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Abstract

Development of measurement algorithm in an
industrial PLC-An evaluation of DSOGI-PLL for
real-time measurements
Caroline Moberg

The aim of this project was to devise an algorithm for three phase AC power grid
measurements that could be utilized in an excitation system for controlling
generators. This application requires fast and accurate measurements even when the
voltages in the power grid are characterized by unbalanced three-phase, frequency
variations and harmonic distortions. Phase locked loop algorithms are used in grid
synchronization techniques and are developed to withstand disturbances in the power
grid. A DSOGI-PLL was implemented on a PLC and then evaluated. The DSOGI-PLL
was tested with input voltages generated by a relay testing system. The result showed
that the DSOGI-PLL could measure positive sequence component RMS and grid
frequency of unbalanced three-phase voltages and voltages characterized by frequency
variations and harmonic distortions. However, the measurements response time and
accuracy did not meet the requirements for application in excitation systems.  
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Populärvetenskaplig sammanfattning  

De generatorer som producerar el till samhället behöver kontrolleras och styras för att fungera 

på ett önskat sätt. Kontrollsystemen som används är uppbyggda av datorer som styr annan 

utrustning. Datorerna skickar information till utrustningen som sedan utför datorns 

instruktioner. I kraftstationer används speciella industridatorer som är anpassade för miljöer 

som är bullriga, skakiga och som kan variera i temperatur.  

En generator kan styras på flera sätt och kontrolleras därför av olika kontrollsystem. Ett av 

dessa system kontrollerar utspänningen på generatorns terminaler. Detta system styr 

magnetiseringen av generatorn genom att ändra fältströmmen i rotorns lindningar som i sin tur 

ändrar generatorns utspänningar. För att styrsystemet ska ändra utspänningen till rätt nivå 

måste den få information om spänningarna på elnätet.  

Spänningarna på elnätet är växelspänningar och genereras i tre faser. Växelspänningar är 

sinusformade vågspänningar som antar både positiva och negativa värden. Vågen har toppar 

och dalar där det största värdet (och minsta) antas på spänningen. Absolutbeloppet på ett 

sådant värde kallas amplitud och räknas från vågens mittpunkt till dess topp eller dal. De tre 

fasspänningarna är inbördes fasförskjutna med 120 grader. 

I en ideal värld har alla tre faser samma amplitud och 120 graders fasförskjutning och en 

frekvens på 50 Hz. Vågformen ska också vara helt fri från störningar som skulle kunna ändra 

vågens form. Om det skulle vara på detta sätt så sägs spänningarna vara i balans och ha en ren 

sinusvågform. Eftersom vi inte lever i en ideal värld är spänningarna ofta i obalans och till en 

viss grad sinusvågen förvrängd. 

För att rätt information ska kunna fås om spänningarna på elnätet behöver de mätas på något 

sätt. Det vanligaste sättet är att ta mätvärden från spänningarna och sedan låta en dator räkna 

ut olika parametrar. För att generatorns utspänningar ska styras på rätt sätt är det viktigt att de 

uträknade parametrarna genereras snabbt och noggrant. 

När spänningarna på nätet är i obalans kan det även vara svårt för datorer att beräkna t ex. 

amplitud och frekvens på ett snabbt och noggrant sätt. Programmet eller algoritmen som 

datorn följer kan påverka detta.  

I den här rapporten undersöktes hur en viss typ av algoritm kan ta fram mätvärden och 

parametrar från växelspänningarna och om den kan göra det tillräckligt snabbt och noggrant 

för att kunna användas i styrsystemet för generatorns utspänningar. Algoritmen som testades 

programmerades på en industridator som kallas Programmable Logic Controller (PLC). 

Algoritmen som testades kallas Phase Looked Loop (PLL) och är en vanlig algoritm som 

används i utrustning för nätanslutningar av t ex. solkraftsanläggningar. Den är utvecklad för 

växelspänningar som är i obalans och som är förvrängda.  

Tester utfördes på algoritmen genom att testa den med växelspänningar som genereras av ett 

reläprovningssystem och alltså inte växelspänningar från elnätet. Testerna visade att PLL- 

algoritmen inte kunde generera mätvärden tillräckligt snabbt och noggrant för att kunna 

användas till generatorns styrsystem för kontroll av utspänningarna. 

 

 



 

 

Executive summary  

Fast and accurate three-phase voltage measurements are crucial in the generator’s excitation 

system. The measurements can be accomplished by a PLC programmed with an algorithm 

that can generate fast and accurate measurements of the power grid voltages. This thesis finds 

that the Phase Locked Loop algorithm can be used for three-phase measurements since it has 

been developed toward power grid applications where the three-phase voltages are 

characterized by harmonics, three-phase unbalance and variation in frequency. The evaluation 

of the PLL algorithm shows that the measurements are not delivered fast and accurate enough 

for applications like excitation systems.  
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Abbreviations 

AC  Alternating Current 

ADC  Analog to Digital Converter  

AI  Analog Input  

CPU Central Processing Unit 

DC  Direct Current 

DSOGI Double/Dual Second Order Generalized Integrator  

FB  Function block 

FBD  Function block diagram 

FC  Function 

OB  Organization block  

PC  Personal computer  

PI  Proportional and Integrating  

PLC  Programmable Logic Controller 

PLL   Phase Locked Loop 

RMS  Root mean square  

SCL  Structured control language  

TIA  Totally integrated automation  
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1 Introduction  

Power grid measurements are important throughout the power system. The measured 

parameters are utilized for monitoring, control and protection to keep the power grid stable 

and to prevent voltages and currents to reach levels harmful to components and equipment.  

The generator is vital in the power system and responsible of converting e.g. kinetic energy to 

electric energy. The generator is regulated by control systems to maintain voltage and power 

output at desirable levels. The generator terminal voltages are controlled with an excitation 

system. The main component in the excitation system is the automatic voltage regulator AVR. 

The AVR controls the current to the generator field windings and thereby the terminal 

voltages.  

When the power grid is exposed to faults and voltage fluctuations, a fast response time of the 

measurements can be crucial to the performance of the AVR and thus the regulation of the 

terminal voltages. A generator that can be controlled rapidly will have a greater opportunity 

contributing to a stable power grid. The measurements must be accurate to ensure that right 

information is generated to the AVR. That is an issue since the voltages in the power grid are 

characterized by unbalanced three-phase, frequency variations and harmonic distortions 

making the accuracy more difficult to achieve.   

 

1.1 Project description  

Svea Power wants to investigate algorithms used for quantity measurements of the power 

grid. Many algorithms have been developed for three-phase power grid measurements, but the 

suitability of the algorithms depends on the application. 

The aim of this project is to devise an algorithm for three phase AC power grid measurements 

that could be utilized in an excitation system. The algorithm should be programmed on a 

Programmable Logic Controller with associated Analog input module. The algorithm must 

withstand unbalanced three-phase voltages, frequency variations and harmonic distortions. 

The algorithm should extract the following quantities:   

• Three-phase amplitude and RMS value  

• Positive sequence component 

• System frequency  

• Phase angle  

The excitation system operates in real-time and thus require measurements rapidly.  

Therefore, a response time below 10ms is required. The measurements must also have an 

accuracy of 0.2 % between system frequency 45-55Hz. 

 

1.2 Project boundaries  

This project will only take voltage measurements in consideration, but the algorithm will 

operate on any three-phase AC signals. Difficulties regarding signal processing will only be 

discussed briefly. 
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2 Determine measurement algorithm 

There are several methods for measuring amplitude, frequency and positive sequence 

component and as mentioned before, the chosen algorithms depend greatly on the application. 

There are standard ways of calculating these parameters, but those methods are more suitable 

for measurements where the three-phases system is in balance and the harmonic content is 

low [1].  

When the parameters need to be extracted from power grid voltages that are characterized by 

three-phase unbalance, harmonic distortion and frequency variations, the algorithms get more 

complex. The requirement of fast response time and accuracy adds to the complexity. Another 

matter to consider is the implementation on a PLC which may have a restricted sampling rate 

and CPU capacity. Some algorithms require high sampling rates to function properly and can 

be heavy in computational burden.  

 

2.1 Measurement of three-phase voltage using PLL  

Phase locked loop has many application areas and can be found in e.g., communication 

systems, motor control systems, grid synchronization techniques and measurements of power 

signals [2]. The basics of the PLL is to generate a signal that is tracking the phase of the input 

signal. The standard PLL consists of three different parts: phase detector, low pass filter and a 

voltage-controlled oscillator. The PLL is a closed loop feedback system where the phase 

detector measures the phase difference between input signal and output signal. That error is 

then filtered with a PI-controller. The output from the controller drives the voltage-controlled 

oscillator that generates the output signal. The output signal is then fed back to the phase 

detector [3].  

PLLs developed for grid synchronization are suitable for signals from the power grid. They 

are more advanced algorithms since the voltages on the power grid can be unbalanced and 

harmonic distorted. Those type of PLLs are therefore designed to withstand disturbances in 

the power grid. The purpose of these PLLs is to find accurate phase angle information of the 

power grid fast and accurate, but as a biproduct the PLLs tracks amplitude, frequency and 

even positive sequence component [4], [5]. These features make the PLL algorithm also 

suitable for three-phase grid measurements. DSOGI-PLL is according to literature a PLL 

created to withstand three-phase unbalance and distorted signals [6]. It has been tested and 

evaluated showing good results regarding the requirements given in section 1.1. [4]. Based on 

the previous mentioned qualities regarding the PLL and in particular the DSOGI-PLL, this 

algorithm was chosen to be implemented on the PLC and evaluated according to the given 

requirements.  
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3 Theory 

3.1 Three-phase AC voltage  

A balanced three-phase system can be described with three sinusoidal voltages, each differing 

by 120° (2𝜋/3 radians) in phase angle to one another and with same maximum amplitude. 

Each voltage is called a phase and can be described with equation (1), (2) and (3). 𝑉𝑎, 𝑉𝑏 and 

𝑉𝑐 are phase voltages in volts. 𝑉𝑚,𝑎, 𝑉𝑚,𝑏 and 𝑉𝑚,𝑐 are each phase’s maximum amplitude in 

volts, 𝜔 is the angular velocity in rad/s and t is time in seconds. 𝑉𝑎 is chosen as reference to 

𝑉𝑏 and 𝑉𝑐 with nominal phase angle 0°. 

 

𝑉𝑎 = 𝑉𝑚,𝑎 sin(𝜔𝑡)   (1) 

𝑉𝑏 = 𝑉𝑚,𝑏 sin (𝜔𝑡 −
2𝜋

3
)  (2) 

𝑉𝑐 = 𝑉𝑚,𝑐 sin (𝜔𝑡 +
2𝜋

3
)   (3) 

 

Another way to describe voltages in a three-phase system is it with phasors. A phasor can be 

defined as a rotating vector with complex value of the voltage. For three-phases systems, a set 

of three phasors are used. As can be seen in Figure 1, the phasors are separated 120° and the 

maximal magnitude in volt is equal for each phase. The phase voltages 𝑉𝑎, 𝑉𝑏  and 𝑉𝑐 rotate 

with angular velocity  in rad/s and rotates in a counterclockwise direction [7].  

 

3.2 Voltage variations in the power system  

The three-phase system described in section 3.1 is an ideal state of the system. However, the 

voltages in the power system will not be ideal. The voltages are likely to be affected by 

variations in magnitude and frequency, three-phase system is most of the time unbalanced and 

the voltage wave form harmonic distorted to some extent [1].  

The frequency in the power system is 50 or 60 Hz. Voltage frequency disturbances are often a 

result of an unbalance between generation and load. When the generation is in deficit the 

Figure 1: Phasors 𝑉𝑎, 𝑉𝑏 and 𝑉𝑐 describing a three-phase system. The phasors 

are separated 120° apart and the system rotates with angular velocity . 
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frequency drops and when there is a surplus in generation the frequency rises. In normal 

operation of the power grid, frequency will vary with 0.01 Hz/s. Large losses in power 

generation may lead to frequency drops 1 Hz/s [1]. 

An unbalanced three-phase system can be described in different ways. Figure 2 (a) shows an 

unbalanced three-phase system where phase 𝑉𝑎 is smaller in magnitude compared to 𝑉𝑏 and 

𝑉𝑐. Figure 2 (b) shows an unbalanced three-phase system where the three phases are not 

separated by 120°. The system is also unbalanced when one or two phases are completely lost 

or in other words has zero magnitude. In normal operation the three-phase unbalance is not as 

severe as in these given examples.   

 

 

Voltages in the power system are in the ideal case pure sine waves. Due to nonlinear 

components and loads in the power system e.g., transformers and power electronics the wave 

form is distorted. Harmonic distortion is when the wave is nonsinusoidal but periodic with the 

system frequency. The harmonic distortion can be described as an infinite sum of harmonics 

[1].  

   

3.3 Symmetrical components  

When the phases are unbalanced, the voltages can be difficult to analyze and to make it easier 

symmetrical components can be used. The phasor voltages 𝑉𝑎, 𝑉𝑏 and 𝑉𝑐 in an unbalanced 

three-phase system can be described with three sets of sequence components: positive, 

negative and zero sequence components [7]. The sequence components can be pictured in the 

same manner as with the original phasors in Figure 1. The positive sequence components are 

a balanced set of complex valued phasors where the phase difference between each vector is 

120° and the magnitudes are equal. The phase sequence is abc as in the original set of 

phasors. The negative sequence components are like the positive sequence components but 

with another phase sequence acb. The zero sequence components are equal in magnitude and 

have the same phase angle [7]. Only the positive sequence components are present in a 

balanced three-phase system. When the system is unbalanced, negative and zero sequence 

components are also present [1].  

Figure 2: (a) An unbalanced three-phase system where 𝑉𝑎 is smaller in magnitude 

compared to 𝑉𝑏 and 𝑉𝑐 . (b) The three-phase system is unbalanced since the voltages are 

not separated by 120°. 

(a) (b) 
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3.4 Clark and Park transformation  

Mathematical transformations can be applied to make the analysis of the three-phase system 

easier. With Clark transformation or αβ-transformation, the three phases can be reduced to 

two phases. The αβ-transformation matrix is defined in equation (4). By multiplying equation 

(1), (2) and (3) with equation (4) the voltages 𝑉𝑎, 𝑉𝑏 and 𝑉𝑐 are transformed to 𝑉𝛼 and 𝑉𝛽.  

 

𝑇𝛼𝛽 = [

2

3
−

1

3
−

1

3

0
1

√3
−

1

√3

]   (4), 𝑇𝛼𝛽 [
𝑉𝑎

𝑉𝑏

𝑉𝑐

] = [
𝑉𝛼

𝑉𝛽
] (5) 

 

The transformation can be understood by defining a space vector 𝑉𝑎𝑏𝑐  that is built up by 

scalars in the 𝑎𝑏𝑐- reference frame which includes the information of all three phases 𝑉𝑎, 𝑉𝑏 

and 𝑉𝑐. After the transformation, the space vector 𝑉𝑎𝑏𝑐 is now built up by scalars in the αβ- 

reference frame, see Figure 3. Both 𝑎𝑏𝑐- and αβ- reference frames are stationary and 𝑉𝑎𝑏𝑐 

rotates with angular velocity . 𝑉𝑎 and 𝑉𝑏 can be interpreted as AC quantities [6].   

 

 

The Park transformation or 𝑑𝑞-transformation, can be used to transform the αβ-reference 

frame to dq- reference frame. The dq- transformation matrix is described in equation (6) 

where  is the angular velocity and t is time. Multiplying dq-matrix with the 𝑉𝛼 and 𝑉𝛽 – 

matrix from equation (5), 𝑉𝑑 and 𝑉𝑞 are obtained which is described in equation (7).  

 

𝑇𝑑𝑞 = [
cos𝑡 sin𝑡

− sin𝑡 cos𝑡
]   (6),  𝑇𝑑𝑞 [

𝑉𝛼

𝑉𝛽
] = [

𝑉𝑑

𝑉𝑞
]  (7) 

Figure 3: Space vector 𝑉𝑎𝑏𝑐 transformed from abc-reference frame to 

αβ-reference frame. 𝑉𝑎𝑏𝑐 is described with scalars 𝑣𝛼 and 𝑣𝛽. 
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The dq- transformation can be understood in the same way as for the αβ- transformation. The 

space vector 𝑉𝑎𝑏𝑐 is after the transformation built up by the scalars 𝑣𝑞 and 𝑣𝑑 in the dq- 

reference frame [6]. In contrast to 𝑎𝑏𝑐- and αβ- reference frame, the dq- frame is a rotating 

reference frame that rotates with the angular velocity , see Figure 4. 

 

 

3.5 DSOGI-PLL 

The DSOGI- PLL has been developed to filter out harmonics and to withstand three-phase 

unbalance [4]. The schematics of the DSOGI-PLL can be seen in Figure 5. The phase voltages 

𝑎𝑏𝑐 are first transformed into α and β voltages with transformation matrix in equation (4). 

The 𝑉𝛼 or 𝑉𝛽 voltages and the estimated frequency are input signals to the SOGI-blocks. A 

schematic of the block can be seen in Figure 6. There is one SOGI-block for each voltage and 

the block creates a quadrature signal that is phase shifted 90 degrees to 𝑉𝛼 or 𝑉𝛽 The 

quadrature signals make it possible to extract the positive sequence components 𝑉𝛼+and 

𝑉𝛽+.  

Figure 4: Space vector 𝑉𝑎𝑏𝑐 transformed from αβ- reference frame to 

dq- reference frame. 𝑉𝑎𝑏𝑐 is described with scalars 𝑣𝑞and 𝑣𝑑. 

Figure 5: Schematics of DSOGI-PLL. Voltages 𝑎𝑏𝑐 are transformed in the αβ-block. α and β both enter a SOGI-block where 

the harmonics are filtered out. The outputs from the SOGI- blocks are used for positive sequence component extraction. After 

the positive sequence component extraction, the signals are multiplied with a constant 𝐶 to keep the same magnitude as the α 

and β voltages. 𝑉𝑎
+ and 𝑉𝑏

+ enters the 𝑑𝑞-transforamtion block and amplitude and frequency is extracted from 𝑉𝑑 and 𝑉𝑞  

respectively.  
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The 𝑘-value in the SOGI-block determine how well the SOGI-block filter out harmonics. 

Both SOGI-block have the same k-value. Before entering the 𝑑𝑞-transformation, the voltages 

𝑉𝛼+and V𝛽+are multiplied with a constant, 𝐶. The constant has value 0.5 and is needed to 

make the 𝑉𝛼+and 𝑉𝛽+ voltages have the same amplitude as the 𝑉𝛼 and 𝑉𝛽 voltages since the 

extraction of the positive sequence components gives a gain in the voltages amplitude [6].  

The 𝑑𝑞-transformation transforms the AC signals into DC quantities. 𝑉𝑑 is the amplitude of 

the positive sequence component. 𝑉𝑞 is regulated to zero (when frequency is 50 Hz) and the 

frequency can be extracted. The frequency in rad/s is converted to Hz by dividing with 2π. 

The frequency is fed back to the SOGI-block and is integrated to generate the estimated phase 

angle of the positive sequence component.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Schematics over SOGI-block. The 𝑢 represents α or β voltages. The k-value determine how well the 

SOGI-block filter out harmonics. The SOGI-block outputs are the 𝑉𝛼’ or 𝑉𝛽’ with a 90° shifted quadrature signal 

𝑞𝑉𝛼 or 𝑞𝑉𝛽. 
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4 Hardware  

4.1 PLC system 

A PLC is a kind of computer designed to be utilized in industrial environments and can also 

be found in control systems in power stations. The PLC is a microcontroller where CPU, 

memory and input/output interface make up one unit.  For more information about general 

features of a PLC see [8].  

The PLC system that was used in this thesis was Siemens CPU 1513-1 PN and Analog Input 

Module AI 8xU/I both part of the SIMATIC S7-1500 series. The CPU processing time is 40ns 

for bit operations. The AI module has a voltage measuring range of ±10. The AI module was 

set to have a sampling rate of 1ms, but oversampling is possible. The CPU and the AI module 

are interconnected by a back-plane bus.  

The PLC system can be seen in Figure 7 where the power supply to the modules also can be 

seen. More information about the CPU and AI module can be found in [9], [10]. The working 

order of the system can generally be described in two steps:  

1. Read input from AI module 

2. Execute program  

 

Figure 7: The PLC system. Starting from the left side, power supply, CPU and AI module. 
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5 Software 

5.1 STEP 7 TIA portal  

The PLC system is programmed by using the STEP 7 Totally Integrated Automation (TIA) 

portal. The software can be installed on a PC to make the programming process easy. The 

created program can later be downloaded to the PLC. The communication between PLC and 

the PC was through wi-fi communication.  

When programing in TIA portal, different languages can be used. For this project FBD and 

SCL was used. FBD is a visual language where functions and logical operations are visualized 

in blocks. There are many predefined blocks in TIA portal e.g. addition, multiplication and 

other commonly used operations. SCL is a text language which can be used to program new 

blocks to be used in FBD. SCL can also be used to write entire programs.  

To write a program in TIA portal, an organization block (OB) must be created. This block is 

the main program. In the OB, function blocks (FB) and functions (FC) can be combined to 

form a program.  

 

5.2 ServiceLab 

ServiceLab is as software that can access data from the PLC in real time. With this program, 

data from the PLC can be analyzed on a PC. The software visualize data in graphs and can 

save it on ASCII-files. This makes it possible to plot data in another program. For this project 

MATLAB was used for plotting data from ServiceLab.  
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6 Method 

6.1 Programming DSOGI- PLL on PLC 

The DSOGI-PLL can be divided in to different parts where each part will handle different 

calculations. As can be seen in Figure 8 the program starts with a three-phase voltage input 

where the voltages will pass a αβ- transformation. This transformation transforms three 

phases in 𝑎𝑏𝑐 reference frame to two phases in αβ reference frame. There are two SOGI-

block in the PLL, one for α signal and one for β signal. The SOGI-block calculates two new 

signals from both α and β. The four new signals are then used to extract the positive sequence 

components in αβ reference frame. The 𝑑𝑞-transformation will transform the input signals 

into signals that can be interpret as DC quantities. One signal will generate the amplitude and 

RMS output signal. The other will enter the PI-controller where the output is part of 

generating the frequency output signal.  

 

 

The DSOGI-PLL was programmed in STEP 7 TIA portal by using built in blocks and by 

programming new blocks. Figure 9 demonstrate all blocks that was written for this thesis. The 

1ms Cyclic interrupt OB is the main program with the task to scan the AI for samples and 

execute the programs that are located inside the OB. The OB is programmed in FBD and 

contains scale blocks that convert decimal values from the AI to values ranging from ±10 

volts and the DSOGI_PLL block.  

The DSOGI_PLL block is the actual DSOGI-PLL and is built up with the other blocks that is 

represented in Figure 9. This block is programmed with FBD language where the code is 

divided in to networks. Each network contains one or more parts of the DSOGI-PLL as can be 

seen in Figure 10. 

Figure 9: Programmed OB, FB and FC blocks used in the program. 

Figure 8: A flowchart of the DSOGI-PLL program with the important parts described in each box.  
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• Network 1 contains the “ABC to Alpha Beta” function which is programmed to 

execute the Clark transformation generating the α and β signal. The block was 

programmed in SCL and can be seen in the appendix.  

 

• Network 2 contains two SOGI function blocks and are programmed to calculate αand 

β signals with their quadrature signals respectively. The input signals are α and β from 

network 1 and the estimated frequency in network 5. The positive sequence 

component is then calculated generating the 𝛼+and 𝛽+signals.  

 

• Network 3 contains the “Alpha Beta to DQ” function which is programmed to 

calculate the Park transformation. The block was programmed in SCL and can be seen 

in the appendix. 

 

• Network 4 contains the PI-controller. 

 

• Network 5 calculates the frequency of the output signals in network 3.  

 

• Network 6 contains an integrator with modulo for calculating the phase angle. The 

modulo is used to set an upper limit for the integrator. 

 

6.2 Testing the algorithm 

The PLL was tested using FREJA 300 relay testing system where AC voltage signals could be 

generated. The signals from the relay testing system was coupled to the connection block as 

can be seen in Figure 11 and was monitored with a multimeter, displaying the RMS value and 

frequency of one phase.  

Figure 10: The DSOGI-PLL is divided into networks for a better 

overview of the code. 
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The signals could be adjusted to desired RMS value and phase angle. It was possible to vary 

the system frequency and to add harmonics to the voltages. The settings for the relay testing 

system could both be operated manually by using the dial or by using remote control with a 

PC. Both methods were used for the tests in this thesis.  

 

The signals from the PLL was monitored in ServiceLab where a graphical representation of 

the positive sequence component RMS value and frequency in Hz could be seen. The actual 

values of each signal could also be seen in TIA portal by using the function “monitor”. The 

whole set up with FREJA, PC for remote control of the relay testing system, PC for 

ServiceLab and TIA portal can be seen in Figure 12.  

The sampling rate from the PLC to ServiceLab could only be set to 100Hz as most. This made 

it impossible to monitor the input signals from the relay testing system and the multimeter 

was used instead. Positive sequence component RMS value and frequency from the DSOGI-

PLL could be monitored but with reduced resolution and MATLAB was used for plotting data 

from ServiceLab.   

 

Figure 11: Relay testing system used for generating voltages coupled to connection 

blocks. A multimeter was used to monitor the input voltage RMS value. 

Figure 12: The test set up with relay testing system. The PC in the front was for remote control of 

the relay testing system. The PC further into the picture was used for ServiceLab and TIA portal. 
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6.3 PI-controller and DSOGI k-values  

The 𝑘𝑝 and 𝑘𝑖 values of the PI-controller were manually tuned. The method of finding 

suitable values was the following steps: 

1. Use values that had already been tested in other DOSGI-PLL algorithms [6], [4].  

2. A trial and error method were used to find appropriate 𝑘𝑝 and 𝑘𝑖 values.  

The PI-controller gains were not the only parameters that affected the output signals and 

speed of the PLL. The SOGI blocks 𝑘-values did also affect the PLL output signals accuracy. 

The same method as for the PI gains was used to find the gains for the SOGI-blocks.   
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7 Results  

7.1 Balanced three phase system  

The 𝑘𝑝-, 𝑘𝑖-values and SOGI 𝑘-value were varied to find how accurate the DSOGI-PLL was 

tracking frequency and positive sequence component RMS value. Figure 13 (a) and Figure 

13(b) illustrates both the measured positive sequence component RMS value in volt and 

frequency in Hz when 𝑘𝑝 = 𝑘𝑖 = 𝑘 = 1. The measured RMS signal is noisy, but the 

measured frequency is accurate. The downside with these chosen 𝑘𝑝-, 𝑘𝑖- and 𝑘-values were 

the slow dynamic in the PI-controller resulting in slow response time for both RMS and 

frequency.  

When the 𝑘𝑝- value was set to 12 , 𝑘𝑖-value to 10 and SOGI 𝑘-value was left unchanged 

resulted in a much faster dynamic in the PLL. Figure 14 (a) and Figure 14 (b) illustrates how 

the accuracy is affected in both measured RMS and frequency. It can be seen that the 

accuracy is decreased in both measured RMS and frequency.  

 

(a) (b) 

(a) (b) 

Figure 14: DSOGI-PLL measured RMS and frequency with 𝑘𝑝 = 12, 𝑘𝑖 = 10 and 𝑘 = 1 (a) Measured positive sequence component 

RMS in volts. The signal is affected by a decrease in accuracy. (b) Measured frequency in Hz. The signal is affected by  

Figure 13: DSOGI- PLL measured RMS and frequency with 𝑘𝑝 = 𝑘𝑖 = 𝑘 = 1. (a) Measured positive sequence component RMS. (b) 

Measured frequency in Hz 
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Further, the 𝑘𝑝- and 𝑘𝑖-values were kept 12 and 10 respectively and the SOGI 𝑘-value was 

changed to 0.35. This change affected the measured RMS output by reducing the noise in the 

output signal, resulting in a much more accurate measurement of the positive sequence 

component RMS value. The noise in the measured frequency output signal was also reduced 

but not as much as the measured RMS value. The result can be seen in Figure 15. The 𝑘𝑝-, 𝑘𝑖- 

and SOGI 𝑘-values are used in the following tests presented in this thesis.  

 

 

7.2 Amplitude variation on three phases 

When varying the input RMS voltage in all three phases, the accuracy in both measured RMS 

value and frequency was tested. It can be seen in Figure 16 how the input RMS voltage first is 

set to 0.7V and then changed to 3.7V. The accuracy is kept in the measured RMS, but the 

frequency is affected by a noise increase in the output signal. It can also be seen that when the 

input signal is turned on (𝑡 = 7.6s), the measured frequency output signal has a large 

overshoot and the response time is over 0.5s. The response time for the measured RMS value 

was 0.03s and can be seen when the input voltages is changed from 0.7V to 3.7V. 

(a) (b) Figure 15: DSOGI-PLL measured RMS and frequency with 𝑘𝑝 = 12, 𝑘𝑖 = 10 and 𝑘 = 0.35 (a) Measured positive sequence 

component RMS in volts. The signal is affected by a decrease in signal noise. (b) Measured frequency in Hz. The signal is affected by a 

decrease in signal noise.  
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7.3 Amplitude variation on one phase 

It is a prerequisite that the PLL can withstand changes in voltage magnitude in one phase, but 

extreme situations e.g. one phase faults are also of interest. A test was made where the input 

voltage on one phase was set to 0 V and the other two was set to 3.7V. In Figure 17 the 

measured RMS value is between 2.344V and 2.550V which is in the right region but not with 

desired accuracy. It can also be seen that the measured frequency is negatively affected as the 

output signal contains more noise.  

Another test was made to observe how fast the reaction of the PLL was when the input RMS 

voltage was changed on one phase. The input voltage on all phases started at 3.7V and then 

one phase voltage was changed with 0.1V/steps from 3.7V to 4.3V. It can be seen in Table 1 

the actual positive sequence RMS voltage and the measured RMS from the DSOGI-PLL. In 

Figure 18 both the measured RMS and frequency can be seen. The DSOGI-PLL follows the 

changes in voltage input. The frequency output signal contains more noise due to the changes 

in the input voltage but is still accurate.  

 

Table 1: The actual positive sequence component RMS voltage and the measured RMS by the DSOGI-PLL.  

Actual RMS [V] 3.700 3.730 3.770 3.800 3.830 3.870 3.900 

Measured RMS [V] 3.678 3.710 3.745 3.802 3.829 3.864 3.894 

Figure 16: Measured positive sequence RMS and frequency by DSOGI-PLL.The input voltage is varied from 0.7V 

to 3.7V on all phases to test the PLL's accuracy. The measured RMS value is tracking the change and the output 

signal contains little noise. The measured frequency is affected in the change of input voltage and the output signal 

contains more noise after the change.  
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Figure 18: Measured positive sequence RMS and frequency by DSOGI-PLL. The input voltage is changed on one phase and 

the measured positive sequence component RMS voltage signal from the PLL follow the changes. The measured frequency 

output from the PLL becomes nosier but is still accurate.   

Figure 17: Measured positive sequence RMS and frequency by DSOGI-PLL. The input RMS voltage was set to 0V on one 

phase and 3,7V on the other two phases. The measured RMS signal contains noise and the accuracy is poor. The measured 

frequency output signal also contains noise and the accuracy is poor. 
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Figure 19 displays how the measured RMS and frequency are affected when larger changes 

are made the to the input voltage on one phase. The measured RMS value from the DSOGI-

PLL tracks the changes in input voltage but the measured frequency signal is more affected 

compared to when smaller changes in input voltage was made and the measured frequency 

lost accuracy.   

 

7.4 Frequency variations  

The DSOGI-PLL was tested for frequency variations. The phases were kept in balance 

regarding phase angle and amplitude. The frequency was changed with 1 Hz/step from 50Hz 

to 60Hz. It can be seen in Figure 20 how the frequency is estimated accurately, but the RMS 

value is declining when the frequency is increasing. Not only declining in RMS value, the 

signal is also noisy and makes jumps when the frequency is changed. The frequency response 

time is 0.2 s for every step. When the frequency was changed from 50Hz to 40Hz the same 

pattern in estimated frequency and RMS value could be seen but instead of the RMS value 

declining it was rising. This test was also made when SOGI 𝑘-values was changed to 1. The 

declining in RMS was not as pronounced but the signal contained much more noise.   

 

 

Figure 19: Measured positive sequence RMS and frequency by DSOGI-PLL when large changes in input voltage are made 

to one phase.  
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Figure 20: Measured positive sequence RMS and frequency by DSOGI-PLL. The three-phase system is in balance and the 

frequency is changed. The DSOGI-PLL tracks the changes in input frequency and the measure is accurate. The positive 

sequence component RMS is declining and has poor accuracy.  

 

7.5 Phase angle variation 

Changing the phase angle of one phase results in lower amplitude in the positive sequence 

component. This test was made by increasing the phase angle of one phase by 10°/s from 0° 

to 180°. It can be seen in Figure 21 that the RMS is tracking the change, but the accuracy of 

the measured RMS is getting lower. The estimated frequency is also getting less accurate. 

Changing the SOGI 𝑘-value to 1 during this test did not have any positive effect on the 

accuracy.  

Figure 21: Measured positive sequence RMS and frequency by DSOGI-PLL. The input 

voltage phase angle is change on one phase. The DSOGI-PLL tracks the change in positive 

sequence component RMS but the frequency becomes noisier. 
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7.6 Harmonics  

A third harmonic with amplitude 20% of the fundamental was added to the input voltage 

signals and the result is illustrated in Figure 22. The DSOGI-PLL measures the positive 

sequence component RMS value with noise, short settling time and no overshoot. The 

fundamental frequency is found to be measured within the required limits. 

The PLL was tested by changing the input RMS voltage on all phases with 0.2V/step from 

3.7V down to 2.5V. As can be seen in Figure 23, the estimated RMS was tracked without 

overshoot with a response time of 0.04 s. The frequency remained stable and did not change 

significantly.  

The PLL was further tested by changing the frequency from 50Hz to 47Hz with 1Hz/step. In 

Figure 24 it can be seen that the DSOGI- PLL frequency output tracks the changes in input 

frequency thus with overshoot. The RMS value is not significantly affected as can be seen 

Figure 24, with only small changes in the output signal. The frequency response time was 

0.11s.  

 

Figure 22: Measured positive sequence RMS and frequency by DSOGI-PLL. A third harmonic is added to the input voltages 

on all phases. The measured RMS tracks the change fast and the signal contains little noise. The frequency signal was not 

affected when the third harmonic was added.  
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Figure 24: Measured positive sequence RMS and frequency by DSOGI-PLL. The input frequency is changed and the 

DSOGI-PLL tracks the changes and measure the frequency accurate. Small changes can be noticed in the measured RMS. 

Figure 23: Measured positive sequence RMS and frequency by DSOGI-PLL. The input voltage was changed on all phases 

with 0.1 V/step from 3.7V to 2.5V. The DSOGI-PLL tracked the changes and measured the positive sequence RMS. The 

frequency is not significantly affected by the changes.  
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7.7 Summary   

The DSOGI-PLL measured frequency with good accuracy when the input frequency was 

changed, when harmonics were present and for various strong input signals. The accuracy was 

most affected when the input voltage RMS value was changed on one phase as could be seen 

when the input RMS value and phase angle was changed. Large changes led to higher risk of 

losing accuracy. When one phase was set to 0V the accuracy was low. The measured positive 

sequence component RMS value was in all tests lower than it would be based on the input 

voltages RMS values. The output signal was very noisy and fluctuated much. The most severe 

state for the measured RMS value was when the frequency was changed. The fastest 

measured response time for estimated frequency was 0.11s and for estimated RMS 0.02s.  
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8 Discussion  

The DSOGI-PLL was not able to generate the RMS values of the three-phases but the positive 

sequence component. These to values are only equal in a balanced system. The PLL did not 

generate the phase angle for each phase due to the fact that the phase angle was estimated 

based on the positive sequence component. The DOSIG-PLL performance in this thesis has 

longer response time compared to previous studies [11], [12], [13]. The reason for this could 

be that the DSOGI-PLL has been tested in simulations made in e.g. Simulink MATLAB 

rather than tested with devices that will actually be used in reality or the DSOGI-PLL is 

improved with more filters or modified in some way.     

 

Adding filter  

The input signals from the relay testing system was not filtered before entering the DSOGI-

PLL. Since the PLC system itself can cause noise to the signals, a better result in accuracy 

may have been reached if the input signals were filtered before entering the PLL.    

 

PI-controller and SOGI gains  

The performance of the PLL significantly depends on the choice of gains in both the PI-

controller and the SOGI block. It is a tradeoff between having a short response time or get 

accurate measured values. However, spending more time in fine tuning the gains would 

probably give an overall improvement of the PLL performance. 

 

Sampling rate and computational burden   

Not only the gains have an impact on the PLL. Sampling rate plays a great part in the 

accuracy and response time of the PLL. The PLC that was used could only read the analog 

inputs every 1ms, but the AI module had the capability of oversampling which was not 

utilized in this thesis. A higher sampling rate could make the measurements more accurate. 

However, the programmed PLL took more than 1ms to be executed which implies that the 

computational burden was high, and it is not certain that the CPU could handle more samples 

since in would mean more computations. The speed and efficiency of the programmed PLL 

has a great deal on how the code is written. The computational burden should be considered 

when implementing the code on a PLC.  

 

ServiceLab  

ServiceLab could only sample the output signals from the PLL with a sample rate of 100Hz. 

This implies that rather than 20 samples/cycle ServiceLab could only take 2 samples/cycle 

when the system frequency was 50Hz. This has an immense impact on the analysis and 

evaluation of the performance of the DSOGI-PLL. Eventual spikes in the signals from the 

PLL could have been missed out in the analysis. The low sampling rate in ServiceLab also 
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made it difficult to watch the signals from the relay testing system. The relay testing system 

should output clean signals, but this could not be verified since no oscilloscope was used.  

This also made it difficult to measure a true response time since the output signals from the 

relay testing system could not be compared with the output signals from the PLL. For 

example, dead time that is the time between the change in input and the reaction in the PLL 

could not be measured due to this problem.  

 

Communication  

The communication between the PLC system and the PC that was used for ServiceLab was 

through a wi-fi connection. This could have an impact on how fast the samples from the PLC 

could reach the PC. Normally the connection between the PLC and the PC is through an 

ethernet cable making the communication faster.  
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9 Conclusion and future work 

The aim of this project is to devise an algorithm for three phase AC power grid measurements 

that could be utilized in an excitation system. The algorithm was to be programmed on a PLC 

system. The algorithm should extract the following quantities: Three-phase amplitude and 

RMS value, positive component, system frequency and phase angle. The measurements 

should be fast and accurate to be applied in a generator excitation system.  

DSOGI-PLL algorithm was chosen as measurement algorithm. The performance of the 

DSOGI-PLL was not sufficient enough to reach the requirements for being included as part of 

an excitation system. This thesis showed that the measurement of the fundamental frequency 

was accurate when the three phases was distorted. If the RMS value is disregarded, the 

frequency measurement could be improved by changing the PI-controller gains in favor for 

the response time of the frequency. By doing so, parts of the PLL could be used.   

Suggestions for future work: 

• Add a filter to the input signals before entering the DSOGI-PLL. 

 

• The DSOGI-PLL can be improved by fine tuning the PI-controller gains and the SOGI 

block gains. A filter could be added to take out noise in the RMS signal.  

 

• Oversampling can be used to increase the sampling rate which can improve the 

accuracy and speed of the PLL.  

 

• Real voltages could be tested on the DSOGI-PLL but that would require filtering of 

the input signals and more protection from high voltage that otherwise could damage 

the PLC and AI module.  
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Appendix 

The function “ABC to alpha beta” programmed in SCL program language. 

 

 

 

The function “Alpha Beta to dq” programmed in SCL program language.  

 

 


