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analyzed, which is influenced by harmonics (integer multiples
of the fundamental frequency). These harmonics, which are
produced by electronic components because of a nonlinear
current-voltage behavior, can be calculated by applying Fast
Fourier Transform (FFT) to the measured signal. Using harmonics as features for disaggregation algorithms considerably
increases the number of detectable appliance types (up to 40
appliance types [1]). Hence, a high sampling rate (in kHz
range) for FFT calculation and a fast processor for real-time
signal processing are necessary.
Because the market lacks those smart meters, we developed
a smart meter for our application case, which is described in
chapter III. Thereafter, we focus on our prototypic visualization
system in chapter IV.

Abstract—Current studies about electrical energy efficiency
potentials bring out that to make the most part of the saving
potentials achievable, a feedback about the instantaneous consumed electrical energy is necessary. More detailed, an allocation
of the electrical load to the particular device can enable a greater
level of sensitivity in energy consumption of electrical appliances.
Therefore, we pursued the aim of developing a low cost smart
meter hardware, which fits the requirements for the detection of
several devices and states via disaggregation algorithms. This
is implemented by applying Fast Fourier Transformation to
the measured data and sending the Fourier coefficients to the
appliance disaggregation modul. In this paper, we describe the
developed hardware in detail and show a visualization approach
of the disaggregation results for providing the user with detailed
information about device states.

I.

I NTRODUCTION

II.

Today, the energy turnaround from fossil to regenerative energy
exposes monitoring of energy demand and exhausting of
energy saving potentials as major factors for its realization.
Armel et al. [1] analyzed research results of energy saving
potentials in residential buildings, where they pointed out that
20% energy savings are achievable overall. It is observable that
the kind of energy consumption feedback is of high importance
for the execution of the energy saving potentials. Feedback
about energy consumption provided after the consumption
occurred, like analyzing bills, at most makes only 4% energy
savings achievable. In comparison, real time feedback in combination with allocation of the consumption to single devices
(disaggregation of the sum signal) can reach up to 12% energy
savings [1].
Therefore, modern measurement instruments are able to transfer measured data directly into the cloud for providing feedback about the power consumption. A cost efficient approach
is to use a smart meter installed at a central point and to
perform load disaggregation (non-intrusive load monitoring,
NIALM). Commercially available smart meters are designed
to calculate power consumption precisely and transfer active
and reactive power with a limited resolution of one minute
up to one second intervals between measurements. When
using this data as feature for disaggregation, the number of
detectable devices is relatively low. Large appliances can be
disaggregated, like refrigerators, heaters and washing machines
(about 10 appliance types [1]). To distinguish between devices
of similar power consumption, their current signal shape can be

R ELATED W ORK

There are two options for metering hardware: first, to use and
possibly upgrade existing smart meters for appliance disaggretion purpose and second, to use smart meters developed
especially for appliance disaggregation. In market studies,
research projects analyzed available smart meter systems [1],
[3], [4], whose installation is proposed by many utilities
to provide higher resolution electricity data. They come to
the result that transmittting raw load profiles, sampled at
frequencies in kHz range, which makes a firmware upgrade
necessary, is the bottleneck. A possible solution therefore is
the recommendation for future smart meter development to
improve data compression, to implement a transmittion of
events and to equip the smart meter with wi-fi [1].
As mentioned before, with the use of harmonics the amount of
detectable appliance types increases a lot, which is explained
e.g. in this review paper [2]. In our present research [12],
we analyzed that harmonics up to 2,000 Hz in the signal
contain significant amplitudes, which are above the magnitude
of noise. This corresponds to 41 Fourier coefficients, we used
for the disaggregation algorithms and represents a much lower
amount of data to describe the measurement signal detailed
(cf. chapter III). So we decided to choose the second way
of a purpose-built smart meter for appliance disaggregation,
which went several other research projects as well [5]. During
the project period, also two purpose-built smart meters were
released to the market: Smappee [6] 2014 and Neurio [7] 2015.
Both measure the current via current transformer and voltage
transformer and transfer the data via wi-fi to the cloud.
47
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the signal:

In our project we focussed on using standard hardware components and being able to select and fit the sent data to the
needs of our developed algorithms.
III.
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50 Hz · 1, 024 values
≈ 6.99 periods
7, 324 Hz

D EVELOPED S MART-M ETER

The application case of load disaggregation caused an own development for the smart meter, which is treated in this chapter
and depicted in figure 1. First, the determining requirements
were gathered, which are followed by the description of the
metering board and the firmware.

•

Transfer rate from the measurement chip to the microcontroller:
32 bit · 1, 024 values · 6 channels
=
b 1.4 Mbps
7 periods · 0.02 s

•

Transfer rate from the microcontroller to the Raspberry Pi:
32 bit · 41 coefficients · 6 channels
b 112.5 kbps
· |{z}
2 =
7 periods · 0.02 s
real and
imaginary part

•

Microcontroller RAM size:
4 Byte·1, 024 values·6 channels·2 buffers =
b 49.1 kByte

B. Metering Board
The purpose of the smart meter in our case is not to use it
for utility billing but rather for perfoming load monitoring.
Therefore no exact active power calculation is necessary, so
we were enabled to use low cost measurement hardware
components. On the other hand, a real-time transfer of data,
measured at a sampling rate in kHz range, is required. Figure 2
depicts the system structure, which includes the following
parts:
•

Low-cost measurement instruments: We chose current
transformers and voltage transformers, which make
direct access to the power lines unnecessary (direct
connection to the power lines can be used for voltage
measurement, too).

•

Poly phase measurement chip: A measurement chip
reads current and voltage signals of up to three phases
at a sampling rate in kHz range, so because of the
Nyquist-Shannon sampling theorem frequencies in the
signals up to the half of the sampling rate (Nyquist
frequency) can be analyzed. After a market analysis
of available analog front ends (cf. table I) we chose the
ATMEL 90E36A smart meter chip, which is able to
read current and voltage signals of up to three phases.

•

Real-time processing of measured data: To match
the requirement of real-time processing, we use
a Teensy 3.1 microcontroller development system
that features a MK20DX256 ARM Cortex-M4 with
72 MHz, 64 kB RAM memory, a SPI and an USB
Port. This board is able to calculate the FFT fast
enough and can send the Fourier coefficients via USB
e.g. to a Raspberry Pi.

•

Wireless data transfer to a server: A Raspberry Pi is
used in our current setup to run the pattern recognition algorithm and to display the active devices
on a website. In the future setup it will be used
to transfer the measured data via wi-fi to a server,
which provides galvanic isolation between potentially
expensive server hardware and the measured power
lines of up to 400 volts (in case of direct connection
to the power lines).

Fig. 1. The upper board represents the developed metering board, which
contains the Teensy board, connected via USB to the Raspberry Pi (lower
board).

A. Requirements
To transfer measurement data of three phases (current and
voltage) in real-time and use them for load disaggregation algorithms, we calculated the following requirements for the smart
meter, which we had to take into account for the selection of
hardware components (discussed in the next subchapter):
•

For load disaggregation, a sample frequency in kHz
range is necessary: Because we apply a Radix-4 FFT
algorithm for Fourier coefficient calculation, we need
a number of complete signal periods fitting into 1,024
measurement data (maximum number of available
field elements needs to be a power of 4) to achieve
a good approximation for the harmonics. To fulfill
this we chose a quartz oscillator, which provides a
sampling rate of 7.324 kHz. Thus, 7 signal periods
fit except for one value within 1,024 at a power
line frequency of 50 Hz, what is a good sampling
frequency for capturing integer multiples of 50 Hz in
48
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TABLE I.

R ESULTS OF A MARKET ANALYSIS FOR
ENERGY METERING FRONT ENDS .
Model
Ti EVM430-F6779
Maxim MAXQ3183
Atmel ATM90E36A

Sampling rate
4 kHz
2.7 kHz
8 kHz

POLY PHASE

Datasheet
[3]
[4]
[5]

Fig. 3.

Fig. 2.
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Filling buffer Ping with measurement data.

Data acquisition and processing in the devised smart meter board.

The designed smart meter printed circuit board (PCB) frontend consist of three voltage inputs, each with a spark gap
comprising seven serial resistors. To switch between voltage
transformer and direct connection modes, a bridge has to be
closed. On the upper bottom side, three 3.5 mm connection
jacks are used to attach the current transformers to the board.
All inputs are fed into a dedicated second order delta-sigmaADC with 32 bit resolution. Besides the actual smart meter
chip and the front-ends, the PCB contains a Teensy 3.1 USB
board which is placed on standard 2.54 mm sockets. Therefore,
it can be accessed and replaced easily. Furthermore, the PCB
provides a separate serial connector to the Teensy which can be
used as dedicated communication port, three visual indicators,
four test-pads and two jumper pins for further testing and
development.
The data generated by the measurement chip is gathered by
the Teensy. Via the SPI bus, the Teensy sends the chip (in
slave-mode) into direct memory access mode (DMA). Then in master-mode - the chip sends the read current and voltage
measurements directly over the SPI bus, where the Teensy
collects them into two buffers of 2,048 values. One buffer
is filled with the alternating current and voltage readings of
each phase, while the second buffer is propagated to data
preprocessing (cf. figure 3 and figure 4 for visualization of
buffer change mechanism).

Fig. 4.
While calculation FFT of buffer Ping, filling buffer Pong with
measurement data.

For synchronizing the data, the ATMEL chip provides a zerocrossing signal for each phase via a zero-crossing detection
pin, which propagates the start and finish of a period in the
current or voltage signals. This pin is also read by the Teensy
in an interrupt, which switches the data collection to the other
buffer after the maximum number of full signal periods that fit
within the 1,024 value limit have been read (in German power
lines with 50 Hz, this results in seven periods being read).
This approach fixes the measuring window to a full multiple
of a current- and voltage period, allowing us to simply apply
the FFT to the signal as-is, without the need for a window
function and without distorting the spectral estimate.
For processing the data, at first, a complex, in-place, fixedpoint Radix-4 algorithm is used to calculate the FFT. Afterwards, the complex values of the Fourier coefficients are
extracted and the fundamental and first 40 harmonics selected.
Thus, the data can be read continuously (no fluctuation in the
current and voltage signals is missed) and is reduced from
24,576 bytes (4 bytes · 1, 024 values · 6 channels) to 984 bytes
(real and imaginary part of the 40 harmonics plus the funda49
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mental: 4 bytes · 41 coefficients · 6 channels).
Finally, the data is sent to a Raspberry Pi (or any other
computer) over the USB-Port of the Teensy. There, the data
can be transfered to a database server or directly be visualized,
disaggregated or clustered.
The described smart meter is able to transfer high detailed
signal information in short intervalls with the transfer of
41 harmonics every 0.14 seconds. These values characterize
the signal a lot better for the purpose of load disaggregation
than commercially available low cost smart meter do with
transferring active and reactive power and root mean square
values in intervalls of 1 second to several minutes.
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DataPong1[DataSample]
= DataRaw[0];
...
DataPong3[DataSample+1] = DataRaw[5]; }
DataSample = DataSample+2;
if (DataPeriode >= ZERO_PADDING_PERIODE)
DataPeriode = 0;
DataSample = 0;

{

if (FFT_pingpong == PING) {
FFT_pingpong = PONG; }
else {
FFT_pingpong = PING; }
DataSampleComplete = 1; }

C. Teensy firmware description

}

The firmware for the Teensy board was written with the
Arduino IDE. In the following, the main code passages, which
show the functionality of the code, are displayed first and
explained in a view words directly below to describe the
measurement and data processing of the smart meter.

The chip select cycle service routine ISR CSc takes the task
to sort the measured data to the active buffer Dataping or
Datapong. After each cycle, an if statement checks for the
number of falling zero crossings occured in the voltage signal.
If the zero crossing counter Dataperiode exceeds the predefinded ZERO PADDING PERIODE variable, which is set
to 7 periods, the buffer changes and the DataSampleComplete
variable is set to 1. That indicates the main function to
apply Fast Fourier Transform to the filled buffer, while new
measurement data are written to the other buffer.

void (setup) {
ATM90E36_setup();
FFT_pingpong = PING; }

In the setup function the measurement chip ATM90E36 is
reset and initialized. At this point, the frame size is set to
32 bit and zero crossing detection is activated (provided by the
measurement chip) via setting register parameters. The buffer
PING is selected as the active buffer at the beginning.

IV.

void loop() {
attachInterrupt(PIN_CS_IRQ, ISR_CSc, RISING);
attachInterrupt(PIN_ZX0, ISR_ZeroDet,FALLING);
digitalWrite(PIN_DMA_CTRL,HIGH);

V ISUALIZATION

Besides the hardware development, we built a first version of
a visualization platform to display the results of the appliance
disaggregation, which is described next. At this, the instantaneous consumed electric power can be analysed as well, whose
calculation is possible from the Fourier coefficients.
A. Analysis of Active Devices

while(DataSampleComplete == 0);
FFT_CALC(&fft_inst, DataPing1);
RASP_sendFFT(DataPing1, 1);

The Fourier coefficients of the fundamental and the first
40 harmonics are sent to a Raspberry Pi via USB interface
as a vector. This vector of 41 complex values gives us a
fingerprint of the current device state in the frequency space.
This permanently measured fingerprint gets compared with
all reasonable aggregations of prepared fingerprints from the
available devices. These prepared fingerprints, which represents the reference dataset of all known devices and device
states, were measured manually in a first step and stored
on the Raspberry Pi itself. In this first approach, also the
appliance disaggregation is executed on the Raspberry Pi: For
the reference data of each device state, the distances of the set
of Fourier coefficient vectors to it’s mean Fourier coefficient
vector are calculated to define cluster radii. If an instantanious
measured fingerprint is within one of the known clusters, the
visualization indicates the recognized device state. For a more
detailed explanation about the disaggregation algorithm, cf. our
previous paper [12].
To visualize the detected device states and the amplitude
spectrum of the Fourier coefficients, we have developed a
visualization tool, which is shown in figure 5.
This demonstrator implements a html page, which uses java
script code for drawing operations. The data to be displayed,
is transferred in JSON format. The java script program then
draws the amplitude spectrum as SVG graphic and pictures
the detected devices as green filled circles.

}

In the main function, interrupts are attached to the chip select
pin and the zero crossing detection pin. The ISR CSc interrupt
service routine, which is activated by the chip select signal, is
used to indicate, when the measurement chip finished writing
a new measurement data set of three current and three voltage
measurements via SPI to the Teensy register. These data are
copied to the data buffer, which is active at that moment. The
buffer change mechanism is implemented here as well, which
is detailed in the description of the corresponding service
routine below. The ISR ZeroDet interrupt service routine,
activated by the zero detection signal, counts the number of
zero crossings of the voltage signal. When a complete data
set was written in the register, FFT is applied to this data set.
Thereafter the calculated Fourier coefficients are send to the
Raspberry Pi.
void ISR_CSc(void) {
if (FFT_pingpong == PING) {
DataPing1[DataSample]
= DataRaw[0];
DataPing1[DataSample+1] = DataRaw[1];
...
DataPing3[DataSample+1] = DataRaw[5]; }
else {
50
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∞
X

T /2

−T /2

f (t)g(t) dt = fb0 gb0 + 2 · Re

!
fbk gbk , (1)

k=1

|

{z

}

P
cc
= ∞
k)
k=1 Re(fk g

b
because of fd
d
−k = fk and g
−k = gbk . In our case, we use
f as the voltage, in expression f (t) = u(t) and g as the
current, g(t) = i(t). In stationary case, the current has a
fundamental frequency of 50 Hz, given by the power line
frequency (Germany). Because the voltage is purely sinusoidal
(harmonic), also with fundamental frequency of 50 Hz, we
observe u
ck = 0 for k 6= 1, and formula (1) for active power
calculation reduces to

P = pb0

Fig. 5.

1
=
·
T

Z

T /2

−T /2



u(t) i(t) dt = 2 · Re u
c1 ib1 , (2)

where T = 0.02s.
Another observation is, that formula (1) allows us to calculate
the effective value (root-mean-square) of a T -periodic realvalued function f by using g := f , so that, in the case that the
current is in stationary state, the effective value Ieff of current
can be calculated as

Current developement status of visual feedback system.

s

B. Analysis of Power

Ieff

Additionally, the power demand of the connected devices shall
be calculated. Usually smart meters integrate the product of
instantaneous measured current and voltage over the time to
calculate the active power. In our case, we do not transfer the
raw measurement values, but only Fourier coefficients. With
these, power values can also be calculated approximatively by
the formulars developed in the following:
By using a simple transform, Parseval’s theorem [11] can be
formulated for complex-valued functions on R with period
T > 0 as

:=

=

1
T

Z

T /2

f (t)g(t) dt =
−T /2

∞
X

(3)

v
u
∞
X
u
t|ib0 |2 + 2 ·
|ibk |2 .
k=1

Because of the limitation given by the Nyquist-Shannon sampling theorem, if fsam is the sampling rate, the maximal number
M of Fourier coefficients can be calculated as

M
Z

2

i(t) dt
−T /2



1
·
T

T /2

=


fsam /2
.
50 Hz

In the following formulars, the summation operator has the
upper limit ∞, which can be replaced in practical cases with
the summation
PMthe upper limit M , in expression:
P∞ operator with
replace k=... . . . with k=... . . .
E.g. (3) goes to
v
u
M
u
X
Ieff = t|ib0 |2 + 2 ·
|ibk |2 .
(4)

fbk gbk .

k=−∞

P∞
There we have
ω = 2 π T , f (x) = k=−∞ fbk exp(j k ωx)
P∞
and g(x) = k=−∞ gbk exp(j k ωx), which are square integrable functions with fbk and gbk as the Fourier coefficients of
f and g, for illustration calculated as

k=1

The reactive power Q, caused by phase shift, can be calculated as
fbk

=

1
T

Z

T /2

f (t) exp(− j ω t)dt.
−T /2

Q =

2 · Im

∞
X

!
b
u
ck ik ,

k=1

If f and g are real valued functions on R, this can be
formulated as

|

{z

}



P
b
= ∞
c
k ik
k=1 Im u
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and in our case it reduces to

Q =



2 · Im u
c1 ib1 .

Further algorithm developement can improve appliance state
analysis, which includes the detection and allocation of unknown and known device errors. Also a disaggregation and
allocation of the calculated power values to the detected
devices has to be implemented.
The visualization platform can be extended at the point of
visual preparation of results and error messages and options
for displaying power curve, signal shape (by reconstruction
from Fourier coefficients) or spectral envelopes in cases of
transient signal events. This can provide important information
about the operation states of machines, technical workplaces
or residential buildings, where the smart meter can be applied.
The focus of further research will be on these aspects.

(6)

The apparent power S is defined as
= Ueff · Ieff .

S

(7)

Using formula (3) and the observation that u
ck = 0 for k 6= 1,
it follows that
v
u
∞
X
√
u
S =
2 |c
u1 | ·t|ib0 |2 + 2 ·
|ibk |2 .
(8)
| {z }
k=1

=Ueff

The total reactive power Qtotal is given by
s
U 2 · I 2 − pb0 2
Qtotal =
| eff {z eff }
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