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Abstract 
 

Grid synchronization is one of the key techniques for the grid-connected power converters used in distributed power generation 
systems. In order to achieve fast and accurate grid synchronization, a new phase locked loop (PLL) is proposed on the basis of the 
complex filter matrixes (CFM) orthogonal signal generator (OSG) crossing-decoupling method. By combining first-order complex 
filters with relation matrixes of positive and negative sequence voltage components, the OSG is designed to extract specific 
frequency orthogonal signals. Then, the OSG mathematical model is built in the frequency-domain and time-domain to analyze the 
spectral characteristics. Moreover, a crossing-decoupling method is suggested to decouple the fundamental voltage. From the 
eigenvalue analysis point of view, the stability and dynamic performance of the new PLL method is evaluated. Meanwhile, the 
digital implementation method is also provided. Finally, the effectiveness of the proposed method is verified by experiments under 
unbalanced and distorted grid voltage conditions. 
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I. INTRODUCTION 

With the rapid development of the distributed generation 
technology for solar, wind and other renewable energy sources, 
the three-phase grid-connected inverter has been widely used in 
distributed generation systems. In order to connect large-scale 
renewable energy sources to the grid, a series of technical 
problems need to be solved. Among them, the grid 
synchronization phase locked loop is one of the basic technical 
requirements of distributed grid-connected generation systems 
[1]-[3]. 

Various synchronization techniques have been proposed in 
recent years. The typical methods, such as zero-crossing 
detection based PLLs [4], [5], Kalman filtering based PLLs [6], 
[7] and digital Fourier transform based PLLs [8], [9], can be 
classified as conventional PLLs. With the characteristics of low 
precision, slow response and sensitivity to non-ideal grid 

environments, they are rarely used now in actual systems. 
Therefore, the closed-loop PLL is the current mainstream 
technique. By adjusting the phase difference between the input 
signal and the PLL output signal to zero, closed loop system 
synchronization can be achieved. In this system, the phase 
difference between the input and the output is obtained by 
using a Phase Detector (PD), which is generally a 
multiplication process. In addition, the output of the PD is used 
as the input of the loop filter (LF) to generate the control signal. 
With this, the output phase signal can be generated by a voltage 
controlled oscillator (VCO). The Costas PLL [10], 
synchronous reference frame (SRF) PLLs [11]-[13] and other 
intelligent adaptive algorithm based PLLs [14]-[16] are 
commonly used closed-loop phase-locked methods. The main 
difference among these different PLLs lies in how the PD 
block is implemented. 

The synchronous reference frame PLL is the most widely 
used linear closed-loop PLL. Under the condition of an ideal 
three-phase equilibrium voltage, the frequency, amplitude and 
phase of the grid voltage can be detected quickly and 
accurately by the SRF-PLL. However, the real grid voltage is 
not always ideal. Sometimes fundamental negative sequence 
voltage and low-frequency harmonic components occur, which 
leads to the power quality problems of frequency fluctuation, 
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three-phase unbalance and voltage distortion. In this case, the 
negative sequence component and harmonic component turn 
into low-frequency interferences in the synchronous reference 
frame [17]. The PLL performance is badly affected with the 
occurrence of output frequency oscillations, and sometimes the 
PLL cannot work normally. 

Different advanced synchronization systems able to deal 
with these grid conditions have been proposed in the literature 
as an improvement to the SRF-PLL. [18] and [19] use a notch 
filter with a specific frequency to eliminate the second 
harmonic on the d-q reference frame. The filtering 
performances of these are affected by frequency variations. In 
[20], the positive sequence voltage component is obtained by 
the symmetrical component method and the corresponding 
matrix transformation. However, a lot of table search 
operations and mathematical operations are required. The dual 
synchronous reference frame PLL has been proposed in [21]. 
However, the structure is complex, and a great deal of 
computation is required. Among the numerous methods, some 
techniques to create an orthogonal signal from the original 
input signal are put forward. The earliest, and probably the 
simplest, orthogonal signal generator (OSG) is a transfer delay 
block [22]. This technique presents satisfactory results if the 
grid frequency is at its rated value. However, when the grid 
voltage undergoes frequency variations, the output signal of the 
OSG will not be exactly orthogonal. An extraction method for 
the fundamental positive and negative sequence components 
based on delay signals elimination is elaborated in [23]-[25], 
where an accurate delay may not be achieved by the data cache 
under frequency-varying conditions. In [26] and [27], a 
Kalman filter based OSG is proposed. However, the problems 
of covariance matrix selection and measurement error of the 
Kalman filter have a bad influence on its application. 
Second-order generalized integrators (SOGIs) are also used to 
separate the fundamental positive and negative sequence 
components [28], [29]. Frequency adaptive performance, low 
computational burden, and a relatively high filtering capability 
are the advantages of this method. They make it a successful 
solution for harmonically distorted and frequency-varying 
conditions. Thus, the study of SOGI and similar structures has 
become a research focus in recent years [30], [31]. 

This paper proposes a new technique for a phase locked loop 
under unbalanced and distorted operating conditions. The 
proposed orthogonal signal generator module is described as a 
CFM-OSG since it is based on first-order complex filters 
working together inside the relation matrixes of the positive 
and negative sequence voltage components. It is designed to 
extract specific frequency orthogonal signals. Moreover, a 
crossing-decoupling method is put forward to decouple the 
fundamental voltage. Then, the characteristics are analyzed, 
and the parameters and the discretized system are designed for 
the proposed CFM-OSG PLL. With a definite physical 
meaning, the proposed method realizes the filtering of  
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Fig. 1. Structure of SRF-PLL. 

 

harmonic and negative sequence components, ensuring a fast 
transient response, a high disturbance rejection capability, and 
a robust performance. 

The rest of this paper is organized as follows. In Section II, 
an orthogonal signal generator based on complex filter 
matrixes is proposed for combining the first-order complex 
filters and the relation matrixes. This is followed by an analysis 
of the spectral characteristics. In Section III, a 
crossing-decoupling method is put forward to decouple the 
fundamental voltage. Then, the parameters and the discretized 
system are designed for the proposed CFM-OSG PLL in 
Section IV. Section V is devoted to experiments. Finally, in 
Section VI, some conclusions are drawn. 

 

II. DESIGN OF AN OSG BASED ON COMPLEX 

FILTER MATRIXES 

The structure of a conventional SRF-PLL based on the  
synchronous reference frame is shown in Fig. 1. The park 
coordinate transformation is equivalent to the phase detector, 
and the integral link is equal to the voltage controlled oscillator. 
Generally, the loop filter is a proportional-integral (PI) 
controller. 

ua, ub and uc denote the three-phase voltages, respectively. 
ud and uq denote the d-axis voltage and the q-axis voltage in 

the synchronous reference frame, respectively. ω̂  denotes the 

frequency output of the PLL. θ̂  denotes the phase output of 

the PLL. 

A. First-order Complex Filter Theory 
In order to eliminate the influence of both harmonic voltage 

and fundamental negative sequence voltage, fundamental 
positive sequence component extraction must be completed 
before the calculation in the synchronous reference frame. This 
means that filters can be added after the Clarke transform. 
Therefore, the first-order complex filters are introduced in this 
paper as shown in Eq. (1) and Eq. (2), where Eq. (1) is a 
positive sequence filter and Eq. (2) is a negative sequence 
filter. 
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where ω̂  denotes the fundamental frequency output of the 



218                        Journal of Power Electronics, Vol. 15, No. 1, January 2015 
 

-40

-30

-20

-10

0

M
ag

ni
tu

de
 (d

B
)

100 101 102 103
-90

0

90

P
ha

se
 (d

eg
)

Bode Diagram

Frequency  (Hz)  
Fig. 2. Bode diagram of positive sequence filter. 

 

PLL, and ωc denotes the cut-off frequency of the filters. Set 

ω̂ =314(rad/s) , and the characteristic of the positive sequence 

filter is shown in Fig. 2. 
After deducing the amplitude-frequency function and the 

phase-frequency function, the following conclusions can be 
obtained. 1) The amplitude of the positive sequence filter is 1 

at ω̂ , accompanied by a 0 phase shift. 2) With a signal 

frequency far away from ω̂ , the signal amplitude attenuates 

rapidly. 3) At the frequency of ω̂− ,  the amplitude of the 

positive sequence filter is 2 2ˆ4c cω ω ω+ , and the phase shift 

is ˆarctan(2 )cω ω . Similarly, the fundamental negative 

sequence voltage signal can get through the negative sequence 
filter with no attenuation and 0 phase shift. However, the 
fundamental positive sequence signal attenuates partly after 
getting through the filter. It is obvious that only the suppression 
of the harmonic component can be achieved when the two 
kinds of first-order complex filter used separately. However, 
the positive and negative sequence components are still not 
decoupled. Therefore, the combined use of two types of filters 
is adopted in this paper to separate the positive and negative 
sequence components. 

B. Design of the Complex Filter Matrixes 
In order to simplify the analysis, the harmonic components 

in the three-phase voltage are ignored. Then, according to 
Lyon’s method [32], under the condition of a three-phase 
voltage unbalance, the fundamental positive sequence, negative 
sequence and zero sequence voltages can be expressed as: 
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Fig. 3. The OSG model based on complex filter matrixes. 

 

where (2 3)ja e π=  denotes the phase-shift operator for the 

three-phase sinusoidal signals. After the Clarke transform, the 
fundamental positive and negative sequence components are 
coupled in uα and uβ. In addition, the zero sequence voltage 
independently turns to uγ. On the α-β reference frame, the 
fundamental positive and negative sequence voltage vectors 
can be expressed as: 
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In Eq. (4) and Eq. (5), 
1 1 2 1 22
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T  is the 

Clarke transform matrix. In addition, ( 2)jq e π−=  denotes the 

phase-shift operator for the two-phase sinusoidal signals.  
Based on the above recognitions, the singular matrixes 
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the complex filter matrixes in the complex frequency domain. 
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In order to achieve the separation of the positive and 
negative sequence signals, the OSG signal processing module 
is designed on the basis of the complex filter matrixes. Define 
the module inputs as u1 and u2, and the outputs as x1 and x2. 
By creating a structure for the linear operation of the complex 
matrixes, the OSG module can be expressed as follows. 
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Set u2=x2 (i.e., x2 is regarded as an input signal). The internal 
signal can be processed through the feedback. Then the OSG 
model based on the complex filter matrixes is shown in Fig. 3. 

Through mathematical simplifications, Eq. (9) can be 
obtained as follows: 
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C. Characteristics of the CFM-OSG 
It is obvious that the imaginary part of the CFM-OSG 

module can be eliminated through calculation and feedback. 
The simplified form of Eq. (9) is easy to achieve for the digital 
controller. From this simplified model, the transfer function of 
the CFM-OSG can be expressed as: 
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Eq. (10) and Eq. (11) show that the system transfer function 
is similar to the second-order generalized integrator. To test the 
performance of the CFM-OSG, the frequency characteristics of 
the module are analyzed. 

The CFM-OSG module can be described by the following 
differential equation: 
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Assume that input signal is 1 0 0cos( )u A tω φ= + , and that 

angular frequency is ω0. As a result, the solution of differential 
equation (12) is: 
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d1 and d2 are the exponential decay components, the decay rate 
of which is determined by ωc. 

Under the special condition of 0ω̂ ω=  while ignoring the  
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Fig. 4. Bode diagram of CFM-OSG. (a) G1(s). (b) G2(s). 

 
transient terms, the solution of the system can be written as: 

1 0 0

2 0 0

( ) cos( )

( ) sin( )

x t A t
x t A t

ω φ
ω φ

= +
 = − +

.           (14) 

From Eq. (14), it can be concluded that with a special 
frequency input, the CFM-OSG module outputs the original 
signal and its orthogonal signal after the transient process. This 
provides the basis for the separation of the fundamental 
positive sequence voltage and the negative component. 

The frequency characteristics of the OSG are analyzed to 
observe the frequency selection and filtering ability. The 
spectral characteristics of the CFM-OSG are shown in Fig. 4. 

It is shown in Fig. 4 that the transfer function G1 exhibits a 

bandpass filtering behavior with the center frequency of ω̂ . 

The amplitude attenuation and phase shift are 0 at ω̂  which 

has already been proved by (14). In addition, the signal out of 

the bandwidth range is strongly attenuated. If, somehow, ω̂  is 

equal to the fundamental frequency, then x1 will match the 
fundamental component of the input voltage (i.e., u1) in both 
amplitude and phase. In addition, the bandwidth is determined 
by the filter cut-off frequency ωc. A lower ωc leads to a 
narrower bandwidth with better filtering capability, slower 
dynamic response speed and weaker disturbance rejection 
capability, and vice versa. Therefore, the filter parameter 
should be selected by making a compromise to satisfy the 
system requirements. The transfer function G2 presents a 

low-pass filtering characteristic. Moreover, if ω̂  is equal to 

the fundamental voltage frequency, then x2 will match in  
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Fig. 5. Crossing feedback decoupling method based on 
CFM-OSG. 

 

amplitude but with a -90◦ difference with the fundamental 
component of the input voltage u1. 

When compared with a first-order complex filter, the 
CFM-OSG module can filter the harmonic component in the 
input signal and realize the orthogonal signal extraction. 
Therefore, the fundamental positive and negative sequence 
voltages can be decoupled by taking advantage of the 
difference in their orthogonal signals. 

 

III. DESIGN OF A PLL BASED ON CFM-OSG 

A crossing feedback method is presented to decouple the 
fundamental voltage. By sending orthogonal signals of 
fundamental voltage to the input, the positive and negative 
sequence components can be separated into α-axis and β-axis 
components, respectively. This method is shown in Fig. 5, 

where ( 2)jp e p=  denotes the phase-shift operator for 

two-phase sinusoidal signals. 
Combining Eq. (10) and Eq. (11), the relationship between 

the input and output can be expressed as: 
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The fundamental positive sequence voltage can be calculated 
on the α-β reference frame, as shown in Eq. (17). 
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The transfer function of the positive sequence component 
can be derived as: 
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Similarly, Eq. (19) can be obtained for the fundamental 
negative sequence voltage. 
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Then, the corresponding transfer function is: 
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According to Eq. (18) and Eq. (20), it is easy to obtain 

ˆ( ) 1G jα ω+ =  and ˆ( ) 0G jα ω− = . In this way, the positive 

sequence component is extracted on the α-axis. Meanwhile, the 
negative sequence component is extracted on the β-axis. On the 
basis of the decoupled fundamental voltage, the positive 
sequence voltage can be accurately estimated for the PLL. The 
PLL model can be obtained as shown in Fig. 6. 

Based on the aforementioned analysis, the positive sequence 
voltage component can be accurately estimated by the 
CFM-OSG feedback decoupling method in the case of a fixed 
frequency. However, the real grid frequency may sometimes 
fluctuate or offset. In the frequency fluctuation ranges, such as 
the (−0.7, 0.5) Hz that the IEEE Std. 1547 allows, the 
frequency and phase information can be detected quickly and 
accurately by the PLL. Therefore, the system works stably with 
this adaptive frequency adjustment which reduces the transient 
error of the output voltage. 

 

IV. ANALYSIS OF THE PLL SYSTEM 

A. Parameters Design 
When compared with the conventional mathematical model of 

the SRF-PLL, the OSG decoupling link is added to the system. 
Therefore, both kp and ki (i.e. the PI controller parameters) and 
ωc (i.e. the complex filter parameter) need to be designed. Under 
transient conditions, the dynamic response depends mainly on 
the filter parameter ωc. In order to realize the dynamic 
characteristics of a quick response and good filtering capability, 
it is necessary to optimize the parameter ωc. 

Eigenvalue analysis is one of the most commonly used 
methods to assess system stability and dynamic performance. 
Based on the stability condition, the closed-loop poles of the 
system are all located in the left half side of the Laplace plane. 
This means that the real parts of the eigenvalues selected are 
negative. 

Generally, the system transient characteristics are mainly 
affected by the eigenvalues. The system step response 
attenuates fast when the distance between the eigenvalue and 
the imaginary axis is long, and vice versa. Based on Eq. (18) 

and Eq. (20), for a given frequency ω̂ =314(rad/s), the 

eigenvalue distribution is shown in Fig. 7 with different values 
of ωc. Notice that when the value of ωc increases from 0 to 260,  



A Novel Phase Locked Loop for Grid-Connected Converters under …                     221 

 
 

ˆ
c

cs j
ω
ω ω− +

ˆ
c

cs j
ω
ω ω+ +

ˆ
c

cs j
ω
ω ω− +

ˆ
c

cs j
ω
ω ω+ +

−

−

j

j

1

2

1

2

uα

ˆ
c

cs j
ω
ω ω− +

ˆ
c

cs j
ω
ω ω+ +

ˆ
c

cs j
ω
ω ω− +

ˆ
c

cs j
ω
ω ω+ +

−

−

j

j

1

2

1

2

uβ

uβ
−

puβ
−

1−

αu

βu

cu
Tαβ PI θ̂1

s

du

θu ω̂dθT

uα
+

puα
+

 
Fig. 6. PLL based on CFM-OSG Feedback decoupling method. 
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Fig. 7.  Eigenvalues distribution. 

 

the dominant eigenvalues move away from the imaginary axis, 
accelerating the system response speed. The opposite case 
occurs when the dominant eigenvalues move closer to the 
imaginary axis, with the value of ωc increasing from 260 to 
314. Consequently, in consideration of the filtering effect and 
the dynamic performance, the parameter is selected as 

ˆ(2 2 2) 260( / )c rad sω ω= − = . 

In this case, the spectral characteristic of the decoupling 
module is graphically shown in Fig. 8. For the positive 
sequence component, the decoupling module exhibits a 
bandpass filtering characteristic. But for the negative sequence 
component, it presents a notch filtering behavior with a center 

frequency of ω̂ . 

Therefore, for the PLL, the decoupling module achieves 
fundamental negative sequence voltage filtering and harmonic 
component attenuation in the α-β reference frame. When it is 
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Fig. 8. Bode diagram of decoupling module. 

 

transformed to the synchronous reference frame, the module 
filters the second harmonic and other harmonics. In other 
words, for a fundamental voltage of 50Hz, the cut-off 
frequency of the transfer function is less than 100 Hz in the d-q 
reference frame. Hence, the PI controller parameters designing 
is similar to that in the conventional SRF-PLL.  

The transfer function of the conventional SRF-PLL can be 
expressed as: 

2
( ) p i

p i

Uk s Uk
H s

s Uk s Uk

+
=

+ +
,              (21) 

where U denotes the amplitude of the synchronous rotating 
voltage vector. The PLL is a reference tracking system, where 
the PI controller input is the angle error, and the output is the 
frequency. In the PI controller, a kp with a large value leads to 
a faster system response speed which weakens the stability of 
the system, and vice versa. Considering that grid frequency 
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fluctuation is small under normal circumstances, a small value 
is usually set to the tracking speed to ensure system stability. 
Based on the experience parameters and the relationship 
between the input and output of the controller, the restriction of 
the controller output in a single sampling period is: 

ˆ ˆ ˆ100 ( )s p iU T k kω ω ω∆ < ∆ + < ∆ ,          (22) 

where Ts denotes the sampling period. The corresponding 
closed-loop system is a second-order overdamping system with 
a zero. In addition, the damping coefficient of the system can 
be expressed as: 

1
2

p

i

Uk
Uk

ξ = > .                 (23) 

In addition, the filter and PD have an impact on the system 
response. Since the filter is a high-order system, the analysis is 
difficult. A computer simulation is adopted to design the PI 
controller parameters, which is restricted by Eq. (22) and Eq. 
(23). By comparing the fluctuations and speeds of the dynamic 
response, the optimal controller parameters are selected as 
kp=0.7 and ki=2. With these parameters, a small output 
frequency fluctuation, fast tracking speed and strong robustness 
can be achieved when the system parameters change. 

 

B. Digital Implementation of the PLL 
Generally, the z-transform is used to discretize the control 

algorithm for a digital controller. Since the main components 
of the grid voltage signal are fundamental and low order 
harmonics, the Tustin transform is appropriate in that it may 
keep a good linear relationship between the s-domain and the 
z-domain in the low frequency band. To make calculations 
without imaginary terms, Eq. (9) is finally selected to be 
discretized. 

The Tustin transform equation can be expressed as: 
2 1

1s

zs
T z

−
=

+
.                   (24) 

Substituting Eq. (24) into Eq. (9) yields: 
2 1 2 1
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The coefficients in Eq. (25) are: 
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These coefficients of the CFM-OSG module can be obtained 
through simple multiplications and additions when the 
frequency changes. 

A comparison between the proposed method and some 
improved SOGI-based methods is shown in Table I in terms of 
the module for positive sequence voltage extraction. The 
discretization of these methods adopts the Tustin transform. 
The state variables and the mathematical operations related to 
the tracking of the grid frequency are not included in the table 
since they can be the same for all of the different methods. 

It can be seen from Table I that with the advantages of low 
complexity, strong adaptability and high-frequency attenuation, 
the proposed CFM-OSG-based PLL is an effective way to 
extract the fundamental positive sequence voltage for digital 
controllers. 

 

V. EXPERIMENTS 

In this section, the proposed design procedure has been 
evaluated through experimental tests in two dSPACE 1103 
systems from dSPACE GmbH (Paderborn, GER). A dSPACE 
1103 is programed to output signals that simulate the power 
grid voltage. The other one is used to sample and execute the 
proposed PLL algorithm. The sampling frequency is fixed at 
20 kHz, and the nominal frequency is set to 50 Hz. The 
complex filter parameter and the PI controller parameters are 
set as ωc =260rad/s, kp=0.7 and ki=2. 

The performance of the PLL system presented in this paper 
is experimentally validated under three instances of unbalanced 
input voltage, distorted input voltage and frequency variation. 
A TDS2014B oscilloscope (Tektronix, Inc., Oregon, USA) is 
used as the experimental measuring instrument. In addition, the 
test items include a three-phase power grid voltage, uα and uβ, 
uα+ and uβ+ (i.e., the fundamental positive sequence 
components after decoupling), and the frequency and phase of 
the fundamental positive sequence voltage. Among these, the 
intermediate variables are sent to the dSPACE D/A converter, 
and then displayed by the digital oscilloscope. 

A. Unbalanced Input Voltage Experiments 
To simulate the grid, a single-phase voltage sag fault is 

selected as an unbalanced input voltage. Set the symmetrical 

three-phase voltage as ua=1∠0°pu before the fault. The 

C-phase voltage sag fault experimental waveforms are shown 
in Fig. 9.  

When the C-phase voltage sag fault emerges, the PLL output 
frequency fluctuates slightly and then goes back to a stable 
state after one fundamental cycle. From Fig. 9(c), it is obvious 
that uα and uβ are asymmetric. However, the positive sequence 
components after the decoupling calculation are symmetric. 
The calculation results show that the fundamental positive 

sequence voltage in the α-β reference frame is u+=1.22∠0°pu 

before the fault, and u+=0.82∠0°pu after the fault. These 
results are consistent with the experimental results.  
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TABLE I 
THE COMPARISON BETWEEN DIFFERENT METHODS 

PLL method 

General characteristics System complexity 

Adaptability 
under distorted 

conditions 

Adaptability 
under 

unbalanced 
conditions 

Order of input 
signal 

processing 
module 

High 
frequency 

characteristics 

Variables 
number of 

signal 
processing 

module 

Additions 
number of 

signal 
processing 

module 

Multiplications 
number of 

signal 
processing 

module 
Conventional 
SOGI-based 

PLL 
adaptive maladaptive 2 -20dB/decade 9 12 16 

DSOGI-based 
PLL [33] 

adaptive adaptive 2 -20dB/decade 18 28 34 

Adaptive 
notch 

filter-based 
PLL [34] 

Depend on the 
selection of 

adaptive notch 
filters 

maladaptive 2 -20dB/decade 

3+6n 
(n denotes the 

number of 
adaptive notch 

filters) 

13n 17n 

Multiple 
SOGI-based 

PLL [32] 

Depend on the 
selection of 

DSOGI- OSGs 
adaptive 2 -20dB/decade 

6+12n 
(n denotes the 

number of 
DSOGI- 
OSGs) 

32n 34n-2 

CFM-OSG- 
based PLL 

adaptive adaptive 4 -40dB/decade 12 37 51 
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Fig. 9. System experimental waveforms with single-phase 
voltage sag fault. (a) Three-phase voltage. (b) Enlarged view of 
(a). (c) Voltage on the α-β reference frame. (d) Enlarged view of 
(c). (e) Frequency and phase. (f) Enlarged view of (e). 

 
t(25 ms/div) 

ua 

u(
0.

4 
pu

/d
iv

) 

ub uc 

 
t(10 ms/div) 

ua 

u(
0.

4 
pu

/d
iv

) 

ub uc 

 
(a)                     (b) 

 
t(25 ms/div) 

uα 

u(
1 

pu
/d

iv
) 

uβ 

uα+ uβ+ 

 
t(10 ms/div) 

uα 

u(
1 

pu
/d

iv
) 

uβ 

uα+ uβ+ 

 
(c)                     (d) 

 
t(25 ms/div) 

f 

θ(
2(

ra
d/

s)
/d

iv
) 

θ f(5
 H

z/
di

v)
 

 
t(10 ms/div) 

f 

θ(
2(

ra
d/

s)
/d

iv
) 

θ f(5
 H

z/
di

v)
 

 
(e)                     (f) 

Fig. 10. System experimental waveforms with two-phase voltage 
sag fault. (a) Three-phase voltage. (b) Enlarged view of (a). (c) 
Voltage on the α-β reference frame. (d) Enlarged view of (c). (e) 
Frequency and phase. (f) Enlarged view of (e). 
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Fig. 11. System experimental waveforms with distorted input 
voltage. (a) Three-phase voltage. (b) Enlarged view of (a). (c) 
Voltage on the α-β reference frame. (d) Enlarged view of (c). (e) 
Frequency and phase. (f) Enlarged view of (e). 

 
Similarly, when the two-phase voltages sag fault emerges, 

the positive sequence components can still be obtained 
accurately. The PLL system works steadily, as shown in Fig. 
10. 

Therefore, the experimental results indicate that the PLL 
proposed in this paper is effective under the condition of an 
unbalanced input voltage. 

B. Distorted Input Voltage Experiments 
The symmetric fifth and seventh harmonics, the amplitudes 

of which are 10% of the fundamental voltage amplitude, are 
superimposed on the fundamental. The experimental 
waveforms are shown in Fig. 11. It can be seen that the 
frequency and phase barely change after the voltage distortion. 
In addition, the PLL works well even in the case of voltage 
distortions. 

In order to test the working performance of the PLL under 
unbalanced harmonics conditions, the same fifth harmonic is 
superimposed on the B-phase voltage, and the same seventh 
harmonic is superimposed on the C-phase voltage. The 
experimental waveforms are shown in Fig. 12. It can be seen 
from the experimental results that the PLL works well under 
unbalanced distorted conditions. 
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Fig. 12. System experimental waveforms with unbalanced 
distorted input voltage. (a) Three-phase voltage. (b) Enlarged 
view of (a). (c) Voltage on the α-β reference frame. (d) Enlarged 
view of (c). (e) Frequency and phase. (f) Enlarged view of (e). 

 

C. Frequency Variation Experiment 
Fig. 13 shows the experimental waveforms of unbalanced 

input voltage frequency variations. The asymmetric input 

fundamental voltage is set as ua=1∠0°pu, ub=0.9∠-120°pu, 

and uc=0.8∠120°pu. f* and f denote the real frequency of the 
input signal and the PLL output frequency, respectively. In 
addition, f* jumps from 50 Hz to 47 Hz. It can be observed in 
the experimental waveforms that the amplitude and phase of 
the positive sequence component can be detected accurately by 
the PLL algorithm. In addition, the dynamic response time is 
less than 2 cycles of the fundamental frequency. 

The experimental results indicate that the proposed PLL 
presents a fast transient response, a high disturbance rejection 
capability, and a robust performance. All of these show that it 
is a suitable solution for application in the real-time controllers 
of power converters connected to the grid. 

 

VI.  CONCLUSION 

A new algorithm for use in the grid synchronization of 
power converters for three-phase systems under unbalanced 
and distorted operating conditions has been introduced in this  
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Fig. 13. System experimental waveforms with frequency 
variation. (a) Three-phase voltage. (b) Enlarged view of (a). (c) 
Voltage on the α-β reference frame. (d) Enlarged view of (c). (e) 
Frequency and phase. (f) Enlarged view of (e). 

 
paper. Firstly, first-order complex filters are introduced and 
their spectral characteristics are analyzed. Then, according to 
Lyon's method, the relation matrixes of the positive and 
negative sequence voltage components are derived in the α-β 
reference frame. With the first-order complex filters and the 
relation matrixes combined, complex filter matrixes are 
proposed in this paper. Next the complex filter matrixes OSG 
module is designed through output feedback to extract specific 
frequency orthogonal signals. Meanwhile, by sending 
orthogonal signals of the fundamental voltage to the input, a 
crossing feedback method is presented to decouple the 
fundamental voltage from the α-axis component and the β-axis 
component. The parameters and discretized system are then 
designed for the proposed CFM-OSG PLL. Finally, the 
theoretical evaluations are verified through experimental 
studies. 
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