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Abstract

PLL design for inverter grid connection

Jim Ögren

In this report a phase locked loop (PLL) system for grid 
voltage phase tracking has been investigated. The grid 
voltage phase angle contains critical information for 
connecting a power plant, such as a wave energy 
converter, to the grid. A synchronous reference frame 
PLL system with PI-regulator gains calculated with the 
symmetrical optimum method has been designed and 
simulations in SIMULINK have been made. For ideal 
grid conditions the phase angle was tracked fast and 
accurate. For non-ideal conditions the phase angle 
was tracked but with less accuracy, due to slow 
dynamics of the system, but still within acceptable 
margins. In order to test this system further it has to 
be implemented in a control system and tested when 
connected to the grid.
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Sammanfattning 
 
Vid avdelningen för elektricitetslära vid Uppsala universitet bedrivs forskning på 
förnyelsebara energikällor. Bland annat pågår ett forskningsprojekt inom vågkraft med en 
testanläggning utanför Lysekil.  
 
Flytbojar kopplade till en linjärgenerator ståendes på havsbotten omvandlar energin i vågorna 
till elektricitet. Spänningen som alstras i linjärgeneratorn är inte en 50Hz sinusvåg och 
strömmen måste därför först likriktas och sedan växelriktas. För att kunna ansluta 
växelriktaren till elnätet måste nätspänningens fasvinkel för varje fas i nätspänningen vara 
känd. 
 
PLL, Phase Locked Loop, är en återkopplingskrets som tar nätspänningens tre faser som 
insignaler och skickar ut fasvinkeln för en av dessa signaler. Denna signal går sedan som 
styrsignal till växelriktaren. Fasvinkeln för de övriga två faserna fås genom att anta att 
nätspänningen är balanserad och fasförskjutningen är 120° mellan de olika faserna.  
 
PLL systemet består av en integration och en PI-regulator. PI-regulatorns parametrar 
bestämdes med SO-metoden, Symmetrical Optimum-metoden, vilket ger maximal 
fasmarginal vid given skärfrekvens.  
 
Simuleringar i SIMULINK genomfördes för ideala nätspänningar som insignaler. Fasvinkeln 
kunde då hittas snabbt och med god noggrannhet. Simuleringar gjordes också för olika icke-
ideala nätspänningar så som variationer i amplitud och frekvens, övertoner, fashopp och 
obalans mellan de tre faserna. Överlag klarade system av dessa fall bra men fasvinkeln kunde 
inte bestämmas lika precist som i fallet med ideala nätspänningar.  
 
Innan systemet som presenterats kan användas på riktigt i ett undervattensställverk måste det 
testas mot elnätet. Fler simuleringar kan göras med insignaler med kombinationer av ovan 
nämnda icke-ideala beteenden. Nätspänning från ett vanligt vägguttag skulle kunna samplas 
och användas som insignal vid simulering.  
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Abbreviations 
FFT Fast Fourier Transform 
IGBT Insulated-Gate Bipolar Transistor 
LG Linear Generator 
PI Proportional and Integrating 
PLL Phase Locked Loop 
SO Symmetrical Optimum 
SPWM Sinusoidal Pulse Width Modulation 
SRF Synchronous rotating Reference Frame 
TF Transfer Function 
WEC Wave Energy Converter 
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Figure 1.1 Point 
absorbing WEC. 

1. Introduction 
 
 

1.1 Wave power 
In order to minimize the use of fossil fuels for energy conversion 
different renewable energy sources are researched and utilized. Ocean 
wave energy has great potential and could in the future provide for 
more than 40% of the world’s electricity demand [1]. There are 
different types of wave energy converters (WECs). At the Division of 
Electricity at Uppsala University a point absorbing wave energy 
converters is developed and tested at the Lysekil research site. A 
schematic figure of the point absorber is shown in figure 1.1. 
 
At present (May 2010) three WECs are tested at the Lysekil research 
site and connected to a substation. During 2010 seven more WECs will 
be tested and connected to a new underwater substation and then 
connected to the grid. 
 

1.2 Marine substation 
The output voltage of the linear generator (LG) will not be a perfect 50Hz sine wave, so it is 
impossible to directly connect the LG to the grid. A substation is therefore necessary. In the 
marine substation current from the LG is first rectified and then inverted using insulated-gate 
bipolar transistor (IGBT) switcher. For controlling the inverters a sinusoidal pulse width 
modulation (SPWM) algorithm is used.  
 

1.3 SPWM algorithm 
SPWM uses a control signal to compare with a carrier wave with higher frequency, often a 
sawtooth-wave. A pulse train is created, as the gate will turn on when the control wave is of 
greater amplitude than, see figure 1.3. This pulse train then controls the switchers [2]. 

 
Figure 1.2 SPWM 
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1.4 Grid connection 
To connect a power plant to the grid the output voltage from the inverter must have the same 
frequency for each of the three phases. This is achieved if the phase angle of the grid voltage 
is tracked. In the control system for the inverter a sine wave is created with selected phase 
difference as control wave for the SPWM. This is a real time process constantly working in 
order to keep the output from the inverters synchronized with the grid.  

1.5 Non-ideal grid conditions 
A common technique for phase tracking is using a phase locked loop (PLL). Since the utility 
voltage most often is not a perfect sine wave it is important that the PLL system is able to 
handle distortions and abnormalities in a satisfactory way. Possible distortions in the grid 
voltage are unbalance in the three-phase system, presence of harmonics, variation in 
frequency, and variation in amplitude and phase jumps. Theses non-ideal conditions occur for 
different reasons. Phase jump and unbalances may occur when a load or generator connects or 
disconnects to the grid. Harmonics may occur in the grid voltages due to transformers or 
equipment with non-linear characteristics [3]. 

1.6 Aim of this project 
The aim of this project is to design a PLL system able to track the phase angle correctly for 
ideal grid conditions. Testing and analysis of the system characteristics will be made with 
simulations in Simulink. The system will also be tested for non-ideal grid conditions as 
mentioned above. 
 
In chapter 2 the basic PLL system and corresponding transfer function is presented. Section 3 
deals with designing of the regulator gains of the PLL. In section 4 the simulation results are 
presented and these are discussed in section 5. 
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2. PLL – Phase Locked Loop 
PLL is commonly used in various signal applications e.g. radio- and telecommunications, 
computers and electrical motor control. The techniques can be adapted to work in a wide 
frequency spectrum from a few hertz to orders of gigahertz. 
 
There are mainly three types of PLL systems for phase tracking: zero crossing, stationary 
reference frame and synchronous rotating reference frame (SRF) based PLL. The SRF PLL is 
the one among the above mentioned with the best performance under distorted and non-ideal 
grid conditions [4] and is therefore the PLL system to be further investigated in this report. 
 

2.1 Theory 
The basic idea of the PLL system is a feedback system with a PI-regulator tracking the phase 
angle. Input is the three phases of the grid voltage and output from the PLL is the phase angle 
of one of the three phases. In the power supply substation there will be one inverter leg for 
each of the three phases. There are two alternatives, either assuming the grid voltages are in 
balance and track only one of the phases and then shift with 120 degrees for each of the other 
two phases or having three PLL systems, one for each phase. 
 
In figure 2.1.1 the basic structure of the SRF PLL system is shown. 

 
Figure 2.1.1 Basic structure for the SRF PLL system. 

2.1.1 Stationary reference frame αβ  
To track the phase angle the three phase voltage signals Va, Vb and Vc are transferred from 
three phases to a stationary system of two phases Vα and Vβ. The grid voltages are given as 
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where θ is the phase angle 2πft. The αβ-transformation matrix is given in equation (4). 
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Carrying out the matrix multiplication Vαβ = TαβVabc yields 

PI 
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which is two signals carrying information only about the phase angle of one of the phases, Va.  

2.1.2 Synchronous rotating reference frame 
The phase angle θ is tracked by synchronizing the voltage space vector along q or d axis in 
the SRF [4]. Here the voltage space vector is synchronized with the q-axis see figure 2.1.2. 

 
Figure 2.1.2 Synchronous rotating reference frame. 

 
If the voltage space vector is to be synchronized with the q-axis the transformation matrix is  
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where θ* is the estimated phase angle output of the PLL system. Carrying out the 
transformation Vqd = TqdVαβ and using the trigonometric addition formulas yields (7). 

! 

Vq

Vd

" 

# 
$ 

% 

& 
' =

Vm cos(( )(
*
)

)Vm sin(( )(
*
)

" 

# 
$ 

% 

& 
'    (7) 

The phase angle θ is estimated with θ* which is the integral of the estimated frequency ω’. 
The estimated frequency ω’ is the sum of the PI-output and the feedforward frequency ωff. 
Gains of the PI-regulator is then designed so that Vd follows the reference value Vd

* = 0, see 
figure 2.1.1. If Vd = 0 then the space voltage vector is synchronized along the q-axis and the 
estimated frequency ω’ is locked on the system frequency ω. This results in an estimated 
phase angle θ* that equals the phase angle θ [4]. 
 
If θ* ≈ θ then the small angle approximation for sinus function yields Vd = -Vm(θ–θ*) and the 
structure in figure 2.1.1 can be simplified, see figure 2.1.3.  
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Figure 2.1.3 Simplified system for the SRF PLL. 

The purpose of the feedforward frequency, ωff, is to have the PI-regulator control for an 
output signal that goes to zero. In our case the feedforward frequency will be 2πf = 100π. In 
the ideal case when the grid frequency is exactly 50Hz once the regulator has tracked the 
phase the output of the regulator is zero.  

2.2 Transfer function 
Since this application will be working in a sampled system one has to take into account the 
delay effect [5]. The transfer function (TF) for the plant is just a lag and an integrating 
element 
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where Ts is the sampling period. The open-loop TF for the system in figure 2.1.3 is described 
as follows 
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When going from the open-loop system to the closed-loop system the relation between the 
transfer functions is 
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2.3 Numerical integration and going from s-domain to z-domain 
In real life applications the grid voltage input signals for the PLL system are sampled. The 
system must be able to handle such signals. The integrating element in the plant correspond to 
the following differential equation 
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which has to be solved numerically. The solution can be expressed as 
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and if the solution is only represented in discrete points t = kTs for k = 0,1,2,3… 
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! 

f (kTs + Ts) = f (kTs) + e(t)dt
kTs

kTs +Ts

"   (13) 

The integral in equation (13) can be approximated in different ways. The easiest and most 
straightforward way is Euler forward [5] 

! 

f (kTs + Ts) = f (kTs) + Tse(kTs)   (14) 

where the last term can be thought area of a rectangle with height e(kTs) times the width Ts. 
Taking the Z-transform of equation (14) yields [6] 
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Using equation (16) the PI-regulator in the z-domain is expressed as follows 
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Other possible approximations as Euler backward or Trapezoidal method are possible for 
approximating the integral in equation (13). In this report and in the simulations presented in 
section 5 Euler forward is the only method used. 
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3. Designing the PI-regulator gains 
There are many different methods for designing the PI-regulator gains Kp and τ. Which 
method is the most suitable depends on the criteria of the regulator. In this case we have a 
system of second order and a good method to use is the symmetrical optimum method (SO). 
The SO method has been investigated and used for similar PLL grid connecting applications 
before [4], [5].  

3.1 Symmetrical optimum method 
The idea behind the SO method is to optimize the phase margin to have its maximum at a 
given crossover frequency ωc [6]. The phase margin is defined as the number of degrees the 
frequency response may be phase shifted without loosing stability, this corresponds to the 
distance from the point -1 in a plot of the frequency response locus. The amplitude and phase 
plot will also be symmetric around ωc hence the name, see figure 3.1. 

 
Figure 3.1. The characteristics of a system and a PI-regulator designed with the SO method. a) 
The Bode plot with its symmetrical shape at the crossover frequency. b) The frequency 
response locus with phase margin ψd. 

 
A transfer function as 
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where k is a constant will be symmetric around ω = ω0 [6]. Rewriting the TF for the PLL 
system in equation (9) yields 
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where a is a normalization factor. Comparing equation (18) and (19) gives the following 
identifications 
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where ωc is the crossover frequency. After some rewriting we arrive at 
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which is the result for the regulator gains using the SO method. For a given sample period Ts 
the crossover frequency can be chosen by adjusting the normalization factor a. Finally the 
regulator gains is calculated with the resulting normalization factor a.  
 
For a second order system the quotient between crossover frequency ωc and the bandwidth ωB 
for the closed-loop system is approximately constant [7] and 

! 

0.6 < ωc/ωB < 0.8            (22) 

for different values of Kp. 
 
When designing the gains the following are to be considered for the step response [4] 

• Higher phase margin gives less oscillatory response 
• Lower value of τ decreases settling time 
• Value of Kp effects both phase margin and bandwidth. 

This implies that a good value for the crossover frequency ωc would be around the utility 
frequency of 50Hz that gives maximal phase margin at 50Hz. The closed-loop system will 
also have the characteristics of a low pass filter with bandwidth ωB ≈ ωc/0.7 ≈ 71Hz. The PLL 
system will then be able to reduce harmonics from the output without the need of an external 
filter, which is a very desirable property. 
 
In practice the designing process is an iterative process. First calculate the gains with SO 
method and from bode-plots or simulations determine phase margin, bandwidth, settling time 
etc. Change Kp or τ and plot again and so on until the system is fulfilling the specifications. 
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4. Results 
At the point for grid connection at the Lysekil project site the grid voltage level is 1kV. This 
value is the root mean square value of the line-to-line voltage. The amplitude voltage level, 
Vm, is then calculated according to 

! 

V
m

= 2
1000

3
" 816V    (23) 

which is the amplitude used in the simulations. The frequency of the Swedish utility grid is 
50Hz. Choice of sampling frequency is a trade-off between resolution and losses. Higher 
sampling frequency will give a better representation of the grid voltages but on the other hand 
it will cost more computational capacities and greater power losses in the switchers. In the 
simulations the sampling frequency is set to 2kHz. 

4.1 System characteristics 
Using V = 816V, Ts = 1/2000s = 0.5ms and choosing crossover frequency 50Hz in equation 
(21) gives 
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a = 6.3662
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Kp = 0.3848
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   (24) 

Using the values of equation (24) in equation (9) gives the TF for the open-loop system and 
from this TF the bode plot of the system is illustrated. From the bode plot the symmetrical 
shape is confirmed and the phase margin is ψ = 72.1 degrees at the crossover frequency ωc = 
314rad/s, see figure 4.1.1. 
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Figure 4.1.1. Bode plot of the open-loop system. Both the phase and magnitude curve is 
symmetric around the crossover frequency ωc. The phase margin is 72.1 degrees at the ωc. 

 
The transfer function of the closed system can be calculated using equation (10). A bode plot 
of the closed-loop system confirms the low pass filter behavior of the system, see figure 4.1.2. 

 
Figure 4.1.2. Bode plot of the closed-loop system displaying the low pass characteristics. 

 
The bandwidth can be calculated with MATLAB:s built in command BANDWIDTH and the 
result is ωB = 67.3Hz. All the plots above and the calculations are done in MATLAB and the 
code is presented in Appendix C.  

4.2 SIMULINK setup 
SIMULINK is powerful tool for control and signal processing simulations. It is also integrated 
with MATLAB that makes it possible to create and analyzing the input and output signals very 
freely in MATLAB while SIMULINK performs the simulation itself.  
 
Simulation parameters: 

• Simulation time is set from 0.0 to 0.2s 
• Solver is set to Discrete (no continuous states) 
• Type is set to Fixed step 
• Step size is set to the sample period 1/2000 = 0.5ms 

 
Input signals are created in MATLAB and then imported in SIMULINK using the box simin. 
Results of the simulations can be viewed directly in SIMULINK using Scope or plotting in 
MATLAB. The output signals are exported back to MATLAB using the box simout. The PI-
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regulator of equation (19) is implemented using the box Discrete Transfer Fcn. Finally the 
integrating element is implemented in the box Discrete-Time Integrator and is set to Forward 
Euler. For the resulting configuration, see figure 4.2.1. 

 
Figure 4.2.1. The Simulink simulation setup of the PLL system. The box named Discrete 
Transfer Fcn is the PI-regulator. 

 
From simin in figure 4.2.1 four signals are imported. The fourth signal is a scaled version of 
input signal Va and makes it easier to plot the phase angle ouput and the reference signal 
together. The boxes named abc/AlphaBeta and AlphaBeta/dq in are the implementation of the 
transformation matrices in equation (4) and (6) respectively. For details of these boxes see 
figure 4.2.2. 

Figure 4.2.2. a) Transformation abc/AlphaBeta. Gain 5 is -sqrt(3)/3 and gain 3 sqrt(3)/3.  
b) Transformation AlphaBeta/dq. 

 

a) 

b) 
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4.3 Simulation for ideal grid conditions 
Three ideal and sampled sine signals are created in MATLAB, see Appendix C for code. 
Output of PLL from scope4 is presented in figure 4.3.1 and figure 4.3.2.  
 

 
Figure 4.3.1. PLL output with ideal grid conditions. From the phase angle (yellow) a sine wave 
is created (blue) and locks on to the scaled reference signal Va (pink). 

 

 
Figure 4.3.2. PLL output from figure 4.3.1 zoomed in at an intersection of the signals. 

 
From scope2 the output from the PI-regulator is observed, see figure 4.3.3. This output can be 
thought of as a step response of the system.  
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Figure 4.3.3. PI-regulator output from scope2, this can be thought of as a step response for the 
system. 

 
More plots and simulations for other values for τ are presented in Appendix A. 
 
The PLL system with the PI-regulator gains from equation (24) is able to track the phase 
satisfactory when the grid conditions are ideal and no changes will be made in the gains. 
Instead further simulations are made for non-ideal grid conditions. 

4.4 Simulation for non-ideal grid conditions 
In this part simulations are made for non-ideal grid conditions. Input signals are created in 
MATLAB and then imported to SIMULINK. The code is presented in Appendix C. 
 

4.4.1 Amplitude variation 
The amplitude is varied in a way that after 2 periods the amplitude decreases to 70% of the 
original value see figure 4.4.1. The resulting output from scope4 is presented in figure 4.4.2. 
 

 
Figure 4.4.1. Input signals with amplitude decreasing to 70% of the original value 
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Figure 4.4.2. PLL output for input with decreased amplitude. 

In figure 4.4.3 the intersection of the output signals in figured 4.4.2 is zoomed in. 

 
Figure 4.4.3. PLL output from figure 4.4.3 zoomed in at an intersection of the signals. 

For an overall change in amplitude to 10% of Vm see figure 4.4.4. 

 
Figure 4.4.4. PLL output for grid with amplitude 10% of Vm. 
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The simulation time increases to 0.4s and the step response from scope2 is presented in figure 
4.4.5 
 

 
Figure 4.4.5. PI-regulator output from scope2 for a longer simulation time. Input signals with 
10% of amplitude. 

4.4.2 Frequency variation 
The PLL system was tested for input signals with frequency 55Hz see figure 4.4.6. 
  

 
Figure 4.4.6. PLL output for grid with frequency 55Hz. 

 
In figure 4.4.7 the PI-regulator output from scope2 is shown. Now the PI-regulator output is 
supposed approach 2*π*5 = 31.4159 instead of 0 as for the ideal input signals. 
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Figure 4.4.7. PI-regulator output from scope2. Input signals with frequency 55Hz leads to  
a PI-regulator output of 31.4. 

4.4.3 Harmonics 
The fifth, seventh and eleventh harmonic with amplitude of 10%, 8% and 5% of Vm 
respectively is added to the input signals. In figure 4.4.8 the input signal Va, output signal and 
phase angle is presented.  

 
Figure 4.4.8. PLL output and phase anlge for grid with harmonics added. 

 
In order to analyze the frequency spectra of the signals Fast Fourier Transform (FFT) is used. 
In this way the influence of the harmonics in the input and output signals can be compared, 
see figure 4.4.9 and figure 4.4.10. 



PLL design for inverter grid connection 

22 

 
Figure 4.4.9. Input signal and frequency spectra for signal with harmonics. 

 
 

 
Figure 4.4.10. The corresponding output signal and frequency spectra. 

  



PLL design for inverter grid connection 

23 

4.4.4 Phase jump 
In figure 4.4.11 the output is presented for input signals making a phase jump simultaneously 
in all three phases. Figure 4.4.12 shows the corresponding PI-regulator output from scope2. 

 
Figure 4.4.11. PLL output for input signals with phase jump. 

 
Figure 4.4.12. PI-regulator output from scope2 for input signals making a phase jump. 
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4.4.5 Three phase voltage unbalance 
Input signals with voltage unbalances between the three phases, the amplitude of Vb is 
0.85*Vm and amplitude of Vc is 1.15*Vm, see figure 4.4.13.  

 
Figure 4.4.13. Input signals with unbalanced voltages. the amplitude of Vb is 0.85*Vm and 
amplitude of Vc is 1.15*Vm 

 
The output from Scope4 is shown in figure 4.4.14. 
 

 
Figure 4.4.14. PLL output for input signals with unbalanced voltages. 

 
In order to determine accuracy one intersection is zoomed in, see figure 4.4.15 
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Figure 4.4.15. PLL output for input signals with unbalanced voltages zoomed in at an 
intersection 

Figure 4.4.16 shows the corresponding PI-regulator output from scope2. 

 
Figure 4.4.16. PI-regulator output from scope2 for input signals with three phase 
voltage unbalance 
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4.4.6 Three phase frequency unbalance 
Input signals with Va frequency 50Hz and Vb and Vc has frequency 0.97*50Hz and 
1.03*50Hz respectively, see figure 4.4.17. 
 

 
Figure 4.4.17. Input signals with frequency unbalance.  

 
The output of Scope4 is shown in figure 4.4.18. 
 

 
Figure 4.4.18. PLL output for input signals with frequency unbalance. 

 
It is also interesting to see what happen with the PI-regulator input signal when the three 
phase signals slides away from each other. Figure 4.4.19 shows the Scope1 from the 
simulation. 
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Figure 4.4.19. The PI-regulator input signal when the three phases input has a frequency 
unbalance. 

4.4.7 Three phase unbalanced phase shifts 
In section 4.4.6 the signals has different frequencies and therefore slides away from each 
other more and more. What happens if the signals have the same frequency but not the proper 
phase shift of 120° relative to each other? Figure 4.4.20 shows the output from Scope4, and 
figure 4.4.21 shows an intersection zoomed in, for input signals with phase shift of -130° and     
-230° respectively. 
 

 
Figure 4.4.20. PLL output for input signals with improper phase shifts. 
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Figure 4.4.21. Intersection zoomed in PLL output for input signals with improper phase shifts. 

 
Again it is also interesting to see what happen with the PI-regulator input signal. Figure 
4.4.22 shows the Scope1 from the simulation. 
 

 
Figure 4.4.22. The PI-regulator with input signals with improper phase shifts. 
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5. Discussion 
The PLL system investigated in this report together with the PI-regulator gains given by SO 
method seemed to work very well for ideal grid conditions. System characteristics were 
analyzed in MATLAB and showed the expected behavior.  
 
For ideal grid conditions the phase angle was tracked relatively fast (about 2 periods) and 
precise. When the value of τ was changed the system became slower for higher values and 
became more and more oscillatory for lower values. For this reason the value of τ given by 
the SO method was kept throughout the rest of the simulations. 
 
Different non-ideal conditions were simulated and most were handled well by the system. 
When amplitude was decreased to 70% the system could still track the phase angle but less 
precise, still within an acceptable range. Since the phase angle and frequency of the input 
signal is independent of amplitude it is surprising that the output of the system indeed is. This 
is because the amplitude Vm is a part in the equation of the SO method for designing the 
regulator gains. For amplitude of 10% of the Vm the system tracked the phase angle very 
slowly but a longer simulation showed that the error still approached zero. Voltage variations 
of this magnitude is not a part of normal operation but must however be considered since in 
cases of more severe faults when the grid collapses it results in major voltage variations.  
 
To determine the effect of the value of the voltage amplitude, Vm, has on the system 
performance, additional simulations with rescaled input signals were made and are presented 
in Appendix B. Since the value of Vm occur in the equations for the PI-regulator gains in the 
SO method the system performs the same independent on the voltage level.  
 
The system could easily track the phase when the frequency was changed to 55Hz. In a real 
grid, frequency variations are of much smaller magnitude. The only difference from the ideal 
case is that the PI-regulator now approaches 2*π*5 instead of zero. 
 
When harmonics were added to the input signal the phase angle of the fundamental frequency 
was still tracked rather accurately. As stated the system indeed worked as a low pass filter and 
the harmonics was reduced in the output signal compared to the input signal. 
 
Unbalances in the three phase input signals were overall handled well by the PLL system. For 
voltage unbalances the phase angle was tracked but with less accuracy compared to the ideal 
case. When the input signals had different frequencies the signals slide away from each other 
and the phase angle were tracked more and more poorly. This can be understood from the 
transformation from αβ to the SRF qd in equation (7), which is a consequence of the phase 
shifts of 120°. Although when frequencies were balanced but phase shifts were improper the 
system could track the phase angle reasonable but again with losses in accuracy.  
 
Although the system could handle the non-ideal cases fairly well it was sometimes maybe too 
slow. If unbalance occurs during a short period of time the slow nature of the system for this 
type of signals will lead to inaccuracy in the phase tracking. To increase the speed of 
dynamics for the system a lower value of τ could be used, but with less stability margin. But 
if stability margin shown above is sufficient a lower value could be chosen without risk of 
instability. 
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6. Conclusions 
A PLL system has been designed and tested with simulations in SIMULINK. The PI-regulator 
gains Kp = 0.3848 and τ = 0.0203 were calculated with the SO method. For ideal grid 
conditions, with amplitude Vm = 816V and frequency f = 50Hz, the phase angle was tracked 
fast and accurate. 
 
The system was simulated for several non-ideal grid conditions. Variations in amplitude and 
frequency were handled well by the system. When the amplitude was decreased to 10% the 
system became very slow, this because the choice of regulator gain is dependent of the 
amplitude.  
 
When harmonics is present in the input signals the system indeed works as a low pass filter 
and the influence of the harmonics is decreased in the output signal. Phase jumps are handled 
by the system without difficulties since the system is rather fast. 
 
Overall the PLL system is able to handle non-ideal conditions well but with the cost of loss in 
accuracy. Still the phase angle is tracked within acceptable margins and therefore the PLL 
system as given with the PI-regulator gains above could indeed operate in a real life 
application. Too increase the dynamic of the system lower values of τ could be chosen. In the 
end there is a compromise between speed of dynamics and stability margin.  
 

7. Future work 
In this project the PLL system as designed were only tested with simulations. To really put 
the system to test it has to be implemented in some control system and tested with grid 
voltages as input signals. Further the system needs to be implemented in a substation together 
with the inverter control system to see how well it operates. 
 
More simulations could still be made, there are more non-ideal to be simulated for such as 
flicker, dip and notch. Also a combination of the non-ideal conditions simulated in this report 
could be simulated for. Grid voltage signals could be sampled and then imported to MATLAB 
and simulated for in SIMULINK and in this way testing with real signals without 
implementing the PLL. 
 
The theoretical investigation of the transfer functions of the PLL could be taken further and 
other designing methods then the SO method could be tested and compared to these results. 
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Appendix A. Extended simulations for ideal grid conditions 
Extended simulations for ideal grid conditions with more plots are presented in A.1. In 
section A.2 simulations with various values of τ is presented. 

A.1 More plots from simulation 
From the simulations done in section 4.3 the following graphs can be derived from scope3, 
scope2 and scope1. 
 

 
Figure A.1.1. Scope3. Three phase ideal input signals Va, Vb and Vc. 

 
 

 
Figure A.1.2. Copy of figure 4.3.3. Scope2. PI-regulator output signal. 
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Figure A.1.3. Scope1. PI-regulator input signal. 

 

A.2 Other values for τ  
The regulator input from scope1 can be thought of as a step response for the system. This 
signal Vd = -Vdsin(θ-θ*) goes to zero when signal is tracked since (θ-θ*) goes to zero. What 
happens to this step response if the PI-regulator gain τ is changed but Kp remains unchanged? 
 

• τ  = 0.1 

 
Figure A.2.1. Scope1. PI-regulator input signal for τ = 0.1. Increased settling time. 
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• τ  = 0.005 

 
Figure A.2.2. Scope1. PI-regulator input signal for τ = 0.005. 

 
 

• τ  = 0.001 

 
Figure A.2.3. Scope1. PI-regulator input signal for τ = 0.001. Oscillatory response. 

 
• τ  = 0.0001 

 
Figure A.2.4. Scope1. PI-regulator input signal for τ = 0.0001. Chaotic response due to 
instability. 
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These results agree very well with theory. In figure A.2.1 τ is increased and the settling time 
increases compared to the figure A.1.3. Also when τ is decreased in figure A.2.2 and figure 
A.2.3 the step response gets more oscillatory and finally when τ gets too low the step response 
is chaotic as shown in figure A.2.4. When τ is lowered the phase margin is decreased and 
finally the system gets unstable. This is an argument for keeping the value of τ the SO method 
gives since increasing the value makes the system slower and decreasing the value risks 
instability. 
 

Appendix B. Simulations with rescaled input signals 
In the simplified system figure 2.1.3 the amplitude of the input signals, Vm, is include and the 
PI-regulator is supposed to minimize the signal Vm(θ–θ*). One then might wonder what effect 
the value of Vm has on the systems performance. In the simulations made in section 4 the 
value of Vm was set to 816V. Assume the input signals were rescaled to Vm = 1V. The new 
PI-regulator gains, calculated using equation (21), are 

a = 6.3662

! = 0.0203

K
p
= 314.159

!

"
#

$
#

 
The value of a and τ is the same as before but now Kp is changed. For ideal input signals with 
Vm = 1V the output of scope1, scope2 and scope3 is shown in the figures below. 
 

 
Figure B.1. Scope4. PLL output for rescaled input signals. 
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Figure B.2. Scope2. PI-regulator output. 

 

 
Figure B.3. Scope1. Error signal Vm(θ–θ*). 

 
Comparing figure B.1 with figure 4.3.1 and figure B.2 with figure 4.3.3 one can conclude that 
the performance of the system are the same. Although figure B.3 differs from figure A.1.3 
since the value of Vm is changed. Since there is no change in performance for the ideal signals 
when they are rescaled there will be no change in performance for the non-ideal signals either, 
below are some graphs from simulations presented to validate this. 
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Figure B.4. Scope4. PLL output for rescaled input signals with 10% of amplitude. 

 

 
Figure B.5. Scope1. PI-regulator input for rescaled input signals with 10% of amplitude. 

 

 
Figure B.6. Scope2. PI-regulator output for rescaled input signals with frequency 55Hz. 
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Figure B.7. Scope2. PI-regulator output for rescaled input signals with three phase voltage 
unbalancy. 

 
Comparing the figures above with corresponding figures in section 4 one can conclude that 
the performance of the PLL system with PI-regulator gains from the SO method is not 
dependent on the voltage level. 

 

Appendix C. MATLAB code 
All the MATLAB codes used in calculations is presented here in the same order as they 
appear in the text.  
 
PLL_koeff.m 
%Calculating Kpll and Tpll using symmetrical optimum method 
  
fbw = 50;                     %The Crossover frequency in Hz 
ts = 1/2000;                  %Sampling time 
Vm = sqrt(2)*1000/sqrt(3);    %Amplitude of input sine waves 
wc = 2*pi*fbw; 
  
%Symmetrical optimum eq. (21) 
a = 1/(wc*ts) 
Ti = a^2*ts 
Kp = (1/a)*(1/(Vm*ts)) 
 
 
Bodeplot.m 
%Calculating koeffs 
run PLL_koeff; 
close all; 
  
%Continous system 
Hol1 = tf([Kp*Ti, Kp],[Ti,0]);  %PI regulator 
Hol2 = tf([Vm],[ts,1, 0]);      %Lag + integration 
  
Hol = Hol1*Hol2;                %Openloop TF 
  
figure 
margin(Hol);                    %Drawing bode plot with margins 
  
  
%Closed loop tf 
Hcl = Hol/(1+Hol); 
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BW = bandwidth(Hcl)/(2*pi)      %Calculating the bandwidth 
figure 
bode(Hcl) 
 
 
Ideal_input_PLL.m 
%Creates input signlas for PLL used by the "To Workspace" box  
%in SIMULINK 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency in Hz 
  
  
t = (0:ts:T)';              %Sampled time vector  
Vm = sqrt(2)*1000/sqrt(3);  %Amplitude of the signals 
  
%Balanced three phase signals 
Va = Vm*sin(2*pi*f*(t+10*ts)); 
Vb = Vm*sin(2*pi*f*(t+10*ts - 1/(f*3))); 
Vc = Vm*sin(2*pi*f*(t+10*ts + 1/(f*3))); 
  
%Creates a reference signal with decreased amplitude 
VaRef = (10/Vm)*Va; 
simin = [t,Va,Vb,Vc,VaRef]; 
InputVarAmp_PLL.m 
%Creates input signals with amplitude variation 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency 
Tp = 1/50;      %period 
Vm = sqrt(2)*1000/sqrt(3); %Amplitude 
  
t1 = (0:ts:2*Tp)'; 
t2 = (2*Tp+ts:ts:T)'; 
  
t = [t1;t2]; 
  
Va1 = Vm*sin(2*pi*f*(t1)); 
Va2 = 0.70*Vm*sin(2*pi*f*(t2)); %70 percent of Amplitude 
  
Va = [Va1;Va2]; 
  
t1 = (0:ts:2*Tp+(1/(f*3)))'; 
t2 = (2*Tp+(1/(f*3)):ts:T)'; 
  
Vb1 = Vm*sin(2*pi*f*(t1- 1/(f*3))); 
Vb2 = 0.70*Vm*sin(2*pi*f*(t2- 1/(f*3))); 
  
Vb = [Vb1;Vb2]; 
  
t1 = (0:ts:2*Tp+(2/(f*3)))'; 
t2 = (2*Tp+(2/(f*3)):ts:T)'; 
  
Vc1 = Vm*sin(2*pi*f*(t1+ 1/(f*3))); 
Vc2 = 0.70*Vm*sin(2*pi*f*(t2+ 1/(f*3))); 
  
Vc = [Vc1;Vc2]; 
  
VaRef = (10/Vm)*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
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x = [2*Tp + 10*ts, T]; 
h = [0.71*Vm, 0.71*Vm]; 
figure 
plot(x,h,'k--') 
hold on 
plot(t, Va) 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
legend('70% of amplitdue') 
 
InputHarmonics_PLL.m 
%Skapar signaler att anv‰nda som input till To Workspace i Simulink 
  
ts = 1/2000;    %Samplingsperiod 
T = 0.2;        %Simuleringstid 
f = 50;         %frekvens 
Vm = sqrt(2)*1000/sqrt(3); 
t = (0:ts:T)'; 
  
Va1 = Vm*sin(2*pi*f*(t+10*ts)); 
Va2 = 0.1*Vm*sin(2*pi*5*f*(t+10*ts)); %5:e ˆverton 
Va3 = 0.08*Vm*sin(2*pi*7*f*(t+10*ts)); %7:e ˆverton 
Va4 = 0.05*Vm*sin(2*pi*11*f*(t+10*ts)); %11:e ˆverton 
  
Va = Va1+Va2+Va3+Va4; 
  
Vb1 = Vm*sin(2*pi*f*(t+10*ts - 1/(f*3))); 
Vb2 = 0.1*Vm*sin(2*pi*5*f*(t+10*ts - 1/(f*3))); %5:e ˆverton 
Vb3 = 0.08*Vm*sin(2*pi*7*f*(t+10*ts - 1/(f*3))); %7:e ˆverton 
Vb4 = 0.05*Vm*sin(2*pi*7*f*(t+10*ts - 1/(f*3))); %11:e ˆverton 
  
Vb = Vb1+Vb2+Vb3+Vb4; 
  
Vc1 = Vm*sin(2*pi*f*(t+10*ts + 1/(f*3))); 
Vc2 = 0.1*Vm*sin(2*pi*5*f*(t+10*ts + 1/(f*3))); %5:e ˆverton 
Vc3 = 0.08*Vm*sin(2*pi*7*f*(t+10*ts + 1/(f*3))); %7:e ˆverton 
Vc4 = 0.05*Vm*sin(2*pi*7*f*(t+10*ts + 1/(f*3))); %11:e ˆverton 
  
Vc = Vc1+Vc2+Vc3+Vc4; 
  
VaRef = 0.01*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
  
figure 
plot(t, Va) 
hold on 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
 
 
 
FFT_Analysis.m 
%Plotting the FFT of the input signal and the output signal 
%of the PLL 
%The input should be in the simin = [t,Va,Vb,Vc] and the 
%the output in simout = [out1, out2, out3] 
close all 
  
%Frequency vector 
f = (0:length(t)-1)/(ts*length(t)); 
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%Input and rescaling 
Va = simin(:,2); 
Va = Va/(max(Va));  
amp = max(Va); 
  
figure 
subplot(2,1,1) 
plot(t,Va) 
title('Input Va') 
axis([0, t(end), -amp, amp]) 
ylabel('Va') 
xlabel('Time [s]') 
  
%Calculating FFT from 0.1 to 0.2s. 
tnewin = t(round(length(t)/2):end); 
Vanew = Va(round(length(t)/2):end); 
  
%Frequency vector 
f = (0:length(tnewin)-1)/(ts*length(tnewin)); 
  
subplot(2,1,2) 
Fa = abs(fft(Vanew)); 
plot(f, Fa) 
axis([0 500 0 max(Fa)]) 
xlabel('Frequency [Hz]') 
ylabel('FFT magnitude') 
  
%Output 
Vout = simout(:,1); 
amp = max(Vout); 
  
figure 
subplot(2,1,1) 
plot(tout, Vout) 
title('Output Vout') 
ylabel('Vout') 
xlabel('Time [s]') 
axis([0, tout(end), -amp, amp]) 
  
%Calculating the FFT after tracking 
tnew = tout(round(length(tout)/2):end); 
Voutnew = Vout(round(length(tout)/2):end); 
  
f = (0:length(tnew)-1)/(ts*length(tnew)); 
subplot(2,1,2) 
Fout = abs(fft(Voutnew)); 
plot(f, Fout) 
axis([0 500 0 max(Fout)]) 
xlabel('Frequency [Hz]') 
ylabel('FFT magnitude') 
hold off 
  
figure 
plot(t,(10/Vm)*Va); 
hold on 
plot(tout, simout(:,2),'g'); 
title('Input Va, output sine wave and corresponding phase angle output from 
PLL') 
h=plot(tout, Vout, 'r--') 
set(h,'LineWidth',0.8) 
axis([0, t(end), -10, 10]) 
xlabel('Time [s]') 
legend('Va','Phase angle','Vout') 
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InputPhaseJump.m 
%Creates input signals with a phase jump 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency 
Tp = 1/50;      %period 
Vm = sqrt(2)*1000/sqrt(3); %Amplitude 
  
t1 = (0:ts:4*Tp+11*ts)'; 
t2 = (4*Tp+(11+15)*ts:ts: T+14*ts)'; 
t = (0:ts:T)'; 
  
Va1 = Vm*sin(2*pi*f*(t1)); 
Va2 = Vm*sin(2*pi*f*(t2));  
  
Va = [Va1;Va2]; 
  
Vb1 = Vm*sin(2*pi*f*(t1- 1/(f*3))); 
Vb2 = Vm*sin(2*pi*f*(t2- 1/(f*3))); 
  
Vb = [Vb1;Vb2]; 
  
Vc1 = Vm*sin(2*pi*f*(t1+ 1/(f*3))); 
Vc2 = Vm*sin(2*pi*f*(t2+ 1/(f*3))); 
  
Vc = [Vc1;Vc2]; 
  
VaRef = (10/Vm)*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
  
figure 
plot(t, Va) 
hold on 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
 
 
AmpUnbalance_PLL.m 
%Creates input signlas with unbalanced amplitudes 
%for PLL used by the "To Workspace" box in SIMULINK 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency in Hz 
  
  
t = (0:ts:T)';              %Sampled time vector  
Vm = sqrt(2)*1000/sqrt(3);  %Amplitude of the signals 
  
%Voltage unbalanced three phase signals 
Va = Vm*sin(2*pi*f*(t+10*ts)); 
Vb = 0.85*Vm*sin(2*pi*f*(t+10*ts - 1/(f*3)));     %10 perc decreased ampl 
Vc = 1.15*Vm*sin(2*pi*f*(t+10*ts + 1/(f*3)));     %10 perc increased ampl 
  
%Creates a reference signal with decreased amplitude 
VaRef = (10/Vm)*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
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close all 
plot(t, Va) 
hold on 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
title('Input signals with unbalanced amplitudes') 
xlabel('Time [s]') 
ylabel('Voltage [V]') 
legend('Va','Vb','Vc') 
axis([0, 2*(1/f), -1.2*Vm, 1.2*Vm]); 
 
 
FreqUnbalance_PLL.m 
%Creates input signlas with unbalanced frequencies 
%for PLL used by the "To Workspace" box in SIMULINK 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency in Hz 
Tp = 1/f;       %period time 
  
t = (0:ts:T)';          %Sampled time vector  
Vm = sqrt(2)*1000/sqrt(3);  %Amplitude of the signals 
  
%Balanced three phase signals 
Va = Vm*sin(2*pi*f*(t+10*ts)); 
Vb = Vm*sin(2*pi*0.97*f*(t+10*ts - 1/(0.97*f*3)));    
Vc = Vm*sin(2*pi*1.03*f*(t+10*ts + 1/(1.03*f*3)));    
  
VaRef = (10/Vm)*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
  
close all 
plot(t, Va) 
hold on 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
title('Input signals with unbalanced frequencies') 
xlabel('Time [s]') 
ylabel('Voltage [V]') 
legend('Va','Vb','Vc') 
axis([0, 0.5*T, -1.05*Vm, 1.05*Vm]); 
 
 
ImproperPhaseShift_PLL.m 
%Creates input signlas with phase shift different than 120 degr 
%for PLL used by the "To Workspace" box in SIMULINK 
  
ts = 1/2000;    %Sampling period 
T = 0.2;        %Simulating time 
f = 50;         %frequency in Hz 
  
  
t = (0:ts:T)';              %Sampled time vector  
Vm = sqrt(2)*1000/sqrt(3);  %Amplitude of the signals 
  
%Balanced three phase signals 
Va = Vm*sin(2*pi*f*(t+10*ts)); 
Vb = Vm*sin(2*pi*f*(t+10*ts - 1/(f*3) - 1/(36*f)));     %10 perc decreased 
ampl 
Vc = Vm*sin(2*pi*f*(t+10*ts + 1/(f*3) + 1/(36*f)));     %10 perc increased 
ampl 
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%Creates a reference signal with decreased amplitude 
VaRef = (10/Vm)*Va; 
  
simin = [t,Va,Vb,Vc,VaRef]; 
  
close all 
plot(t, Va) 
hold on 
plot(t, Vb, 'r') 
plot(t, Vc, 'g') 
title('Input signals with improper phase shifts') 
xlabel('Time [s]') 
ylabel('Voltage [V]') 
legend('Va','Vb','Vc') 
axis([0, 2*(1/f), -1.15*Vm, 1.15*Vm]); 
 
 


