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	Chapter 4 - Controller and Telemetry
	D41.2	  Conttroller and Telemetry						         ESAIL
	Prepared by:
	Ångström Space Technology Centre, 
	Johan Sundqvist 
	Coordinating person: 
	Greger Thornell,       greger.thornell@angstrom.uu.se
	This document describes the design of the ESAIL Remote Unit (RU) control and telemetry system. The purpose of the control subsystem is to control the various subsystems of the RU and to monitor the status of each subsystem as well as the overall RU status. The telemetry system is used to receive simple commands from the Main Craft (MC) and to transmit status data to the MC. 
	The main design drivers for the Control and Telemetry subsystem is high reliability, low power and low mass. Much effort has been put into minimizing power consumption and system size.
	In Table 4.1, derived from document D41, Requirements specification of the Remote Unit,  requirements affecting the control and telemetry subsystem are shown. 
	Req. ID
	Description
	ES1-RU-104
	The Remote Unit must remain operational when the time-averaged angle between its pointing vector and the sun direction is 0-60°. 
	ES1-RU-201
	The RU shall ensure the operational temperature range required by all its subsystems when these are operational.
	ES1-RU-202
	The RU shall ensure the tolerable temperature range required by all its subsystems when these are non-operational.
	ES1-RU-207
	Within angular ranges of ±3° azimuthal, and ±15° in the bulging direction of the sail with respect from a flat sail, the RU shall be able to reveal its position to the main craft by an optical beacon, either at a predetermined schedule or on request.
	ES1-RU-210
	During deployment, the RU shall control  the reeling out of the auxtethers and adjust the pace to that of the reeling  out of the main tether. The amount of auxtether reeled out shall be monitored with 5-mm accuracy.
	ES1-RU-214
	The RU shall monitor its temperature and communicate this with main craft either at a predetermined schedule or on request.
	ES1-RU-215
	The RU shall monitor its angle to the sun and communicate this with main craft either at a predetermined schedule or on request.
	ES1-RU-216
	The RU shall be able to communicate via radio with main craft.
	ES1-RU-217
	At all times, the RU shall maintain the command and data handling required for its internal functions as well as communication with main craft.
	ES1-RU-501
	In case of detection of an onboard anomaly, the RU shall automatically enter a Safe Mode. The Safe Mode shall: 
	- ensure power supply to relevant subsystems 
	- maintain operational temperature 
	- provide necessary communication capacity
	A single low-power transceiver chip handles all Radio-Frequency communication between RU and Main Craft. All circuitry is placed inside the thermally controlled box, mounted on a four or six layer PCB. In order to save space and weight, the telemetry electronics should be placed on the same PCB as the control subsystem. 
	A coaxial cable connects the transceiver chip to a Printed Circuit Board (PCB) half-wave dipole antenna that is mounted on the heat shield. The antenna PCB also holds a surface-mount balun. Communication takes place on the 869 MHz band. 
	Commands and data are sent to the RF chip using an SPI interface. An on-chip buffer stores received bytes and triggers an interrupt signal when a transmission is completed, allowing the Microcontroller to sleep and wake up when data is received. Address-based packet filtering and automatic CRC checksum calculations makes certain that only intended and valid commands are received. 
	Both the forward links (MC to RUs) and the return links (RUs to MC) will share the same channel. Hence, with one MC and 100 RUs, some kind of channel access scheme must be implemented. 
	A simple and reliable solution is to let the MC initiate all transmissions over the medium. The MC will then act as a Master, and all RUs as Slaves. This makes the protocol rather deterministic and easy to implement. The drawback is that an RU can not signal immediately when a critical error is detected, as it must await its turn. 
	Given a bitrate of 12000 bps, 10 bytes MC → RU and 30 bytes RU → MC and a 3 ms response time, the total time required to complete one transmission will be approx. 30 ms. In the case of 100 RUs, one full transmission cycle would take 3 s, which would also be the worst-case latency. This is in compliance with the requirements. 
	The dipole antenna has a width of 129.44 mm and is manufactured on a 1.57 mm thick Nelco N4000-29 substrate with a copper thickness of 17.5 µm. The design of the antenna is shown in Fig. 4.1. 
	The length and width of the antenna PCB is 140 mm and 12 mm, respectively. Not shown in Fig. 4.1 is the balun, which will be placed close to the dipole. 
	A simulation of the design, made in Agilent ADS, is shown in Fig. 4.2. It can be seen that the antenna has been matched to the 869 MHz and has a bandwidth large enough for the FSK modulation.
	The link budget for the telemetry system is shown in Table 4.2. 
		
	Mechanical data
	Main PCB dimensions			20 x 20 x 2		mm [L x W x H]
	Antenna dimensions			140 x 15 x 1.6		mm [L x W x H]
	Total weight				12 			g
	Temperature range
	Min. operating temp.			-40 			° C
	Max. operating temp. 			+85			° C
	Electrical specifications
	Supply voltage 				2.5 			V
	Receive current				3			mA
	Transmit current				25 			mA
	Average power dissipation			10 			mW
	Output RF power 				10 			dBm
	Maximum input RF power 			0			dBm
	Sensitivity 					-105			dBm (typ.)
	A complete Bill of Materials for the telemetry system is shown in Table 4.3.
	The optical beacon resides outside the thermally controlled box, where it is placed on a short boom close to the jettison mechanism. The Beacon itself consists of a single High-Brightness Light Emitting Diode (HBLED). Inside the thermally controlled box, a driver circuit supplies the HBLED with a constant current. A single binary signal, connected to the Control Unit, is used to toggle the optical beacon on and off. 
	The driver circuitry is mounted on a four or six layer PCB. In order to save space and weight, the optical beacon driver electronics should be placed on the same PCB as the control subsystem. 
	To make certain that the Main Craft camera will be able to detect the beacon pulse, transmitted power must be estimated. A typical COTS CCD camera for the main craft is likely to have specifications close to those shown in Table 4. 
	A few basic assumptions are made, namely: (1) At distance d from the RU, the output power will be spread uniformly over a spherical cap. (2) The MC camera will have a narrow-band optical filter, suppressing background light. (3) All light that enters the MC camera lens will hit a single pixel on the CCD chip. 
	Given a distance of 10 km between MC and RU, a LED optical power output of 100 mW at a wavelength of 470 nm and a MC lens diameter of 56 mm, the number of photons detected per second as a function of the opening angle of the LED is shown in Fig. 4.3.
	It can be seen that, for a beam divergence of 30 degrees, approximately 8 000 photons per second will enter the lens. This is several orders of magnitude greater than both the dark current and readout noise of the COTS camera. Hence, it should be no problem to detect the optical beacon even for integration times much shorter than one second. 
	In Fig. 4.4, the SNR of the image captured at the MC is plotted versus beam divergence for a worst-case scenario with a very poor camera. Here, a quantum efficiency of 50%, dark noise of 1 electron per pixel and second, and a readout noise of 10 electrons is assumed. The integration time is set to 10 ms and distance between RU and MC is 10 km.
	By choosing a High-Brightness LED with a maximum output power of 350 mW, a good design margin is achieved. 
	A LED of lower power would reduce the peak current consumption, but it must also be lit for longer periods of time and will, hence, not decrease the average power consumption of the optical beacon.
	It is of utmost importance that a narrow-band (5-10 nm passband) optical filter is mounted on the Main Craft camera to ensure that stray light is sufficiently suppressed. 
	Mechanical data
	Main PCB dimensions			20 x 20 x 5		mm [L x W x H]
	LED PCB dimensions			10 x 10 x 2		mm [L x W x H]
	Total weight				12			g
	Temperature range
	Circuitry Min. operating temp.		-40 			° C
	Circuitry Max. operating temp. 		+125			° C
	LED Min. operating temp.			-40 			° C
	LED Max. operating temp.			+100 			° C 
	LED specifications 
	Output power (optical) 			350			mW
	Output wavelength				450 			nm
	Electrical specifications
	Supply voltage 				6 - 42			V
	Current consumption, LED ON 		700			mA 	(1)  
	Current consumption, LED OFF 		100			µA 
	Average power dissipation			1 			mW   	
	1  Typical value. Actual current consumption will vary with input voltage.  
	A complete Bill of Materials for the optical beacon is shown in Table 4.5. Part references are according to the schematics, appendix 4.1.
	The control system will monitor the status of all subsystems and will, upon detection of on-board anomalies, take appropriate action (shut down subsystems, keep temperatures within limits by activating/deactivating heaters, etc). All other subsystems will be activated only upon request from Main Craft. 
	The control system is based on a low-power micro-controller unit (MCU) from the Energy Micro Gecko family. Given the amount of I/O needed, a 64-pin QFN device with 54 General-Purpose I/O (GPIO) was chosen. 
	Following sections will briefly describe the electrical interfaces between the MCU and all  subsystems of the Remote Unit that are external to WP 4.3. Schematics, shown in Appendix, should be used in reference to the text. 
	The electronics are mounted on a four or six layer PCB. In order to save space and weight, effort should be made to share PCB with the power subsystem. 
	The reel motor motion control circuits are controlled via a RS232 asynchronous serial data interface. The signals required to be connected to the MCU is shown in Table 4.6, where signals to and from the MCU are inputs and outputs, respectively. 
	Since the communication interface is rather slow, the 12 V signals are level shifted using standard MOSFETs. The two open-collector signals are connected to the 2.5 V bus with pull-up resistors and connected to the MCU’s  pulse counter pins. 
	By configuring the motion controller so that it outputs a certain number of pulses for each turn of the motors, the length of each unreeled tether can be measured. 
	The signals required to interface to the power subsystem are shown in Table 4.7. Signals to and from the MCU are inputs and outputs, respectively. 
	All digital signals operates at the same voltage level as the MCU and are connected directly to the MCU GPIO pins. The analog output is generated by the Digital-to-Analog Converter (DAC) peripheral inside the MCU, whereas the analog input is connected to an operational amplifier and sampled by the MCU ADC. 
	 
	Some external circuitry is required in order to control and read temperature data from the CG thrusters. The signals involved are shown in Table 4.8. 
	Thruster valve operation
	The valve is opened by a short 12 V pulse, and is kept open by a 2.5 V DC power signal. 
	The low side of each valve is connected to a MOSFET that is normally off. A positive pulse from the MCU turns the FET on so that the valve is connected to ground. The high side of the valve is connected to an opto-relay that switches between the two different voltage supplies.
	A RC-network connected to a comparator is used to create a logic '1' pulse approximately 1 ms after the FET has been turned on. This signal triggers the relays and the 
	Thruster heater operation
	The thruster heaters are turned on by a low-side MOSFET switch. The battery voltage bus is used to power the heaters. 
	Temperature sensing
	Operational amplifiers are used to interface to the three NTC thermistors that measures the temperature of the gas tank and of each thruster. The current through each thermistor is approximately 200 µA to avoid self-heating effects. 
	The FEEP thruster will carry a Power and Control unit (PCU). All communication between the PCU and MCU will use a standard digital low-speed interface, I2C, SPI or similar.
	Thrust level is set by changing the input voltage to the High-Voltage converter. This implies adjusting the voltage of the 12 V (nominal) supply of the power system, which is made via the I2C bus. The FEEP tank heater is controlled by the RU MCU. 
	Mechanical data
	Dimensions 				30 x 30 x 2		mm [L x W x H]
	Total weight				6			g
	Temperature range
	Min. operating temp.			-40 			° C
	Max. operating temp. 			+85			° C
	Electrical specifications
	Supply voltage 				2.5 			V
	Active current consumption			4			mA 	(1)  
	Sleep mode current consumption		500			µA
	Average power dissipation			5 			mW	(2)  
	1  MCU running at full speed at a clock frequency of 16 MHz. 
	2  Assuming sleep mode cycling. 
	A complete Bill of Materials for the interface circuitry and the MCU is shown in Table 4.9 and Table 4.10, respectively. 
	 
	The heat shield sensors monitors the RU’s inclination relative to sun and the heat shield temperature. The sensors are placed at the center of the heat shield, while the electronics are placed inside the thermally controlled box, mounted on a four or six layer PCB. In order to save space and weight, the heat shield sensor electronics should be placed on the same PCB as the control subsystem. 
	The temperature sensing consist of two platinum Resistive Thermal Devices (RTDs). Each RTD is connected to a Wheatstone bridge and the output is amplified by an Instrumentation amplifier. The signal is then fed to the Analog-to-Digital converter in the MCU. Sampled voltages are translated to a corresponding temperature by the MCU, which adjusts for RTD nonlinearities. 
	Two photodiodes are used as sun inclination sensors. The photodiodes are reverse-biased and operated in a photoconductive mode where the output photocurrent is proportional to the illuminance. A shunt resistor creates a voltage drop that is amplified by an operational amplifier. These amplified signals are sampled by the MCU ADC. 
	Mechanical data
	Dimensions 				20 x 30 x 2		mm [L x W x H]
	Total weight				5			g
	Temperature range
	Circuitry Min. operating temp.		-40 			° C
	Circuitry Max. operating temp. 		+125			° C
	RTD Min. operating temp.			-125 			° C
	RTD Max. operating temp.			+150 			° C
	Photodiode Min. operating temp.		-40			° C
	Photodiode Max. operating temp. 		+125			° C
	Sensor specifications 
	Temperature range				-125 to +100		° C
	Temperature accuracy 			±2 			° C
	Inclination range				TBD			°
	Inclination accuracy				TBD			°
	Electrical specifications
	Supply voltage 				2.5 			V
	Current consumption			2			mA 
	Average power dissipation			5 			mW
	A Bill of Materials for the heat shield sensors is shown in Table 4.11.
	Appendix to Chapter 4 of  D42.1, Schematic drawings of controller and telemetry subsystem. 
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