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Executive Summary

Technological advances continue to enhance the safety and convenience of modern automobiles. Unfortunately, the increasing complexity of vehicles and the prevalence of mobile devices such as cell phones have created additional distractions for drivers. One feature designed to ease the burden on vehicle operators is the automatic rain-sensing wiper system, which detects rain on the windshield and automatically turns on the automobile’s wipers. This work is concerned with the development of a new rain sensor for wiper control based on capacitive-sensing technology. Current optical sensors are prone to false detection of moisture causing inappropriate wiper operation.  Capacitive-sensing relies on interactions with an electric field to determine the presence and location of an object. This capacitive rain sensor will utilize this effect to detect the presence and amount of moisture on the windshield and send signals to control the wipers accordingly. The prototype unit will be designed and built by ECE 480 Design Team 6 and displayed at Michigan State University’s Design Day in April, 2010.
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1. Introduction
In the past two decades, the automobile industry has aggressively researched ways to exploit modern computing and electronic advances in the development of safety, reliability, and entertainment technologies for vehicles. With each new model year, the list of high-tech features in automobiles continues to grow. Previously remarkable and rare devices such as auto-dimming mirrors and rear-view cameras have become standard features in the modern era. Today consumers expect their automobiles to be able to connect to their MP3 players, provide GPS-assisted visual directions, and allow hands-free phone calls via Bluetooth technology. While these features have improved the driving experience for many, they also imply the increasingly common interaction between driver and electronic gadgetry during vehicle operation. These interactions can be a dangerous distraction for the driver, who must take his/her eyes off the road to attend to a device. 
One feature designed to reduce driver distraction and add convenience is the automatic rain-sensing wiper system. These systems detect droplets of rain on the windshield and automatically turn on the wiper system in accordance to the level of precipitation. Current rain-sensing systems use an optical sensor to determine the presence of moisture on the windshield, and relay data to a body control module to control the wipers accordingly. However, these optical systems are prone to errors, are physically bulky, and are too expensive to be included as standard equipment in many vehicles.
ECE 480 Design Team Six, together with the Hyundai Kia American Technical Center (HATCI), proposes the development of a capacitive sensor for automatic rain-sensing wiper systems to replace current optical sensor units. The capacitive sensor will provide greater accuracy, reduced size, and lower cost than the optical design. It will mount to the interior of the windshield near the rear-view mirror in the same location as the optical unit but with reduced physical size. The sensor circuitry will use similar communication and power interfaces to those employed by the existing optical unit to aid in rapid implementation. Control signals from the capacitive sensor will be routed to a microcontroller in the prototype design to control the wiper motors. Production models will not require a microcontroller as they will connect directly from the sensor to the body control module (BCM) of the vehicle. The BCM is a computer system within the vehicle responsible for controlling various electronic loads. Upon successful completion of a prototype design, software coding could easily be transferred and modified to function properly with the BCM of the Hyundai or Kia vehicle. 
2. Background

Current optical sensors function by transmitting infrared beams at an angle through the windshield and measuring the reflection to determine the presence of water. This is a relatively difficult task requiring complex circuitry and precision manufacturing. First edition models were expensive and produced many false readings, often leading to the user disabling the feature. Modern optical sensors have improved accuracy but still suffer from being overly costly and bulky, taking up a volume similar to that of a fist near the rear-view mirror on the interior of the vehicle. The optical sensor also suffers from a very narrow sensing area on the windshield, limiting its effectiveness in detecting rain after the first few drops.
The idea to use capacitive-sensing to detect rain on a windshield is not new, as seen in United States Patent US6094981, among others. However, technical limitations have largely prevented such designs from being commercially viable. With advances in modern integrated circuits over the past decade, however, this problem can now be avoided under the proper design. HATCI has previously been contracted with a company called Enterprise Electronics which had been designing a capacitive sensor for this application, but development was halted. Companies such as PREH, located out of Germany, have been able to create an accurate multifunction device which includes a capacitive rain sensor, along with temperature and humidity sensors. However, these extra features were deemed not necessary for Hyundai vehicles, and the overall cost of the system was far too expensive to be a practical alternative to optical designs. This project is thus aimed at developing an affordable and accurate capacitive sensor for automatic rain-sensing wiper control. 

Capacitive sensors are used in a variety of products and applications today, including popular mobile devices such as the iPod. The familiar “scroll-wheel” interface of the iPod is, in fact, a series of capacitive touch pads arranged in a circle. Many appliances and products now use capacitive sensors instead of traditional buttons or switches. These sensors require no moving parts and can maintain a sleek, uninterrupted profile on a device.
Traditional capacitors can be thought of as two conductors separated by a non-conductive material called a dielectric. When a voltage is applied to one conductor, an electric field is created between the two, aided by the dielectric which has special properties to maximize the electric field strength in the gap. Standard capacitors are designed to maximize the mutual capacitance between the two conductors and reduce any stray electric field lines, known as fringing fields. It is these fringe fields which are vital to the operation of capacitive sensors. Contrary from a standard capacitor, a capacitive sensor is designed to maximize the fringing fields between closely spaced conductors. Fringing fields loop away from the plane of the conductors as they connect one to the other, as indicated in Figure 1. This extension away from the conductors lends the fringing fields their usefulness; objects can interfere with the fringe fields without physically touching the sensor. 
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Figure 1: Finger interfering with fringe fields
Interference with the fringe fields by a conductive or dielectric object will change the capacitance of the system. The capacitance of the system can be monitored via circuitry, and any changes can be designed to modulate an output signal for detection purposes. The conductors of a capacitive sensor are often laid out flat as copper traces on a printed circuit board (PCB). Depending on the application of the sensor, the traces can take on a variety of different sizes and patterns. The layout of the traces is often designed to maximize the fringing fields over a given area. These traces also form the base capacitance of the system, typically along the order of 2 – 20 pico-Farads in magnitude. Base capacitance should be minimized when possible, as change in capacitance resulting from fringe field interference is often less than 1 pF, and detection is easiest when the changing capacitance value is close to the base value. 
3. Design Specifications
The following specifications will guide the design of the capacitive rain sensor and must be met in the prototype unit for display at Design Day:
· Functionality
· Detect and report the presence of one drop of water placed on top of a 6mm thick glass windshield above the sensor trace area
· Route this signal to a microcontroller to activate wiper motors or wiper display to visually indicate functionality
· Accuracy

· Must not falsely trigger the wipers when a hand is placed in proximity of the sensor trace area
· Provide at least two different output signal levels depending on the amount of rain present on the windshield
· Be shielded from the vehicle interior to avoid interference; only water on the windshield should activate the wipers, not objects or circuits inside the vehicle
· Maintain all performance characteristics across the temperature range from 33 – 120 degrees Fahrenheit
· Compatibility

· Device fits in existing Hyundai optical rain sensor housing area (1250 mm
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) 
· Device mounts to interior of windshield via adhesive and remains in place for at least one week
· Device can operate on either stand-alone battery or vehicle’s 12 V power supply
· Cost
· Estimated production cost less than $12 / unit
4. Fast Diagram 
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Figure 2: Fast Diagram
5. Description of Conceptual Designs   
Design Team Six has considered a number of variations on a similar design scheme to meet the criteria listed in the design specifications. All of these proposed designs can be dissected into four primary components: the physical sensor traces acting as a variable capacitor; a circuit to monitor the capacitance of the traces and output when changes occur; a microcontroller to read data from the monitoring circuit and determine wiper action through software algorithms on the data; and a power supply to provide proper and steady voltage to all components necessary.
As previously stated, the sensor traces act as the variable capacitor in the capacitive-sensing system and are critical to the success of any design. The traces are often made of copper or aluminum, and are almost always laid out flat on the surface of a PCB. However, there are many variables involved in a sensor trace design. Since capacitive sensors applications can vary from buttons to high-resolution touch-pads, the first criteria which should be determined is the type of capacitive sensor. Examples of common types, in increasing order of complexity, include buttons, sliders, keypads, and touch-pads. See Figure 3 for more details.
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Figure 3: Sensor trace layouts for (from left to right) a button, slider, and touchpad
For a rain-sensing application, the capacitive sensor needs only to determine information above the sensor area on the windshield. There are no moving inputs to track as would be the case for a touch-pad, for example. This negates any usefulness in a slider or touch-pad sensor trace layout design, and thus a button sensor would perform best for this application. Using a button sensor means a less complex sensor trace design, but many important variables must be analyzed before a final design is chosen. Typical button sensors have two traces forming the system, with the capacitance formed between the two conductors. The spacing between these conductors is a vital parameter in adjusting how the fringe fields are shaped. A gap of 0.25 mm to 1 mm between conductors is most common, as this gives a good balance of fringing fields and small base capacitance. As the conductors move closer to one another, the base capacitance of the system will increase. As stated previously, a base capacitance of 2 – 20 pF is typical, and the smaller the better. The relation between the gap and the fringing of the electric field lines is very complex, but sources indicate that a gap of around 0.5 mm is best for sensing through thick covering materials.
The pattern of the traces is critical as well. Figure 3 illustrates a button sensor formed by concentric circles. Figure 4 displays a prototype button sensor trace design with an inter-weaving “fingers” layout. This layout gives good coverage above the sensor area and is relatively easy to fabricate. The sizing of the entire sensor trace area is also important. Given a fixed spacing between conductors, a larger sensor will cover more area but be less sensitive at each individual point above the sensor than a smaller sensor would. In relation to this design, a larger sensor would have a greater chance of a raindrop landing over it, but that raindrop would change the capacitance of the sensor less than it would on a smaller sensor. The capacitive sensor can either be grounded, with one of the traces connected to ground, or both traces can be floating. Grounded sensors are more susceptible to parasitic capacitances in the system, making them less convenient in most cases.
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Figure 4: Prototype button sensor trace layout
Assuming an effective sensor design, care must also be taken in the materials surrounding the trace area. The dielectric constant of a material, 
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, is a measure of the material’s ability to transmit an electric field. Higher values of 
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 indicate a better transmission of electric fields. The dielectric constant of air is approximately 1, while that of standard PCB material, known as FR4, is around 4. Glass has a very good 
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 of approximately 6 – 8; highly beneficial to the proposed design because it allows for easy e-field propagation through the 6 mm thick windshield glass. Because of air’s poor dielectric constant, no air gaps can be present between the sensor trace area and the windshield. This sets a requirement for an adhesive which not only does not interfere with the sensor operation (non-conductive) but is thick and soft enough to be able to form to the sensor trace area and adhere it with no air gaps to the windshield.
The next primary component of the proposed design is circuitry to monitor the capacitance value and relay data when changes occur. One solution is to design a circuit to accomplish this task. An example of such a solution is to use an astable RC multi-vibrator with the sensor traces as the charging capacitor. Changes in the sensor capacitance would result in changes in the charging time, thus changing the duty cycle of the output which could be interpreted by a microcontroller or other device. This solution is not ideal because it requires extensive design time just for this single component. A more convenient solution is the use of commercially available integrated circuits known as capacitance-to-digital converters (CtDs). These circuits are specifically designed for use in capacitive-sensing applications, and typically function by monitoring the sensor capacitance, converting it to a digital signal, and then outputting this to a host processor, such as a microcontroller. Examples of suppliers of such chips include Analog Devices, Freescale Semiconductor, and Omron. These chips vary in a number of areas: number of channels (sensors) that can be read; sampling rate; bit accuracy; base capacitance tolerance, and can be designed for floating or grounded capacitive sensors. 
A microcontroller (uC) will interface with the CtD chip in the proposed design. As stated previously the prototype device will use its own microcontroller, however, in production designs the capacitive rain-sensor can be adapted to interface with the BCM of the vehicle. The role of the microcontroller is to input digital capacitive data from the CtD, compare it to known data signatures of rain through software processing, and take actions based on the results. The rain signature data can be found through testing and programmed into the microcontroller. The microcontroller is responsible for differentiating between rain and other objects, such as a hand. Typical capacitive sensor designs implement a threshold design where a certain capacitance value must be crossed to indicate a touch. In the proposed rain-sensor design, however, this will not work. This is because the change in capacitance from a hand or other object may, in fact, be larger than the change from rain. If the capacitance change attributed to rain is exceeded, the capacitive-sensor should not activate to prevent false-positives. This can be accomplished by intelligently programming the microcontroller to require multiple samples within a certain target range before activating the wipers. A short delay will be introduced by this, although the benefits in functionality certainly compensate for this. An example block diagram of a similar capacitive-sensor system interface is shown below in Figure 5.
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Figure 5: Example block diagram for a capacitive sensor using Analog Devices parts
6. Ranking of Conceptual Designs


	Factor
	Relative Order of Significance (5 highest)

	Compact Size
	4

	Precision
	5

	Sensitivity
	5

	Weight
	3

	Low Power Consumption
	1

	Robustness
	4

	Flex PCB
	2

	Low Cost
	4


Table 1: Design Factor Matrix
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Sponsor requirement
	Importance
	Compact sensor size
	High precision
	High sensitivity
	Light weight
	Low power consumption
	Robust
	Flexible PCB
	Low cost

	Functionality
	Detect presence of rain
	5
	5
	10
	10
	5
	3
	7
	7
	5

	
	Route detecting signal to activate wiper motor
	3
	0
	8
	8
	5
	8
	7
	0
	5

	Accuracy
	Distinguish between rain and foreign object
	5
	5
	10
	10
	0
	5
	5
	4
	0

	
	Provide varying signals depending on the amount of rain present
	5
	5
	10
	10
	0
	5
	6
	7
	0

	
	Be shielded and protected from electrical noise
	5
	5
	10
	10
	0
	5
	7
	6
	0

	
	Operate accurately in variety of temperature and humidity
	5
	5
	10
	10
	0
	5
	8
	7
	0

	Capability
	Rain sensor area must be less than 1250 mm2
	4
	10
	7
	7
	8
	3
	3
	8
	8

	
	Device mount to interior of windshield via adhesive
	4
	8
	10
	10
	8
	3
	2
	10
	8

	
	Capability to interface with the Hyundai's Body Control Module
	2
	5
	5
	3
	5
	2
	2
	6
	5

	Cost
	Cost must less than $12
	3
	8
	3
	3
	3
	5
	2
	8
	10

	
	Total
	
	231
	361
	357
	123
	182
	216
	263
	144


Table 2: Feasibility matrix
7. Proposed Solution


Design Team Six proposes a capacitive rain sensor design to best meet all design requirements. The prototype capacitive rain sensor system will be a compact, self-contained and shielded unit occupying a space smaller than the current optical sensor. It will contain two capacitive button sensors, one on each side of the rear-view mirror, to increase detection performance. It will mount and attach to the windshield using 468MP non-conductive adhesive from 3M. The sensor traces will be layered on flex printed circuit board (FCB) to allow them to conform to the curvature of the windshield. Connecting to the traces on the FCB will be a standard PCB containing an Analog Devices AD7746 CtD integrated circuit, a power supply, and all additional supporting circuit elements such as resistors. The CtD will route from the capacitive sensor enclosure to a proto-board containing a PIC microcontroller in the prototype product display. This microcontroller will then interface with either a basic wiper motor system or a computer display of a wiper motor to indicate wiper activation for display purposes. 

Multiple sensor trace layouts will be prototyped and tested, and the best performing design will be chosen for the prototype unit. Design Team Six will utilize the Michigan State University electrical engineering department’s parts shop to construct the prototype sensor trace designs on basic PCB. The designs can be tested under the windshield or other pieces of test glass to determine performance characteristics and response to rain. The change in capacitance of the sensor can be determined by a precision LCR meter, or through the Analog Devices AD7746 CtD evaluation board, which allows for rapid prototyping of capacitive sensor designs using the AD7746 CtD chip and a computer-driven interface.

The AD7746 will serve as the capacitive monitoring component in the design, and will interface between the sensor traces and the microcontroller. The AD7746 has two sensor inputs, allowing for two button sensors to be utilized, one on each side of the rear-view mirror. This offers the advantage of a wider detection area on the windshield, one of the drawbacks of the current optical sensor design. The AD7746 is designed for floating capacitive sensors, reducing parasitic capacitance concerns. It includes a built in source excitation generator, which produces a 32 kHz square wave with a peak-to-peak amplitude of 5 V. In a floating sensor setup, one trace of the sensor will receive the excitation signal from the CtD, and other will be connected to the Cin input of the CtD. The AD7746 has 24-bit accuracy on capacitive data readings, and is accurate down to 1 femto-Farad. Changes in capacitance from rain are expected to be on the order of 200 – 500 femto-Farads. Additionally, the AD7746 has a built in temperature sensor to automatically adjust for changes in capacitance resulting from changing temperatures. Capacitive data from the chip will be relayed to the microcontroller for software processing using an I2C two-wire interface.
The microcontroller to be used is the PIC18F4520. This particular unit was selected due to its price, ease of access, and familiarity. Design Team Six has programmed these microcontrollers in previous ECE480 lab projects, and the electrical engineering department has a supply of them available to use for free. They allow for programming in C++, a programming language familiar to all members of Design Team Six, to allow for rapid software development. Software will be designed and perfected during the course of the prototype development period by design team computer engineers. The microcontroller will first be programmed through a computer, and the system will then be set-up to operate correctly as a stand-alone system through an on-off switch.
System power will be provided by 12 V batteries in the prototype design, allowing for minimal changes in the future production model which will run on the vehicle’s 12 V battery. The CtD requires 5.6 V DC to function at peak performance. The 12 V supply will be lowered to this voltage through the use DC-DC buck converters from Analog Devices, and the 5 V DC required for the PIC microcontroller can be attained through a voltage divider circuit off of the 5.6 V supply. Model numbers for the buck converters are not available at this time. All components indicated have been chosen for performance as well as cost concerns. The estimated cost for the production capacitive rain sensor based on the prototype design will be under $12 per unit.
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Figure 6: Block diagram of the proposed capacitive rain sensor system
9. Project Management

The following team members are responsible for designing a capacitive rain sensor for use in vehicles: Danny Kang, Eric Otte, Arslan Qaiser, Ishaan Sandhu, and Anuar Tazabekov. The non-technical and technical roles have been summarized in the following two tables below:

	Team Member
	Non-technical Role

	Danny Kang
	Management

	Eric Otte
	Document preparation

	Arslan Qaiser
	Lab coordinator

	Ishaan Sandhu
	Presentation preparation

	Anuar Tazabekov
	Web coordinator


Table 3: Non-technical roles

	Team Member
	Technical Role

	Danny Kang
	PCB design

	Eric Otte
	Capacitance to digital converter

	Arslan Qaiser
	Capacitive sensor interface and design

	Ishaan Sandhu
	Microcontroller integration

	Anuar Tazabekov
	Power systems


Table 4: Technical roles

10. Budget

	Part Name
	Quantity
	Cost

	Analog Devices AD7151 Cap-to-Dig Converter
	4
	$12.68

	Analog Devices AD7745 Cap-to-Dig Converter
	4
	$38.00

	Analog Devices AD7746 Cap-to-Dig Converter
	4
	$34.32

	Analog Devices AD7747 Cap-to-Dig Converter
	4
	$38.00

	Analog Devices AD7746 Evaluation Board
	1
	$136.62

	468-MP Adhesive
	8
	$42.40

	Microcontroller
	1
	$0

	Coaxial Cable Assembly
	3
	$57.08

	Fabricate with Flexible PCB
	2
	$180.00

	Total
	29
	$539.10


Table 5: Proposed budget
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