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1 Introduction

Many residential consumers have difficulty understanding how their daily energy decisions affect their monthly energy bill.  Routine daily decisions, like the flick of the light switch or a few degrees increase in the water heater temperature, can seem insignificant at the time, but over the course of a month, these choices can have a large impact on the total cost of electricity.  Currently, consumers only see their total energy usage on a monthly scale, so it is virtually impossible to conceive of how individual appliances contribute to the overall bill.  Allowing the consumer to make well-informed decisions requires real-time energy and pricing information, as well as more specific feedback on individual electric devices.

We foresee two potential markets that might be interested in having access to this type of additional information: first, the environmentally conscious consumer who is seeking to reduce his or her energy consumption and obtain a better understanding of how everyday decisions affect energy usage; and secondly, limited-income households seeking to optimize their energy usage in order to meet budget constraints.

2 Problem Statement and Proposed Solution

2.1 Problem Statement

The problem is to develop a system that allows the residential energy consumer to accurately track and understand his or her monthly energy consumption and its related costs, while packaging such a system in a way that is both easy to use and cost effective.
More specifically, such an implementation would need to

· Measure total power consumption of the living unit

· Measure power consumption of individual household appliances

· Report consumption in real time

· Obtain accurate pricing information

· Compute projected electric bill

· Record and display all of the above information

2.2 Proposed Solution

In order to effectively meet these requirements, we envision a system based around a centralized, main unit that gathers data from various, auxiliary units and then processes and displays this information in a user-friendly fashion.  The main unit also must gather information about the overall energy consumption from an additional auxiliary unit attached to the main power line.  The other auxiliary units perform all of the individual sensing operations and power calculations and wirelessly report the data back to the main unit.  The main unit is in turn responsible for processing and formatting the data into effective, usable information that gives the consumer insight into his or her energy consumption.  

While being robust enough to perform the above functions, the entire system must also be simple enough for a non-technical person to operate.  Specifically addressing the problem criteria listed above, our proposed solutions are as follows (with each criterion repeated for clarity):
Measure total power consumption of living unit – Attach a clamp-on probes and voltage sensors to measure power running through main electric lines.
Measure power consumption of individual household appliances – Setup auxiliary current and voltage probes that continuously measure power output of individual appliance.

Report consumption in real time – Integrate all measurement devices with simple communication devices that can wirelessly transmit power consumption data to centralized unit, where it is analyzed and displayed on the main unit display.
Obtain accurate pricing information – Allow the user to input updated pricing information.

Compute projected electric bill – Determine bill based on month-to-date usage, previous month’s usage, or month-from-previous-year’s usage, using the microprocessor in the main unit.

Record and display information – Utilize a wall-mountable unit that displays all relevant information.  The unit uses wireless protocol to communicate with all auxiliary units.  It also contains a minimal user interface to allow straightforward access to information.

3 System Description and Block Diagram

A comprehensive block diagram of our system is included below and each component is described in detail.
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3.1 Core Unit Description
Display – This is where all information relevant to the user will be shown.  The microcontroller communicates instructions to the display through one-way wired communication.

Input Interface – All user input will be collected here.  All direct user interaction with the system is restricted to this interface.  Inputs from the user are communicated one-way to the microcontroller.

Microcontroller – This major system component is primarily responsible for most actions of the overall system.  This includes data processing, routine initiation, timing, and miscellaneous calibration and upkeep.  The microcontroller communicates one-way with the display and user interfaces, and communicates two-way with communications control.

Storage – Stores collected data in a non-volatile format for future use.  Data is sent and retrieved via a two-way wired communication.

Communication Control – Controls the wireless communication interface.  This controller communicates in a two-way scheme with both the microcontroller, and the main communications send/receive unit.

Main Communications Send/Receive – Physically transmits and receives the wireless signals sent to and from the main unit.  This unit interfaces with both the main communications control, and wirelessly with any number of node communication units.

3.2 Node Description
Communications Send/Receive – Physically transmits and receives the wireless signals sent to and from the main unit.  This unit interfaces in a two-way fashion with only its own node communication control and the main communications unit.

Communications Control – Controls the wireless communication interface of the individual node.  This unit is responsible for a two-way interface with both the communications send/receive unit and the data control/processing unit.

Data Control/Processing – Receives signals from node sensing and converts it into meaningful data.  This unit must communicate two-way with node communications control and sensing.

Sensing – Interacts directly with the desired energy source to obtain raw data.  This unit must be able to both transmit raw data, as well as respond to data polling from the data/control processing unit.

4 System Requirements

4.1 Overall System

The overall system will exhibit all of the following characteristics and functions:

– The system will support three individual measurement nodes including one node that measures the main power lines coming into the house, and two others to measure devices that plug into the wall.

– The measurement nodes will determine the current and voltage through a power line and calculate the power used at that node.

– The nodes will wirelessly transmit this data to a main unit.

– The main unit will calculate the cost of electricity based on the power used for each node and keep a running total of these costs over the course of the month.

– The main unit will be able to project the cost of electricity at the end of the month based on current usage.

– This data and the data from previous months will be maintained even if the system loses power.

– The user will be able to update the pricing information for electricity at any time.

– The display will show the amount and cost of power being used in each individual node.

4.2 Subsystem Requirements

Main Electric Line Node

– The sensing equipment will measure the voltage and current of the two main electric lines coming into the house.

– The sensing equipment will not require the power line to be cut.

– The sensing equipment will output voltage and current data to a microcontroller located at that node.

– The microcontroller at that node will determine the power used.

· The node will utilize power from the line that we have tapped to determine voltage.

Wall-Plug Device Node

– The sensing equipment will measure the voltage and current of a power line.

– The sensing equipment will output voltage and current data to a microcontroller located at that node.

– The microcontroller at each node will determine the power used at that node.

– The node will utilize power from the same wall outlet where the device it is measuring is plugged in, but should minimize power usage as the goal of the system is to help consumers reduce power consumption.  

Communication

– Communication between node and core unit will be done wirelessly.

– The wireless communication system should minimize power usage and cost.

– The wireless signal should have a minimum range of 100 meters.

Core Unit 

Data Processing
– The core unit microcontroller will receive power consumption data from all three nodes.

– The microcontroller will calculate the cost of power consumption for each node and maintain a running total of the energy consumptions and costs.

– The core unit will store the cost and power consumption data in non-volatile storage so the data is maintained in the event of a power outage.

Input Interface
– User will be able to update pricing information including kWh rates and miscellaneous surcharges.

– User will be able to input the current date and time.

Display
– The display will show current energy consumption and cost for each node with minimal delay.

– The display will be able to show current kWh rates and expected surcharges.

– The display will be able to show the predicted monthly energy consumption and estimated monthly bill.

4.3 Future Enhancements
Finally, the following features may be added to enhance the overall design if they are considered feasible at the time:

– The system will transmit power and pricing data to a PC and have software tools to process and analyze this data.

– The system will display a friendly welcome message when powered on.  

5 Low Level Design

5.1 Schematics

5.1.1 Core Unit


[image: image2]

The schematic above shows the core unit which is responsible for all user interaction and central processing operations.  The microcontroller derives its power through a 3.3V transformer plugged into a wall socket.  The external keypad is powered from the same transformer and has four input pins to the microcontroller.  An external flash storage connects to the microcontroller via an SPI connection.
5.1.2 Main Electric Line Node
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The figure above shows the main electric line measurement node.  Two current sensors will clamp around the two 120V power lines that enter the house.  The output of these sensors will be directly fed into the microcontroller.  The four solder pads will be attached to the two electric lines entering the house – two to each line.  One of these lines will be run through a transformer to get a 3.3V power supply for the microcontroller.  Both incoming power lines will be run through a voltage sampler to measure the instantaneous voltage.  The voltage sampler contains a current-limiting resistor and a bridge rectifier.  The output of the voltage sampler is a rectified version of the instantaneous voltage and is fed directly into the microcontroller.
5.1.3 Wall-Plug Node
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The figure above shows the node that will measure individual appliances plugged into the wall.  The wall outlet is tapped and is fed into the 5V transformer, whose output is then used to power the IC current sensor.  The wall outlet lines are also tapped to measure the voltage via our voltage sampler circuit which contains a current-limiting resistor and a bridge rectifier.  The output of the bridge rectifier is supplied to the microcontroller.  One of the wall power lines is fed through the current sensing IC to measure the current.  This same line comes out of the IC and goes into a female plug.  The other line for the female plug is tapped directly from the wall outlet.  The output of the current sensing IC is sent through a voltage divider to ensure the input voltage to the microcontroller is 3V or less.
5.2 Interfaces

Power Measurement Interface

The voltage sampler and current probes will be connected to the microprocessor.  The analog to digital conversion units are used to sample both waveforms.  These samples are then multiplied together to find the instantaneous power, and linearly extrapolated over a sampling interval.  This leads to a close model of a continuous power waveform.

Data Storage Interface

The flash storage chip is attached to the microprocessor via a standard SPI interface.  This data is also loaded from the flash storage to the RAM of the microprocessor on every startup.  So if there is an interruption to the power of the microprocessor, the data will be saved and then reloaded when the power is reconnected.

Keypad Interface

The keypad takes a supply voltage and then passes that high voltage to a certain pin combination called the truth table.  The decoding is unique, so the identity of the button pressed is able to be recovered by connecting each output pin to an input pin on the microprocessor.  The microprocessor can then read the values of the input pin to correctly read the user input.

Wireless Interface

All of the microprocessors are the same chip, so ZigBee is used as the communication protocol.  Both the PHY and the MAC layer of ZigBee is in the hardware of the microprocessor, so none of these problems are addressed in the high level interface between the chips.  Each subunit, both the main and auxiliary nodes will send a message once a second that contains the power data they collected over that interval.  Also in the ZigBee packet will be a packet counter so that lost packets can be detected and accounted for through linear extrapolation.  And a unique identification number is included in the packet so that the main display device can determine which data came from which node and update that information accordingly.

5.3 Subsystem Testing Plans

The power measurement subsystem must be tested before it is plugged into the microprocessor to ensure the processor does not exceed its limits.  The voltage sampler will be hooked to a wall outlet and measured with an oscilloscope.  The voltage range should be within zero volts to three volts.  Next a resistive load mimicking the ADC input pin of the microcontroller will be placed on the voltage sampler and voltage and current will be measured to make sure the waveform is correct and the voltage and current do not exceed the limits of the microcontroller.  This will then be the method used to test the clamp on current sensor and the current sensor used in the auxiliary nodes, with the same conditions being required.
The wireless interface will be tested by programming the different microcontrollers to send simple messages back and forth.  The main unit already has an LCD display, so it will be easy to check to see that messages are correctly sent and received.  Any problems here will be software related and changing the code will fix them.  This is an important testing procedure because the entire system relies on the wireless communication to function at all.

The display unit and keypad will be tested simultaneously.  The truth table of the keypad will be programmed into software, and the resulting key press can be display on the LCD screen to ensure that the value is correctly read in software.

The data storage, flash, interface will be tested after the microcontroller is programmed.  Some data will be uploaded into the flash chip, and then the power will be removed from the device.  When power is reapplied, the flash memory should automatically reload into the microprocessors RAM, where it can be accessed or displayed on the LCD to check for correctness.

After these tests, another test is to make sure the auxiliary nodes can actually support a device.  We need to measure the current available through the device and the voltage to make sure any external device (the device being measured) will not be harmed, and will not be underpowered either.
The final test is to check the accuracy of the measurement systems.  A clamp multimeter will be used to check both the current and voltage measurements and make sure the numbers are correct.  Also, a month long test can be used to compare the final electric bill to the one measured by the device.

5.4 Software Design

The software component of the design requires the creation and use of several functions to carry out the individual tasks of the microcontrollers present on the main unit and individual nodes.  These functions are:

Main Unit Functions



init() – Initializes the unit



ping() – Requests registration information from all nodes



regnode()​ – Registers new nodes


send() – Sends instructions to a specific node


receive() – Receives replies from nodes


buttonui() – Interprets UI button interactions


stdata() – Stores data for later use


retdata() – Retrieves data from storage


disp() – Displays UI data


intrdata() – Interprets and categorizes data


sleep() – Puts the main unit to sleep


wake() – Wakes the main unit from sleep mode


Node Unit Functions



init() – Initializes the node


register() – Registers the node with the main unit


send() – Sends sample data to the main unit


receive() – Receives and processes instructions from the main unit


sample() – Obtains data samples from the sensors


sleep() – Puts the node to sleep


wake() – Wakes the node from sleep mode

The listed functions interact in two specific decision-making processes designed for the main unit and node units respectively.  A flowchart of these systems of interactions can be seen below:


[image: image5]
The main unit software, once initialized, can go exist in either a ‘ready’ state, or a ‘sleep’ mode between executing decisions and functions.  The above diagram shows the functions called for sending messages, receiving replies from nodes, interpreting and storing data, registering nodes, and moving data to and from the user interface.



The node responds to commands from the main unit through instructions fetched from the receive() function.  A sequence of three Boolean decisions dictates which function is called next.  The software will also interact with the microcontroller’s ‘sleep’ abilities to conserve power.
Preliminary Bill of Materials
Part Name



Quantity

Source
RH04-T Bridge Rectifier

4


DigiKey

M25p10 Flash Memory

1


DigiKey
GrayHill Series 96 Keypad

1


DigiKey

Aries SOIC to DIP adaptor

1


DigiKey

JN5139 Microcontroller

4


Already Possess
SCT1250 Current Clamp

2


www.measureamps.com
Transformer(120VAC to 5VCD)
2


DigiKey
Transformer(120VAC to 3.3VDC)
1


DigiKey

ACS754 Current Sensor IC
4


Already Possess
LM3940 Voltage Regulator

2


DigiKey
28kOhm Resistor


4


DigiKey

10kOhm Resistor


2


DigiKey

15kOhm Resistor


2


DigiKey

Wall Plug, Male


2


DigiKey

Wall Plug, Female


2


DigiKey

6 Conclusions

The method for measuring power is to convert the current and voltage waveforms into voltages that can be sampled by the microcontroller and multiplied together.  This power data is transmitted to the main unit where it is processed and displayed.  A keypad is used to change the display and update pricing information.
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Figure 1: Block Diagram of the System
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Figure 5.4.2: Node Software Control








Figure 5.4.1: Main Software Control
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