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ABSTRACT 
 
A substantial amount of the energy usage in developed countries is consumed by climate control 
of residential and commercial structures.  Collecting information on the usage patterns of 
heating, ventilation and air conditioning (HVAC) systems can allow a consumer to better 
understand the cost and effectiveness of these systems, and allow landlords and others to monitor 
their use.  This paper describes a system which can easily be retrofitted onto legacy HVAC 
systems to monitor their activity, and then transmit the information over a wireless radio network 
for archiving and analysis 
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INTRODUCTION 
 

A significant portion of the energy consumed in residential and commercial structures is from 
space heating, ventilation and air conditioning (HVAC).  Recently constructed and large 
structures often use computer controlled devices which monitor and control the HVAC system.  
However there are over 100 million residential structures [1] in the US, and far more worldwide, 
which use HVAC systems which lack such computerized controls.   
 
There is nothing wrong with a simple sensing and feedback system if the only goal of the HVAC 
system is to maintain a constant temperature, and the system is operating normally.  However as 
energy prices escalate, and there is continuing pressure to reduce fossil fuel consumption, there is 
an increasingly good reason to use more sophisticated algorithms to monitor and control HVAC 
systems.  Even without these economic and social/political pressures, there is a good reason to 
monitor currently installed systems for abnormal behavior. 
 
This paper describes a system that can be easily retrofitted into existing HVAC systems to 
monitor their use, and send the information over cellular radio networks to a smart phone 
application. 
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SYSTEM DESIGN 
 

Most HVAC systems are designed to move heat into, or out of, the structure at a constant rate.  It 
is often difficult to change, or modulate, this rate because it would impact a number of physical 
systems which have been optimized for a particular heating / cooling rate.  In the case of heating 
elements, there may be gas or oil fired burners which cannot easily change their burn rate.  Fans 
used to circulate air may be difficult to slow down or speed up, and may work inefficiently at 
these higher or lower speeds.  Air conditioning systems typically use compressors which again 
may not work well if their speed or load is changed. 
 
Since the heating and cooling load fluctuates with time, most HVAC systems maintain a fixed 
structure temperature by cycling on and off.  A properly sized system will never remain on 
continuously, since that would indicate that it has too low of a capacity to keep up with the 
heating or cooling load of the structure where it is installed.  If one knows the temperature 
differential between inside and outside of the structure, they can estimate the duty cycle of the 
HVAC system.  This may be affected by other sources of heat, such as equipment or personnel in 
the building that generate heat.  However even this can be estimated by monitoring room use, or 
energy consumption in the building. 
 
Many buildings have reconfigurable devices, perhaps as simple as doors and windows, that can 
substantially alter energy use.  A window that is opened when the temperature differential 
between indoors and outdoors is small, may be left open even once the HVAC system starts 
operating.  In an extreme case, the HVAC system may run constantly trying to maintain building 
temperature.  However even in less extreme cases, the HVAC system may have a longer duty 
cycle than necessary for the temperature differential.  The users of the structure may be unaware 
of the problem because they either are not present, or they don’t notice they are losing/gaining 
heat through an open window.  There are also cases where the occupants may not be financially 
responsible for the energy consumption, so they are not motivated to detect and correct these 
conditions. 
 
It is economically impractical in most cases to build a device which can monitor and correct 
errors such as a window which has been left open.  However it is economically practical to build 
a device which can monitor the duty cycle of the HVAC system, and alert the building manager 
when it falls outside of the expected range.   
 
We expect that in many cases the building manager will not be physically present when the 
HVAC system is experiencing unusual behavior.  This means that a simple display or alarm on 
site will be ineffective at alerting them that a problem has been detected.  Since smart phone 
technology is now in widespread use, we elected to alert them using a text message which can be 
viewed on a conventional cellular or smart phone. 
 

MONOTORING SYSTEM 
 

There are a wide range of HVAC systems in use today.  In the case of heating systems, the 
common types burn natural gas, fuel oil or propane, use resistance heating elements, or a heat 
pump.  In the case of cooling or air conditioning, nearly all systems use a heat pump to cool the 
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structure.  Many of these systems use a substantial amount of electrical power, to either directly 
supply heat, or to run compressors, fans, blowers or pumps.  Even systems that lack these 
elements often use an electrically controlled valve to turn the fuel supply on an off.  This means 
it is possible to determine if a system is running by monitoring its current draw.  Also, most of 
these systems are driven by AC power mains, making passive measurement of current draw easy 
to accomplish.  We use a low cost transformer/current sensor, which can be installed in the 
system with minimal rewiring of the existing HVAC system.  All that will be necessary is to 
disconnect on conductor, pass it through a magnetic core, and reattach it to the original 
connection.  The magnetic core will provide a very small inductance, and draw a very small 
amount of power from the conductor.  However both of these values will be so small that they 
will not affect system operation. 
 
The current sensor output will need to be monitored continuously, to measure the HVAC duty 
cycle.  It is not practical to rapidly send this data over a cell phone network, since there is 
substantial latency involved, and because the system is not designed for high data rates.  Because 
of this, it will be necessary to have a processor located on-site, which can monitor the current 
sensor.  There are a wide range of processors available for this application.  We chose to use a 
Raspberry Pi device [2].  The cost of this processor is orders of magnitude less than the cost of 
the HVAC system.  Another nice advantage to the Raspberry Pi is that it is an open source 
design, which is available from multiple sources.  It can be programmed using the C 
programming language, which means there are many already written routines for it, and it will be 
easy to modify the code. 
 
Once the processor has decided it needs to alert the user, it will send a SMS text message using a 
GSM modem.  The processor communicated with the modem over a conventional universal 
serial bus (USB) connection. 
 

DETAILED DESIGN 
 

The functional goal of the current sensor was to indicate how much current goes through the 
sensor’s transformer core. This was done in two stages: an induction sensor to output voltage 
based on the current flowing through a transformer core, and a filter circuit that translates the 
output of the induction sensor into a safe voltage for the rest of the project.  The induction sensor 
was designed using a ferrite core, the conductor driving the HVAC system, and small gauge 
motor wire for the secondary winding.  We designed a transformer by wrapping 80 turns of 
motor wire around one side of the core, and wrapping two turns of the mains wire around the 
other side of the cord.  The completed prototype of this design can be found in Figure 1. 
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Figure 1.  Current Sensor 

 
We designed the filter circuit using a comparator, an operational amplifier, a 10V zener diode, a 
capacitor and various resistors.  Because the voltage output from the induction sensor can greatly 
vary with the machines being monitored, we had to continually revise the design of this circuit 
with special consideration to what limits our components were rated for.  The op-amps and 
comparator used in this circuit all shared power rails of 12V and -12V.  The output of this circuit 
was designed to be no higher than 2.3V, due to the Raspberry Pi’s input limit to the GPIOs of 
3.3V. 
 
Throughout our continual revision of the filter circuit design, we used three different designs.  
Our initial design for the filter circuit contained a ferrite core, a resistor, a diode, and a capacitor 
arranged as an envelope detector as shown in Figure 2.  This design was intended to output an 
analog voltage signal which could be fed into an A/D converter for use by the Raspberry Pi.  
This device worked well when there was a very high current draw from the HVAC system.  
However for systems that did not use electrical heating elements or high current motors, the 
secondary winding of T1 did not produce a sufficiently high voltage to forward bias D1. 
 

 
Figure 2.  Initial Current Sensor Design 

 
 
Our second design for the filter circuit, which can be found in Figure 3, was the same design as 
initially with the exception of an additional operational amplifiers in the circuit.  The first 
amplifier reduced the amount of current drawn from the sensor to a very low level.  This reduced 
loading substantially increased the voltage available at the current sensor output.  To further 
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increase the voltage an inverting op-amp with a voltage gain of 10 was added.  Testing of this 
design showed that while the diode would now reliably conduct, we often saturated the op-amps, 
and at times had false positive indications.  This being when the sensor indicated the HVAC 
system was operating when in fact it was simply noise that was being detected in the system. 
  

 
Figure 3.  Revised Current Sensor Design 

 
Another disadvantage to the circuit of Figure 3, is that the output (across resistor R5) is an analog 
voltage.  It needs to be sampled by an analog to digital converter before it can be changed into a 
logic level.  We prefer a solution that does not require we use an A/D on our processor board.  
This led to our third and final design for the filter circuit can be found in Figure 4.  This design 
uses a zener diode to limit the voltage across the current sensor to avoid damaging the first op-
amp, and to avoid driving it into saturation.  This also provides some overload protection against 
unusual voltage spikes caused by lightning or other sources.  A comparator was added so that the 
output would be a digital signal that could be fed into a general purpose input/output port on our 
Raspberry Pi processor, or other similar device. 
 

 
Figure 4.  Final Current Sensor Design 

 
For the processing unit of the project, we decided to use the Raspberry Pi Model B development 
board.  This is an ARM11-based board that utilizes 2 USB ports, a LAN port, HDMI out, 
composite video out, audio out, 24-pin general purpose input/output, 512 MB RAM and a 
Broadcom BCM2835 video processor.  We chose to use the Raspberry Pi for this project because 
it’s an extremely powerful and cost-effective machine.  This would allow for easy 
implementation of additional functionality.  Also, since this development board functions as a 
small desktop computer utilizing an open-source operating system, the Raspberry Pi allowed us 
to use higher-level programming tools and modules to implement the required system 
functionality. 
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Since the Raspberry Pi development board is a pre-built unit, very little effort was required to 
integrate it with the rest of the project.  The only hardware required to utilize the Pi was a 5V 
microUSB power supply, jumper cables to connect the GPIO pins to the current sensor, and a 
USB-to-miniUSB cord to connect the GSM module to the Pi. 
 
The bulk of the work required for the Raspberry Pi was in programming and configuring the 
software on the board itself.  We chose to use Arch Linux ARM [3], an open-source Linux 
distribution specifically built for use on ARM-based development boards.  The reason we chose 
Arch Linux over other ARM-based distributions was due to its minimalistic nature.  Arch Linux 
installs the bare minimum of programs needed to run the full operating system, with the user 
downloading exactly what modules are needed for the machine and ignoring unused software 
modules.  This allowed for us to know exactly what was being used in our project, as well as 
allowing us additional memory to be saved in anticipation of future implementations of 
additional functionality. 
 
The program design for this system was made to have two stages.  The first stage tracked 
average runtimes of the HVAC system.  An alert was triggered when the current runtime of the 
system exceeded the average runtime, letting the user know that the system was potentially 
behaving erratically.  The second stage monitored total system runtime between downtimes, to 
make sure the machine didn’t run long enough to cause itself harm.  An alert was triggered if this 
absolute limit was exceeded, letting the user know that the machine was malfunctioning.  A flow 
chart of this program functionality is shown in figure 5.  
 
Lastly, the GSM modem played an important role in fulfilling the project functionality. A GSM 
modem is a device that replicates, to a certain extent, the functionality of the cell phone.  Like a 
cell phone, a GSM modem requires a Subscriber Identification Module (SIM) card in order to 
function and access the GSM network. This modem had to fit three main design requirements. 
The first requirement was that the device could be controlled through AT commands. This would 
allow the modem to be controlled directly through serial communication. The second 
requirement was that the GSM could be controlled from a Universal Serial Bus (USB) port, in 
order to utilize the Raspberry Pi’s built-in USB functionality.  A secondary reason for this 
requirement was that the modem could be powered over the USB connection, reducing the 
external power requirements of the overall system.  The third major requirement was that the 
GSM could support the Short Message System (SMS) feature of cell phones. This allowed us to 
alert the owner of the home utilizing this device through a detailed text message.  
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Figure 5.  Program Flow Diagram 

 
 
Due to the Raspberry Pi’s support of Linux operating systems, we had a lot of freedom 
concerning how to send data over the USB connection to the modem.  Our original design was to 
send AT commands through the USB directly through the use of the LIBUSB and HIDAPI 
modules common to Linux, because of its similarity to communicating over a regular serial port. 
However, we revised this aspect of the project design throughout the semester due to our 
increased understanding of the Raspberry Pi’s capabilities, and the discovery of more advanced 
programming tools that would fit our requirements.  The design we ended up using was a 
program called Gammu, another Linux module.  This software offered a more user-friendly 
communication with a GSM module over a USB connection. Rather than use AT commands in a 
serial environment, Gammu allowed the use of system calls directly to the operating system of 
the Pi, allowing for a shorter and more effective texting experience.  This program was chosen 
because of its versatility and ease of use. 
 
 

TESTING AND EVALUATION 
 
The current sensor circuit was first tested using laboratory power sources, and then tested using a 
resistance space heater, and air conditioner, along with a variety of other electrical loads.  In all 
cases the circuit correctly detected when current was being drawn, and when the device was 
turned off. 
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The first experimental step with the Raspberry Pi was installing Arch Linux ARM on the 
system’s SD card.  We verified that the operating system was functioning as expected by 
utilizing an external monitor and keyboard plugged directly into the Pi.  Upon system 
verification, we enabled SSH communication between a laptop and the Raspberry Pi to eliminate 
the required usage of the peripheral machines.  Upon the verification of the operating system, we 
proceeded to install the Broadcom BCM2835 c-code library to the Pi, in order to enable I/O 
functionality with the built-in GPIO pins.  This functionality was verified using a basic blink 
program. 
 
Once the input functionality to the board was established, the next steps taken were to begin the 
creation of a basic logic program that would dictate how the entire system would respond to the 
input received from the current sensor.  This logic evolved throughout the project.  While this 
code began as a simple design, outputting “HIGH” to the terminal screen when the input sampled 
was a logical 1 and outputting “LOW” otherwise, the code evolved into a multi-tiered logic 
program.  Using a weighted average, we developed a code that would shift an average amount of 
time up and down, depending on how long the HVAC system operated.  When the system 
runtime exceeded this average runtime, a warning was sent to the user to alert them that their 
HVAC system was beginning to run longer than normal.  Additionally, whenever the system ran 
for a pre-determined critical length of time, another alert was sent to the user. 
 
 The earliest testing done on the GSM was done in the Windows 7 environment. This 
environment was dropped in favor of Ubuntu 12.10 because of the unnecessary overhead and 
differences between Windows 7 and the operating system used on the Raspberry Pi. While some 
testing was done in Ubuntu’s environment, Ubuntu was quickly dropped in favor of a different 
Linux distribution due to difficulties with the installation of modules. Consequently, the vast 
majority of the testing done separate of the Raspberry Pi was done using the openSUSE 
distribution for Linux. This distribution was chosen because of its architectural similarity to 
ArchLinux, the distribution used by the Raspberry Pi and, unlike Ubuntu, the package 
installations installed in the correct directories.  
 
The GSM used in the final design is a Motorola Razr cell phone connected over USB. Once a 
working GSM was secured and the software was installed there where almost no problems with 
communications part of the circuit. The only problem encountered was that, due to hardware 
limitations, a gap of about thirty seconds must be present between text messages in order for the 
GSM to be able to successfully communicate with the network. 
 
Once the functionality of the GSM modem was established, the code for the Raspberry Pi was 
further modified in order to utilize the ability to alert the user as per our project requirements.  
System calls through the Gammu program were inserted into the logic program, allowing a text 
message to be sent each time that a unit malfunctioned.  Upon the implementation of this logic, 
the entire system was assembled, with the sensor plugging directly into the Raspberry Pi’s GPIO 
ports.  System testing verified the overall functionality by utilizing both the function generator 
and an air conditioning unit for various lengths of time, and sending the resulting text messages 
to our personal cell phones to verify the overall functionality of the project.  The final setup of 
the prototype system can be seen in figure 6. 
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Figure 6.  Final Prototype 

 
CONCLUSION 

 
We successfully designed and fabricated a prototype system that can passively monitor the 
on/off cycling of a typical HVAC system.  The system is low cost, and can easily be retrofitted 
into a wide range of commercial and residential HVAC applications.  The device has a general 
purpose processor, which can be coded to watch for any of a wide range of anomalous behavior.  
When the processor detects that it must alert a user to the HVAC system activity, it can send an 
SMS text message over conventional wireless cellular telephone networks. 
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