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1. [bookmark: _Toc108074659]Aims
The aim of this project was to produce a system that provided heating to the passenger of an aircraft suite via heating mats that were located both in the seat pan and backrest cushions of the seat
1.1 [bookmark: _Toc108074660]Objectives
Produce increase in heat for passenger of 10°C within 15 minutes of operation of the heater system.
System to detect temperature and occupation.
Three level settings of temperature.
Measurement of the objectives was compared against the requirements section.

2. [bookmark: _Toc108074661]Planning
The project module was presented in early May, with a hand in date of week commencing 4th July 2022. This gave a window of roughly nine weeks to complete the project.
The project was fitted around other work commitments within the Certification department for various other projects.
A weekly schedule of 37.5 hours included:
Supplier, customer and engineering meetings - 30% - 11hr
Document creation and verification - 40%- 15hr
Test - 10% - 3.5hr
Other - 10%- 3.5hr
Total 90% - 34hr
This allowed a total of 3.5 hours a week to fit in the Heater Mat project.
The Heater Mat system would have to be eventually connected to a microcontroller to mimic the SPB (Seat Power Box) that would be located within the suite. This would give power to all actuation functions in the suite and also send and receive data to peripherals such as lighting and USB ports. Data protocol throughout the suites are usually Canbus driven. [1]
To recreate this protocol, the microcontroller required coding written and uploaded to it order to carry out various commands and functions.
The Heater Mat required various testing, post installation, on a mock suite in order to develop and gain understanding of heat patterns and levels of temperature.
This would include connecting a power source to the mat with probes to read the levels of Voltage and current. Power consumed by the mat could then be calculated to determine the draw taken from the whole system
20


2.1 [bookmark: _Toc108074662]Gantt chart  

[image: ]
[bookmark: _Toc108074721]Figure 1 - Gantt chart for the Heater Mat project showing key actions to complete within the allotted timeline 
As shown in figure 1, a Gantt chart was created to map out key requirements and actions to complete the project within an eight-week timeline. Planned and actual durations were included to ascertain if each action was completed on time to give structure and flow to the project. 
2.1.1 [bookmark: _Toc108074663]Project Planner
Plan Start -Week 1/Actual Start - Week 1
This was to initially brainstorm an idea to fulfill the project criteria. A Gantt chart was compiled to work out actions to timeline.
2.1.2 [bookmark: _Toc108074664]Requirements Documentation
Plan Start -Week 2/Actual Start - Week 2
To create an outline of the design for the Heater Mat, requirements were created. This was created in make sure the system not only fitted into the suite, but the power required and consumed was compatible.
2.1.3 [bookmark: _Toc108074665]Heat Mat Design
Plan Start -Week 3/Actual Start - Week 3
The design of the Heater Mat was to include a temperature and proximity sensor. The design was created in house and a third party supplier created the Heating element.
2.1.4 [bookmark: _Toc108074666]Heat Mat Build
Plan Start -Week 4/Actual Start - Week 4
The heat mat system was to be built and include the sensors and microcontroller to mimic the control system situated on the suite.
2.1.5 [bookmark: _Toc108074667]Installation on Suite
Plan Start -Week 5/Actual Start - Week 5
To tests the functioning of the heater system, it was to be installed on a mock suite in order to run output tests, loaded and unloaded.
2.1.6 [bookmark: _Toc108074668]Thermal/Output Testing
Plan Start -Week 6/Actual Start - Week 6
Following installation, the heater mat required tested for temperature, voltage and current output.
2.1.7 [bookmark: _Toc108074669]Fault Finding
Plan Start -Week 7/Actual Start - Week 7
Fault finding on Code to control the temperature via PWM from the microcontroller would need performing.
2.1.8 [bookmark: _Toc108074670]Final Testing
Plan Start -Week 8/Actual Start - Week 8
Testing on timings to update coding to include occupation would be required.

3. [bookmark: _Toc108074671]Legal / Ethical Issues
There were no legal or ethical issues for the duration of the project. 
4. [bookmark: _Toc108074672]Specification
4.1 [bookmark: _Toc108074673]System Overview
4.1.1 [bookmark: _Toc108074674]Integration
The aircrafts actuation system would control and power the heating system, so communication and voltage would be compatible. The heating system would adhere to the protocol configured by the manufacturer’s actuation system. [2]
The passenger by way of a Programmable Control Unit (PCU) would select heat intensity. This would interface with actuation system of the seat and would govern control of the heating system via adjustment to the voltage supply to the mat.
4.1.2 [bookmark: _Toc108074675]Line requirements
The heating system will be located in both seat back and pan via a controllable heating element. This will be located in every passenger location. The element will be located between cover and cushion.

The outside of the cushion will locate the heating element.


The heating system will have four settings, OFF/Low/Medium/HIGH. This will be controlled via a Programmable Control Unit (PCU).

Change of temperature should be noticed within 15s when setting is selected to high.


With an ambient temperature of between 18 to 23°C, the heating system shall be capable of an 8°C temperature increase.

The center of the seat cushion shall be the location to the record heat measurement


Power consumption:
Voltage - 28VDC
Maximum Power shall be ≤ 90W; this includes Backrest and Seat pan combined.
Current drawn in excess amount shall be protected from the heater mat. 
h) To avoid the passenger pressing the PCU repeatedly, the requirement time to notice heat increase from the heat pad is within 15s. A high surge of current at startup will achieve this. 

i) Noise from the heating map will be negligible, due to no fans or moving parts in the design.


h) Power will shut down following any damage of breakage to the electrical wiring rather than short-circuiting
4.2 [bookmark: _Toc108074676]Line Replaceable Unit (LRU) Design Requirements
4.2.1 [bookmark: _Toc108074677]Physical Requirements
The design of the system shall be robust enough for installation and handling by maintenance and aircrew.
4.2.2 [bookmark: _Toc108074678]Dimensions
The design of the heater pad must incorporate all sizes of cushion produced within Safran Seats GB. The largest size cushion produced in Safran is 765mm x 765mm. The smallest cushion is 205mm x 205mm.The design of the heating element shall allow an offset of 50mm from the edge. This would be to avoid strain from the passenger.
From the requirements shown in Table 4-1, the Heater mat sizes were estimated, as shown in table for Business and First Class suites. The detailed figures referenced that shall provide profiles for the Heater Mat design.
	Seat Type
	Cushion
	Variant
	Outline Dimension (WxH) in mm
	Detailed Dimensions

	Std / Business Class
	Seat pan
	All
	469.5 x 369.18
	

	Std / Business Class
	Backrest
	All
	470 x 472.5
	

	Wide / First Class
	Seat pan
	All
	627.16 x 207.8
	

	Wide / First Class
	Backrest
	All
	598 x 385
	


[bookmark: _Toc108074775]Table 4‑1 - Dimensions for cushions in both Business and First Class suites 

[image: ]
[bookmark: _Toc108074722]Figure 2 - ABC Modular Seat System - Standard Left Hand Seat - Seat pan Cushion Dimensions
[image: ]
[bookmark: _Toc108074723]Figure 3 - ABC Modular Seat System - Standard Seat - Backrest Cushion Dimensions

[image: ]
[bookmark: _Toc108074724]Figure 4 - ABC Modular Seat System - Wide Seat - Seat pan Cushion Dimensions

[image: ]
[bookmark: _Toc108074725]Figure 5 - ABC Modular Seat System - Wide Seat - Backrest Cushion Dimensions
As shown in figures 2 – 5, all 3D models for the business and first-class cushion dimensions were created using Catia V5 software. [3]
4.2.3 [bookmark: _Toc108074679]Weight
The design of the heater mat determined the target weight. Based on the maximum dimensions of 755mm x 755mm for the Business Class seat the target weight for the assembly shall be ≤ 100g.
The assembly included:
· Heater Mat Element Assembly
· Pigtail
· Connector
· Contacts
· Wire
· Sleeving
· Shield
· Protection
· Retention







	Item
	Part Number
	Description
	Quantity
	Weight (g)
	Weight Total (g)

	PLT Heater Circuit Material
	TBD
	Thermal Circuit
	755mm x 755mm x 0.127mm
	5
	5

	Kapton Film
	TBD
	Protective Film
	755mm x 755mm x 0.0253mm
	5
	5

	3 M Film
	TBD
	Protective Film
	755mm x 755mm x 0.127mm
	5
	5

	Velcro
	Aplix 840
	Velcro for retention
	2400mm
	50.4
	50.4

	Connector
	ASR-N-7-A1-P-363
	Amphenol ASR 10 Pin Connector
	1
	4.2
	4.2

	Contacts
	MIL-C-39029/58-363
	20 AWG Pin Contact
	10
	0.136
	1.36

	Backshell
	ASRNA1-363
	Straight Backshell
	1
	1.8
	1.8

	Wire
	AS22759/45-20
	20 AWG Wire
	10
	0.03
	0.3

	Sleeving
	HTNS-L/HO-6
	Green Sleeving
	1
	2.4
	2.4

	Shield
	RAY-101 A-6.0
	Raybraid Shielding
	1
	8.85
	8.85

	Protective Sleeving
	Roundit-2000-NX-HT-8mm-Green
	Protective Sleeving
	1
	8.1
	8.1

	Consumables
	N/A
	Additional Consumables
	1
	5
	5

	Total
	
	
	
	
	97.41



[bookmark: _Toc108074776]Table 4‑2 - Weight Calculation with 300mm Fly Lead

4.3 [bookmark: _Toc108074680]Electrical Interface Requirements
4.3.1 [bookmark: _Toc108074681]Internal Circuitry
Interface of the Heater Mat shall be Pulse Width Modulation Input/output with Power and return lines. The Power Lines shall be rated up to 5A and the Heater Mat shall include a Current Limiting Device. This was to ensure the consumed current did not exceed 3A. 
A Thermocouple interface is required for temperature monitoring. This shall be an analogue interface. Occupant Detection Sensors shall be installed within the Heater Mat. This shall detect if the Heater Mat was occupied in order to enable / disable Heating Functionality from the Seat Actuation Controller. The interface shall be discrete.

4.3.2 [bookmark: _Toc108074682]Electrical Connectivity
Details of the electrical connectivity are shown below:
	Pin
	Signal Name
	Voltage (V)
	Current (mA)
	Description

	1
	5 VDC Input
	5 VDC - 26VDC
	1500 (Maximum Continuous)
	Variable 5 VDC - 26 VDC Input

	2
	Return
	28 VDC
	2000 (Peak)
	Fixed Return

	3
	Temp. Input
	0 VDC - 5 VDC
	10 (Max)
	Temp. Circuit Input

	4
	Temp. Output
	0 VDC - 5 VDC
	10 (Max)
	Temp. Circuit Output

	5
	Sens. Input
	5 VDC
	10 (Max)
	Occupancy. Circuit Input

	6
	Sens. Output
	5 VDC
	10 (Max)
	Occupancy. Circuit Output

	7
	N/C
	-
	-
	-

	8
	N/C
	-
	-
	-

	9
	N/C
	-
	-
	-

	10
	N/C
	-
	-
	-

	-
	Chassis / Shield
	-
	-
	Shield via Connector/Back shell


[bookmark: _Toc108074777]Table 4‑3 - Connector pin out details
4.3.3 [bookmark: _Toc108074683]Wire
To satisfy Airbus and Boeing Flammability, Safran Seats utilize AS/MS22759/45 wire type within Seat harnesses. [4]
4.3.4 [bookmark: _Toc108074684]Cable Protection
External flying leads shall be protected with flexible, aerospace qualified lightweight abrasion resistant sleeving (e.g. Bentley Harris HTNS L/HO)
Additional cable protection in the form of Roundit 200NX or Conduit NSA935805 can also be used to further protect the harness wire from sharp edges.
4.3.5 [bookmark: _Toc108074685]Grounding
The Heater Mat shall not contain a metallic housing. The unit shall be grounded through the Back shell / Pin 7.
4.3.6 [bookmark: _Toc108074686]Power Consumption
For the Heater Mat, the consumption of power shall have an initial current inrush at start up. This is from the Seat Actuation System and shall be ≥ 2A. This shall have a duration of ≤ 5s at 27VDC.
Power management shall be provided by the Seat Actuation System and will manage inrush current by ramping the Voltage / Current gradually to eliminate high draw of current.


4.3.7 [bookmark: _Toc108074687]Cooling
Due to airflow in the Cushion being limited, conduction will cool the Heater Mat. For Airbus and Boeing requirements, the surface of the Cushion shall not be ≥ 50°C. [5] Test shall be carried out to verify that this not exceeded.
A Thermocouple designed into the Heater Mat will monitor the temperature. [6]  When approaching a threshold temperature of 50°C, a set limit of 45°C, power consumption will cease either by set period is reached or a threshold of a lower limit is satisfied. By having a sensor in the Heater Mat, consumption of power is limited. Alternatively, the sensor shall communicate back to the Actuation system and through software, determines the supply of power to the Heater Mat.


4.3.8 [bookmark: _Toc108074688]Safety
The design of the Heater Mat shall incorporate safe operations at all times of functioning. This shall include:
· Over Voltage
· Over Current
· Short Circuit
· Over Heating
· Exposure to Liquids and Chemicals
· Electrostatic Charge
4.4 [bookmark: _Toc108074689]Reliability
Safran Seats requires the system to be substantiated for 15,000 hours based on the following calculation:
Reliability Target = (Aircraft FH per Year / Duty Cycle) * Warranty Period.
Safran Seats assume 6000 flight hours per year for a given aircraft.
The max cyclic target shall be taken as 5 years.
It is assumed that the Heater Mat could be active for up to 50% of the stated Flight Hours (50% Duty Cycle),:
(6000/2 ) * 5 = 15,000 hours.
Material which will be fitted into the seat cushions, such as the heating element, fire blockers and foams, shall demonstrate robustness and reliability when used in a seat cushion. This shall be proven via a 75 kg representative  load, loading and unloading the seat for ≥ 60,000 cycles.


4.5 [bookmark: _Toc108074690]Coding Requirement
The ECU requires software process to follow for the Heater Mat:
[image: ]
[bookmark: _Toc108074726]Figure 6 - Software Functional Flowchart





5. [bookmark: _Toc108074691]Design
For the Heating System, a flexible material was required to house the controlled heating element. This was due to the location of the mat on both the backrest and seat pan.
There was two preferable options for the supply of the heat mat. Caynova and e2ip.
5.1 [bookmark: _Toc108074692]Caynova
[image: ]
[bookmark: _Toc108074727]Figure 7 - Caynova Heater solution
The Caynova Heater Mat (HMAT),as shown in figure 7, functioned by applying power to the mat, which passes through Resistive Wires. These electrical wires intend to provide high resistance to the voltage, generating excess current that was dissipated in the form of heat. [7]
The carrier material acts as a fire blocker and a form for which the resistive wire is sewn into.
The material would be supplied by a third party and the wire would be installed in house to cut down on cost.
A temperature sensor would be installed to monitor the temperature being generated by the HMAT. 
5.2 [bookmark: _Toc108074693]e2ip
[image: ]
[bookmark: _Toc108074728]Figure 8 -  e2ip heater solution
e2ip Heater Mat solution, as shown in figure 8, offers a similar solution to the Caynova in terms of the method of heat delivery, however instead of a Resistive Wire, the e2ip HMAT is achieved through the use of Printed Ink. [8]
Positive Temperature Coefficient (PTC) ink is used in the Heater Mat, which creates the heat-determined temperature, which is self-regulated. It does not need any controller externally, and will not overheat, so is incredibly safe. Cost, energy and space is also at a minimum. [9]




5.3 [bookmark: _Toc108074694]Comparison Test 
5.3.1 [bookmark: _Toc108074695]Test Equipment 
The following was used in the heater mat test:
· Power Unit - Manson EP -603- 28V DC
· Pico scope - TA041
· Thermocouple unit with USB - Pico TC - 08 Data Logger
· Laptop - Dell Latitude E7440

5.3.2 [bookmark: _Toc108074696]Temperature Monitoring
The recommended equipment and techniques used to measure temperature and power dissipation for Safran Seats was to utilise Pico Technology SE027 Type K (Medium Accuracy) Thermocouples to record the temperature variation.
The Thermocouples were connected to a Laptop via a Pico Technology USB TC-08 Thermocouple Data Logger and interlinking USB Cable.
Due to the differing design of the two HMAT solutions, an Aluminum Sheet (3mm Thick) was used in place of a Seat Cushion to provide like for like results. 
[image: ]
[bookmark: _Toc108074729]Figure 9 - Temperature test set up with thermocouples attached
Aluminum Sheets was fitted with 8 Thermocouples mounted in various positions to monitor the Temperature detected through the material as shown in figure 9.
[image: ]
[bookmark: _Toc108074730]Figure 10 - Location and idents of thermocouples
Thermocouples were connected to a Data Logger to record the temperatures, as shown in figure 10.
[image: ]
[bookmark: _Toc108074731]Figure 11 - Power box and thermocouple link box connected to laptop for readings
The Aluminum Sheet was placed on top of each HMAT Solution, and the Thermocouples were connected to the Data Logger and then connected to a laptop for monitoring the output, as shown in figure 11.
The Data Logger enabled and was set to record for 1 Hour with power enabled to Each Heater Mat.
1. Wait 20 mins for Heat Mat to build up temperature
2. Power removed from each Heater Mat
3. Record results
5.4 [bookmark: _Toc108074697]Test Results
5.4.1 [bookmark: _Toc108074698]Caynova Solution
[image: ]TIME OF DAY
TEMP °C
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Thermocouple 6
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[bookmark: _Toc108074732]Figure 12 - Thermocouple test result for Caynova solution
As shown in figure 12, the ambient temperature at the start of the test was approximately 23°C. All Thermocouples registered a noticeable increase in temperature. The maximum increase was achieved on Thermocouple 7, showing a temperature of 37.73°C within the 20-minute window. The ambient temperature returned to normal range (± 1°C) after the removal of power.
5.4.2 [bookmark: _Toc108074699]e2ip
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[bookmark: _Toc108074733]Figure 13 - Thermocouple test result for e2ip solution
The ambient temperature at the start of the test was approximately 23°C. Figure 13 shows all Thermocouples registered a noticeable increase in temperature, however due to a smaller size compared to Caynova; some Thermocouples reported a lower rate of increase. The maximum increase was achieved on Thermocouple 6, showing a temperature of 43.81°C within the 20-minute window. The ambient temperature returned to normal range (± 1.2°C) after the removal of power.


5.5 [bookmark: _Toc108074700]Comparison of Results

[bookmark: _Toc108074734]Figure 14 - Average temperature for both Caynova and e2ip compared
As shown in figure 14, the e2ip solution reached the higher temperature required in the tests.
	ITEM
	CAYNOVA
	e2ip SOLUTIONS

	INPUT VOLTAGE
	14.5 VDC
	28 VDC

	INPUT CURRENT (MAX)
	1.675A
	1.4A

	INPUT CURRENT (AVERAGE)
	1.675A
	0.8A

	POWER CONSUMPTION (MAX)
	24.29W
	39.2W

	POWER CONSUMPTION (AVERAGE)
	24.29W
	22.4W

	PEAK DURATION
	CONSISTENT
	5 SECS

	TEMP. CONTROL METHOD
	28VDC PWM
	28VDC PWM

	COST
	£200 PER UNIT
	£100 PER UNIT


[bookmark: _Toc108074778]Table 5‑1 - Caynova and e2ip comparison
As shown in Table 5-1, the Heater mat from e2ip was more efficient and cheaper than the Caynova. As a result, the e2ip Heater mat was chosen for the mat section of the heating system.
6. [bookmark: _Toc108074701]Development
6.1 [bookmark: _Toc108074702]Revision 1
[image: ]
[bookmark: _Toc108074735]Figure 15 - Revision 1 of heating system
The first revision of the Heater mat, as shown in figure 15, would include a heating element for both seat pan and backrest that was powered by 28V from the Electrical Control Unit (ECU), and this power was controlled via a third-party Personal Control Unit (PCU). The passenger would press the heating button on the PCU, which would send a signal to the ECU to send a current through the 28V line. This current would be resisted by the PTC ink in the mat and generate heat. The temperature settings would be controlled via the PCU; the level of voltage would determine the current and thus create the heat required.
The main issue with this design is that there was no temperature sensor to monitor the level of heat created, so the system would not know if it was overheating.
6.2 [bookmark: _Toc108074703]Revision 2
[image: ]
[bookmark: _Toc108074736]Figure 16 - Revision 2 of heating system including sensors with data lines
Revision 2 of the Heater, as shown in figure 16, would include temperature sensors in both mats. This would record the temperature and via a data line, instruct the power unit to either maintain voltage or cut power off as the limit was reached.
The issue with this design is the inclusion of added data lines that would have to be routed throughout the suite, causing integration issues, as these lines would have to be protected from EMI via shielding and general wear and tear by the proximity to a moving seat when functioning into the bed position.











6.3 [bookmark: _Toc108074704]Revision 3
[image: ]
[bookmark: _Toc108074737]Figure 17 - Revision 3 of heating system including heater control unit
The final design of the Heater Mat, as shown in figure 17, would include temperature sensors from the previous design, but also include a pressure sensor in the matt, that would be used in order to detect if a passenger is located on the seat. This would be a safety feature to cut power to the mat when the passenger is not in occupation of the seat.
The addition of another sensor would mean another line to the ECU. The issue of multiple cables being routed throughout the suite would be eliminated by the inclusion of a local Control Unit. All cables from the Heater Mat would traverse through this Control Unit, which would be located near the seat as to minimize the bundle length of cabling required.
The Heater Control Unit would contain a microcontroller sending and receiving data to control the Heater Mats temperature.

6.4 [bookmark: _Toc108074705]Wiring Diagram
[image: ]
[bookmark: _Toc108074738]Figure 18 - Outline drawing of Heater mat

7. [bookmark: _Toc108074706]Test
The Heater Mats was installed onto both the seat pan and backrest cushions within a test suite to determine fit and functionality.
7.1 [bookmark: _Toc108074707]Test Equipment
The following was used in the testing of the Heater Mat:
· Power Unit - Manson EP -603- 28V DC
· Pico scope - TA041
· Pico scope Oscilloscope - 2204
· Thermocouple unit with USB - Pico TC - 08 Data Logger
· Laptop - Dell Latitude E7440
· Arduino Uno microcontroller
· Temperature sensor – DHT11
· Pressure sensor - Vmanx SBR
· Current clamp - Pico TA018
· Keypad Unit
· NPN Transistor – BD237
· Breadboard
· Connecting cables
· Thermal Camera - Flir 50
7.1.1 [bookmark: _Toc108074708]Temperature Monitoring
7.1.1.1 Thermocouples 
The same set up of Thermocouples were used as in the previous test for the e2ip and Caynova comparisons.
7.1.1.2 Thermal Camera
A FLIR B50 Infrared Thermal Imaging Camera was used to record the temperature variation.
The FLIR B50 was utilised by aiming the camera to the desired location, the built in display recorded the temperature and the image captured.
7.2 [bookmark: _Toc108074709]Revision 1 
To monitor the heat dispersion on the seat, thermocouples were attached to the Heater Mat. In order to monitor the effect, the Heater Mat would have on the passenger, thermocouples were attached to the cushion and cushion cover. The thermocouples were linked to a laptop to record the output of heat from the varying location on the seat.



 
	Sensor Number
	Location

	1
	Top of Heater Mat

	2
	Underside of Heater Mat

	3
	Cushion - 12 o’clock position

	4
	Cushion - 3 o’clock position

	5
	Cushion - 6 o’clock position

	6
	Cover - 12 o’clock position

	7
	Cover - 3 o’clock position

	8
	Cover - 6 o’clock position



[bookmark: _Toc108074779]Table 7‑1 - Location of thermocouples
Table 8-1 shows the location of the thermocouples throughout the heater Mat, cushion and cover.
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[bookmark: _Toc108074739]Figure 19 - Heater mat with a thermocouple located on either side centrally
Figure 19 shows the Heater Mat with thermocouples attached to either side to monitor the output temperature.
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[bookmark: _Toc108074740]Figure 20 - Cushion of seat pan with thermocouples attached
Figure 20 shows the underside of cushion that the Heater Mat was located on. A number of thermocouples were attached at various points to show how the heat emanated throughout the cushion.
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[bookmark: _Toc108074741]Figure 21 - Cushion cover of seat pan with thermocouples attached
Figure 21 shows the cushion cover, and included thermocouples attached to show the temperature the passenger would feel when the Heater Mat was active. The position of the thermocouples matched those on the underside of the cushion to show how the heat travelled through.
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[bookmark: _Toc108074742]Figure 22 - Mock up suite for testing purposes with thermocouples attached to seat pan cushion
Figure 22 shows the assembled seat pan with the Heater Mat installed within. The thermocouple wires were connected to the data logger that was connected via a USB port to a laptop to read the output signals, using PicoLog software.
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[bookmark: _Toc108074743]Figure 23 - Power unit connected to heater mat located in seat pan
Two separate power boxes were used to connect to each Heater mat installed on both seat pan and backrest respectively. This represented the voltage from the ECU, as shown in figure 23.
[image: ]
[bookmark: _Toc108074744]Figure 24 - Test set up connected to heater mat
Figure 24 shows the full test set up. The thermocouple sensors connected to the link box that fed into the laptop to monitor their temperature output. Current and voltage were measured via a Picoscope. This was also connected via a laptop to show output readings.
Maximum power of 28V was set for 15mins to monitor the temperature from the Heat Mat. Using a Thermal Image camera and taking images every couple of minutes to record the rise in temperature. Results of this test was recorded in Appendix 1.



7.2.1 [bookmark: _Toc108074710]Revision 1 Test Results
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[bookmark: _Toc108074745]Figure 25 - Thermal camera images of the Backrest Heater Mat
As shown in figure 25, the thermal camera captured the rise in temperature over the test time of 15 minutes for the heater mat located on the backrest of the suite. 
The ambient temperature of the backrest was 22.1°C, and after 15 minutes, the temperature was 30.4°C.
Results of this test was recorded in Appendix 1.
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[bookmark: _Toc108074746]Figure 26 - Thermal camera images of the Seat pan Heater Mat
As shown in figure 26, the thermal camera captured the rise in temperature over the test time of 15 minutes for the heater mat located on the seat pan of the suite. 
The ambient temperature of the backrest was 22.1°C, and after 15 minutes, the temperature was 32.1°C.

32°C

[bookmark: _Toc108074747]Figure 27 - Heater Mat temperatures at full power (28V) of both Seat pan and Backrest
Figure 27 shows the two heater mat temperature outputs in comparison over 15 minutes of test time recorded with the thermal camera every two minutes. The seat pan temperature was 2°C hotter than the backrest mat.
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[bookmark: _Toc108074748]Figure 28 - Inrush current of Heater Mat on start up
Figure 28 shows the initial inrush current on power up of the heater mat at full power of 28V. The current did not spike on start up, but gradually increased until finally leveling out at around 1.5A. This was due to the resistance given from the elements in the heater mat. This level of current was maintained for the duration of the test when full power was maintained.
Power consumed for the mat at full power was:


= 42W
[bookmark: _Toc108074749]Figure 29 - Formula for power
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[bookmark: _Toc108074750]Figure 30 - Thermocouple test results of Heater mat unloaded
The first test was carried out with no one in occupancy of the seat while the heater mat was operational. As shown in figure 30, Thermocouples 1 & 2 were located on either side of the heat mat, and gave out the highest temperatures of an average 54° C. Thermocouples 3 - 8 were located on the cushion and cover respectively and gave out a lower average temperature of 35°C. This was due to the insulation given from material in the cushion and cover.
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[bookmark: _Toc108074751]Figure 31 - Thermocouple test results of Heater mat loaded
The second test was performed with a volunteer occupying the seat and gave pressure to the seat. As shown in figure 31, Thermocouples 3 - 8 were located on the cushion and cover, the average temperature of these were much higher than in the first test, showing an average temperature of 45°C. This increase in temperature was due to the insulation decreasing due to the weight on the seat. There was no change in temperature of Thermocouple 1 & 2, which were located either side of the Heater mat.

7.3 [bookmark: _Toc108074711]Revision 2 Test
To develop the Heating System further, Test 2 was carried out to understand the temperature of the heater mat when increasing the output voltage in increments. This was to understand what commands to programme into the coding of a microcontroller for the next iteration of design via PWM.
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[bookmark: _Toc108074752]Figure 32 - Thermocouple location on the Heater Mat for Revision 2 Test
For Revision 2 Test, the Thermocouples were spread around the Heater Mat, with one situated centrally. This was to give an average of the overall heat dispersed from the mat, as shown in Figure 32.
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[bookmark: _Toc108074753]Figure 33 - Thermocouples connected to link box through to a laptop
As shown in figure 33, the Thermocouples were connected via a link box to a laptop and the output was monitored via PicoLogger software. [10]
Due to any voltage under 14V was not hot enough for human detection as the average body heat for a person was 37°C, it was decided to start the experiment at around 14V. [11]
This test was to understand how to implement code into the microcontroller to control the PWM to adjust the temperature to the required level.
By taking the PWM as a factor of 12 for the different heat levels, the following equation was created:


[bookmark: _Toc108074754]Figure 34 - Equation for the PWM controlled voltage
These calculations were repeated to produce the increasing levels of voltage, which would associate with the factors to increase the heat levels.
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[bookmark: _Toc108074755]Figure 35 - Results from thermocouple test to understand the three different levels of heat
As shown in figure 34, the incremental rise in voltage every 15 minutes gave the average heat output in order to set the PWM, which would be controlled by the microcontroller.

	Max Voltage
	 
	PWM is factor of 12
	 

	28
	 
	
	

	Fraction 28 x A/12
	PWM controlled voltage
	Temperature
	Setting

	6
	6
	14
	36
	LOW

	7
	5
	16.33
	39
	 

	8
	4
	18.67
	44
	 

	9
	3
	21
	48
	MED

	10
	2
	23.33
	52
	 

	11
	1
	25.67
	54
	 

	12
	0
	28
	56
	HIGH


[bookmark: _Toc108074780]Table 7‑2 - Factor of maximum voltage associated with the temperature
As shown in Table 7-2, factors of 12 were repeated until the highest voltage possible was calculated. These factors were then entered into the coding of the microcontroller to change the PWM and thus change the heat levels for the Heater Mat.
The voltage started at 14V and incrementally increased every 15 mins to show the range of temperature, which would then allow the three settings to be produced.
Code was written for the microcontroller that would control the PWM for the Heater Mat control. This was performed using Arduino software. [12]
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[bookmark: _Toc108074756]Figure 36 - Microcontroller and keypad to control PWM and temperature
As shown in figure 36, a Microcontroller was added to the system to control the Heaters Mat control system. A keypad was also connected to the microcontroller to adjust the heater settings. Code was written to recognize the keypad buttons and then what the factor of 12 was with regards how much the PWM pulsed.
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[bookmark: _Toc108074757]Figure 37 - Example of code for the keypad
As shown in figure 37, Integers delay High and delay Low were assigned to determine the factor of how long the pulse was on or off. The keypad was then identified through all of its buttons to be assigned if pressed.
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Description automatically generated]
[bookmark: _Toc108074758]Figure 38 - Code example of the output pin
Figure 38 shows the void setup, which was to assign pin 13 on the microcontroller as the output
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[bookmark: _Toc108074759]Figure 39 - Code example of PWM factors associated with the three levels of heat
Figure 39 shows the void loop, which included the action when button 1 - 4 was pressed and the factor of low and high was activated.

7.3.1 [bookmark: _Toc108074712]Revision 2 Test Results
For the PWM, an Arduino microcontroller was connected to probes to measure the signal produced from each setting via the microcontroller
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[bookmark: _Toc108074760]Figure 40 - PWM duty cycle for low setting
Figure 40 shows the Low setting duty cycle of the PWM produced from the microcontroller.  As the factor for low setting was low for 6 then high for 6, the pulses were equally spread. [13]

[image: ]

[bookmark: _Toc108074761]Figure 41 - PWM duty cycle for medium setting
Figure 41 shows the Medium setting duty cycle of the PWM produced from the microcontroller. As the factor for medium setting was high for 9 then low for 3, the pulse was on for longer allow more voltage through.

[image: ]
[bookmark: _Toc108074762]Figure 42 - PWM duty cycle for high setting
Figure 42 shows the High setting duty cycle of the PWM produced from the microcontroller. As the factor for high setting was high for 12 then low for 0, the pulse is on constantly allowing the full voltage.
A temperature sensor was added to the circuit in order to measure the Heat dispersed and feed this information back to the microcontroller for it to control the level of PWM that would control the voltage given out.
The sensor was used and connected to the Arduino, and was then placed within the heat mat between the cushion to get the optimum reading.
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[bookmark: _Toc108074763]Figure 43 - Temperature sensor connected to the microcontroller, which was linked to a laptop for the code
Code for the microcontroller was created for the temperature sensor to read and print out the heat given at any one time from mat.
Levels of temperature were included in the code to keep the mat in order to sustain the level of heat associated with each heat setting. The keypad and heat levels code from the previous coding was included.
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[bookmark: _Toc108074764]Figure 44 - Example of the Arduino code to print the temperature and humidity output
For the void loop, code was written to show the humidity as a percentage and the temperature taken, as shown in figure 44.
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[bookmark: _Toc108074765]Figure 45 - Example code showing sample rate and unit of measurements
As shown in figure 45, integers for temperature and humidity. When the temperature was printed, a ‘C’ was included to show that the temperature was in Celsius, and the humidity was shown as a percentage. The sample rate of the temperature was 1Hz. 
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[bookmark: _Toc108074766][bookmark: _Hlk106811926]Figure 46 - Example code for the factors of the Low level PWM 
As shown in figure 46, case 1 showed that for the Low level setting, if the temperature was below 34°C, the PWM would be fully ON with full voltage in order to heat the mat up. If the temperature was higher than 34°C or less than 38°C, the PWM will fluctuate with a factor ON for 6 and OFF for 6.
If the temperature increased to more than 38°C, the voltage would cut off completely until it fell back with the previous temperatures.
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[bookmark: _Toc108074767]Figure 47 - Example code for the factors of the medium level PWM
As shown in figure 47, case 2 showed that for the medium level setting, if the temperature was below 46°C, the PWM would be fully ON with full voltage in order to heat the mat up. If the temperature was higher than 46°C or less than 51°C, the PWM will fluctuate with a factor ON for 9 and OFF for 3.
If the temperature increased to more than 51°C, the voltage would cut off completely until it fell back with the previous temperatures.
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[bookmark: _Toc108074768]Figure 48 - Example code for the factors of the high level PWM
Case 3, as shown in figure 48, showed that for the High level setting, if the temperature was below 54°C, the PWM would be fully ON with full voltage in order to heat the mat up. If the temperature was higher than 54°C or less than 58°C, the PWM will fluctuate with a factor ON for 11 and OFF for 1.
If the temperature increased to more than 58°C, the voltage would cut off completely until it fell back with the previous temperatures.
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[bookmark: _Toc108074769]Figure 49 - Example code for the factor for OFF
As shown in figure 49, case 4 showed the OFF function to completely cut the power to Heater Mat, as the factor was totally OFF.
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[bookmark: _Toc108074770]Figure 50 - Serial Monitoring of the temperature sensor running on the Arduino
As shown in Figure 50, the temperature sensor running in conjunction with the microcontroller with the serial monitor showing the temperature and humidity. The binary data bits were also displayed.
The next part of this revision was to include a NPN transistor to amplify the output voltage from the microcontroller to the Heater Mat so the output produced would reach the required amount to heat the mat. [14]











7.4 [bookmark: _Toc108074713]Revision 3 Test
For the final revision, a pressure sensor was included into the system. This was a safety feature to detect if the seat was loaded and unoccupied. If not, after a set time, the Heater Mat would switch off.
[image: ]
[bookmark: _Toc108074771]Figure 51 - Pressure sensor located on top of Seat pan 
In order to trigger the sensor for occupancy, code was created for the Arduino. The sensor was a simple switch circuit. The circuit was open and ran off 5V. When pressure was applied to the middle of the pad, the circuit would close and power up. [15]
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[bookmark: _Toc108074772]Figure 52 - Example code for the pressure sensor
As shown in figure 52, pin 12 was declared as the input with digital read of that pin. In addition, to display ON if the read was high, and OFF if the read was low.
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[bookmark: _Toc108074773]Figure 53 - Serial monitor of the switch turning ON and OFF
As shown in figure 53, the serial monitor from the Arduino was recognizing the switch being pressured on and off.
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[bookmark: _Toc108074774]Figure 54 - Example code for the pressure sensor linked to the temperature 
As shown in figure 54, the code was programmed so that when the signal is HIGH, the switch was closed by the pressure sensor, which then in turn activates the heater mat. The contact was a variable associated with pin12. Pin 12 was read and was assigned to the variable ‘contact’.
If the contact was HIGH, the heating would switch ON. If contact was LOW, the heating would switch OFF



8. [bookmark: _Toc108074714]Evaluation
8.1 [bookmark: _Toc108074715]Revision 1 Test 
The first revision of the heater mat had no level of control. So was either fully on or off. From the thermocouple readings, the average temperature was 54°C. This was higher than the requirements for Airbus or Boeings level of heat from an LRU (Line Replaceable Unit), which was no more than 50°C. Without any safety cut off, this revision would be a possible safety hazard, as it would just get hotter.
Inrush current on startup was gradual to around 1.5A. This was within the requirements set at the start of the project, which was determined to be no more than 2A.
[bookmark: _GoBack]A change of temperature was felt within the required 15 seconds when full power was set. The heater increased its temperature over 8°C with 10 minutes at full power.
Maximum power was 45W, the required was ≤ 90W. This was backrests and seat pan mat combined.

8.2 [bookmark: _Toc108074716]Revision 2 Test 
On the second revision, three levels of heat was determined and converted into a PWM factor to allow the 28V through a NPN transistor. This was controlled through a microcontroller and the levels changeable via a keypad.
The temperature levels were set for the three levels of heat and would cut out when that set level was met until the temperature dropped. The power would then heat the mat back up to the set temperature.
All levels were reached and cut off at the desired temperatures.
8.3 [bookmark: _Toc108074717]Revision 3 Test 
A safety feature of a pressure sensor was added to create Revision 3 of the heater mat. Code was included in the microcontroller to only start when the pressure sensor was HIGH. In addition, to switch OFF when the mat was unloaded.
9. [bookmark: _Toc108074718]Conclusion
Revision three of the Heater mat would be the version to go into production due to the safety elements via the pressure sensor and software linked to the maximum temperature allowed. The tests carried out would be shared with the supplier chosen for the actuation system along with the software used. This would aid the Software and Systems Engineers in the requirements for the Heater system.  
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11. [bookmark: _Toc108074720]Appendix
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[bookmark: _Toc107837253][bookmark: _Toc108074781]Appendix 1 - Test Result Sheet for Thermal Test of Heater mat
Caynova Channel 7 vs e2ip Technologies Channel 6
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int delayHigh;
int delayLow;
const byte ROWS = 4; //four rows
const byte COLS = 4; //four columns
//aetine the symbols on the buttons of the keypads
char hexaKeys[ROWS] [COLS] = (

[ O

e, st e, B,

©7 e e e,

[T B
b
byte rowPins[ROWS]
byte colPins[COLS]

s, 8, 7, &); //connect to the row pinouts of the keypad
15, 4, 3, 2}; //connect to the column pinouts of the keypad

//initialize an instance of class Newkeypad
Reypad customKeypad = Keypad( makeKeymap (hexaKeys), rowPins, colPins, ROWS, COLS):
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void setup()
€
Serial.begin(9600) ;

pinlode (13, OUTBUT); // declares pin 13 as output

void loop()
€
char customKey = customKeypad.getKey () :
if (customKey)
€
Serial.println(customKey) ;
switeh (customKey)
€
case '1': // Low
delayfign =
delayiow = &;
break;

case '2': // Med
delayiigh
delayiow = 3;
break;
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void setup()
€

serial.begin(9600)

pinlode (13, OUTBUT); // declares pin 13 as output

void loop()
€
cha:

customkey = customKeypad.getkey ();
stonkey)|

Serial.println(customKey) ;
switeh (customKey)
€
case '1': // Low
delaydign = 6,
delayiow = &
break;

case '2': // Med
delayiign = ©
delaylow = 3,
break:
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case '3': // High
delayiign = 12;
delaylow = 0

brea

case 'at: // off
delayfiign = 0;
delayiow = 12;
break;

digitalWrite (13, HIGH); // sets pin 13 HIGH
delay(delayHign) ;
digitalWrite(13, LOW); // sets pin 13 LOW
delay (delayLow) ;
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void loop()
€
7/ starc working.
Serial.println(!
Serial.println("Sample DATIL...")

// zead with raw sample data.
byte temperature
byte humidity = 0;
byte data[40] = (0}:
if (dnEll.read(pinDHT11, Stemperature, chumidity, data))
€

return;

Serial.print("Sample RAW Bits: ")
for (int 1= 0; 1< 40; i+4)
€
Serial.print ((int)datali]);
if (10 ((1+1) %4 =0)
€
serial.print(’
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«
serial.println("")

Serial.print ("Sample OK: "
Serial.print ((int)temperature); Serial.print(" *C, "
Serial.println(" %"

Serial.print ((int)humidicy):

// DET11 sampling rate is 1HZ.
delay(1000) ;
i

char customKey = customKeypad.getKey () :
if (customKey)
€

Serial.println(customKey) ;

switeh (customKey)

i
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case '1': // Low
if (vemperature<3s)
€

delayiign = 12;
delaylow
i

if (cemperature>34 & temperature<3s)
€

delayiign = 6,

delaylow
i

if (vemperature>3s)
€
delayfiign = 0;
delayiow = 12;
i
break;
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case '2': // Med
if (vemperature<ss)
€
delayiigh
delaylow
i

if (cemperature>46 & temperature<Sl)
€

delayiigh
delaylow = 3,
i

if (vemperature>si)
€

delayfiign = 0;
delayiow = 12;

i

break;
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case '3': // Hign
if (vemperature<ss)
€

delayiign = 12;
delaylow
i

if (cemperature>S4 & temperature<ss)
€
delaysign =12;

if (vemperature-ss)
€

delayiigh
delaylow

break;
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case 'a'
delayfiign = 0;
delayiow = 12;
break;
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Pressure_Sensor

void setup()

€
Serial.begin (9600) ;
pinlode (12, INPUT)

// declares pin 12 as input

void loop()

€

int contact=digitalRead(12):
// Serial.println (contact):
1/ delay(l):

if (contact == HIGH)
€

Serial.println ("ON");
i

if (contact == LoW)

€

Serial.println ("OFF";
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Serial.begin (9600)
pinMiode (12, INPUT); // declares pin 12 as imput
pinlode (13, OUTBUT); // declares pin 13 as output

void loop()

€

int contact=digitalRead(12);
// Serial.println (contact):
1/ delay(l):

if (contact
€
Serial.println ("ON"):

digitalWrite (13, HIGH); // sets pin 13 HIGH
delay(11):

digitalWrite(13, LOW); // sets pin 13 LOW
delay(l):

i

if (contact == LoW)

€

Serial.println (MOFE™):

digitalWrite(13, LOW); // sets pin 13 LOW
delay(1);

aIGH)
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