linear equation. For added simplicity this equation will D. 1st June 2004
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CHAPTER 6. MODELING be approximated with respect to the generated rotor thrusts (Tmr ,Ttr ), this is possible due to the fact that Ω and the collective pitch angles are the main variables in the thrust equations, thereby the net equations are: Qmr (t) = AQmr · T (t) + BQmr Qtr (t) = AQtr · Ttr (t) + BQtr



(6.21) (6.22)



where Qmr , Qtr , AQmr , AQtr , BQmr and BQtr denotes the magnitude of the torque generated by the system, slope coefficient and offset, respectively for main and tail rotor. In a hover flight cyclic inputs will be required thereby changing the TPP, and again, changing the direction of the torque. Assuming that the torque generated by the rotating blades is perpendicular to the TPP the torque direction will change as well. Therefore the resulting torque vector generated by the rotating blades will be a function of β1c and β1s : b



Rmr ≈ −Qmr · sin(β1c )



(6.23)



Mmr ≈ Qmr · sin(β1s )



(6.24)



b



Nmr ≈ −Qmr · cos(β1c ) · cos(β1s )



(6.25)



b



(6.26)



b



Mtr ≈ −Qtr



where b Rmr , b Mmr , b Nmr and b Mtr denotes torque around b1 (body frame x-axis), b2 and b3 , respectively for main and tail rotor. Torque produced by the moment of inertia of rotating blades Rotating blades will generate a specific moment of inertia which will counteract roll and pitch motion of the helicopter. Dynamic equation describing the generated moment will not be derived, however it will be applied to the rigid body dynamics via the system identification. Resulting torque vector The resulting torque vector is the sum of the two derived torque components: 



b







b



 b  Rmr RF b b b b    τ = Mmr + Mtr + MF  b b Nmr NF



(6.27)



⇓



 b  Rmr fy · hm − b fz · ym + tp fytr · ht b b  τ = b Mmr + b Mtr  +  fx · hm + b fz · lm b b tp Nmr fy · lm + fytr · lt D. 1st June 2004
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6.4. RIGID BODY DYNAMICS



6.4 Rigid body dynamics In this section rigid body dynamics are considered and the effects that various forces and torques exert on the model are described. Thereafter a full set of equations that describe translational and rotational movement of the helicopter are derived, ready to use for system identification. In order to avoid high complexity of the rigid body dynamics certain simplifications are introduced before attempting to extract the model describing equations: • The aircraft can be treated as a rigid body with any number of spinning rotors. • Induced airflow, generated by the main rotor, effect on the helicopter fuselage is neglected. • There is a plane of symmetry along the zx-axes in the helicopter, thereby Ixy = Iyz = 0 • There is a plane of mass symetry along the yz-axes on the helicopter , thereby Ixz = 0 Considering the simplifications implemented in the helicopter model the equations of motion can be expressed with respect to a body fixed reference frame with origin attached to the helicopter CG. Where x-axis is pointing forward, yaxis is pointing to the right and z-axis downwards. If a force f ∈ R3 and a torque τ ∈ R3 is applied to the helicopter CG, Euler-Newton equations of motion can be used to derive f ’s and τ ’s translational and rotational effect on the helicopter CG, represented in a body fixed reference frame. Before resuming the extraction of model equations another frame is defined, the spatial coordinate frame. This frame has the origin in helicopter CG but in difference to a body fixed coordinate frame x-, y-, and z-, axis is fixed in north, east, down orientation. This coordinate frame is implemented due to the fact that the representation of translational movement and helicopter attitude comes naturally in the spatial coordinate frame. Therefore a function (matrix), Rsb , that maps coordinates from a body fixed reference frame in to coordinates in the spatial reference frame is needed. This is done with Euler angles [φb , θb , ψb ]T with rotation arraigned in 3-2-1 order, i.e. the rotation sequence begins with the rotation around x-axis then y-axis and at last z-axis. Due to the fact that the right handed coordinate frame is used to define the helicopter frames gives following rotation matrices [Bak, ].   cos(ψb ) sin(ψb ) 0 C(z) = − sin(ψb ) cos(ψb ) 0 (6.29) 0 0 1 D. 1st June 2004
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CHAPTER 6. MODELING   cos(θb ) 0 − sin(θb )  1 0 C(y) =  0 sin(θb ) 0 cos(θb )   1 0 0 C(x) = 0 cos(φb ) sin(φb )  0 − sin(φb ) cos(φb )



(6.30)



(6.31)



Where C(x), C(y) and C(z) represents transformation from spatial reference frame to body reference. Due to orthogonality principal transposing a transformation matrix that maps coordinates from frame A to frame B will result in a matrix that maps coordinates from frame B to frame A, therefore the resulting mapping matrix R is: RTsb (s Θ) = C(z) · C(y) · C(x) =   c(θb )c(ψb ) c(θb )s(ψb ) −s(θb ) −s(φb )s(θb )c(φb ) − c(φb )s(ψb ) s(φb )s(θb )s(ψb ) + c(φb )c(ψb ) s(φb )c(θb ) c(φb )s(θb )c(φb ) + s(φb )s(ψb ) c(φb )s(θb )s(ψb ) − s(φb )c(ψb ) c(φb )c(θb ) (6.32) Where c(x) = cos(x) and s(x) = sin(x) and will have following functionality: s



x = Rsb (s Θ) · b x   φb s Θ =  θb  ψb



(6.33) (6.34)



where b x denotes an arbitrary vector in body fixed coordinate frame and s x and denotes the same vector in spatial reference plane. Euler rates After introduction of the spatial coordinate frame model equations are derived starting with the angular velocity. The relationship between the helicopter body ˙ can be angular velocity vector s/b ω, and the rate of change of the Euler angles s Θ determined by resolving the Euler rates into the spatial reference frame. Considering a helicopter at time ∆t experiences an infinitesimal from the position defined by φb , θb and ψb to (φb +∆φb ), (θb +∆θb ) and (ψb +∆ψb ). The vector representing this rotation is: ∆n ≈ i · ∆φb + j · ∆θb + k · ∆ψb (6.35) D. 1st June 2004
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6.4. RIGID BODY DYNAMICS where i, j and k are unit vectors. Therefore the angular velocity of the body frame relative to spatial reference frame is: ∆n = i · φ˙b + j · θ˙b · k · ψ˙b (6.36) ∆t→0 ∆t The first Euler angle (rotation about x-axis) undergoes no additional rotations due to the rotational order, second angle one additional rotation and the third 2 additional rotations:      0 1 0 0 φ˙b s/b      ω = 0 + 0 c(φb ) s(φb ) θ˙b  0 −s(φb ) c(φb ) 0 0     0 1 0 0 c(θb ) 0 −s(θb )      0⇓ c(φb ) 0 1 0 s(φb ) + 0 0 −sin(φb ) cos(φb ) s(θb ) 0 c(θb ) ψ˙b   ˙  φb 1 0 −s(θb ) b ω = 0 c(φb ) s(φb ) · c(θb )  θ˙b  (6.37) ˙ 0 −s(φb ) c(φb ) · c(θb ) ψb s/b



ω = lim



Inverting the transformation matrix Euler rates are derived:   1 s(φb ) · t(θb ) c(φb ) · t(θb ) sΘ ˙ = Ψ(Θ) · s/b ω = 0 c(φb ) −s(φb )  · s/b ω s(φb ) c(φb ) 0 c(θb ) c(θb )



(6.38)



Angular acceleration According to [Bong, 1998],(page 341) the angular momentum equation of a rigid body about its CG is given as: b



dH dH } = b{ } + s/b ω × H τ = H˙ = i { dt dt



(6.39)



where H is the angular momentum vector of a rigid body about CG and b τ is the external torque acting on the helicopter about its CG. Angular momentum vector can be defined as: H = I · s/b ω (6.40) where I denotes the inertia matrix of the helicopter. Thereby equation 6.39 becomes: b



D. 1st June 2004



d(I · s/b ω) } + s/b ω × I · s/b ω dt dI ds/bω = b { } · s/b ω + I · { } + s/b ω × I · s/b ω dt dt



τ = b{
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CHAPTER 6. MODELING Mass of the helicopter is considered constant, although the combustion of fuel will eventually result in a small mass change which is considered neglible, therefore b {dI/dt} = 0. For simplicity reasons s/b ω will be referred to as ω b . Finally the angular acceleration can be derived following way: b



τ = I · ω˙ b + ω b × I · ω b ⇓



ω˙ b = I−1 · (b τ − ω b × I · ω b )



(6.43)



Where I denotes an inertia matrix [Bak, ]:   Ixx −Ixy −Ixz I = −Iyx Iyy −Iyz  −Izx −Izy Izz



(6.44)



Extraction of the Ixx , Iyy and Izz terms is done with help of a program called SolidWorks. Helicopter is divided in to 5 parts; the rotor section, tail section, engine, landing gear together with computer and the frame section. Each of these sections where weighed and measured carefully, where after block models where drawn in the SolidWorks program and properly assembled (see figure 6.17). Thereafter the parts are modified until the center of mass corresponds to the mea-



Figure 6.17: Helicopter model blocks used to determine the inertia matrix. D. 1st June 2004
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6.5. MODEL ASSEMBLING sured center of mass and the mass property function implemented in SolidWorks program is used to derive the inertia matrix:   0.24 0 0 I =  0 0.58 0  (6.45) 0 0 0.59 Forces acting upon the rigid body where described in section 6.3, further more the forces where described with respect to the body fixed reference frame. Therefore to derive translational acceleration, witch is described in spatial reference frame the transformation matrix, Rsb, is used to map the applied forces to the spatial reference plane. Thereafter applying New ton’s law of motion the translational acceleration can be described as: 1 · Rsb (s Θ) · b f m and translational velocity can be derived by integrating the acceleration. Thereby the full set of equations of motion for an arbitrary body are:     s p˙ v 1   s v˙   · Rsb (Θ) · b f m   = b  s Θ ˙   Ψ(Θ) · ω −1 b b b b I ·( τ −ω ×I ·ω ) ω˙ s



v˙ =



(6.46)



(6.47)



6.5 Model assembling Due to the fact that the system description is desired in state space form the differential equation of T has to be derived, i.e. the derivative of T . To do this the equation is expanded and Laplace transformed : α1 (s) 4.3 = Sc (s) s+4 ⇓ |T|(s) = θ0 (s) · Ω · rmr · KT mr ⇓ 4.3 · Sc (s) · Ω · rmr · KT mr |T|(s) = s+4 ⇓ s · |T|(s) = −4 · T (s) + KT M · Sc (s) D. 1st June 2004
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(6.49)



(6.50)
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CHAPTER 6. MODELING Where Sc denotes the input to control servos and KT M denotes Ω · rmr · Kcol · 1.2. Main rotor flap dynamics and tail rotor thrust dynamics are handled the same way, therefore: Thrust generated by the tail rotor can be defined as:



|Ttr |(t) = θ0tr (t) · Ωtr · rtr · KT tr ⇓ |TT |(s) = θ0tr (s) · Ωtr · rtr · KT tr α2 (s) 12.2 = Str (s) s + 10 ⇓ 12.2 · Str (s) · Ωtr · rtr · Ktr |Ttr |(s) = s + 10 ⇓ s · |Ttr |(s) = −10 · |Ttr |(s) + KT T · Str (s)



(6.52) (6.53) (6.54)



(6.55)



(6.56)



Longitudinal main rotor flapping can be defined as:



β1c (t) = θ1s (t) · Ωmr · K1c ⇓ β1c (s) = θ1s (s) · Ωmr · K1c ⇓ θ1s (s) 4.34 = Ss (s) s+4 ⇓ 4.34 · Ss (s) · Ωmr · K1c β1c (s) = s+4 ⇓ s · β1c (s) = −4 · β1c (s) + Kc · Ss (s) D. 1st June 2004
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(6.59)



(6.60)
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6.5. MODEL ASSEMBLING Lateral main rotor flapping can be defined as: β1s (t) = θ1c (t) · Ωmr · K1s ⇓ β1s (s) = θ1c (s) · Ωmr · K1s ⇓ θ1c (s) 4.34 = Sc (s) s+4 ⇓ 4.34 · Sc (s) · Ωmr · K1s β1s (s) = s+4 ⇓ s · β1s (s) = −4 · β1s (s) + Ks · Sc (s)



(6.62) (6.63)



(6.64)



(6.65)



(6.66)



Nonlinear dynamic equations describing Euler angle rates, angular acceleration and translational acceleration are linearized using Taylor expansion (see appendix F) and thereafter converted to state space form: x˙ = A · x + B · u y =C·x+D·u



(6.67) (6.68)



and where values for 6.67 is inserted in equation 6.69.
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  p˙x  p˙y       p˙z       v˙x       v˙y       v˙z       φ˙b       θ˙    b    ˙ =  ψb    ω˙    x      ω˙y       ω˙z    ˙   Tmr    ˙    Ttr    ˙    β1c   β˙1s



0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 0 0 0 0 0



1 0 0 0 0 0 0 0 0 0 0



0 1 0 0 0 0 0 0 0 0 0



0 0 1 0 0 0 0 0 0 0 0



0 0 0 0 10 ¯ · 73 Tmr 10 ¯tr · T 73 0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0
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0 0 0 0 0 0 0 0 0 0 0 0



             +         KT M   0   0 0



0 0 0 0 0 0 0 0 0 0 0 0 0 KT T 0 0



0 0 0 0 0 0 0 0 0 0 0 0 0 0 Ks 0



g−



 0 0  0  0  0  0   0  Sc   0  Str    0  Ss 0  Sc 0  0  0  0  0 Kc



0 0 0 0 0 0 0



0 0 0 · T¯tr 0 0 0 0 0 0 0



0 0 0 0 0 0 1 0 0 0 0



0 0 0 0 0 0 0 1 0 0 0



0 0 0 0 0 0 0 0 0 0 10 0 − 73 0 0 0 0 1 0 1 0 − 1000·I xx 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



0 0 0 0 0



10 73



· T¯tr



10 73



AQM Izz



K τT M 0 0 0



0 0 0 0 − 10 73 0 0 0 0 0 AQM − Iyy



0 0 0 10 ¯ · 73 Tmr 0 0 0 0 0 Q¯M − Ixx ¯ 9·Tmr 50·Iyy



¯ 9·Tmr 50·Ixx Q¯M Iyy



37 40·Izz



0 0 0 K τa 0



0 0 0 0 K τb



0 K τT T 0 0



10 73



0 0 0 0 ¯ · Tmr 0 0 0 0







 px     py      pz      vx      vy      vz      φb      θb      ψb      ωx      ωy      ωz     TM      TT     β1c β1s
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6.5. MODEL ASSEMBLING



  px  py       pz       vx       vy       vz       φb       θb       ψb  =      ωx       ωy       ωz      Tmr       Ttr       β1c   β1s 



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0



0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0



0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0



0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0



0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0



0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0



0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0



0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0



0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0



0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0



0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



 px   py      pz      vx      vy      vz      φb      θb      ψb      ωx      ωy      ωz     TM      TT      β1c  β1s 



From the linearized equations it can be seen that there are no direct terms from input to output therefore D matrix is zero.
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7



System identification The system identification chapter is divided in to two parts: model parameter calculation and model parameter estimation. In model parameter calculation section the system identification techniques, that are based on utilizing the steady state equilibriums physical and mathematical knowledge of the system, are used to acquire a good “guess” of the model parameters. Whereas the model parameter estimation is used to tune the dynamic transients and estimate the parameters that were not deduced in model parameter calculation section.



7.1 Model parameter calculation Following equations have unidentified constants: • Main rotor torque generated by the aerodynamic resistance and motor counter torque. Qmr (s) = AQmr · |Tmr (s)|



(7.1)



AQmr is unknown. • Tail rotor torque generated by the aerodynamic resistance and motor counter torque. (7.2) Qtr (s) = AQtr · |Ttr (s)| AQtr is unknown. • Main rotor thrust magnitude (|Tmr |): s · |Tmr (s)| = −4 · |Tmr (s)| + KT mr · S(s) KT mr is unknown. 73



(7.3)



7.1. MODEL PARAMETER CALCULATION • Tail rotor thrust magnitude |Ttr |: s · |Ttr (s)| = −10 · |Ttr (s)| + KT tr · Str (s)



(7.4)



KT tr is unknown. • Thrust Direction equations β1c ,β1s s · β1c (s) = −4 · β1c (s) + Ks · Sc (s)



(7.5)



s · β1s (s) = −4 · β1s (s) + Kc · Ss (s)



(7.6)



Ks and Kc are unknown. Inertia torque generated by the main rotor Considering the equation 7.1 Qmr (s) = AQmr · Tmr (s)



(7.7)



To identify the AQmr constant a series of flight test are conducted where the pilot starts of at the stable hover flight where after he sets the tail rotor blade pitch to zero. Due to the torque generated by the main blades helicopter will accelerate in to spin around z-axis. This acceleration is measured by the rate gyros, and thus using a least squares method AQmr can be determined. Thereby also determining the linearization bias Q¯mr . Inertia torque generated by the tail rotor Considering the equation 7.2 Qtr (s) = AQtr · Ttr (s)



(7.8)



The main effect of the Qtr is that it will give a positive contribution to a positive acceleration around y-axis seen from spatial plane (s2 ) and negative contribution to negative acceleration about s2 . That effect is taken advantage of during extraction of AQmr . To identify the AQmr constant a series of flight test are conducted where the pilot starts of at the stable hover flight where after he applies a maximum positive elevator input. The helicopter will experience a positive angular acceleration around y-axis (spatial frame s2 ), where after the pilot maneuvers the helicopter in to stable hover. Then the pilot will apply a maximum elevator negative input, thus making the helicopter experience a negative angular acceleration about y-axis (spatial plane s2 ). Due to the Qtr ’s effect there will be a difference, besides the sign, in measured positive and negative angular acceleration around s2 thus enabling the identification of AQt r and linearizing bias Q¯tr . D. 1st June 2004
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CHAPTER 7. SYSTEM IDENTIFICATION Main rotor thrust magnitude Considering equation 6.48 : s · |Tmr (s)| = −4 · |Tmr (s)| + KT mr · S(s)



(7.9)



When the system is in steady state i.e. stable hover, transient generating term can be disregarded therefore equation 6.48 can be rewritten as: |Tmr (s)| =



S(s) · KT mr 4



(7.10)



Furthermore it can be assumed that the thrust generated by the main rotor is equal to the gravitational force, thereby leaving the equation 7.10 with only one unknown term, KT mr . This equation is solved by conducting a series of hover tests where the pilot attempts to hold the helicopter stable in mid air. Using the flight data collected from the hover flight, main rotor rotation speed and blade pitch angle can be extracted, thus enabling the identification of the KT mr . Sensor data of a hover flight can be seen on fig. 7.1. [a] Decoded decodet PWM signal
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[b] Decoded heave PWM signal, filteret version
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Figure 7.1: Example of a hover flight data received from the helicopter
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7.1. MODEL PARAMETER CALCULATION Tail rotor Thrust magnitude Considering the equation 6.52: s · |Ttr (s)| = −10 · |Ttr (s)| + KT tr · Str (s)



(7.11)



When the system is in steady state i.e. stable hover, dynamic generating term can be disregarded therefore equation 6.52 can be rewritten as: Atr (s) · KT tr (7.12) 10 Furthermore it can be assumed that the magnitude of the Ttr is sufficient to generate enough anti torque on the CG to cancel out the rotary wings torque effect generated by the main rotor. These torques can be decomposed to: |Ttr (s)| =



s



Qmr = I · α s τtr = Ttr × (tail plane origin seen from body plane)



(7.13) (7.14)



Setting these two equations equal to each other magnitude of |Ttr | can be extracted thus leaving equation 7.12 with only one unknown term, KT mr . This term is identified again using the hover flight series to determine tail rotor blade pitch and rotational speed. Magnitude of Qmr in stable hover is predetermined in equation 7.7. Thus also identifying the linerisation bias |T¯tr |. Thrust Direction equations β1c, β1s Considering equations. 6.57 and 6.62 s · β1c (s) = −4 · β1c (s) + K1c · Sc (s) s · β1s (s) = −4 · β1s (s) + K1s · S(s) It is considered that dynamics of the longitudinal and lateral tilts of the tip path plane are the same, with respect to the input, thus identifying the dynamics of β1c will lead to dynamics of the β1s . Furthermore when the system is in steady state, transient generating terms can be disregarded thus the equations 6.62 and 6.57 can be simplified to: K1c · Sc (s) (7.15) 4 K1s · Ss (s) β1s (s) = 4 To get the tilt of the TPP in to steady state and still having the possibility to measure β1c and β1s angles, the helicopter is firmly grounded to the laboratory floor. Thereafter the TPP angles are measured (photo device) with none and full elevator input, and servo input data is sampled. Thereby leaving the equation 7.15 with only one unknown term,K1c = K1c . β1c (s) =
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CHAPTER 7. SYSTEM IDENTIFICATION



7.2 Model parameter estimation A series of flight experiments for system identification and parameter estimation were organized for the first objective in the chapter 2 Specification of requirements. The flight series were conducted as described in 7.2.1 with three different methods. The experiment were conducted without any interference from the PC/104 system mounted onboard the helicopter which were only used for logging of flight data during the experiments and to give correct flight data with all equipment mounted. The only regulation of the helicopter were the Rate Gyro (RG) which serves as a stabilizer for the yaw-axis. Figure 7.2 shows a block diagram of the system with the influence of the RG. Elevator
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Figure 7.2: Block diagram for the system during test in collection of flight data for parameter estimation.



For each of the following methods there are constructed a specific time scheme and description of how to carry out the experiments, see app C.



7.2.1 Methods Noise determination The determination of noise created from the surrounding environment, the system mounted on the helicopter, the helicopter self and the RC were used to eliminate most of the noise applied to the sensors during sampling of a flight. This test were conducted manually via the RC operated by the pilot of the helicopter. The pilot were operating the helicopter only to stabilize and keep it in the air for the tests. D. 1st June 2004
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7.2. MODEL PARAMETER ESTIMATION



1 : Hover at 10 − 20 m 2 : Hover near ground (0.5 − 1.5 m) 3 : Auto gyro rotation



 (Noise measuring)  (Noise measuring with air turbulence)  (Motor noise)



All sensors



Step response The method using step response were conducted manually via the RC by giving the control stick a full deflection on one of inputs at a time at hover. This were used to determine the gain, delay and damping of the system. The experiments were conducted in a way that mainly one input were altered to have reliable flight data for further processing.  Step in x-axis (Elevator)  Step in y-axis (Aileron) Accelerometer  Step in z-axis (Pitch/Throttle)  Step around x-axis (Elevator)  Step around y-axis (Aileron) Gyroscopes  Step around z-axis (Rudder) 10 : Step in rotation speed ( rpm) (Pitch/Throttle) Tachometer



4: 5: 6: 7: 8: 9:



Frequency response The frequency sweep control sequence were applied through each input one at the time. The characteristic of the input were that of a chirp signal, see figure 7.3. This characteristic helped with the processing of data in MATLAB. Through the frequency sweep the dynamic relation in the system were found. The test can either be conducted automatically or manually. Both methods are described bellow with the automatic first and the manually second.  Sampling of control input, generation of control output  11 : Computer controlled sweep on each servo  Motor (Rotor) rotation speed constant



Automatic sweep produce by PC/104



The manually controlled sweep for each input were conducted by the pilot via the control stick. The control stick is moved from side to side or up and down to generate a chirp signal as input with increasing frequency, depended on which input were altered. To get the most identical amplitude for each series of test, the RC is set to 50 − 100 % of maximum deflection. 12 : 13 : 14 : 15 :



Sweep in z-axis Sweep in x-axis Sweep in y-axis Sweep in z-axis
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CHAPTER 7. SYSTEM IDENTIFICATION



Figure 7.3: Characteristic for a chirp signal.



7.3 Part conclusion Model structure of a RC-helicopter has been devised in chapter 6 and nonlinear differential equations have been deduced and linearized, ready to use in system identification chapter. Flight tests for system identification have been conducted. However the project group was not successful in acquiring sufficient amount of data in time for a thorough system identification, therefore the system identification techniques and procedures that would have been used where described. This task has been left for the future work on the helicopter. Furthermore in modeling of the helicopter rotary wing dynamics crude simplifications have been implemented which will have discrepancies compared to the real system, this is also one of the main task for the future work on the helicopter.
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Part IV Design
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Design 8.1 Controller design



In this chapter a controller for a R-50 model helicopter will be devised. As it has not been possible to identify all the parameters for the developed helicopter system-model in chapter 6 a complete state space controller for our own helicopter has not been established. As a second resort a state space model with data for a larger Yamaha R-50 helicopter from [Mettler et al., 1999] has therefore been used, to demonstrate the construction principles of the controller. The controller will be devised for the attitude control of the helicopter in a hover manoeuvre, and it must therefore only regulate the outputs to zero in the system (no reference is introduced). The regulator should therefore first be activated when the helicopter is in the air, and should then handle any disturbances that influence it. As the helicopter system is a multiple input multiple output system (MIMO), optimal control and estimation will be used for the calculation of the controller and estimator gains. Documentation for the theory behind both time-varying and steady-state optimal control and estimation can be found in appendix D.



8.2 State space model The state space description obtained for the R-50 model helicopter can be seen expressed as a linear system in equation 8.1, together with values for the parameters used in the system matrix F and input matrix G.
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Xu 0 Lu Mu 0 0 0 0 0 0 50



0 Yv Lv Mv 0 0 0 0 0 0 0



0 0 0 0 0 g 0 0 0 0 0 0 1 0 0 0 1 0 0 −1 0 −1 0 0 0 0 0 Np 0 0 0 0 0



−g 0 0 0 0 0 0 0 0 0 0



x



}| Xa1s 0 La1s Ma1s 0 0 −1/τf Ba1s Za1s 0 0



0 Yb1s Lb1s Mb1s 0 0 0 −1/τf Zb1s 0 0



0 0 0 0 0 0 0 0 Zw Nw 0



0 0 0 0 0 0 0 0 Zr Nr Kr



0 0 0 0 0 0 0 0 0 M Nped M Krf b



G



z }| { z { vx 0  vy   0     ωx   0     ωy   0     φ   0     θ  +  0     a1s  Alat     b1s  Blat     vz   0     ωz   0 0 rzf b



0 0 0 0 0 0 Alon Blon 0 0 0



}|



0 0 0 0 0 0 0 0 0 Nped 0
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Ba1s Lu MNped Nw Zb1s



0.5543 −0.2111 −21.74 0.07237 −121.2



g Lv Mu Ya1s Zr



32.2 0.1505 −0.0855 −32.2 0.9418



Alat Nped



0.05685 21.74



Alon Zcol



−0.3824 2.303



Parameter Value F-Matrix Kr 1.731 Ma1s 67.74 Mv −0.05298 Yb1s 32.2 Zw −0.5024 G-Matrix Blat 0.4448



Parameter



Value



Parameter



La1s Ma1s Np Yv



22.14 −7.366 −3.126 −0.2289



Lb1s MKrfb Nr Za1s



Blon



0.03773



Ncol



Value 142.5 5.483 −2.742 −28.85



40.23



8.2. STATE SPACE MODEL
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CHAPTER 8. DESIGN The states included in the state vector x respectively describe: The longitudinal and lateral velocities (vx and vy ), the angular velocity about the x- and y-axes (ωx and ωy ), the angle about the x- and y-axes (φ and θ), the longitudinal and lateral flapping angles (a1s and b1s ), the vertical velocity (vz ), the angular velocity about the z-axis (ωz ) and the damping coefficient for the angular velocity about the z-axis (rzf b ). The angles and the angular velocities are respectively specified in degrees and degrees per second and the linear velocities are specified in feet per second. The system is controlled through four inputs which are feed to system through the input vector u. The variables in the input vector respectively describe: The lateral cyclic input (δlat ), the longitudinal cyclic input (δlon ), the rudder (yaw) input (δped ) and the collective pitch input (δcol ). The units for all the inputs are specified in percentage of full control deflection on the remote control. For the first three inputs a deflection range from −100% to +100% exists and for the fourth input (collective pitch) a deflection range from 0% to +100% exists. To detect any movement of the helicopter, the output matrix H will contain the linear velocities in the x-, y- and z-axes together with the angular velocity about the z-axis for the helicopter. The output equation for the system containing the output vector y and the output matrix H giving the desired outputs can be seen in equation 8.2. x
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8.3 Perfomance demands For the regulator construction a set of criteria’s have to be established for which the regulator has to comply with. The first of these criteria’s are the maximal allowable deviation of the control inputs and the states which are to be controlled. For the R-50 helicopter the maximal deviations have been chosen as in table 8.1. Both the input deviations and the state deviations have been chosen according to D. 1st June 2004
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8.4. DISCRETE TRANSFORMATION the a hover manoeuvre definition as given by [Mettler et al., 1999] for which the R-50 state space model is valid. δlat : δlon : δped : δcol :



±50 % ±50 % ±50 % 0 − 100 %



vx : vy : vz : ωz :



0.49 ft/sec (15 cm/sec) 0.49 ft/sec (15 cm/sec) 0.16 ft/sec (4.8 cm/sec) 0.08 ◦ /sec



Table 8.1: Maximal allowable deviation of inputs and controlled states



The next set of criteria’s, the regulator should meet, are the settling times for the outputs. To keep the system within the area where the model is valid, the regulator should not control the system to fast. Therefore the settling times for the longitudinal and the lateral velocities are set to lay between 10 to 15 s and the settling time for the vertical velocity is chosen to be around 5 s. Furthermore the responses should be over damped so that no oscillatory responses occur. The angular velocity on the other hand is a little more critical as the helicopter should not spin out of control, therefore a settling time of about 2.5 s is chosen and oscillatory movement is permitted. The chosen settling times can be seen summed up in table 8.2. vx : between 10 − 15 s vz : approx. 5 s



vy : between 10 − 15 s ωz : approx. 2.5 s



Table 8.2: Settling time for the outputs



8.4 Discrete transformation The sampling time for the discrete system is chosen as being approximately twenty times faster than the fastest pole in the open-loop system. The poles for the openloop system have the values shown in table 8.3. With the pole placements shown in 8.3, the sampling time Ts is chosen to be 25 ms. The discretization method hereafter used is that of "zero order hold", as this method resembles the analogue to digital conversion process used in the flight-computer. D. 1st June 2004
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CHAPTER 8. DESIGN −1.3609 ± 11.7675i −1.3000 ± 8.2728i 1.3789 ± 4.5478i 0.2802 ± 0.0888i −0.4476 ± 0.0890i −0.5192 Table 8.3: Eigenvalues of F matrix



8.5 Full state feedback control As mentioned in 8.1 steady state optimal control (LQR) will be used for the calculation of the controller gain K. For the theory behind LQR appendix D.1.2 can be sought. The state that are to be controlled are the same as those measured and therefore the H matrix used will be the same as described in 8.2. The regulator will be introduced into the system as shown in figure 8.1 and the resulting system description becomes as in 8.3.



u(k)



Plant Φ,Γ



x(k)



H



y(k)



÷K Figure 8.1: Full state feedback control



x(k + 1) = (Φ − ΓK)x(k)



(8.3)



To use LQR for the calculation of a control gain matrix weighting matrices Q1 and Q2 as described in D.1.3 first have to be established. With these matrices the response of the regulator can be manipulated and as initial values the maximal deviations of the inputs and states from section 8.3 are used for respectively Q2 ¯ 1 and Q2 as and Q1 . The maximal deviations are entered in the diagonal of Q ¯ 1 and Q2 matrices can be seen in the reciprocal squared value. The resulting Q equation 8.4 and 8.5. D. 1st June 2004
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8.5. FULL STATE FEEDBACK CONTROL







1 m21



 0 ¯1 =  Q   0 0



0 1 m22



0 0



m1 = 0.49 m3 = 0.08







  Q2 =   



0 0 1 m23



0



0 0 0 1 m24



    



(8.4)



m2 = 0.49 m4 = 0.16



1 u21,max



0



0



0



0



1 u22,max



0



0



0



0



1 u23,max



0



0



0



0



1 u24,max



u1,max = 0.50 u3,max = 0.50



     



(8.5)



u2,max = 0.50 u4,max = 1.00



¯ 1 is transformed into Q1 and multiplied with the scalar value ρ as Hereafter Q shown in equation 8.6. ¯ Q1 = ρHT QH



(8.6)



The scalar value ρ is used to penalize the energy used by the regulator to control the system. If the system response is to slow the value can be increased to speed the system up and if it is to fast the value can be reduced. The two extreme situations for the value of ρ are called the expensive- and cheap control case. For the expensive case where a lot of energy is used ρ goes towards 0 and for the cheap case where only a little control energy is used ρ goes towards ∞. As an initial value for ρ, 1 is chosen. With Q1 and Q2 and ρ chosen a controller gain is hereafter calculated with the help of LQR as described in D.1.2. To evaluate the devised controller a transient response is performed to initial state conditions. The initial conditions for the response are: −0.5 ft/s for vy and vz , 0.5 0.5 for vx and 0.08 ◦ /s for ωz . The response can be seen on figure 8.2. As it can be seen on figure 8.2 the response of the system does not comply with the defined settling times as it is much to fast. Furthermore a little oscillation is also apparent on vx and vy . The control inputs on the other hand all comply with the maximal allowable deviation. To accommodate the demands for the settling time, ρ is decreased to slow the system response down, which in essence is done by penalizing the use of controls in the LQR control matrix calculation. Furthermore D. 1st June 2004
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CHAPTER 8. DESIGN 0.5 lat lon ped col 0
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Figure 8.2: Transient response with regulator to initial state condition



the state weighting matrix Q1 is also modified to adapt the individual responses of the states. After some iteration on the controller gain, an acceptable response ¯ 1 as in 8.7. is obtained with ρ equal to 2 · 10−4 and Q 



1 m21



 0 ¯1 =  Q   0 0



0 1 m22



0 0



m1 = 0.55 m3 = 0.05



0 0 1 m23



0



0 0 0 1 m24



    



(8.7)



m2 = 0.45 m4 = 0.45



The transient response with the same initial conditions as before, but with the acceptable controller gain can be seen in figure 8.3.
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8.6. ESTIMATOR 0.03 lat lon ped col
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Figure 8.3: Transient response with modified regulator to initial state condition



As it can be seen on figure 8.3 the new regulator now meets the settling time and the damping requirements. Furthermore the plant inputs are well below the required maximal deviations.



8.6 Estimator The last step in the controller design is to replace the full state feedback with an estimated state. This is done by adding an estimator to the system as shown on figure 8.4, and the corresponding estimator law used for this can be seen in equation 8.8. x ˆ(k) = x ¯(k) + L(y(k) − y ¯(k))



(8.8)



The measurement matrix H used in the estimator design will be the same as shown in 8.2, and it therefore follows that the outputs which are feed back D. 1st June 2004
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CHAPTER 8. DESIGN



Figure 8.4: Controller with state estimation



into the estimator will be: vy , vx , ωz and vz . As no information has been given in [Mettler et al., 1999] about the sensor and process noise, values for the rms sensor accuracy will be assumed and values for the process noise will be selected based on the performance of the estimator (D.2.3). The rms accuracy of the linear velocity measuring sensors will be assumed to be 1.07 · 10−3 ft/s and for the angular rate sensors 3.20 · 10−3 ◦ /s. With these values the measurement noise matrix Rv will according to D.2.3 become as equation 8.9   0.001072 0 0 0   0 0.001072 0 0  Rv =  2   0 0 0.0032 0 2 0 0 0 0.00107



(8.9)



As for starting values for the process noise matrix Rw , it will be assumed that the noise enters the system identically through all the inputs, suggesting that Γ1 in D.30 is equal Γ and furthermore 0.1 will be chosen as the initial values for the diagonal elements, suggesting that the plant model is imprecise. The resulting process noise matrix Rw can be seen in equation 8.10.  0.1 0 0 0  0 0.1 0 0  Rw =  0 0 0.1 0  0 0 0 0.1 



(8.10)



With these noise matrices and the plant model, an estimator gain matrix L is devised via a steady state Kalman filter (D.2.2). To evaluate the resulting estimator, measurement-noise is introduced into the system. For the linear velocitysensors random noise with a rms value of 1.07 · 10−3 is used and for the angular rate sensor a rms value of 3.20 · 10−3 is used. The transient response to a initial state condition with the controller can hereafter be seen on figure 8.5. D. 1st June 2004
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8.6. ESTIMATOR 0.6
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Figure 8.5: Transient response to initial state condition with estimator and noise



The initial conditions for the state in figure 8.4 are: −0.5, 0.5, 0.08 and −0.5 for respectively: vy , vx , ωz and vz . As it can be seen on the figure 8.4 a lot of noise is apparent in specially ωz and vz . To reduce this the estimator gain matrix must be modified through the process noise matrix. As the process noise matrix contains quite large values, the Kalman filter is rather fast and pays a lot of attention to the measurements. To reduce the measurement noise the Kalman filter must therefore be slowed down and trust more on the plant model than the measurements. After some iterations on the process noise matrix Rw , new values are found that produce a better estimator. The new process noise matrix Rw can be seen as 8.11.   −4 10 0 0 0  0 10−3 0 0  Rw =   0 0 0.1 0  0 0 0 0.1



(8.11)



The transient response to the same initial state conditions as before but with a estimator based on the new process noise matrix can be seen on figure 8.6. D. 1st June 2004
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CHAPTER 8. DESIGN 0.6



0.4 vx 0.2



ω



y



0



v



−0.2



z



v



y



−0.4



−0.6



−0.8



0



5



10



15



time [sec]



Figure 8.6: Transient response to initial state condition with modified estimator and noise



As it can be seen on figure 8.6 the new estimator now has become less sensitive to noise but this has also had its cost as the estimator will be more sensitive to disturbances.



8.7 Sub conclusion As the design of the controller in this chapter has been purely for demonstration purposes and some assumptions have had to be made about the system, the developed controller would naturally not be fit for an actual regulation of a R-50 model-helicopter. It has although been described in [Mettler et al., 1999] that a scaling of the dynamics between a full size UH-1 Huey Helicopter and the R-50 model scaled helicopter is possible. As this is the case a further down scaling of the R-50 dynamics to the model scaled helicopter used in this project would probably also be possible and the behaviour of the developed controller could therefore be related to our helicopter as well. Another approach to the development of a controller for the helicopter could also be through robust control. As D. 1st June 2004
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8.7. SUB CONCLUSION certain simplifications are made in the modelling process, the developed model will have a given uncertainty. In the design approach of robust control, this model uncertainty can be accounted for and a controller based on stability rather than performance, as with optimal control, could then be developed.
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Discussion This chapter will evaluate the different facets of the project in order to discuss advantages and disadvantages of the methods used in this project. Furthermore possible solutions to the problems, that where encountered, will be discussed.



9.1 System setup 9.1.1 Hardware • Electronics in general Since most of the electronic design have been done by the project group, the assembling of the electronics have been very time consuming and thus leaving the final product as a prototype. For future generations of UAV’s it will be advised to use preassembled electronics, such as the o-navi PhoenixAX Internal measurement unit (IMU) [o navi, ]. This will make the electronics lighter, smaller in size and probably more reliable. • Wireless connection Use of the free-ware version of the QNX software has rendered the project group unable to properly install a wireless network adapter, due to lack of supporting driver. This can be avoided with the use of other real time systems such as RTAI Linux, RT Linux, Vxworks ect. • GPS To avoid drift and bind the position error an absolute position measurement is necessary. Solution for this is a GPS which conveniently also comes with the PhoenicAX. • Batteries The batteries used are only chargeable with a 0.7 A current, which makes charging time consuming. Combined with the fact, that battery pack allows only approx. 30 minutes of effective flight, makes them a poor solution. A proper solution would either be higher charge current tolerance, more sets of battery’s, larger capacity or a combination of all of the above mentioned. 94



CHAPTER 9. DISCUSSION • PC/104 board The PC/104 board is found suitable for the UAV prototype since the processing power and PC like behavior gives a easy to use platform and flexible environment. However during the first samples of sensor data a large measurement noise was experienced with a variance up to 500 quantums that appears some time after system has been started (see figure ??). During empirical tests it was derived that an external fann blowing air in to the PC-104 system will reduce the noise induced by the overheating, down to a variance of app. 10 quantums. However the exact reason for this noise still remains unknown and should be handled.



9.1.2 Mechanic To avoid correlation between the signals emitted from the translational and rotational sensors they where placed on a cube. Furthermore the sensor cube was placed as close to the CG as was possible. The first mounting to the helicopter was with two aluminum hinges and was later on replaced with rubber bands. This was done in hope that the elastic property of the rubber bands will filter out some mechanical noise propagated from the moving helicopter parts. However the cube x, y and z axes are not parallel with the helicopter body b1 ,b2 and b3 axes, which in turn will result in a correlation between the measured data. This correlation is not handled in the project, although a simple calibration matrix can be applied to the sensor outputs and thereby reduce the correlation to a minimum. Furthermore the sensors measuring the rotation of helicopter do not measure the exact rotation due to displacement of the sensor cube from the helicopter CG, this can be compensated by using a mapping matrix that maps the velocity vector to the helicopter CG. An other way to deal with this problem is to take advantage of decoupled effect of rotations around b1 ,b2 and b3 axes and place each sensor separately on the helicopter so that the respective sensors measure their respective rotations. Thereby meant that the sensor measuring pitch acceleration can be placed on the side of the helicopter to the right of the center of mass, sensor measuring the yaw acceleration can be placed on the bottom of the helicopter just beneath the CG and the sensor measuring the roll dynamics can be placed on the back of the helicopter body directly behind the CG.



9.1.3 Software • Handling of servo control signal The method used to sample the servo control signals, is through continues polling for data. Not only is this process time demanding for the processor, but the output also suffers from jitter when the sensor sampling requests D. 1st June 2004
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9.2. MODELING for processor time and at relative simultaneously changes in the states of servo control signal occur. The solution would be to use a flight computer with interrupt capacity or PWM I/O capacity, to handle servo control signal. The aforementioned IMU PhoenixAX is based on the motorola MCORE processor which haves this ability. • QNX The operating system QNX is suitable for the UAV application and easy to operate due to the POSIX standard used, for anyone familiar with Linux or Unix based systems. However to use the full potential, such as porting to embedded system, a full license is needed. With a application for student license, it is possible to get this, however no response have been received to our request. An advise for student projects,is to use a system with full support or be more aggressive in obtaining a license.



9.2 Modeling During the creation of the model, assumptions and simplifications where made, that have proven successful in related work. It has however not, in this work, been possible to achieve data to verify if the model is useable for autonomously controlled hover. Figure 9.1 shows the actual dynamics involved in the helicopter, compared to the model created in this work. Shown on 6 figure 9.1, the diagram displays the helicopter dynamics in more detail then in figure 6.10. Ss
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Figure 9.1: Detailed model of the helicopter (The dynamical linkage between the dynamics is included in the receiving dynamics) D. 1st June 2004
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CHAPTER 9. DISCUSSION • Beyond the rigid body The actual nature of the dynamics would be modeled through identification of bandwidth and component transients. Hereby dividing the model in to needed components, from servo input, to the pitch angle on the rotor blade θmr and to the given thrust force. • Rigid body The accuracy of the rigid body dynamics is mainly depended on the accuracy of helicopter measurements such as mass and inertia, and the way the nonlinearity is handled. If the accuracy of the rigid body is based on accurate measurements a non flexible design would occur, as the states of the 6 DOF airframe is a tightly coupled system. The design of a single nonlinear controller would, as opposed to a decoupled linear form, remain applicable over the full operational flight envelope. A nonlinear control approach would be an efficient way to represent the coupled airframe. • Motor controller For design of a controller for rotor angular velocity of the motor the ZieglerNichols step response method was considered to be used, however due to the lack of time this was not implemented. Since the nature of the helicopter dynamics change during different maneuvers, one complex model could either account for all possible situations or a hybrid approach could be applied. From work such as [Franzzoli et al., 1999], the hybrid approach has proven efficient, and would indeed be a interesting choice.



9.3 Controller As the system identification of the developed model structure was not possible due to the lack of quantity of sampled data, a model observer could not be completed. Furthermore all system states cannot be meashured therefore a state space controller can not be used due to the lack of full state feedback. Therefore it has been decided to design an optimal controller in chapter ?? purely for the demonstration purpose where a model structure of an Yamaha R-50 described in [Mettler et al., 1999] is used. Another approach to the development of a controller for the helicopter could also be through robust control. As certain simplifications are made in the modeling process, the developed model will have a given uncertainty. In the design approach of robust control, this model uncertainty can be accounted for and a controller based on stability rather than performance, as with optimal control, could then be developed. D. 1st June 2004
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10



Conclusion In this chapter the conclusion on the Autonomous helicopter project is written and a short summary for each part of the project will be given in following sections.



10.1 Hardware Helicopter project was started by this group from scratch, therefore an set of hardware necessary for autonomous flight was designed and implemented. Following hardware components where added to the basic RC-helicopter model: • PC-104 system which consists of: – PC-104 processor board – PC-104 power supply unit – PC-104 LAN adapter – PC-104 I/O unit • electronic board designed to handle routing of the sensor and control signal from manual to autonomous control • Main rotor angular velocity sensor • 3 rate-gyroscopes • 2 dual-axes accelerometers In order to accommodate the extra hardware a new landing gear was constructed. Furthermore it can be concluded that the implemented hardware operates within desired parameters, however two things must be mentioned. The first is the accelerometer readings noise magnitude, which was discovered. The accelerometer sensors are susceptible to mechanical noise in form of helicopter vibrations. Filtration of this noise was not possible due to the fact that vibration dynamics is very close to helicopter dynamics seen from frequency perspective. The second is the electrical noise induced in the hardware. By conducting empirical tests it was discovered that the source of this noise originates in overheating of the PC-104 98



CHAPTER 10. CONCLUSION system. Therefore a fan that blows air in to the computer cabinet was implemented, however the exact reason for this noise is still unknown and due to lack of time it was not investigated.



10.2 Software The operating system used on the PC-104 system is QNX due to a number of positive qualities such as the use of POSIX standard. However full potential of this system was not exploited because full license for the software was not acquired, thus leaving the project group with a numerous hardware access problems. Furthermore the method used to sample servo control signal, is trough continuous polling for data. This method is not optimal due to the fact that jitter will generate large variance noise in the control signal measurements. However changing the servo control signal sampling algorithm will remove the problem. QNX is still considered by the project group to be a good operating system for UAV’s if the full version is obtained.



10.3 Model To simplify the model derivation process general helicopter model was divided in to four subsystems: • Actuator dynamics • Rotary wing dynamics • Force and moment generation • Rigid body dynamics Differential equations for each of the described subsystems were derived and linearized, where after the linear equations where presented in the state space form. However due to lack of quantity of flight test data system identification of the derived helicopter model was not possible. To present the project groups knowledge of the optimal control design a helicopter model derived in [Mettler et al., 1999] was used and an optimal controller was designed for the borrowed model.
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11



Nomenclature list Two nomenclature lists are shown below ordered alphabetically. The first shows the nomenclature for words and terms used in the report, whereas the second lists all the variables used. The list with the variables consists of two parts where the first represents the variables used in this project and the second the variables used with the design of the controller for the Yamaha R-50. In the list containing the variables for the Yamaha R-50 controller the units are shown respectively to the variables whereas for the rest of the variables for the project IS-standards are used except those stated in the list.



11.1 Words, terms and abbreviation Word / Term ADC Aileron API Azimuth Bell-Hillar bar Body frame Body fixed frame CG CIFER Collective input CPU Cyclic pitch input DGPS DIO DOF dpi Elevator Feather hinge FIFO Fixed frame FP



Description Analog to Digital Converter Cyclic pitch input that generates a roll movement Application Programming Interface Forward orientation on the helicopter Metal rod with paddles, mounted on the rotor hub. Used to stabilize the main rotor and introduce pitch control Orthogonal coordinate system originates in CG of the helicopter See: Body frame Center of Gravity Comprehensive Identification from Frequency Responses Main rotor blade angle input. Used for heave control Computer Processor Unit Roll and pitch inputs Differential Global Positioning System Digtal Input/Output Degrees of Freedom Dots per inch Cyclic pitch input that generates a pitch movement Hinge that allows pitch movements of rotor blades First In, First Out See: Body frame Fixed Plane Continued on the following page
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CHAPTER 11. NOMENCLATURE LIST Continued from the previous page Word / Term Description Fuselage Body of helicopter GPS Global Positioning System Hover Flight manoeuvre where the helicopter is held in one position HP Hub Plane Inertial frame Orthogonal coordinate system originates in CG of the Earth with a fixed North / East / Down orientation IPC InterProcess Communication ISA Industrial Standard Architecture Lag hinge Hinge that allows blades to lag behind the azimuth LED Light Emitting Diode Lifting force Force generated by rotation of the main rotor Linux Free Unix-type operating system originally created by Linus Torvalds LQG Linear Quadratic Gaussian LQR Linear Quadratic Regulator Main rotor Rotor for roll, pitch and heave control Main rotor blade See: rotor blade Main rotor disk Simplified model of rotor blades on the main rotor when rotated MIMO Multi Input, Multi Output Off-time Time where the servo control signal is low On-time Time where the servo control signal is high Opto-isolation Isolation of electronics via light OS Operating System PC/104 Form factor standard for industrial computers pcb Printed circuit board PCM Pulse Code Modulation Pitch Rotation of the helicopter about the y-axis Pitch horn Connection point on the main rotor blades where cyclic and collective input are transfer to pitch movement POSIX Standard for program-threads in UNIX systems PPM Pulse Position Modulation Propulsion force Thrust. See: lifting force PSU Power Supplies Unit PWM Pulse Width Modulation QNX Real-Time Operating system RC Remote Control RG Rate Gyroscope Rigid body Solid body of finite dimensions in which deformation is neglected Roll Rotation of the helicopter about the x-axis Rotor blade Wing for thrust generation Rotor hub The main rotor shaft including the link between the rotors RPM Rotation per minute RT-Linux Real-time variation of Linux Rudder Yaw input generating rotation of the helicopter about the z-axis Sensor frame Orthogonal coordinate system originates in CG of the sensor mounting Continued on the following page
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11.2. VARIABLE Continued from the previous page Word / Term Description Servo Motor for control of the helicopter Servo control signal Pulse train signal for servo position control SP Sensor Plane Spatial frame Orthogonal coordinate system originates in CG of the helicopter with a fixed North / East / Down orientation SSH Secure Shell Stabilizer bar See: Bell-Hiller bar Swash plate Mechanical link for altering the pitch angle of the main rotor blades Thread A process that is executed within a kernel Thrust Generated force from the rotors in the opposite direction as the force vector Tail rotor Rotor for yaw control Tilt Rotation of the helicopter about the x-axis TP Tail Plane TPP Tip Path Plane Tri-state High impedance state for output on TTL logic TTL Transistor-Transistor Logic UAV Unmanned Aerial Vehicles UNIX UNiplexed Information and Computing System Yaw Rotation of the helicopter about the z-axis X86 Standard for computer processing units



11.2 Variable Variable Description Acol Input to collective servo AQtr Slope coefficient for the tail rotor BQmr B b2 C b



fx



b



fz



tp b



fytr



fg



F



Offset for the main rotor Input gain matrix for state space description Lateral axis in the body frame Output matrix for state space description Force described in the body frame in longitudinal direction Force described in the body frame, zaxis See: tp ftr Gravitational force on the body frame Force [ N]
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Variable Description AQmr Slope coefficient for the main rotor A System matrix for state space description BQtr Offset for the tail rotor b1 Longitudinal axis in the body frame b3 D b



fy



tp b s



f fg



g
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ftr



Vertical axis in the body frame Feed forward matrix for state space description Force described in the body frame in lateral direction Force described in the tail plane in lateral direction Joint forces {b fx , b fy , b fz } Gravitational force on the spatial frame Gravity [9.81 m/s2] Continued on the following page
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CHAPTER 11. NOMENCLATURE LIST Continued from the previous page Variable Description H Angular momentum vector of a rigid body about CG ht Decoupled height for the TP from origin of the body frame hp2 Lateral axis in the HP i Unit vectors i2 Lateral axis in the initial frame Ixx Inertia about x-axis Ixz Inertia about xz-plane Iyx Inertia about yx-plane Izz Inertia about z-axis Izy Inertia about zy-plane j Unit vectors K1c A compensation constant for longitudinal flapping Kcol A compensation constant for the simplifications implemented in the model KT tr



KT T lt b



MF



b



Mtr



b



NM



p˙x p˙z Qmr b



RF



r rtr s s2



A compensation constant for the simplifications implemented in the model with the tail rotor Ωtr · rtr · Ktr · 12.2 Distance from CG to tail rotor longitudinal Torque in y-axis acting on helicopter body Torque for the tail rotor in y-axis acting on helicopter body Torque tor the main rotor in z-axis acting on helicopter body Longitudinal velocity. Differentiated of the longitudinal position Velocity along z-axis. Differentiated of the position along z-axis Magnitude of the torque generated for the main rotor Torque in x-axis acting on helicopter body Length of the arm [ m] Tail rotor blade radius Laplace differential operator Lateral axis in the spatial frame
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Variable Description hm Decoupled height for the HP from origin of the body frame hp1 Longitudinal axis in the HP hp3 i1 i3 Ixy Iyy Iyz Izx I k K1s KT mr



KT M



lm m b



Mmr



b



NF



b



Nmr



p˙y p˙ Qtr b



Rmr



rmr RTsb s1 s3



Vertical axis in the HP Longitudinal axis in the initial frame Vertical axis in the initial frame Inertia about xy-plane Inertia about y-axis Inertia about yz-plane Inertia about zx-plane Inertia matrix Unit vectors A compensation constant for lateral flapping A compensation constant for the simplifications implemented in the model with the main rotor Ω · R · Kcol · 1.2



Distance from CG to main rotor longitudinal Mass of the helicopter Torque for the main rotor in y-axis acting on helicopter body Torque in z-axis acting on helicopter body Torque tor the tail rotor in z-axis acting on helicopter body Lateral velocity. Differentiated of the lateral position {p˙x , p˙y , p˙z } Magnitude of the torque generated for the tail rotor Torque for the main rotor in x-axis acting on helicopter body Main rotor blade radius Rotation matrix Longitudinal axis in the spatial frame Vertical axis in the spatial frame Continued on the following page



Kl. 22:43



11.2. VARIABLE Continued from the previous page Variable Description S Servo control signal for control of the main rotor collective pitch angle θ0 [ %] Ss Servo control signal for control of the aileron pitch angle θ1s [ %] tpp1 tpp3 Ttr Tmr ˙ Tmr v˙x v˙z s



v˙



b



x x y β1c β˙1c b/i



ω



Ωtr ω˙yb ω˙ b φb φ˙b Ψ ψ˙b τt b τx b



τz



θ0 θ1 c



Variable Description Sc Servo control signal for control of the elevator pitch angle θ1c [ %] Str



Longitudinal axis in the TPP Vertical axis in the TPP Thrust generated by the tail rotor Thrust vector for main rotor Differentiated of the thrust Tmr for the main rotor Longitudinal acceleration. Differentiated of the longitudinal velocity Acceleration along z-axis. Differentiated of the velocity along z-axis Acceleration vector from spatial frame Arbitrary vector seen in body frame States for state space



tpp2 Tmr T Ttr T˙tr



Output for state space Longitudinal flapping angle Angular velocity for the TPP (longitudinal) Angular velocity of the body frame seen from the inertial frame Angular velocity of the tail rotor Angular acceleration in x-axis for the body Angular acceleration vector for the body Roll angle Angular velocity Euler angular velocity matrix Angular velocity for yaw Time constant Torque in x-axis seen from body frame Torque in z-axis seen from body frame Collective pitch on the main rotor Cyclic pitch in longitudinal direction



ω˙zb
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v˙y i



v



Servo control signal for control of the tail rotor collective pitch angle θ0tr [ %] Lateral axis in the TPP Thrust generated by the main rotor Thrust vector Thrust vector for Ttr Differentiated of the thrust Tmr for the tail rotor Lateral acceleration. Differentiated of the lateral velocity Velocity vector from inertial frame



u



Input for state space



s



β0 β1s β˙1s



Arbitrary vector seen in spatial frame Distance from CG to main rotor lateral Coning angle Lateral flapping angle Angular velocity for the TPP (lateral)



Ω



Angular velocity of the main rotor



ω˙xb



Angular acceleration in x-axis for the body Angular acceleration in x-axis for the body Roll angle



x ym



φ φ˙ ψ ψb τ τdelay b τy b



τ



θ0tr θ1 s



Angular velocity Yaw angle Yaw angle Torque Time delay constant Torque in y-axis seen from body frame Total moment Collective pitch on the tail rotor Cyclic pitch in lateral direction Continued on the following page
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CHAPTER 11. NOMENCLATURE LIST Continued from the previous page Variable Description Variable Description θb Pitch Euler angle Θ Euler angle vector s Θ Euler angle vector seen from spatial θ˙b Pitch angular velocity seen from body frame frame sΘ ˙ Euler angle rate vector seen from spatial frame Controller - Yamaha R-50 a1s Longitudinal flap angle [ ◦ ] b1s Lateral flap angle [ ◦ ] ωx Roll angular velocity [ ◦ /s] ωy Pitch angular velocity [ ◦ /s] ◦ ωz Yaw angular velocity [ /s] rzf b Damping coefficient for yaw vx Longitudinal velocity [ ft/s] vy Lateral velocity [ ft/s] vz Vertical velocity [ ft/s] φ Roll angle [ ft/s] θ Pitch angle [ ft/s] δlat Aileron input [ %] δlon Elevator input [ %] δped Rudder input [ %] δcol Collective pitch input [ %]
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Part VI Appendix
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A



Data sheet for the model helicopter The appendix contains a list over manuals for modules, such as rate gyro and RC, and specifications for the motor and spare part specifications for the helicopter and motor. Filename Manual_FuturaSE.pdf 8uhps-manual.pdf GY501 - Manual.pdf Webra 61-P5.pdf Webra 61-P5 (Detail).pdf



Description Spare specification Manual for RC (Futaba 8U) in helicopter mode Manual for the rate gyro GY501 Specification for the Webra 61-P5 motor Spare part specification for Webra 61-P5



Table A.1: List of manuals and technical documents attached on the CD



A.1 Engine



volum power RPM bore stroke weight



Webra 61-P5 ccm/cu in 9,95/,61 PS / kW 2,3/1,7 RPM 2200-18000 mm 24,0 mm 22,0 g 565



Table A.2: Specification for the two stroke engine
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B



Electronic hardware In this chapter the circuit schematics, component list and production diagrams of each of the circuit is obtainable.



B.1 Power supply J23 SW2 NiCd_Pkg1 9.6Vdc



2 1



1



NiCd_Pkg2 9.6Vdc



2



Battery 2



3 4 5



J24



6



2 1



Batt INT/EKS LiPo_Pkg1 11.1Vdc



LiPo_Pkg2 11.1Vdc



Battery 1



Figure B.1: Battery switching circuit.



Battery 2 J2



1 2



D1 1N5821 D2



SW1 1



F1 2A



2



3



4



1



Power ON/OFF



D5 LED (Red)



1N5821 +



Battery 1 PSU 3 2 1 J3



18,5V



1 2



LM7815C IN U1



GND



1 2



OUT



D3



+



F2 2A D6 LED (Yellow)



1N5821 D4 1N5821



100n C3



100u C2



100u C1



5V



3



2



J1



R1 700



R2 250



0



Figure B.2: Power supply circuit.
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J22
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B.2 Tachometer - Rotor velocity measurement



3 2 1



TLE4905 U9



Output



VCC C6



C7



4.7n



4.7n



0 R8 1.2k



Figure B.3: Hall element circuit used to measure rotary speed of the main rotor.



3 2 1



Tacho J16 VCC VCC



0



R41 1k



U8 1 2 3 4 5



C6



0



10n



1 2 3 4 5



12 11 10 9 8



12 11 10 9 8



0 R42 1k



LM2917 + 1k R6



VCC



50u C7



R43 76.8



0



0 1k



50n



+



R7 R5 100k



C9



C8



100u



R8 10k Analog input - P3 (pin 8)



0



0



0



Figure B.4: Circuit for the tachometer used to measure the rotor velocity.
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B.3. I/O-CONNECTIONS CIRCUIT



J17 1 2 3 4 5 6



VCC



Tachometer



B.3 I/O-connections circuit



P3



z



5 9 4 8 3 7 2 6 1



C10 100n temp



0



Gyro_3 J18 1 2 3 4 5 6



VCC x



104_ana_i



0



100n C11



0



Gyro_2 J19 1 2 3 4 5 6



VCC y 100n C12



0



Gyro_1 J20 1 2 3 4 5 6



VCC z 100n C13



x



0



Acc_2 J21 1 2 3 4 5 6 Acc_1



VCC y 100n C14



0



Figure B.5: Wiring of the sensors.
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VCC 14 U5D
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8 74HC14



10 74HC14
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R19
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P2 104_dig_i



P1 104_dig_o



S_PWR
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2G 2A1 2A2 2A3 2A4



3 2 1



0 J12
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S_PWR
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1 2 4 6 8



3 2 1



0 J11
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0
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0



2Y1 2Y2 2Y3 2Y4



9 7 5 3



S_PWR



Aileron



3 2 1



0 J13



Throttle



U4 1Y1 1Y2 1Y3 1Y4



18 16 14 12
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S_PWR



3 2 1
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0
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5



74HC14



1G 1A1 1A2 1A3 1A4



74HC14



0



3 2 1 J6 Ch2



1 2 4 6 8



U7A 2



1 6 2 7 3 8 4 9 5



74HC14 2



6 U5A



S_PWR



J5 Ch1



U5C



0



1



VCC



S_PWR



14



3



1 6 2 7 3 8 4 9 5



113



VCC



4 74HC14
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Gyr_ctrl 3 2 1
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3 2 1
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B.4 Design of selector for flight control



3



Figure B.6: Circuit for the servo control decoder and switch.
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B.5. LED INDICATOR



B.5 LED indicator



Figure B.7: Circuit for led indicator.
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B.6 Voltage level converter



Figure B.8: Circuit for voltage level converter.
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B.7. PRINT LAYOUT



B.7 Print layout This section contains the print layouts for double sided pcb’s, where the first, main board, consist of the following circuits: PSU, selector, tachometer and link between the receiver and servos through the I/O-connections on the PC/104 system. The print layouts are scaled to 90 % of the original size.



B.7.1 Print layout overview



Figure B.9: Component placement for top side pcb.
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B.7.2 Routed print layout for top and bottom



Figure B.10: Print layout for the top layer of the double sided pcb.
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B.7. PRINT LAYOUT



Figure B.11: Print layout for the bottom layer of the double sided pcb.
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C



Flight data & experiment results C.1 Flight data This section will present the result of the flight test. Several test flights with the helicopter were conducted for the purpose of collecting as much data as possible. The overall quantity of data collected is to large to present here. Therefore a sub collection of data sets attained will be presented. These are chosen as representative for the entire data collection. The data can be split into three main groups which are: sensor data, serco control signal data and time-stamp values. The first group consists of the sensor measurements which describes the state of the helicopter system. The sensors are: three linear accelerometers, three rate gyroscopes, tachometer for engine RPM measurements and a temperature reading from the sensor block. The signal data are the signal values used to control the servos, these are (in no particular order): rudder, throttle, elevator, aileron, rudder (after gyroscope control system) and collective pitch. The last set of information is the time stamp values accompanying both the signal and sensor reading to get a correct time value for each servo and sensor reading.



C.1.1 Accelerometer Sensor Readings The data sets attained on the first test flight revealed a severe noise problem for all three accelerometer measurements. It was anticipated that the accelerometers would be worst affected by mechanical disturbances; because, mechanical vibrations manifests it self as rapid changes in the sensor velocity, i.e. acceleration. Other published work also complain of noise affecting linear acceleration measurement. This occurred in spite of countermeasures made (see 3.3).
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C.1. FLIGHT DATA After the initial flight test further countermeasures were made, for as long as the rapidly decreasing project time allowed it. In this period another phenomenon affecting SNR was discovered. By a fluke this was captured in a test sampling. Figure C.1 is of the y-gyroscope sensor in a test conducted without the engine 2200



Measuring quantities.



2150



2100



2050



2000



1950



0



500



1000



1500 Samples.



2000



2500



3000



Figure C.1: Fluke sampling of noise onset.



running. The purpose for this test was to check the level of the signal noise in the absence of the mechanical disturbance. The level of noise rises from below 10 sampling quantities to approx. 200 sampling quantities. Where one quantity is roughly 1.2 mV. Tests suggested that this problem was induced by lack of cooling to the PC/104 board and was fixed by mounting a cooling fan to the computer cabinet. The sensor reading presented are shown in relation to the servo control signal used to excite the desired movement. For example, when presenting yaw gyroscope reading the graphs will also include the rudder servo signal. The decoded servo signals presented show a large prevalence of jitter affecting it. A graph (see figure C.2) of a short interval clearly shows the jitter as peak values but it also shows the correct signal value as a line in the center. First presented is a servo reading of the accelerometer in the Z direction. The graphs (see figure C.3) presents the decoded servo signal controlling the collective pitch (a). The jitter D. 1st June 2004
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APPENDIX C. FLIGHT DATA & EXPERIMENT RESULTS
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Figure C.2: Short servo signal interval, affected by jitter.



influence makes interpretation of this signal difficult at best. Graph (b) shows a filtered version of control signal. The filter type used to filter all servo signals is a second order Butterworth. The last graph is from the sensor reading, also filtered with the aforementioned filter. The filtered servo signal (b) clearly shows several heave steps applied by the pilot. The responds from the helicopter can be seen in the sensor reading (c). There is a noticeable delay between the servo signal and the response of the helicopter. This is because of the added weight in the helicopter without a proportional increasing of the engine power. The sensor output clearly illustrates the poor signal to noise ratio in the linear accelerometer but it is an improvement on the initial flight test. Although the signal is filtered the noise will remain, and an increased filter order will not help this problem. This is because of the vibration noise is to close to the desired sensor/helicopter dynamics relative to the frequency. Thus a higher filter order will give a damping on the sensor/helicopter dynamics keeping the signal to noise ratio app. the same. To correct this problem the mechanical vibration must be somehow stopped from affecting the sensor in the first place. D. 1st June 2004
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C.1. FLIGHT DATA
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Figure C.3: Z accelerometer sensor output.



C.1.2 Gyroscope Sensor Readings It was expected that the gyroscope sensor reading would give a better signal to noise ratio, because the gyroscope lower sensitivity to mechanical noise. The are two reasons for this lower sensitivity, one is that only if the vibration has a point of pivot in the measuring axis will this affect to any extent the measurement. The second reason is that the gyro measures velocity in stead of acceleration, and the vibration has a high acceleration level but a low velocity level. The first gyroscope graphs (fig ??) are sampled from the Y axis gyro, or the gyro measuring the elevator dynamics. This has not a clear correlation to the elevator input. The reason for this is the test was made where the helicopter makes an acceleration forward and deceleration this will make the helicopter oscillate like a pendulum. The small signal ratio is because the sensors on the sensor block is not placed in the systems CG except for the Z gyroscope. Instead they have a D. 1st June 2004
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Figure C.4: Y Gyroscope sensor output.



offset from system roll and pitch axes to the sensor block. The figure C.5 is of the X-axis gyroscope and is very similar to the Y-gyroscope.This has two reasons, the first is that the test used to collect the data is virtually the same as for the elevator gyro only in a lateral direction. The second reason is that the X-axis gyroscope has the same offset from the measured axis as described in the previous sensor reading. The last gyroscope sensor data is from the gyro measuring rotation about the Z axis also know as yaw movement (see figure C.6). This has a very good signal to noise ratio and the reasons for the difference between this and the two gyros described earlier is to fold. The first reason is that this sensor sits on the axis with no or little offset and the second is the helicopter has faster dynamics in yaw relative to roll and pitch. D. 1st June 2004
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[a] Decoded aileron servo control signal
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Figure C.5: X Gyroscope sensor output.



C.1.3 Tachometer Sensor Data Six tachometer sampling where done where the helicopter stood still on the ground. This was done by giving the rotor blades a neutral pitch preventing the helicopter from taking off. Then the throttle input was given a fixed input and simultaneously the rotor velocity was measured by a hand held tachometer. The reading from the hand held tachometer can be used to give a calibration factor for the implemented tachometer. The figure (B.4,a) shows the tachometer curve. The figure shows that the angular velocity is kept relative stable with out the use of an engine governor. But this is without the disturbance of collective and cyclic pitch. The reason for presenting the last curve (C.7) is to see the noise level in a sensor not affected by mechanical noise generated by the engine. Here the noise level is below 10 sampling quantities.



C.2 Experiment results D. 1st June 2004
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[a] Decoded rudder servo control signal 2000
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Figure C.6: Z Gyroscope sensor output.
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C.2. EXPERIMENT RESULTS



[a] Tachometer measurement
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[b] Tachometer maesurement, zoomed axes
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Figure C.7: Tachometer sensor output.
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D



Optimal control D.1 Optimal Control



To determine a good candidate for a controller for a MIMO system, the method of optimal control design can be used. Through this method a regulator gain matrix K can be found, that is based on the calculation of a control input u for the time k = 0 to k = N, that forces the state of a plant from a initial value to a final value. At the same time a cost function that includes design specifications for the controller is also optimized. The cost function J is based on the input vector u, the state vector x and two weighting matrices Q1 and Q2 , where through the controller dynamics can be set. The gain matrix K produced by optimal control will vary in the regulation time and the gain will only be optimal for a finite amount of time. In the beginning of the regulation time the values of the gain matrix will be constant and optimal, but as the end of the regulation time nears, the values will vary and converge towards zero. In this period the gain matrix will be un-optimal and unfit for control. The gains will therefore have to be evaluated for every time step before they are used, when the run time of the control system is limited to a finite time, denoted N. To avoid this, the constant optimal version of the gain matrix can be implemented in a regulator. To calculate this constant version of the gain matrix a method called linear quadratic regulator (LQR) steady state optimal control can be used. In this method the constant optimal gain matrix is calculated by projection the regulator run-time to infinity. This results in, that the un-optimal period for the gain matrix is not reached and the steady state values of the control gain matrix can therefore be found without having to calculate the gains for all time steps. The optimal constant gain matrix is called K∞ because of the before mentioned time projection. In the following text the method of time varying optimal control will first be derived and following this the expansion for the LQR steady state will be presented. Hereafter methods for selection of the weighting matrices Q1 and Q2 will be presented, hereunder choosing the matrices from maximal deviation of the states and inputs and from the settling time requirements for the outputs. The theory used for both the optimal control and for the optimal estimation in the following section is primarily obtained from [Franklin et al., 1998] and [Sørensen, 1995]. 127



D.1. OPTIMAL CONTROL



D.1.1 Time varying Optimal Control As mentioned earlier time-varying optimal control is a method for computing a control matrix K in the control law D.1 for a discrete plant as in D.2. u = −Kx



(D.1)



x(k + 1) = Φx(k) + Γu(k)



(D.2)



The control matrix K is obtained by finding a input vector u(k) that minimizes the cost function D.3 restricted by the modified discrete plant function D.4 and then calculating the K matrix from the relationship in D.1. N



J =



1X T [x (k)Q1 x(k) + uT (k)Q2 u(k)] 2 k=0



C = −x(k + 1) + Φx(k) + Γu(k) = 0 for



k = 0, 1, . . . , N



(D.3)



(D.4)



The weighting matrices Q1 and Q2 in D.3 are symmetric nonnegative definite matrices that are used to weigh respectively the importance of the states and the importance of the controls. With these matrices the designer can choose the dynamics of controller. The weighing matrices are furthermore usually chosen as being diagonal with all positive or zero elements to accommodate the demand for nonnegative definitely. To solve the minimization problem with the constraint given by D.4 a Lagrange multiplier vector λ(k + 1) is used to form a new cost function J ′ . J ′ = J + λC



(D.5)



Inserting D.3 and D.4 hereafter results in the new cost function J ‘ (D.6). N X 1 1 [ xT (k)Q1 x(k) + uT (k)Q2 u(k) + λT (k + 1)C] J = 2 2 k=0 ′



(D.6)



To find the values of x(k), u(k) and λ(k) that minimizes D.6, the function J ′ is differentiated with respect to x(k) and u(k) and equalled zero to produce D.7 and D.8. 



∂J ∂x(k)
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∂C +λ ∂x(k)







= xT (k)Q1 − λT (k) + λT (k + 1)Φ = 0 128
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∂J ∂u(k)







+λ







∂C ∂u(k)







= uT (k)Q2 + λT (k + 1)Γ = 0



(D.8)



The solution to the minimization problem is now described by D.4, D.7 and D.8. The equations D.8 and D.7 can hereafter be rewritten into D.10 and D.9 isolating u(k) and λ(k). T u(k) = −Q−1 2 Γ λ(k + 1)



(D.9)



λ(k) = ΦT λ(k + 1) + Q1 x(k)



(D.10)



The initial conditions of the state vector x must usually be given, but the initial value for λ will usually not be known and a final value must therefore be found. For the cost function D.3 to be minimized, the endpoint value of u(N) should be zero as no connection between u(N) and x(N) exist. Hereafter the boundary value for λ(N) becomes Q1 x(N), as equation D.8 gives λ(N + 1) = 0 when u(N) = 0 is inserted, and equation D.7 results in Q1 x(N) with λ(N + 1) = 0. To simplify the solution of the two point boundary value problem a approach called the Sweep-method [Franklin et al., 1998] (page 366) is used, that permits the transformation of the problem into that of a single point boundary value problem. In the Sweep method a relationship between λ(k) and x(k) is assumed following the notation in D.11, where an operator S(k) is introduced. λ(k) = S(k)x(k)



(D.11)



Combining the boundary condition for λ(N) and the transformation in D.11, a boundary condition for S(N) can be established as in D.12. S(N) = Q1



(D.12)



Inserting D.11 into D.9 and D.10, as well as inserting D.2 into D.10 produces the equations D.13 and D.14. u(k) = −R−1 ΓT S(k + 1)Φx(k), R = Q2 + ΓT S(k + 1)Γ



where



S(k)x(k) = ΦT S(k + 1)[Φx(k) + Γu(k)] + Q1 x(k)



(D.13)



(D.14)



Hereafter equation is D.13 is inserted into D.14 and after collecting all the terms on one side, equation D.15 is produced. Px(k) = 0, where (D.15) T T −1 T P = S(k) − Φ S(k + 1)Φ + Φ S(k + 1)ΓR Γ S(k + 1)Φ − Q1 D. 1st June 2004
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D.1. OPTIMAL CONTROL As the equation D.15 must hold for all x(k) the matrix P must be identical to zero. If equation P is solved with respect to S(k) as in D.16, the resulting equation becomes a Riccati equation which can be solved by backwards iteration using the boundary condition D.12. S(k) = ΦT M(k + 1)Φ + Q1 , where (D.16) T −1 T M(k + 1) = S(k + 1) − S(k + 1)Γ[Q2 + Γ S(k + 1)Γ] Γ S(k + 1) As the last step necessary for the finding the controller gain matrix K(k) the control law D.1 is compared with equation D.13 and K(k) can then be defined as D.17. K(k) = [Q2 + ΓT S(k + 1)Γ]−1 ΓT S(k + 1)Φ



(D.17)



D.1.2 LQR steady state Optimal Control To simplify the implementation of the time-varying gain matrix in a controller, a constant version of the gain matrix can found by the method of LQR steady state optimal control. The gains produced by time-varying optimal control will be stable for a period of time, but at the end of the control case the gains will become unstable. This fact is utilized in steady state optimal control were a constant version of gain matrix named K∞ is calculated. The infinity notation is derived from a control case were the end-time of the control is set to infinity. The simplest method for finding the steady state value of the gain matrix is to calculate the Riccati equation D.16 backwards in time from N until it reaches a steady value and then use this value to calculate the gain matrix D.17. But another method also exists that uses a variation of eigenvector decomposition of a difference representation of λ and x from the equations: D.2, D.9 and a forward difference representation of equation D.10 as shown in D.18. λ(k + 1) = Φ−T λ(k) − Φ−T Q1 x(k) The system representation with these equation can be seen in D.19.     x x , where = Hc λ k λ k+1   T −T T −T Φ + ΓQ−1 Q1 −ΓQ−1 2 Γ Φ 2 Γ Φ Hc = −Φ−T Q1 Φ−T



(D.18)



(D.19)



Half of the eigenvalues of the Hc matrix in D.19 correspond to the roots of the optimal constant gain closed loop system and the other half are the reciprocals values of the stable roots. If the stable roots are chosen a link can hereafter be D. 1st June 2004
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APPENDIX D. OPTIMAL CONTROL established between λ(k) and x(k) when the end time is set to infinity. The linkage (D.21) relates, according to [Franklin et al., 1998] (page 376), λ(k) with x(k) by the multiplication of the elements of the eigenvector (D.20) computed from the stable roots of equation D.19.   Xstable λstable



(D.20)



λ(k) = Λstable X−1 stable x(k)



(D.21)



Comparing equation D.21 with D.11 shows that S∞ can be written as D.22. S∞ = Λstable X−1 stable



(D.22)



Inserting D.22 hereafter in equation D.17 as S(k + 1) (steady state case: S(k) = S(k + 1) ) results in the final stable constant gain matrix D.23 which can be used for a regulator. K∞ = [Q2 + ΓT S∞ Γ]−1 ΓT S∞ Φ



(D.23)



D.1.3 Weighting Matrices Q1 and Q2 The values of the weighting matrices Q1 and Q2 used in D.1.1 and D.1.2 are only weakly connected with the performance specifications of the resulting regulator. To select appropriate values for these matrices some amount of trail and error is therefore needed to acquire the wanted response. Starting values for Q1 can be found by denoting the maximal deviation m for ¯ 1 , where Q1 = HT Q1 H. By doing this the output H and the outputs through Q the states both contributes to the cost. Whereas the values for Q2 is denoted by the maximal values umax for the states. Both Q1 and Q2 should be diagonal and contribute equal to the cost. As m denotes the maximal deviation, Q1 can be derived as following: Q1,11 =



1 , m21



Q1,22 =



1 , m22



Q1,ii =



1 m2i



(D.24)



or for Q1 Q1,11 = D. 1st June 2004



1 x21,max



,



Q1,22 =



1 x22,max
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Q1,ii =



1 x2i,max
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D.1. OPTIMAL CONTROL whereas Q2 can be derived from umax D.24 and D.25 Q2,11 =



1 u21,max



,



Q2,22 =



1 u22,max



,



Q2,jj =



1 u2i,max



(D.26)



After having solved the LQR and determining the K-matrix, the input signal ui (k) should be observed during a simulation or a test and if the response is unacceptable large / small the punishment implied by Q2,ii should be increased / decreased. A similar procedure is also conducted for Q1 but here the speed of the response of the states are observed. If the response for the state xi (k) is too slow / fast then the punishment implied by Q1,ii is increased / decreased. Between the state and the control terms there remains a scalar ratio, for Q1 and Q2 , which is called the cost ration ρ and the cost is then stated as the following:



J = ρxT HT Q1 Hx + uT Q2 u



(D.27)



The selection of ρ is done by trial and error as with the weighting matrices.



D.1.4 Pincer procedure The Pincer procedure introduces another degree of freedom for the designer that require that all the closed-loop poles are placed within a circle of the radius α1 for α ≥ 1. With this implementation the magnitude of every transient in the closedloop will decay at least with the factor α1k . Through this it is possible to have a degree of direct control over the settling time. The Pincer procedure is introduced through a modification of the performance criterion with a settling time expressed through α as shown in D.28.



Jα =



∞ X



[xT Q1 x + uT Q2 u]α2k



(D.28)



k=0



α can be calculated as relation to the settling time through D.29. α > 100T /ts



(D.29)



With α computed through D.29 a revised system can be derived with αΦ and αΓ for use in LQR and the computation for a feedback gain matrix K. D. 1st June 2004
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APPENDIX D. OPTIMAL CONTROL



D.2 Optimal Estimation For MIMO systems without full state feedback the method of optimal estimation can be used to design an estimator gain matrix L that is optimal in the sense that the estimate errors are minimized for an assumed level of process and measurement noise. The time-varying version of the optimal estimator is also known as the Kalman filter and the estimates produced by this method are based on weighted quantities of prior estimates and new measurements, where the knowledge of the different accuracies are taken into account. The knowledge of the accuracies consist of the noise included in the measurements Rv and the noise present in the process Rw . As with the optimal regulator case a constant estimator gain matrix L∞ is wanted for simplified implementation in a observer. To calculate a steady state estimator gain matrix L∞ the method of linear quadratic Gaussian (LQG) optimal estimator design can be used, which as the LQR method projects the time horizon to infinity and then solves the Ricatti equation in the same manner. The LQG method also assumes, as the name implies, that the noise is Gaussian distributed and by this the estimate not only minimizes the squared error but also will be the statistically most likely estimator gain. Because of this the result is also called the maximum likelihood estimate. In the following sections the time-varying optimal estimation method will first be described, where after the steady state case will be shown. The form of the noise covariance matrices will finally be discussed.



D.2.1 Time varying Optimal Estimation For a discrete dynamic plant D.30 with measurements D.31 the Kalman filter seeks to find a gain matrix L for the "current time" estimator D.32 so that the estimate of x(k) is optimal (estimation error minimized) in respect to all the data given up to and including the time k. x(k + 1) = Φx(k) + Γu(k) + Γ1 w(k)



(D.30)



y(k) = Hx(k) + v(k)



(D.31)



x ˆ(k) = x ¯(k) + L(y(k) − y ¯(k))



(D.32)



The process noise w(k) and the measurement noise v(k) in equations D.30 and D.31 are white noise types with zero mean and zero variance. Furthermore the covariance of the noises are denoted Rw and Rv . To produce the estimates of x(k) the Kalman filter uses four equations. D. 1st June 2004
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D.2. OPTIMAL ESTIMATION Two of these, D.33 and D.34, are used in the "time update" stage to project the current state and error covariance estimate forward and obtain the priori estimates for the next time step. x ¯(k + 1) = Φˆ x(k) + Γu(k)



(D.33)



M(k + 1) = ΦP(k)ΦT + Γ1 Rw ΓT1



(D.34)



Between the measurements performed the prior state estimate x ¯(k) and the covariance of x ¯(k) denoted M(k) in equations D.33 and D.34 are updated to k + 1 for use in the following "measurement update" stage. Both x ¯ and M for k + 1 are based on the earlier state estimate x ˆ(k) and its error covariance P(k). Furthermore the covariance also includes the process noise covariance Rw . The two other equations, D.35 and D.36 in the Kalman filter, are used in the "measurement update" stage to correct the prediction errors made in the "time update" stage. This is done by back propagating and getting new values for the prior states to improve the prediction of the following states. x ˆ(k) = x ¯(k) + P(k)HT R−1 x(k)) v (y(k) − H¯



(D.35)



P(k) = M(k) − M(k)HT (HM(k)HT + Rv )−1 HM(k)



(D.36)



Equation D.35 calculates the current state estimation x ˆ(k) based on the prior state estimation x ¯(k) and a correction factor, calculated from the weighted current measurement y(k). This state estimation method also corresponds to that of the Optimal Weighted Least Squares method. The error covariance of the new state estimation denoted P(k) in equation D.36 is based on the covariance of x ¯(k) denoted M(k) and the measurement noise covariance Rv . The covariance P(k) is used in D.35 together with the measurement noise covariance Rv to generate the error correction factor, that is multiplied to the estimation error. Lastly the estimator gain matrix L can be calculated after every "measurement update" by the use of equation D.37. L(k) = P(k)HT R−1 v D. 1st June 2004
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D.2.2 LQG steady state Optimal Estimation As with the time-varying optimal control the time-varying optimal estimation also has a steady-state time period where the estimator gain will be constant. But in contrary to the optimal control case the optimal estimator will have a unusable period at its beginning, where the gains produced will be unsuited for an observer. This unstable beginning occurs because the initial values for x ¯ and M are unknown and therefore must be assumed to some values for initialization. As with the LQR case the time horizon for the time varying optimal estimation case can also be set to infinity whereby the constant gain will be become the optimal, because the transients in the beginning will become negligible. This case is also called the LQG steady state optimal estimation case. The solution to the infinity problem for the optimal estimation can be solved in the same manner as with the LQR case. Comparing the equations D.36 and D.34 with the two equations in D.16 it can be seen that the form of the equations with a little manipulation of the forward/backwards propagation are the same. Exchanging the matrices for one and another in the equations the steady state solution for the optimal control problem can be used on the optimal estimation problem and a system matrix D.38 can set up as in the LQR case (D.19).   T −1 −1 T −HT R−1 Φ + HT R−1 v HΦ v HΦ Γ1 Rw Γ1 (D.38) He = −Φ−1 Γ1 Rw ΓT1 Φ−1 Solving D.38 for its eigenvector related to its stable eigenvalues and using the same linkage as in D.21 the steady state value of M can be expressed as in D.39. M∞ = Λstable X−1 stable



(D.39)



With the equation D.39 a constant estimator (Kalman filter) gain L can hereafter be established as in equation D.40 which can be implemented in a observer for use in a controller. L∞ = M∞ HT (HM∞ HT + Rv )−1



(D.40)



D.2.3 Noise matrices The noise covariance matrices Rv and Rw account for respectively the sensor accuracy and the unknown disturbances and imperfections in the plant. The matrices themselves are normally chosen as diagonal matrices and the magnitudes of the individual elements are the variances of the noise components. The elements of the measurement noise covariance matrix Rv are usually picked as the squared D. 1st June 2004
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D.2. OPTIMAL ESTIMATION value of root mean square (rms) accuracy of the individual measurements. The values of the process noise covariance matrix Rw are on the other hand usually not obtainable with the same certainty as the measurement noise elements and are usually picked arbitrarily and tuned according to the performance of the resulting estimator.
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E



Objectives for future work Objectives for the helicopter 1. Take off. Take of from ground-level and hover as in objective 1. 2. Cruise-flight. Navigate from one position to another, with a hover manoeuvre as in objective at the beginning and end of the navigation-manoeuvre. 3. Landing manoeuvre. Landing of the helicopter on the ground from hover as in objective one at predetermined height. 4. Combination of the previous objectives. Example: Take-off ⇒ Hover ⇒ Cruise ⇒ Hover ⇒ Land. In the following sections the requirements and demands for the objectives will be listed. As it is essential for completion of objectives B through D that objective A has been fulfilled, the requirements from objective A will not be repeated in the following objectives. Instead only the additional specifications to those listed in objective A, needed for completion of the other objectives will be listed.



E.1 Objective A In this objective a controller most be devised that can perform an autonomous take off with a model helicopter and afterwards hover at a constant height. The autonomous flight controller should have the ability to withstand disturbances and instability which is created by the down force of wind from the rotor within approximately the first meter. No further equipment are need for this objective except those already stated in chapter 2.



E.2 Objective B The task of this objective is an autonomous flight from a position in hovering to a predetermined position in a strait line and at a constant height has to be handled. 137



E.3. OBJECTIVE C The autonomous flight controller has to have the ability to withstand disturbances caused by gust of wind and other environmentally factors. The flight controller should compensate as much as possible for the drift caused by wind. Before the processing of these two tasks there are certain requirements the system has to fullfil. Specifications for these extra requirements are listed bellow.



E.2.1 Hardware Choice of sensor types In order to fullfil the goal of the second objective a absolute measuring sensors are needed. The sensors are listed bellow. • GPS / DGPS • Compass Sensor GPS / DGPS Compass



Precision meter 2◦



Connection “Stack-through” 1 analogue input



Operation freq. Hertz Hertz



Table E.1: Sensors characteristic



E.3 Objective C This objective consist of the single task of landing the model helicopter autonomously from a hovering position is given. The autonomous flight controller has to have the ability to withstand disturbances and instability which are created by the down force of wind from the rotor. The flight controller has to compensate for this factor to be able to land the helicopter safely.



E.3.1 Hardware Choice of sensor types To fullfil the task in the third objective an altimeter is needed to the variety of already mounted sensors. • Altimeter
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APPENDIX E. OBJECTIVES FOR FUTURE WORK Sensor Altimeter



Precision 1 cm



Connection “Stack-through”



Operation freq. 10 Hz



Table E.2: Sensors characteristic



E.4 Objective D The last objective is the combination of the four previous objectives in one single task with an autonomous take off, flight from a start position through a defined route and then land at a predetermined position. While flying from one position to another it is necessary to analyse the surrounding environment in order to prevent collision with objects. For this task a camera is mounted on the helicopter which delivers image for analysis to flight computer.



E.4.1 Hardware Choice of sensor types A camera for delivering of imaging information about the surrounding environment to the flight computer for processing. Sensor Digital camera



Precision 640 x 480 dpi



Connection COM-port / USB



Operation freq. 1 Hz



Table E.3: Sensors characteristic
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F



Linearisering In the following chapter Taylor expansion process will be described and the helicopter nonlinear dynamics will be linearized.



F.1 Taylor expansion procedure Given an nonlinear system, y, as a function of x1 and x2 : y = f (x1 , x2 )



(F.1)



If the system is in stationary condition, input and output can be described as constants added a small deviation around a pre-described bias.I.e: x1 = x¯1 + (x1 − x¯1 ) = x¯1 + xˆ1



(F.2)



x2 = x¯2 + (x2 − x¯2 ) = x¯2 + xˆ2



(F.3)



y = y¯ + (y − y¯) = y¯ + yˆ



(F.4)



where x¯1 , x¯2 and y¯ are constant biases and xˆ1 , xˆ2 and yˆ are deviations around the biases. Therefore the output of the system ,y, can be expressed by a Taylor expansion [?, ] ∂y ∂y |x1 =x¯1 ,x2 =x¯2 · xˆ1 + |x =x¯ ,x =x¯ · xˆ2 ∂x1 ∂x2 1 1 2 2 1 ∂2y 1 ∂2y + · 2 |x1 =x¯1 ,x2 =x¯2 · xˆ21 + · 2 |x1 =x¯1 ,x2 =x¯2 · xˆ22 ........ 2! ∂x1 2! ∂x2



y =y|x1 =x¯1 ,x2 =x¯2 +



(F.5)



It is assumed that deviation x¯ is small, thus the higher power of the deviation can be ignored. i.e. if x¯ is small then x¯2 is even smaller. Therefore it has been chosen to disregard the contributions applied by the higher order of the Taylor expansion. Furthermore due to the linear principal that states:”Double input must correspond to double output” the constant gain of the Taylor expansion is also der skal evnt. laves ignored, thereby the linearisation algorithm used on the helicopter dynamics is: en formel!!
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yˆ =



∂y ∂y |x1 =x¯1 ,x2 =x¯2 · xˆ1 + |x =x¯ ,x =x¯ · xˆ2 ∂x1 ∂x2 1 1 2 2



(F.6)



F.2 Linearized helicopter dynamics F.2.1 Roll velocity linearization As in equation F.6 roll velocity dynamic equation is partial differentiated first with respect to ωxb thereafter all variables are replaced with theres respective biases. Thereafter the function is partial differentiated with respect to φ where all variables are replaced with theres respective biases and is added with the previous result. This procedure is repeated with all variables. ˙ = ω b (t) + sin(φb (t)) · tan(θb (t)) · ω b (t) + cos(φb (t)) · tan(θb (t)) · ω b (t) (F.7) φ(t) x y z ⇓   ˆ˙ ˆ ¯ ¯ b b b ¯ ¯ ¯ ¯ φb (t) ≈ ωx + cos(φb ) · tan(θb ) · ωy − sin(φb ) · tan(θb ) · ωz · φˆb (t)   1 1 ¯b + cos(φ¯ ) · ¯b · θˆ (t) · ω · ω + sin(φ¯b ) · b b (cos2 (θ¯b )) y (cos2 (θ¯b )) z     + sin(φ¯b ) · tan(θ¯b ) · ωˆyb (t) + cos(φ¯b ) · tan(θ¯b ) · ωˆzb (t) ⇓ ≈ ωˆxb (t)



(F.8)



Following equations are linearized the same way the previous equation:



F.2.2 Pitch velocity linearization θ˙b (t) = cos(φb (t)) · ωyb (t) − sin(φb (t)) · ωzb (t)



(F.9)



⇓ ˆ θ˙b (t) ≈







− sin(φ¯b ) · ω¯yb − cos(φ¯b ) · ω¯zb







· φˆb (t) + cos(φ¯b ) · ωˆyb (t) − sin(φ¯b ) · ωˆzb (t)



⇓ ≈ ωˆyb (t)



D. 1st June 2004



(F.10)



141



Kl. 22:43



F.2. LINEARIZED HELICOPTER DYNAMICS



F.2.3 Yaw velocity linearization sin(φb (t)) cos(φb (t)) b ψ˙b (t) = · ωyb (t) + · ωz (t) cos(θb (t)) cos(θb (t)) ⇓  ¯b  ωy ω¯zb ˆ˙ ¯ ¯ ψb (t) ≈ · cos(φb ) − · sin(θb ) · φˆb (t) cos(θ¯b ) cos(θ¯b )  ¯  sin(θ¯b ) ¯b ) · ω¯b · sin(θb ) · θˆb (t) + cos( φ + sin φ¯b · ω¯yb · z cos2 (θ¯b ) cos2 (θ¯b ) sin(φ¯b ) ˆb cos(φ¯b ) ˆb + · ωy (t) + · ωz (t) ¯ cos(θb ) cos(θ¯b ) ⇓ ≈ ωˆb (t) z



(F.11)



(F.12)



F.2.4 Roll angular acceleration linearization QM (t) · sin(β1c (t)) 9 · TM (t) · sin(β1s (t)) + ω˙xb (t) = − Ixx 50 · Ixx 4189 TM (t) · cos(β1c (t)) · cos(β1s (t)) + − 1000 · Ixx 5000 · Ixx ωyb (t) · Izz · ωzb (t) ωzb (t) · Iyy · ωyb (t) − + (F.13) Ixx Ixx ⇓   ˆ˙b 9 · sin(β¯1s ) cos(β¯1c ) · cos(β¯1s ) sin(β¯1c ) ˆ · QM (t) + − · TˆM (t) ωx (t) ≈ − Ixx 50 · Ixx 1000 · Ixx     Izz · ω¯yb Iyy · ω¯yb Izz · ω¯zb Ixx · ω¯zb ˆ b − − − · ωy (t) − · ωˆzb (t) Ixx Ixx Ixx Ixx  ¯  QM · cos(β¯1c ) T¯M · sin(β¯1c ) · cos(β¯1s ) − − · βˆ1c (t) Ixx 1000 · Ixx   9 · T¯M · cos(β¯1s ) T¯M · cos(β¯1c ) · sin(β¯1s ) + · βˆ1s (t) + 50 · Ixx 1000 · Ixx ⇓ cos(β¯1c ) · cos(β¯1s ) ˆ · TM (t) 1000 · Ixx 9 · T¯M · cos(β¯1s ) ˆ Q¯M · cos(β¯1c ) ˆ · β1c (t) + · β1s (t) − Ixx 50 · Ixx



≈−
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F.2.5 Pitch angular acceleration linearization QM (t) · sin(β1s (t)) QT (t) 9 · TM (t) · sin(β1c (t)) ω˙yb (t) = − + Iyy Iyy 50 · Iyy −



ωzb (t) · Ixx · ωxb (t) ωxb (t) · Izz · ωzb (t) + Iyy Iyy



(F.15)



⇓ ˆ sin(β¯1s ) ˆ 1 9 · sin(β¯1c ) ˆ ω˙yb (t) ≈ · QM (t) − · QˆT (t) + · TM (t) Iyy Iyy 50 · Iyy     Ixx · ω¯xb Ixx · ω¯zb Izz · ω¯xb Izz · ω¯zb ˆ b − − − · ωz (t) − · ωˆxb (t) Iyy Iyy Iyy Iyy 9 · T¯M · cos(β¯1c ) ˆ Q¯M · cos(β¯1s ) ˆ · bβ1s (t) + · β1c (t) + Iyy 50 · Iyy ⇓ ≈−



1 Q¯M · cos(β¯1s ) ˆ 9 · T¯M · cos(β¯1c ) ˆ · QˆT (t) + · β1s (t) + · β1c (t) Iyy Iyy 50 · Iyy



(F.16)



F.2.6 Yaw angular acceleration linearization QM (t) · cos(β1c (t)) · cos(β1s (t)) 37 · TT (t) + ω˙zb (t) = − Izz 40 · Izz ωxb (t) · Iyy · ωyb (t) ωyb (t) · Ixx · ωxb (t) + (F.17) − Izz Izz ⇓ ˆ cos(β¯1c ) · cos(β¯1s ) ˆ 37 ω˙zb (t) ≈ − · QM (t) + · TTˆ(t) Izz 40 · Izz     Iyy · ω¯yb Ixx · ω¯yb Iyy · ω¯xb Ixx · ω¯xb ˆ b − − − · ωx (t) − · ω¯yb (t) Izz Izz Izz Izz Q¯M · sin(β¯1c ) · cos(β¯1s ) ˆ Q¯M · cos(β¯1c ) · sin(β¯1s ) ˆ + · β1c (t) + · β1s (t) Izz Izz ⇓ 37 cos(β¯1c ) · cos(β¯1s ) ˆ · QM (t) + · TTˆ(t) ≈− Izz 40 · Izz (F.18)
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F.2.7 Forward velocity linearization s v˙ (t) x



10 · cos(θb (t)) · cos(ψb (t)) · TM (t) · sin(β1c (t)) 73 − 9.81 · cos(θb (t)) · cos(ψb (t)) · sin(θ(t)) 10 · cos(φ(t)) · sin(ψb (t)) · TM (t) · sin(β1s (t)) − 73 10 + · cos(φb (t)) · sin(ψb (t)) · TT (t) 73 10 + · sin(φb (t)) · sin(θb (t)) · cos(ψb (t)) · TM (t) · sin(β1s (t)) 73 10 − · sin φb (t) · sin(θb (t)) · cos(ψb (t)) · TT (t) 73 + 9.81 · sin2 (φ(t)) · sin(θb (t)) · cos(ψb (t)) · cos(θb (t)) 10 · sin(φb (t)) · sin(ψb (t)) · TM (t) · cos(β1c (t)) · cos(β1s (t)) − 73 10 − · cos(φb (t)) · sin(θb (t)) · cos(ψb (t)) · TM (t) · cos(β1c (t)) · cos(β1s (t)) 73 + 9.81 · cos2 (φb (t)) · sin(θb (t)) · cos(ψb (t)) · cos(θb (t)) (F.19)



=−



⇓ sˆ v˙ x (t)



10 ≈− · 73







cos(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) − sin(φ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1c ) · cos(β¯1s )  ¯ ¯ ¯ ¯ ¯ ¯ − cos(φb ) · sin(θb ) · cos(ψb ) · TM · sin(β1c ) · cos(β1s ) · βˆ1c (t)  10 · cos(φ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1s ) − 73 − sin(φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1s ) − sin(φ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · sin(β¯1s )  ¯ ¯ ¯ ¯ ¯ ¯ − cos(φb ) · sin(θb ) · cos(ψb ) · TM · cos(β1c ) · sin(β1s ) · βˆ1s (t)  10 + · (sin(φ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) 73 ¯ · sin(θ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1s ) − sin(φ¯b ) · sin(ψ¯b ) · T¯T + cos(φ) − cos(φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · T¯T − cos(φ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s ) ¯ · T¯M · cos(β¯1c ) · cos(β¯1s )) + sin(φ¯b ) · sin(θ¯b ) · cos(ψ) + 9.81 · 2 · (sin(φ¯b ) · cos(φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · cos(θ¯b )  ¯ ¯ ¯ ¯ ¯ − sin(φb ) · cos(φb ) · sin(θb ) · cos(ψb ) · cos(θb )) · φˆb (t) Continued on the following page
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10 · (sin(θ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1c ) 73 − sin(φ¯b ) · cos(θ¯b ) · cos(ψ¯b ) · T¯T · sin(β¯1s ) − cos(φ¯b ) · cos(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) +



− 9.81 · ((2 · cos2 (θ¯b ) − 1) · cos(ψ¯b ) − (2 · cos2 (θ¯b ) − 1) · sin2 (φ¯b ) · cos(ψ¯b )  2 ¯ ¯ ¯ − cos (φb ) · cos(ψb ) · (2 · cos (θb ) − 1)) · θˆb (t)  10 + · (cos(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1c ) 73 − cos(φ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1s ) + cos(φ¯b ) · cos(ψ¯b ) · T¯T 2



− sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) + sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯T − sin(φ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s ) + cos(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) + 9.81(cos(θ¯b ) · sin(ψ¯b ) · sin(θ¯b ) − sin2 (φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · cos(θ¯b )  2 ¯ − cos (φb ) · sin(θ¯b ) · sin(ψ¯b ) · cos(θ¯b )) · ψˆb (t)  10 · cos(θ¯b ) · cos(ψ¯b ) · sin(β¯1c ) + cos(φ¯b ) · sin(ψ¯b ) · sin(β¯1s ) − 73 − sin(φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · sin(β¯1s ) + sin(φ¯b ) · sin(ψ¯b ) · cos(β¯1c ) · cos(β¯1s )  ¯ ¯ ¯ ¯ ¯ + cos(φb ) · sin(θb ) · cos(ψb ) · cos(β1c ) · cos(β1s ) · TˆM (t)   10 + · cos(φ¯b ) · sin(ψ¯b ) − sin(φ¯B ) · sin(θ¯b ) · cos(ψ¯b ) · TˆT (t) 73 ⇓   10 · cos(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · βˆ1c (t) 73  10 − · cos(φ¯b ) · cos(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) 73  − 9.81 · cos2 (φ¯b ) · cos(ψ¯b ) · (2 · cos2 (θ¯b ) − 1)) · θˆb (t)   10 ¯ ¯ ¯ + · cos(φb ) · cos(ψb ) · TT · ψˆb (t) 73



≈−
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F.2.8 Sideways velocity linearization s v˙ (t) y



10 · cos(θb (t)) · sin(ψb (t)) · TM (t) · sin(β1c (t)) 73 − 9.81 · cos(θb (t)) · sin(ψb (t)) · sin(θb (t)) 10 · cos(φb (t)) · sin(ψb (t)) · TM (t) sin(β1s (t)) + 73 10 − · cos(φb (t)) · cos(ψb (t)) · TT (t) 73 10 + · sin(φb (t)) · sin(θb (t)) · sin(ψb (t)) · TM (t) · sin(β1s (t)) 73 10 − · sin φb (t) · sin(θb (t)) · sin(ψb (t)) · TT (t) 73 + 9.81 · sin2 (φb (t)) · sin(θb (t)) · sin(ψb (t)) · cos(θb (t)) 10 · sin(φb (t)) · cos(ψb (t)) · TM (t) · cos(β1c (t)) · cos(β1s (t)) + 73 10 − · cos(φb (t)) · sin(θb (t)) · sin(ψb (t)) · TM (t) · cos(β1c (t)) · cos(β1s (t)) 73 + 9.81 · cos2 (φb (t)) · sin(θb (t)) · sin(ψb (t)) · cos(θb (t)) (F.21)



=−



⇓ sˆ v˙y (t)



 10 ≈ − · cos(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) 73 + sin(φ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1c ) · cos(β¯1s )  ¯ ¯ ¯ ¯ ¯ ¯ − cos(φb ) · sin(θb ) · sin(ψb ) · TM · sin(β1c ) · cos(β1s ) · βˆ1c (t)  10 · cos(φ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) + 73 + sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1s ) − sin(φ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · sin(β¯1s )  + cos(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · sin(β¯1s ) · βˆ1s (t)  10 − · (sin(φ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) − sin(φ¯b ) · cos(ψ¯b ) · T¯T 73 − cos(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) + cos(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯T − cos(φ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s ) − sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) − 9.81 · 2 · (sin(φ¯b ) · cos(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · cos(θ¯b )  ¯ ¯ ¯ ¯ ¯ − sin(φb ) · cos(φb ) · sin(θb ) · sin(ψb ) · cos(θb )) · φˆb (t) Continued on the following page
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10 · (sin(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1c ) 73 + sin(φ¯b ) · cos(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) +



− sin(φ¯b ) · cos(θ¯b ) · sin(ψ¯b ) · T¯T − cos(φ¯b ) · cos(θ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) + 9.81 · ((2 · cos2 (θ¯b ) − 1) · sin(ψ¯b ) + (2 · cos2 (θ¯b ) − 1) · sin2 (φ¯b ) · sin(ψ¯b )  − cos (φ¯b ) · sin(ψ¯b ) · (2 · cos (θ¯b ) − 1)) · θˆb (t)  10 · (cos(θ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1c ) − 73 + cos(φ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1s ) + cos(φ¯b ) · cos(ψ¯b ) · T¯T + cos(φ¯b ) · sin(ψ¯b ) · T¯T 2



2



+ sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯M · sin(β¯1s ) − sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · T¯T − cos(φ¯b ) · sin(ψ¯b ) · T¯M · cos(β¯1c ) · cos(b¯1s ) − cos(φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) − 9.81(cos(θ¯b ) · cos(ψ¯b ) · sin(θ¯b ) − sin2 (φ¯b ) · sin(θ¯b ) · cos(ψ¯b ) · cos(θ¯b )  ¯ ¯ ¯ ¯ − cos (φb ) · sin(θb ) · cos(ψb ) · cos(θb )) · ψˆb (t)  10 · cos(θ¯b ) · sin(ψ¯b ) · sin(β¯1c ) − 73 − cos(φ¯b ) · sin(ψ¯b ) · sin(β¯1s ) 2



+ sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · sin(β¯1s ) + sin(φ¯b ) · cos(ψ¯b ) · cos(β¯1c ) · cos(β¯1s )  ¯ ¯ ¯ ¯ ¯ − cos(φb ) · sin(θb ) · sin(ψb ) · cos(β1c ) · cos(β1s ) · TˆM (t)   10 · cos(φ¯b ) · cos(ψ¯b ) − sin(φ¯b ) · sin(θ¯b ) · sin(ψ¯b ) · TˆT (t) + 73 ⇓   10 ¯ ¯ ¯ ¯ ≈ · cos(φb ) · cos(ψb ) · T¯M · cos(β1c ) · cos(β1s ) · φˆb (t) 73   10 ¯ ¯ − · cos(φb ) · cos(ψb ) · TˆT (t) 73
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F.2.9 Upward velocity linearization s v˙ (t) z



=



10 · sin(θb (t)) · TM (t) · sin(β1c (t)) + 9.81 · sin2 (θb (t)) 73 10 + · sin(φb (t)) · cos(θb (t)) · TT (t) · sin(β1s (t)) 73 10 − · sin(φb (t)) · cos(θb (t)) · TT (t) + 9.81 · sin2 (φb (t)) · cos2 (θb (t)) 73 10 − · cos(φb (t)) · cos(θb (t)) · TM (t) · cos(β1c (t)) · cos(β1s (t)) 73 + 9.81 · cos(φb (t))2 · cos(θb (t))2 ⇓



(F.23)



⇓ sˆ v˙z (t)



≈



  10 · sin(θ¯b ) · T¯M · cos(β¯1c ) + cos(φ¯b ) · cos(ψ¯b ) · T¯M · sin(β¯1c ) · cos(β¯1s ) · βˆ1c (t) 73  10 · sin(φ¯b ) · cos(θ¯b ) · T¯T · sin(β¯1s ) + 73  ¯ ¯ ¯ ¯ ¯ ¯ + cos(φb ) · cos(θb ) · sin(ψb ) · TM · cos(β1c ) · sin(β1s ) · βˆ1s (t)  10 + · (cos(φ¯B ) · cos(θ¯b ) · T¯T · sin(β¯1s ) − cos(φ¯b ) · cos(θ¯b ) · T¯T 73 + sin(φ¯b ) · cos(θ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s ) + 9.81 · 2 · (sin(φ¯b ) · cos(φ¯b ) · cos2 (θ¯b )  − sin(φ¯b ) · cos(φ¯b ) · cos2 (θ¯b ) · φˆb (t)  10 · (cos(θ¯b ) · T¯M · sin(β¯1c ) − sin(φ¯b ) · sin(θ¯b ) · T¯T · sin(β¯1s ) + 73 + sin(φ¯b ) · sin(θ¯b ) · T¯T − cos(φ¯b ) · sin(θ¯b ) · T¯M · cos(β¯1c ) · cos(β¯1s )) + 9.81 · 2 · (sin(θ¯b ) · cos(θ¯b )  2 ¯ 2 ¯ ¯ ¯ ¯ ¯ − sin (φb ) · sin(θb ) · cos(θb ) − cos (φb ) · sin(θb ) · cos(θb )) · θˆb (t)   10 ¯ ¯ ¯ ¯ ¯ ¯ + · sin(θb ) · sin(β1c ) − cos(φb ) · cos(θb ) · cos(β1c ) · cos(β1s ) · TˆM (t) 73   10 ¯ ¯ ¯ ¯ ¯ + · sin(φb ) · cos(θb ) · sin(β1s ) − sin(φb ) · cos(θb ) · TˆT (t) 73



⇓   10 ¯ ¯ ¯ ≈ − · cos(φb ) · cos(θb ) · TT · φˆb (t) 73   10 ¯ ¯ ¯ ¯ − · cos(φb ) · cos(θb · cos(β1c ) · cos(β1s ) · TˆM (t) 73 D. 1st June 2004
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F.2.10 Main rotor torque due to aerodynamic resistance and the motor counter torque Qmr (t) = AQmr · Tmr (t) + BQmr ⇓ ¯ · Tˆmr (t) Q˜mr (t) ≈ AQmr



(F.25) (F.26)



F.2.11 Tail rotor torque due to aerodynamic resistance and the motor counter torque Qtr (t) = AQtr · Ttr (t) + BQtr ⇓ Q˜tr (t) ≈ A¯Qtr · Tˆtr (t)
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