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Abstract
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Jonas Lindström

The purpose of this project is to
create a measurement system aimed for
a laboratory environment at Uppsala
University. The measurement system
will be used by students for
laboratories of electrical science. It
will include a measurement station and
an application that will be used by
the students. A specification of 16
channels of measuring data, 8 current
and 8 voltage, was given by the
client. Beside this specification
there were 8 others to fulfil. The
measurement station is connected to a
compactRIO which will enable the
possibility to graphically and
numerically represent the results
through an application created in
Labview. The application will include
time and phasor representations of
both current and voltage. It will also
include two power vectors for 6
channels each.

The result of this project is a fully
working measurement system which
generates a good overview of
measurements made on an electrical
power system. All given specifications
was fulfilled except one, which was
not possible to achieve with the
chosen methodology.
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1. Introduction 

In a modern society electricity is something that is used every day. Electricity has 

become a cornerstone in today’s society and without it the civilization would be thrown 

back several decades. Nowadays electricity could be said to be taken for granted as 

people rely on it in their everyday life. The social impacts of a failed power system are 

hard to imagine. Without electricity there would be no refrigerators, computers, cars or 

gas stations in the world. [1]   

In order for the society to have a reliable electricity distribution it is needed to have 

people who work with the development on a daily basis. Electrical engineers who know 

how to design, build and operate the electrical power system are therefore of great 

value. [1]  

For the society to have proficient people within the science of electrical engineering it 

requires a great knowledge about electricity and its building blocks. Knowledge can be 

achieved in many ways, for example by observing or by trial and error. Both theoretical 

and practical knowledge are important for electrical engineers who are faced with new 

problems in their daily basis. Theoretical challenges provide the base for practical 

solutions in the everyday work of an engineer. This is why universities form the 

foundation of the future’s knowledge. Laboratory environments are essential for this 

purpose. This is a place for students to test new theories that they have learned.   

In a laboratory environment it is necessary to be able to do different types of 

measurements. To be able to do measurements for an electrical three phase system it is 

needed to have several multimeters or an oscilloscope with several channels, to examine 

each phase. With this kind of setup the information is spread out over several 

multimeters and it is therefore harder for the user to evaluate the results. Designing a 

new laboratory environment, which is easier to use, for studies of electrical power has 

therefore been an objective of Uppsala University. 

1.1 Aim of the report 

The purpose of this project is to create an easy to use electrical three phase 

measurement system for laboratory use. The measuring system should be designed for 

students to get a clear overview of the physics in the investigation of electrical power 

systems. This report aims to describe the design and programming that has been used to 

make this system. 

Two already built circuit boards that are designed to do current and voltage 

measurements were given in the start of the project. With these circuit boards a 

measurement station will be built and form a base for a computer program that will 

present the measurements both graphically and numerically.  
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Following specifications should be fulfilled for the finished system: 

 Measurements on 16 channels, 8 currents and 8 voltages. 

 Minimum sampling frequency of 2800Hz. 

 A graphical presentation of the data. 

 FFT (Fast Fourier Transform) presentation. 

 Two electrical power presentations. 

 Labview code. 

 A standalone application. 

 At least one functioning measurement station. 

 Manual of the program. 

1.2 Disposition 

In the background section relevant information are presented. This is for example terms 

used in electrical science, formulas and explanations of how the hardware and 

development environment works. After the background section the methodology will be 

explained. This section will go through how the design of the measurement system has 

been done and how the program was developed. It will also show pictures of different 

parts in the ongoing development of the system.  The result section will illustrate the 

finished result of the hardware and the software in picture form. The result section is 

followed by an ending discussion. Lastly a conclusion of the project will be given. 
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2. Background 

2.1 Current 

Electric current is a flow of electric charge moving in one direction. The SI unit of 

current is Ampere [A] which is the equivalent to the number of coulomb that passes 

through a surface per second. One coulomb is the charge that passes through the surface 

under one second, which is roughly 6,24∙1018 electrons. [2] 

2.2 Voltage 

Voltage is the difference in electrical potential between two points. The SI unit of 

voltage is volts [V] or joules per coulomb. The definition of voltage is the work done 

between two points for a quantity of charge in an electrostatic field. [3] 

2.3 Ohm’s law 

Ohm’s law is one of the corner stones in electrical science. Ohm’s law explains the 

relationship between current and voltage. The formula is: 

 𝑈 = 𝑅𝐼 (1) 

 

Where R is the total circuit resistance, I the current and U the voltage. [4] 

Or in complex form: 

 𝑈 = 𝑍𝐼 (2) 

 

Where, in (2), Z is known as the impedance: 

 𝑍 = 𝑅 + 𝑗𝑋, 𝑍 ∈ ℂ (3) 

 

In (3) X is the reactance which involves the phase shifting components. [5] 

2.4 Phase shifting components 

To explain the phase shift in an electrical circuit these three components needs to be 

introduced.  
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2.4.1 Resistance 

Has a linear relationship between current and voltage according to equation (1). [6] 

2.4.2 Inductance 

Inductance is a ratio between magnetic flux and the current flowing through the circuit. 

The relationship between current and voltage is: [6] 

 
𝑢(𝑡) = 𝐿

𝑑𝑖(𝑡)

𝑑𝑡
 (4) 

 

In (4), let i(t) be a sine wave:  

 
𝑢(𝑡) = 𝐿

𝑑

𝑑𝑡
sin(𝜔𝑡) = 𝜔𝐿𝑐𝑜𝑠(𝜔𝑡) = 𝜔𝐿𝑠𝑖𝑛 (𝜔𝑡 +

𝜋

2
) (5) 

 

The result of this is that of a pure inductive circuit, the current will be 90 degrees after 

the voltage. Therefore, the current is said to be lagging. [6] 

2.4.3 Capacitance 

Capacitance is the ability to store electrical charge in a body. To mathematically explain 

the capacitance, it is the ratio between charge and voltage. The relationship between 

current and voltage can be explained as: [6] 

 
𝑖(𝑡) = 𝐶

𝑑𝑢(𝑡)

𝑑𝑡
 (6) 

 

In (6), let u(t) be a sine wave:  

 
𝑖(𝑡) = 𝐶

𝑑

𝑑𝑡
sin(𝜔𝑡) = 𝐶𝜔 cos(𝜔𝑡) = 𝐶𝜔sin(𝜔𝑡 +

𝜋

2
) (7) 

 

Notice that the current will be 90 degrees before the voltage and therefore the current is 

said to be leading.  

From the result equation (5) and (7), it can be seen that these components will represent 

X in equation (3). [6] 

2.5 RMS 

In an electrical system, time varying signals is common. In order to convert the signal 

into a constant, a root mean square (RMS) value can be calculated. A RMS value can be 

explained as an effective value for an alternating function. For example the RMS value 
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for a sinusoidal wave will correspond to a DC value that will dissipate the same amount 

of power in a resistor during one period of the wave. [7] The discrete RMS value is 

calculated with the formula:  

 

𝑥𝑟𝑚𝑠 = √
1

𝑛
∑𝑥𝑖

2

𝑛

𝑖=1

 (8) 

 

Where n is the number of samples for one period. [8] 

2.6 Power 

Power can be explained as the amount of energy that flows per second. The SI unit of 

power is Watt [W]. [9] 

In electrical systems it is often necessary to do power measurements. This can be useful 

for example when measuring how much energy that will be lost in a transmission line 

and compare it with a theoretical value. To calculate the power when both current and 

voltage is in phase the following formula is used: 

 

 𝑃 = 𝑈𝐼 (9) 

 

Where U and I is RMS values. [10] 

When the current and voltage has a phase difference, from a circuit with an impedance 

according to equation (3), the instantaneous power is: 

  

𝑝(𝑡) = 𝑉max𝑠𝑖𝑛(𝜔𝑡)𝐼𝑚𝑎𝑥𝑠𝑖𝑛(𝜔𝑡 + 𝜃) = ⋯

=
𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥

2
(cos(𝜃) (1 − cos(2𝜔𝑡))

+ sin(𝜃) sin(2𝜔𝑡)) 
 

 

(10) 

The first part in equation (10) is the real power and the second part is the reactive 

power: 

 𝑃 = 𝑆𝑐𝑜𝑠(𝜃)[𝑊] (11) 

And  

 𝑄 = 𝑆𝑠𝑖𝑛(𝜃)[𝑉𝐴𝑟] (12) 

   

 If equation (11) and (12) are explained in vector form the result will be: 

 𝑆 = 𝑃 + 𝑗𝑄 = 𝑈𝐼∗[𝑉𝐴], 𝑆 ∈ ℂ (13) 
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Where “*”indicates the conjugate which is used because it is the phase difference 

between current and voltage that determines the apparent power in the system. [10] 

2.7 Three phase system 

A three phase electrical system, is a system where there are 3 feeding conductors. Each 

conductor carries an alternating current. In a balanced three phase system, the currents 

are equals in amplitude and frequency but shifted 120 degrees from each other. [7] This 

comes from how the generator, who is feeding the three phase system, is built. A 

generator is built with three windings, one rotor and one stator. On the rotor there are 

magnets which will generate a magnetic flux in the stator, on which the windings are 

winded. [11] If the rotor would be set in movement a voltage will be induced in the 

windings according to: 

 
𝑉𝑒𝑚𝑘 = −𝑁

𝑑ΦB

𝑑𝑡
 (14) 

 

Where N is the number of turns on the windings and ΦB the magnetic flux. According 

to equation (1) there will be a current flowing in the windings, due to the resistance in 

the windings. [11] 

The phases are ordered according 

 𝑉1 = 𝐴𝑠𝑖𝑛(𝜔𝑡) 

𝑉2 = 𝐴𝑠𝑖𝑛 (𝜔𝑡 −
3𝜋

2
) 

𝑉3 = 𝐴𝑠𝑖𝑛 (𝜔𝑡 +
3𝜋

2
) 

(15) 

 

The same phase shift goes for the phase currents. [7] 

2.8  Line to line voltage 

In electrical three phase system there is two ways to measure the voltage. Either the line 

to neutral (phase) voltage or the line to line voltage. If the phases are arranged as in 

equation (15) and the system is balanced, the difference between line to neutral voltage 

and line to line voltage can be explained as: 

 
𝑈𝐿𝐿 = 𝑈𝑓1 − 𝑈𝑓2 = 𝑈𝐿𝑁𝑒

𝑖0 − 𝑈𝐿𝑁𝑒
−
𝑖3𝜋
2

= 𝑈𝐿𝑁 (cos(0) + 𝑖𝑠𝑖𝑛(0) − cos (
3𝜋

2
) − 𝑖𝑠𝑖𝑛 (

3𝜋

2
))

= 𝑈𝐿𝑁 (1 + 0.5 +
𝑖√3

2
) = √3𝑈𝐿𝑁𝑒

𝑖𝜋
6  

 

 

 

 

(16) 
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The result of this is that the line to line voltage is √3 times larger and phase shifted 30 

degrees from the line to neutral voltage. [7] 

2.9 Power in three phase systems 

In a three phase system the total power can be calculated by using the result from 

equation (13) and add the result from each phase together: 

 𝑆𝑡𝑜𝑡 = 𝑆1 + 𝑆2 + 𝑆3 (17) 

 

If the system is balanced the power will be the same for each phase and therefore the 

total power will be: 

 𝑆𝑡𝑜𝑡 = 3𝑆1 = 3𝑈𝐿𝑁𝐼𝐿𝑁
∗  (18) 

 

Where LN stands for line to neutral. [12] 

2.10 Power factor 

The power factor is a measurement of how much real power there is in the complex 

power. The power factor is calculated according: [10] 

 
cos(𝜃) =

𝑃

𝑆
 (19) 

 

2.11 Differential measurement  

Differential measurements are measurements in difference of electrical potential. In this 

particular case, a 37 pin d-sub connector is wired with a resistance between 2 ports for a 

total number of 16 resistances. When applying a current through the resistance, there 

will be a difference in potential between the two pins. By subtracting the numerical 

representation of the potential from one port to the other, the result will be a differential 

reading. [13] 

2.12 Time continuous signals 

A time continuous signal is a signal which contains infinite amount of numbers for a 

given timeline. Meaning a time continuous signal will have a value for any given time. 

[14] 

 



10 
 

2.13 Time discrete signals  

A time discrete signal is a sampled version of a time continuous signal. Further, the 

discrete signal is an array of numbers from the instantaneous values of the continuous 

signal with respect to the time the value was sampled. [14] 

2.14 CompactRIO 

A compactRIO (cRIO) is a hardware device made by National Instruments. To clarify 

what a cRIO is, NI describes it like this on their webpage: 

 “CompactRIO is a reconfigurable embedded control and acquisition system. The 

CompactRIO system’s rugged hardware architecture includes I/O modules, a 

reconfigurable FPGA chassis, and an embedded controller. Additionally, CompactRIO 

is programmed with NI Labview graphical programming tools and can be used in a 

variety of embedded control and monitoring applications” [15] 

2.15 C-series module 

The c series module is a device that the user can connect to the cRIO. In this special 

case a NI 9205 is used to transfer the analog measurements to the cRIO. The NI 9205 

contains a programmable amplifier and an analog to digital converter. [16] 

2.16 Labview 

Labview is developed by National Instruments, and is a development tool that allows 

the user to program applications graphically. The applications made in Labview are 

called VI (Virtual Instrument). When making an application, it is easier to have one 

main VI that includes other smaller VIs which does specific tasks. When putting a VI 

within another VI it will be called sub VI. [17] 

2.17 FPGA 

FPGA stands for field programmable gate array. The function of an FPGA is to route 

data through reconfigurable digital circuits with programmable interconnects. The 

strength of the FPGA is parallel tasking. By assigning each task to its own space in the 

FPGA, the tasks will not interfere with each other and therefore not affect the 

performance of each task.  [18]  

2.18 Fast fourier transform (FFT) 

A fast fourier transform is an algorithm of the discrete fourier transform (DFT) and it is 

made to transform a time discrete signal into the frequency domain.  
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The fast forurier transform is much like the discrete fourier transform but the main 

difference is the amount of complex multiplications that are made during the algorithm 

[19]. The complex multiplication is the time consuming part in the algorithm. The 

discrete fourier transform is computed according to:  

 

𝑋[𝑘] = ∑ 𝑥[𝑛]𝑒−
𝑖2𝜋𝑘𝑛
𝑁 

𝑁−1

𝑛=0

, 𝑘 = 0,1,2, … ,𝑁 − 1 (20) 

 

This will have an order of N2 number of complex multiplications. [20] 

In the fast fourier transform the complex multiplications will be order Nlog2N (for an 

explanation see appendix 1). 

2.19 Frequency bins 

When doing an FFT the result will be an array of complex numbers. By taking the 

absolute value of the complex number the result will be an amplitude spectrum. The 

amplitudes will be represented in something called bins. The bins are the k values and 

the amplitude |X[k]| [21]. The DFT is a sampled version of the DTFT (Discrete-time 

Fourier Transform) [20] which is periodic with the period 2πfs [22]. With that 

information the k value bins can be converted into frequency bins. The space between 

each bin can be determined by calculating the frequency resolution: [23] 

 
𝑑𝑓 =

𝑓𝑠
𝑁

 

 
(21) 

2.20 Windowing 

When doing a FFT of a signal, a window function is always used. The window function 

is a mathematical function which will be applied to the signal. The original window 

function is a rectangular window, which is a side effect of a sample size. However, in 

this program the Hanning window is used. The Hanning window function is defined as: 

[24] 

 
0.5 (1 − cos (

2𝜋𝑛

𝑁 − 1
)) ,𝑛 = 0,1,2, … ,𝑁 − 1 (22) 

 

2.21 Libreoffice 

Libreoffice is a Free and Open source Office suite with several applications. Two 

examples are Writer and Calc. The writer application is the word processor which could 

be used for making text or simple drawings. The calc is the spreadsheet application 

which is used for presenting and making calculations of data. [25] 
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3.  Methodology 

3.1 Design of the measurement system 

The first step was to make layout drawings of the box. The problematic part about this 

was the number of items that would be placed on a limited surface and at the same time 

make it as user friendly as possible. The surface limitations were a rectangle with the 

width 13,90mm and the height 11,70mm. The items contained of 16 banana sockets and 

4 switches. The drawing resulted in 4 different drafts, see figure 1. 

 

Figure 1. Drafts of the layout 

 

In the drafts, the colours represent different items where red shows the current contacts, 

orange the switches and black the voltage contacts. 

From figure 1, draft nr 2 was chosen due to its space efficiency and its organized look. 

The current contacts are wired vertically and the voltage contacts are wired horizontally. 

By doing this the user gets the impression that the current measurement goes through 

the box and the voltage measurements goes over the box. The thought behind this 

design is how voltage and current are measured when using a multimeter, which is a 

common tool for making current and voltage measurements.   

3.2 Drilling 

When the layout of the box was decided, a drilling schematics was made by using 

libreoffice writer draw function, see figure 2. 

 

Figure 2. Drilling schematics 
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When the drilling was done, the switches and the banana contacts were placed in the 

correct slots according chosen design in figure 1.  

To make it easier for the user to sort out the measurement channels, each channel of the 

same type of measurement was assigned a specific colour. One channel consists of two 

banana contacts and will make measurements of a specific type. Channels that are of the 

same colour symbolize measurements that belongs to the same phase, see figure 3. 

 

 

Figure 3. Picture of the box, before and after assembly of contacts and switches 

3.3 Wiring 

In this laboratory some machines are limited to a maximum current of 5A, and the 

measurement system is designed to give more stable readings the higher the current 

gets. However, the current sensors are limited to measure current in the range -50A to 

50A. The current sensor is a current transformer, which will work according to equation 

(14) from the magnetic flux that originates from the current. 

This is the reason behind the switch, which has two options: 

 One of the options on the switch is wired through the current sensor 6 times and the 

other option is doubled wired one time through the sensor, see figure 3-6. 

By having this option it will secure more stable readings when the current is relatively 

low, but also have an option for doing measurements when the current gets higher than: 

 

𝐼𝑚𝑎𝑥

6
=
50

6
= 8,33[𝐴] 

 

The wires that have been used for the current connections is cables of 1,5mm in 

diameter. When using a double-wire the current will be split, which will reduce the risk 

of overheating the cable. 
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Figure 3. Wiring of the current sensor Figure 4. The measurement circuit board  

placed in the box 

  

                          

Figure 5. All the sensors connected to the 

contacts 

Figure 6. Same state as figure 5 but with 

a different angle 
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3.4 Differential measurements 

From the designed measurement station 32 signal cables are drawn from the circuit 

boards to the NI 9205 c series module, see figure 7. They are connected through a 37 

pin d sub connector. The d sub connector and the 32 signal cables are assembled in a 

differential reading pattern [16] with a resistance between the pins. 

By making differential readings the 32 signals will become 16 channels. What type of 

data the channel will represent is determined by the connections in the circuit board. 

The circuit board is made in the way that the first channel is a current measurement, the 

second a voltage measurement, the third a current measurement and so on. 

  

 

Figure 7. 8 signal cables connected to the circuit board 

3.5 Measurement station 

The finished measurement station includes two measurement boxes. To separate them 

for the user, they were named box “A” and box “B”. The measurement channels were 

named UA0-UA3 & IA0-IA3 for box A and for box B UB0-UB3 & IB0-IB3, where U 

stands for volt and I for current. The idea of this is that the user will measure each phase 

on number 1-3 and the zero current on number 0.  

When the measurements are transferred from the measurement station to the program 

the measurements will represent these channels: 
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Table 1. Procedure of the channels in the program 

Designation for 

box A 

Channel nr Designation for 

box B 

Channel nr 

IA0 Channel 0 IB0 Channel 8 

UA0 Channel 1 UB0 Channel 9 

IA1 Channel 2 IB1 Channel 10 

UA1 Channel 3 UB1 Channel 11 

IA2 Channel 4 IB2 Channel 12 

UA2 Channel 5 UB2 Channel 13 

IA3 Channel 6 IB3 Channel 14 

UA3 Channel 7  UB3 Channel 15 

 

3.6 cRIO setup 

In this project a c series module 9205 is connected to a cRIO 9066. Applications made 

with this setup starts in a Labview project. In the Labview project there are three levels 

of programming. However, in this specific project only two will be used. FPGA 

programming and Real-time programming. FPGA programming, the deepest level of 

programming, which will communicate with the c series module and handle the data 

acquisition. Real-time programming, this level will use the cpu in the cRIO to do 

calculations with the data obtained in the FPGA program.  

3.7 FPGA programming 

In this program the FPGA programming is very simple. The first step in the VI is to set 

all the channels to do differential readings, when that is done a while loop is started. 

The while loop has a wait time of 250µS which will result in a sample frequency of 

4000Hz. In the specification the minimum sample frequency was 2800Hz. The reason 

behind having a sample frequency of 4000Hz is that the wait time on the while loop 

only except integers and this was the closest frequency which will fit an integer number 

of data points for one period of an electrical system with the frequency 50Hz.  

In the loop each channel is wired to a FIFO (first in first out) memory. The FIFO will 

store the values in a single row array with the values for each channel indexed 

according to: 

 
𝐼𝑛𝑑𝑒𝑥 = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑛𝑟 + (𝑛 − 1)16, 𝑛 = 1,2, … ,

𝑁

16
 (23) 

 

Where n represent the sample cycle and N represent the total amount of sampled data. 

The usage of FIFO will allow a fast transfer of the data between the FPGA 

programming level to the real time program level. 

  



17 
 

3.8 Real-time programming 

The second level of programming is the compactRIO real-time. This level contains all 

the calculations and functions of the program.  

In the real-time programming a producer/consumer design pattern was used. The idea 

behind the producer/consumer design is to separate the vital parts, such as reading the 

FIFO, with the loop where calculations are made. By doing this, the producer loop will 

not risk being slowed down by calculations and will feed the consumer loop with a 

steady flow of data. 

3.9 Producer loop 

As seen in figure 8, the first step of the program is to start the FPGA VI, which will start 

the sampling. The next step is to dump old data in the FIFO from previous runs of the 

VI. When that is done, the producer loop is ready to start. In order for the loop to pass 

data to the consumer loop through a queue, a condition is set. The condition is the 

amount of data that will be passed to the queue and is controlled by the user. In each 

iteration the amount of data the FIFO holds will be checked. This value will then be 

compared with the value the user set. If the FIFO holds equal or more values than the 

set value, the values in the FIFO will be released.  

Since the data is stored in the FIFO according to equation (23), the data for the channels 

is not sorted out. By using Labview’s decimate 1D array, a 16 row vector that contains 

each channel’s measuring data can be built. The decimate 1D array function in Labview 

works accordingly to how many rows the programmer chooses as input. The decimate 

1D array will take values from the 1D array with this pattern:  

 

Table 2. How the decimate 1D array picks values from the input 1D array. Where n is 

the number of rows chosen and M the amount of input data points divided by the 

amount of rows. Resulting in a 2D array. 

Row Index 0 Index 1 Index 2  Index M-1 

1 0 n 2n … n(M-1) 

2 1 n+1 2n+1 … n(M-1)+1 

3 2 n+2 2n+2 … n(M-1)+2 

. 

. 

. 

     

n n-1 2n-1 3n-1 … nM-1 

 

This 2D array will be passed to the queue which leads to the consumer loop. 
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Figure 8. The producer loop 

3.10 Consumer loop 

This loop deals with all the calculations of the data that is measured and with the user 

commands.  

3.10.1 Configuration VI 

When the measurements are made from the c series module, they will be read as 

voltages in the range of +10 to -10V. This will be the raw data. 

In order for the raw data to adopt its true value, a configuration VI was made. The VI 

includes a linear function with a scaling factor and an offset value for each channel. 

The configurations for the channels were made by feeding the measurement boxes with 

a DC current and a voltage. The readings were then sampled and averaged. By logging 

and comparing the averaged values of the readings from the measurement boxes with a 

Fluke 175 True RMS multimeter, a scaling value for each channel could be calculated 

by using the slope function in libreoffice calc. To minimize the human error the 

procedure was made 3 times and averaged for the final result. To adjust the offset, the 

saving function was used to take a number of points when 0 voltage and 0 current was 

read and then averaged. 

The scaling factor and offset values were then stored in a .txt file in the cRIO. This txt 

file is read when the program starts and is loaded into a shift register. The file reading 

function is time consuming and should be avoided to be called in every iteration of the 

loop, this is the reason of the usage of a shift register.  

The shift register will be used as input data in the configuration sub VI which will set 

the offset and scaling value for each channel. 

3.10.2 RMS 

The RMS sub VI will use the output data from the configuration sub VI to calculate 

each channels RMS values with equation (8).  
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3.10.3 FFT 

For the program to run as smooth as possible with the fixed sample rate of 4000 Hz, the 

optimal amount data points are 2560. With these conditions the FFT bins are spaced 

with 25 Hz according to equation (21). If the FFT is using the sampled window, it can 

happen that the amplitude spectrum of the FFT will look the same for some frequencies. 

The solution is to use a Hanning window. To explain how the Hanning window is used:  

Imagine a discrete signal: 

 
𝐴 sin (

2𝜋𝑘

𝑁 − 1
) ,𝑘 = 𝑐𝑛, 𝑐 ∈ ℕ1, n = 0,1,2, … , N − 1 (24) 

 

If the signal (24) is multiplied with a Hanning window (22) the result becomes: 

 
𝐴𝑠𝑖𝑛 (

2𝜋𝑘

𝑁 − 1
) 0.5 (1 − cos (

2𝜋𝑛

𝑁 − 1
))

=
𝐴

2
(sin (

2𝜋𝑘

𝑁 − 1
) − sin (

2𝜋𝑘

𝑁 − 1
) cos (

2𝜋𝑛

𝑁 − 1
)) 

=
𝐴

2
(sin (

2𝜋𝑘

𝑁 − 1
) −

sin (
2𝜋(𝑘 − 𝑛)
𝑁 − 1

) + sin (
2𝜋(𝑘 + 𝑛)
𝑁 − 1

)

2
) 

=
𝐴

2
(sin (

2𝜋𝑐𝑛

𝑁 − 1
) −

sin (
2𝜋(𝑐 − 1)𝑛

𝑁 − 1
) + sin (

2𝜋(𝑐 + 1)𝑛
𝑁 − 1

)

2
) 

 

 

 

 

 

 

 

 

 

(25) 

 

This result in equation (25) ends up with three sine waves. One with the original 

frequency and two frequency shifted versions. The two frequency shifted versions will 

be useful when converting the signal into the frequency domain. The amplitude 

spectrum of the FFT will contain one amplitude peak in the bin that belongs to the 

original signal. Also, half the amplitude of the bin will be shown in the bins before and 

after the amplitude peak of the original signal.  

This is useful when the frequency resolution is large, which it is in this case. If the true 

frequency of the signal would be somewhere in between two bins, the amplitude of the 

frequency shifted bins will not be the same. This can be interpret as the frequency is 

somewhere in between the frequency range of the two largest amplitudes in the 

amplitude spectrum. 

 Seen in figure 9, the sub VI uses the measuring data for a chosen channel and the 

sampling frequency as input data. The output data of the sub VI will be a plot with the 

length of half the sampling frequency on the x axis and amplitude on the y axis. The 

output array of the FFT is converted into an amplitude spectrum by taking the absolute 

value of the array. The amplitude spectrum is then multiplied by 4. This is to 
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compensate for the scaling factor of the Hanning window according to equation (22). It 

is also compensating for the fact that half of the amplitude component of a frequency is 

shown in the first half of the amplitude spectrum and the second half is a mirroring of 

the first half [26]. After the multiplication a subset array is made, containing data of half 

the sampling frequency. This array is divided by the length of the measurement array to 

convert the amplitude spectrum to its true amplitudes. [27] The array is then plotted as 

values on the y axis and are spaced according to equation (21) with the starting value 0 

on the x axis.  

 

Figure 9. FFT sub VI 

 

3.10.4 Settings  

The .txt file that is loaded into the shift register used by the configuration sub VI can be 

accessed by the settings section in the program. For security this section is password 

protected. If the right code is entered the user gets access to the following 7 settings: 

 Is the current readings inverted? 

 

This option is a true or false statement and will change sign on the current 

readings if it is true. 

 

 Is the voltage readings inverted? 

 

This option is a true or false statement and will change the sign on the voltage 

readings if it is true. 

 

 Offset values for all measurement channels 

 

This is an array of values in numerical form. By changing a value, the offset for 

that channel is changed. The index of the array represent the channel number. 
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 Scaling values for all measurement channels 

 

This is an array of values in numerical form. By changing a value, the scaling 

value for that channel is changed. The index of the array represent the channel 

number. 

 

 Scaling values for the current switch 

This is an array of values in numerical form. By changing a value, the scaling 

value for the switch will be changed. The index in this array will be current 

channels, starting with box “A” and the lowest number on the channel. 

 

 RMS values for all channels 

 

This is an array that will represent RMS values for each channel. This can be 

useful information when installing the measurement station.  

 

 Mean values for all channels 

 

This array will represent mean values for each channel. This can be useful 

information when installing the measurement station. 

 

When the user does the settings for a new measurement station it is not needed to save 

all the values to the .txt file as soon as the change is made. By loading the values into 

the shift register, which the configuration sub VI uses when the program is running, a 

safety net will be created. If somehow the user forgets the previous value and want to 

reset, the program can be restarted to restore the previous value. When the user feels 

satisfied with all the changes there is a saving function which will load the values that 

the shift register holds into the .txt file in the cRIO.  

3.10.5 Saving function 

A saving function was made to prevent problems that could appear in the configuration 

part of the program when running in executable mode. The saving function will save the 

adjusted data, from the configuration sub VI, to a file which the user uses as an input 

value, the second input is the timeframe that the user wants to save and the third is an ok 

button which will start the process. In order for this to work the user needs to have an 

absolute searching path on the cRIO.  

The saving part takes the data array, converts it to a spreadsheet and saves it in a file. If 

the timeframe is still open for the next iteration and there are new values in the data 

array, the function will save the new values last in the spreadsheet. This way the 

columns in the spreadsheet will represent channels and are sequenced according to the 

timeframe. The coding done in Labview can be seen in figure 10 and 11. In figure 12, a 

spreadsheet of a saving is opened in libreoffice calc. 
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Figure 10. In parameters to the saving sub VI 

 

Figure 11. The sub VI of the saving function 

 

 

Figure 12. Spreadsheet from a saved measurement  
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3.10.6 Phase calculations 

When doing measurements in a three phase electrical system it is needed to measure the 

phase difference between, for example, phase current and phase voltage. For that it is 

needed to have one reference, which the other part will be referenced to. In this program 

the phase difference is calculated by exploiting these trigonometric equations: 

 
sin(𝜔𝑡) sin(𝜔𝑡 + 𝜃) =

1

2
(cos(𝜔𝑡 − 𝜔𝑡 − 𝜃) − cos(𝜔𝑡 + 𝜔𝑡 + 𝜃))

=
1

2
(cos(−𝜃) − cos(2𝜔𝑡 + 𝜃)) 

 

 

(26) 

 

 sin(𝜔𝑡) ∗ − cos(𝜔𝑡 + 𝜃)

= −
1

2
(sin(𝜔𝑡 − 𝜔𝑡 − 𝜃) + sin(𝜔𝑡 + 𝜔𝑡 + 𝜃)

= −
1

2
(sin(−𝜃) + sin(2𝜔𝑡 + 𝜃)) 

 

 

 

(27) 

 

By multiplying both equation (26) and equation (27) by 2 and extracting the constant 

component of the two results, the final results will be: 

 cos(−𝜃) = cos(𝜃) (28) 

 

 −sin(−𝜃) = sin(𝜃) (29) 

 

This result is assembled into a complex number by using equation (28) as the real part 

and equation (29) as the imaginary part. The phase angle will then be extracted from the 

complex number by using Labview’s complex to polar function, see figure 12.  

The Hilbert transform, in figure 12, is a function that will convert a sine wave to a  

-cosine wave. [30]  

 

 

Figure 12. Sub VI of the phase calculations 
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3.10.7 Phasors voltage and current 

To calculate the phasor, one signal is chosen to be the reference point. The reference 

point will be used to calculate the phase angle between two signals. The length of the 

phasor will be the amplitude of the signal. In this VI, see figure 13, it was assumed that 

the signal would be a sine wave and this is why the RMS value is multiplied with the √2 

[28] to get the amplitude. To realise the phasor a XY-graph was used.  

The XY graph has two inputs, one vector in the y-axis and one vector in the x-axis. The 

resulting vector is the result of adding the y and x vector. 

 

Figure 13. Sub VI of the phasor representation  

 

3.10.8 Power calculations 

For power calculations in this program there are two options. One is that the user 

measures the phase current and voltage, and the other that the phase current and the line 

to line voltage are measured.  

When the option phase current and phase voltage is chosen. The power calculations are 

made according to result from equation (13) with the phase voltage as reference. This is 

done for each phase separately and added together according to equation (17), with the 

real and imaginary parts separately.  

If the option line to line voltage and phase current is chosen it will start with the 

assumption that the measurement is made on a balanced three phase system. From the 

result in equation (16) some adjustments need to be done to calculate the total power. 
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By having the voltage as the reference point the phase current will be -30 degrees from 

the voltage. The power calculations is made according to equation (13) which will result 

with +30 degrees to much, this is programmatically adjusted with subtracting 30 

degrees. With the assumption of a balanced system the total power will be calculated 

from one phase according to equation (18) but now with line to line voltage: 

 
𝑆𝑡𝑜𝑡 = 3𝑈𝐿𝑁𝐼𝐿𝑁

∗ =
3

√3
𝑈𝐿𝐿𝐼𝐿𝑁

∗ = √3𝑈𝐿𝐿𝐼𝐿𝑁
∗  (30) 

 

Where “LL” in equation (30) stands for line to line. 

When making the power vector, it is assembled much like the voltage and current 

phasors. However, this graph will only consist of one vector. The graph will have the 

total P as x-axis, the total Q as y-axis and for the resulting vector, in the graph, P and Q 

are added together with vector addition.  

The length of S is then calculated with Pythagoras theorem [29], and the power factor 

by calculating the angle between Q and P: 

 
𝜃 = arctan

𝑄

𝑃
 (31) 

  

The angle in equation (31) will represent the angle in equation (19), and by taking 

cosine of 𝜃 the result will be the power factor. 

  



26 
 

4. Result 

In this section the finished product will be shown in pictures. The pictures will illustrate 

the measurement station, functions of the program and a measurement test. The 

measurement test is of a three phase system that is connected to a Y connected load. 

To make the layout fit in one window, a Labview page function has been used. What 

the pages are named and what they will represent will be explained and shown in the 

pictures. 

4.1 The finished measurement system 

In figure 14, the complete measurement system is shown including the application and 

the measurement station connected to the cRIO setup.  

 

Figure 14. The finished system including cRIO and c series module 
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4.2 Overview of the program 

In figure 15, Page 3 is chosen for ”Låda A” and Page 1 is chosen for ”Låda B”. The 

difference between these pages is that page 3 will show all channels for a measurement 

box, and page 1 will show three channels. In page 3 the voltage is chosen for the XY-

graph and the current for page 1. In the bottom a FFT is shown for the channel “IA1”. 

 

Figure 15. Presentation of page 3 for ”låda A”, page 1 for ”låda B” and a FFT of 

channel IA1 when the program is running. 
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Figure 16, is a closer look at ”Låda A” than figure 15. The numerical values of UA0-

UA3 and IA0-IA3 are all RMS values. The phase values that are shown are the degrees 

between each phase using UA1 as reference point. In the upper list the period time of 

the sample loop is shown. A function where the user can choose the amount of data to 

be read for 16 channels, a function to match the option for the switch and a saving 

function will also be shown.  

 

Figure 16. Presentation of page 3. 

  



29 
 

4.3 Representation of the power calculations  

In figure 17, page 2 is chosen for ”Låda A” with the option of phase current and phase 

voltage. This is the power measurements of the system that is connected to “Låda A”. 

The complex power is shown in vector form in the XY-graph. A numerical 

representation of P, Q, S, power factor and the angle between P and Q are shown to the 

left in figure 16. The layout is exactly the same for “Låda B”.  

 

Figure 17. Presentation of page 2. 

4.4 The saving function 

In the figure 18 the saving function is shown. By clicking ok with this setup the amount 

of data that fit 0,1s will be saved to the file 4_1_1.txt oriented in the memory space c in 

the cRIO.  

 

Figure 18. The saving function. 
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4.5 The setting-window 

Figure 19, is the setting window. This is a window meant for the installer to use when 

installing the measurement station. By entering the right password the installer will get 

access to change the settings for each channel. This can be done when the program is 

running. 

 

Figure 19. Representation of the page “inställningar” which is the setting-window. 
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4.6 Overview of the real time programming 

In figure 20, the Labview code of the real time programming is shown. The upper loop 

is the consumer loop and the bottom loop is the producer loop. The two big squares in 

the producer loop are the control of the pages for each measurement box. In the bottom 

the saving function can be found.  

 

 

Figure 20. The real time programming code.  
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5. Discussion 

One of the specifications was to make a standalone application, this goal was not 

fulfilled. This is not possible the way the program is designed now. This program is 

only executable in the Labview development environment. By using the debugging 

window in the real time programming level, the presentation can be seen. If a 

standalone application would have been created of the real time program, the debugging 

window would not be accessible. This is due to the design of a standalone application of 

the real time programming. The design is made to work as fast as possible, and the 

presentations (such as showing graphs) are time consuming and are therefore removed. 

This problem may have been solved by sending the calculations made by the cRIO to 

the computer programming level and make the presentation there.  

5.1 Design of the box 

The design of the box had a satisfying result and was chosen to be the design of other 

measurement stations. By having different colours on the banana contacts, the 

measurement channels were easy to distinguish. However, this was the only design that 

was made and therefore it may be other suitable designs.  

5.2 Producer loop 

The producer loop had some problems with channel switching at first. This problem 

was fixed by resetting the FIFO when the program starts, and always ensure there are 

enough values in the FIFO when the FIFO is read.  

5.3 Consumer loop    

When the program runs with 2560 data points the frequency resolution of the FFT gets 

large. This will result in that a frequency close to a bin could be recognized as the 

frequency of the bin. This may be solved by adding zero values in the end of the sample 

array that the FFT uses. By producing this extra data the frequency resolution would get 

better.  

5.4 RMS calculations 

In the RMS calculations a VI was made to look through the data array to pin point a 

period of a sine wave. Due to that some measurements was taken of signals containing 

multiple sine waves, the VI was malfunctioning. When the VI was removed, the 

program became limited to use a sample size which contained one or more periods of 

the signal. 

  



33 
 

5.5 The saving function 

The saving function that was created in addition to the clients specifications was of 

value for the user. This option allowed the user to transfer the measurement results to 

other programs which will make this program less limited. The saving function, 

however, can be somewhat misleading due to the time window input. The saving part 

will save the data that the sample array holds and therefore a window containing 0,1s 

will save data for 0,08s, assuming that 2560 data points are used with the fixed sample 

frequency of 4000 Hz. What may have been done is to replace the time window input 

with an amount of data points as input. This may do the saving function less misleading.   

5.6 The phase calculation sub VI 

The phase calculation sub VI is a vital part of the program and it has a neat solution. 

However, the accuracy of the phase measurements is not fully tested, which could lead 

to misleading results. Determining the accuracy of this VI may be something for studies 

in the future.  

5.7 Using Labivew 

By using the cRIO setup with the Labview programming it made it very easy to do 

measurements and presenting the data graphically. It also made it very easy to explain 

the code for a bystander. 

5.8 Configuration 

When converting the raw data to the “real values” one can argue about the accuracy. In 

this project the channels were configured manually and this will affect the accuracy of 

the measurements that is presented in the program. 

5.9 The layout 

The result of the layout had a satisfying look. It is easy to read the data and to 

manoeuvre in the layout. However, for improving the program, one more function could 

have been added to make it easier for the user to get a better overview of the results. 

This function should show voltage, current and phase difference in both time, vector 

and numerical form in the same window. The user should also be able to choose the 

input channels.  
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6. Conclusion 

All of the specifications, except one, that the client had were achieved within the 

project. With the addition of the saving function the program was taken to the next 

level. The standalone application was not possible to achieve due to the design of the 

program. With the chosen design the program still has all the required functions but is 

limited to run in the Labview development environment.  

By collecting all measurements in one place and presenting them both graphically and 

numerically, the results are easier to read. This will make the laboratory environment 

more focused on the overview of the system rather than focusing on single 

representations of the results.   

With having two measurement boxes the option to measure the information that is going 

in to the system and what is going out was of great use. This setup made it possible to 

measure the power that went in and compare it with the power that came out.  

Looking at the results from the design of the measurement station and the finished 

program it is possible to conclude that the designs were successful. With these designs 

the measurement station and the program were easy to use and the presentations of the 

measurements were shown in a clear manner. However, some functions may be 

improved in future studies and this program is a good base for further development. 
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Appendix 

Appendix 1: Explanation of the FFT algorithm 

 

To explain why the FFT has the order of Nlog2N complex multiplications: 

Let N be an integer of 2m, then the sum X[k] can be describes as 

  

𝑋[𝑘] = ∑ 𝑥[𝑛]𝑒−
𝑖2𝜋𝑘𝑛
𝑁

N−1

n=0

= ∑ 𝑥[2𝑚]𝑒−
𝑖2𝜋𝑘2𝑚

𝑁 + ∑ 𝑥[2𝑚 + 1]𝑒−
𝑖2𝜋𝑘(2𝑚+1)

𝑁

𝑁
2
−1

𝑚=0

𝑁
2
−1

𝑚=0

= ∑ 𝑥[2𝑚]𝑒
−
𝑖2𝜋𝑘2𝑚

𝑁
2 + 𝑒−

𝑖2𝜋𝑘
𝑁 ∑ 𝑥[2𝑚 + 1]𝑒

−
𝑖2𝜋𝑘𝑚

𝑁
2

𝑁
2
−1

𝑚=0



𝑁
2
−1

𝑚=0

 

This result will have  

2 (
𝑁

2
)
2

+𝑁 =
𝑁2

2
+ 𝑁 

Numbers of computations, and the order N2/2 complex multiplications. 

By splitting the equation one more time, the numbers of computations will be  

4 (
𝑁

4
)
2

+ 2𝑁 =
𝑁2

4
+ 2𝑁 

If the splitting keeps on going to k times, the numbers of computations will be 

2𝑘 (
𝑁

2𝑘
)
2

+ 𝑘𝑁 =
𝑁2

2𝑘
+ 𝑘𝑁 

Remember that N is an integer of 2m, which means that the number of splittings can be 

a total of 

𝑁

2𝑚
= 1 <=> 𝑚 = log2𝑁 

By substituting k with m, the number of computations will be 

𝑁2

2log2𝑁
+ Nlog2𝑁 = 𝑁 +𝑁𝑙𝑜𝑔2𝑁 

This has the order of Nlog2N complex multiplications. 


