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Abstract

In this article, a new method is proposed for calculating electric angle using a phase-locked loop (PLL) to perform these
calculations correctly under disturbance conditions of the grid voltage. This work is based on using the decoupled double
synchronous reference frame PLL (DDSRF-PLL), and this kind of PLL has been expanded to solve its problems in the
presence of harmonics and high disturbance in the input voltage. In the DDSRF-PLL, only components with a frequency
of double the fundamental frequency will be deleted, but in the expanded PLL all the harmonics will be eliminated. The
effect of this method was tested using both simulation and practical experimentation. The simulation of this method was
performed in MATLAB software. It has been shown that this method is robust, precise and fast for calculating the electric
angle under grid voltage perturbations. Subsequently, the developed PLL was implemented in a FPGA-based experimental
setup and its function was studied.

Keywords Unbalanced grid - Grid-connected converters - Phase-locked loop (PLL) - Synchronous reference - Frame (SRF)

1 Introduction

Over the past two decades, wind turbines have been devel-
oped. These turbines are usually installed in areas where
the distribution grid is weak and there is an unbalanced grid
voltage (Valouch et al. 2015; Conlon et al. 2006). Power
quality problems are commonly found at the points of the
grid where the wind turbines are connected. Voltage imbal-
ance is a power quality problem that negatively affects
wind turbine performance. Voltage imbalance can cause
asymmetrical currents in the stator of wind generators; as a
result, the protection system will trip the turbine (Kearney
and Conlon 2007). Different control methods are provided
for controlling wind turbine. Most of the wind turbine con-
trollers presented in articles are based on vector control
(Leonard 1995). Examples of which are shown in reference
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(Pena et al. 1996). In most of the methods, it is assumed that
the stator voltage is ideal, meaning that the frequency and
amplitude of the stator voltage are constant, and the dynam-
ics of the stator magnetizing current is not considered (Buja
and Kazmierkowski 2004; Conraths 2001). These systems
have a good dynamic response in normal operation, but their
performance may be weak during AC voltage disturbances.

In these types of controllers, the grid voltage angle is
extracted using PLL. The important thing about these con-
trollers is that the PLL correctly calculates the electric angle.
In the case of fault conditions and disturbances in grid volt-
ages, the PLLs used in these controllers have different per-
formances. In recent years, many efforts have been made to
design three-phase PLLs with better performance. Most of
these efforts have been made on the ability to eliminate the
oscillatory components in the tracked frequency in conven-
tional SRF-PLL and its related issues (Bojoi et al. 2005;
Carugati et al. 2012; Eren et al. 2009; Meral 2012; Gonza-
lez-Espin et al. 2012; Donato et al. 2016; Luna et al. 2015;
Golestan et al. 2014a, b). An ordinary SRF-PLL was used
which performed poorly against grid imbalance and harmon-
ics in another study (Choi et al. 2006). DDSRF-PLL was
used in the previous studies (Rodriguez et al. 2002, 2006a,
b). DDSRF-PLL solves the weakness of SRF-PLL against
asymmetric input by finding a positive sequence of grid
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voltages and negative voltage sequence in Park transforma-
tion and using a separator unit to extract the positive and
negative net sequences without a destructive effect due to the
asymmetric grid voltage, but it behaves poorly against the
removal of grid harmonics. A PLL with repetitive learning
was used to improve the power quality of DC micro-grids
attached to the grid, under a degraded voltage in a weak grid
in one study (Sahoo et al. 2017). A dual second-order gener-
alized integrator PLL (DSOGI-PLL) is presented in another
study (Rodriguez et al. 2006a, b). Two second-order general-
ized integrators were used to generate a positive sequence
of the grid voltage. In the work of Rodriguez et al. (2009),
a similar method is proposed but using the multiple second-
order generalized integrator (MSOGI-PLL) to eliminate the
harmonic characteristics of the grid voltage. In the work
of Xiao et al. (2017), a new frequency-fixed SOGI-based
PLL (FFSOGI-PLL) is suggested that ensures stability and
simple implementation. In another study (Gude and Chu
2018), multiple delayed signal cancelation (MDSC) filter is
proposed and integrated into three-phase enhanced PLL. The
effect of grid voltage harmonics, unbalance, and dc offsets
can be eliminated with two MDSC filters inside 3P-EPLL
loops. In another study (Neves et al. 2010), the delayed sig-
nal cancelation PLL (DSC-PLL) is presented, which has
the ability to properly filter grid voltage harmonics. The
structure of an improved frequency-adaptive DSC-PLL is
also proposed in the previous studies (Hamed et al. 2017,
Golestan et al. 2017). In this method, the PLL is adapted to
the grid frequency variation. In another study (Huang and
Rajashekara 2016), a PLL is presented that cascades only
one DSC block and one moving average filter (MAF) block
in the loop. MAF is discussed in numerous studies (Freijedo
et al. 2009; Golestan et al. 2014a, b; Wang et al. 2015).
Multi-reference base frame PLL (MRF-PLL) (Xiao et al.
2008) and multiple complex-coefficient-filter-based PLL
(MCCF-PLL) (Guo et al. 2011) are examples of pre-filtered
PLLs, which remove double-frequency oscillations created
by the original frequency of the negative sequence compo-
nent. These PLLs can also be expanded to reject some of the
lower-order harmonics along with the original frequency of
negative sequences.

DDSRF-PLL method is used in this paper. This type of
PLL is modified to solve its problems in the presence of
harmonics and high disturbance in the grid. But in this PLL,
only components with double the fundamental frequency
will be deleted. In the PLL extended in this paper, all the
harmonics will be eliminated. This is accomplished by add-
ing a mean value block in the output of the decoupling net-
work block and eliminating the effect of harmonics with this
method. In the second section, how to calculate the electric
angle using PLL and the assessment and simulation of con-
ventional PLLs are presented. The third part presents the
proposed PLL plan and is compared with the previous ones.

The simulation of PLL designed has been conducted in this
section, and its results have been analyzed. In the fourth
section, the fabrication of the PLL designed in a laboratory
setup has been introduced and its function has been exam-
ined, and finally, the results of this study were examined in
the fifth section.

2 Calculation of 6,

There are various ways to calculate the electrical angle.
Among them, we can mention zero-cross detection of the
signal in a period and PLL. The accuracy of the zero-cross
detection method is not high, and this method is not efficient
enough when the signal is distorted. In this paper, the PLL
method was used to calculate the electrical angle.

2.1 Mathematical Fundamentals of PLL

The usual method for calculating the stator electrical angle
or grid is PLL. PLL is usually based on a dq synchronous
reference frame. As is known, the input three-phase equation
is as follows:

V, =V, sin(6)) H
V, =V, sin(@, — 27 /3) 2)
V.=V, sin(0, —4x/3) 3)

where 6, is the electrical angle to be tracked.
Using Clarke transformation, Vg Vp are calculated as
follows:

Ve, =K-V,sin(0,) 4)

Vg =K-V,cos(6)) (3)

The equations above are turned into two DC components
using Park transformation:

V= V,sin(0,) + V; cos(6,) (6)
V, =V, cos(6,) — Vysin(6,) @)

where 6, is the angle used for the Park transformation.
After simplification using trigonometric equations, v,, v,
are calculated as follows:

Vy;=K -V, sin(0,) - sin(@;) + K - V; cos(6,) - cos(d;) (8)

V, =K - Vysin(8,) - cos(6y) — K - V,, sin(6y) - cos(6)) (9

Therefore:
V,;=K,cos(0, +0,) (10)
V, = —K,sin(6, —0,) (11)

The PLL forces v, into zero, therefore:
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Voo =0 1) 0 A PI improves system performance by canceling stationary
g =9 - ) 1/ L,
- \\? & status error. Thus, v, would be equal to zero, and v, would
y @ have a positive value.
q
y 2.1.2 Distributed PLL Considering Voltage Imbalance
d Vo |off P 2
q v, (DDSRF--PLL)
Vs ‘_v
ofp abe [ . . . .
If an imbalance exists in the input voltage, the k coefficients
in Egs. 4 and 5 will not be equal. Therefore, after applying
Fig.1 Block diagram of SRF-PLL several trigonometric transformations, a sine term would
exist that always appears in the output of the Park trans-
0 _
Vq+ Do Q - C()Sl‘
1
Pl /5
v Decoupling LPF >
Va_> abe off network
b,
vV aof dg +
=0,
N7}
dg —
7Y Decoupling -
network > LPF g
A
6, T 6,
Fig.2 Block diagram of DDSRF-PLL
V,=0-0,=0, (12)  formation. As PLL has a PI loop and the PI controller does

2.1.1 SRF'-PLL

The simplest PLL used for calculating the electrical angle
is synchronous reference frame (SRF) (Kaura and Blasco
1997; Chung 2000). The schematic of a simple PLL (SRF)
is shown in Fig. 1.

The input of PLL is the stator or grid voltage, and its
output is the electrical angle tracked by PLL. In this kind
of PLL, both Park and Clarke transformations are applied
to the input voltage and the g-component of the Park trans-
formation is inserted in the PLL loop. This v, is compared
with the reference v, which is equal to zero. To use the Park
transformation, the input signal electrical angle which is the
output of the PLL loop is needed. A PI controller is respon-
sible for controlling the changes in v, and impelling them to
zero, and the output of this regulator is the grid frequency.

! Synchronous Reference Frame.

@ Springer

not work well for non-DC inputs and does not converge,
PLL will not lock on v, voltage and ¢, will not be calculated
accurately. This means that when grid voltage is unbalanced,
PLL will not give an accurate electrical angle. DDSRF-PLL
has solved the weakness of SRF-PLL against asymmetric
inputs by finding the positive sequence of grid voltage and
the negative sequence of the voltage in the Park transforma-
tion, using a separating unit to extract the positive and nega-
tive sequences without the negative side effects of the asym-
metry in the grid voltage. DDSRF-PLL is an advanced case
of SRF-PLL and is designed for asymmetric three-phase
voltage (Rodriguez et al. 2007). In this kind of PLL, the
concept of “symmetric component” is used. This PLL is
suitable for applications that need to know the positive and
negative sequences in the grid voltage. Figure 2 shows this
type of PLL. In this figure, w,.; is nominal grid frequency.

2 Decoupled Double Synchronous Reference Frame.
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In this PLL, a Clarke transformation is first done on the
three-phase input voltage. Then, two Park transformations
with reverse §'s are done on the output of the Clarke trans-
formation. The matrices which convert the Clarke transfor-
mation to a Park transformation for positive and negative
sequences are shown in Eqgs. 13 and 14 (Rodriguez et al.
2007).

| cos(wgt) sin(wgt)
= [— sin(w,?) cos(a)st)] 13)

_ | cos(w,t) — sin(w,t)
a [sin(wst) cos(w,t) ] (14)

From the theory of symmetrical components, it is known
that any unbalanced three-phase grid can be reduced to two
symmetrical systems and zero component. However, only
faults and disturbances including the ground have the zero
sequence component. The one rotating in the positive direc-
tion is called the positive sequence, and the other rotating in
the negative sequence called the negative sequence.

571
After simplification:
4| cos(e,y) _ cos(2w,t)
Vdg+ =V [ sin(e, ) Fvreos(e-p| _ sinQw,r)
19)

sinQa,t) ]

+ v sin((ﬁ_l) [ COS(2C‘)‘I)

In this PLL, these elements are eliminated in the decoupling
network block. After periodic simplifications, v, Vg are
achieved, and their second and third elements are unwanted.

Vit decoupled = V' COS(@4) = vy — df}_ cosQat) — v sinw,1)

(20)

Vgt decoupled = V' SIN(@4 ) = v,y + j— sin2w,t) — v cos(2w,t)
@

In these two expressions, the sine and cosine parts in the
decoupling network block will be eliminated. To eliminate
these elements, they are first passed through a first-order
low-pass filter to extract their first element. The cutoff fre-
quency of these filters is @; = o/ \/E .InEgs. 22t0 24, v,,_

cos(w,t + @ ) cos(wgt + @_;) 1
v=v*| cos(wt — 27 /3 + @,,) |+ V7| cos(wgt —4n /3 + ¢_)) +9 1 (15)
cos(ot —4n /3 + @) cos(wt —2x/3+ @_)) 1

In Eq. 15, three-phase asymmetric input voltages are
assumed as three positive, negative and sequences. In this
equation, v*,v~ and v are amplitude of sequences. In Eq. 16,
the Clarke transformation is applied to the three-phase input
voltage.

cos(w.t + _| cos(—w.t +
Vaﬂ=Taﬁ*V=V+|: (@ + @) +v[ (=g (pl)}

sin(ewt + @, ) sin(—w, + @_;)

(16)
where T , is Clarke transformation and equal to:
1 1 1
2 T2 T2
=3 4 L n
0 2

By performing a Park transformation in the two cases of
positive and negative 6°s, the components of d+, d—, g+ and
q— are achieved. The asymmetry in the three-phase input
voltage reveals itself as sine and cosine equations with argu-
ments twice those of the three-phase input voltage. These
arguments are unwanted and must be eliminated. In order to
achieve a Park transformation, the Clarke transformation is
multiplied by the Tt matrix.

vdq+ =

— sin(w,t) cos(w,t) sin(wt + @)

cos(wgt) sin(w,f) ] . <v+ [COS(CM + (P+1)] 4y [

Va—_decoupled A4 V4 decoupled are also shown. These equations
are the result of negative turn of the dq axis (Rodriguez et al.
2007).

__|cos(g_y) cos(w?)
Vg = [ sin(@_;) +vt cos((p+1)[ sin2a,t) ] .
. —sin(2w,t) 2)
+vsin(ey) cos(w, 1)

Vi decoupled =V~ COS(@_1) = v,_ + d17+ cosw,t) + v sinQRawt)
(23)

Ve decoupled =V SIN(@, ) = v, — d\_jr sinQat) — \_i cos(2w,t)
(24)
In Egs. 23 and 24, considering the second and third ele-
ments, it can be seen that their amplitudes are equal to the
first elements of Eqs. 20 and 21. According to this fact,
the second and third elements in each loop are obtained by
multiplying their amplitude by sine and cosine with the fre-
quency 2w ¢, and then these elements are subtracted from
Vag+s Vag—-In Fig. 3, decupling block for positive sequence
is shown.

cos(—w t + @_;) (18)
sin(—o  + @_,)
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v, V.
Vd + 4 d+_decoupled
o %
q+ A v q+_decoupled
4
cos sin

HS

Fig.3 Decoupling block for canceling the effect of v_ on the dg,
frame signals

As a result, the effect of asymmetry in the three-phase
input voltage is eliminated. In Eqgs. 20, 21, 23 and 24, out-
puts of the decoupling block are shown. Finally, v, entered
to the SRF-PLL and the output frequency is calculated. As
a result, the effect of asymmetry in input voltage is elimi-
nated and there will be no destructive effects in the output.
In Fig. 4, the three-phase asymmetric voltage is applied to
the PLL input, and the output of the PLL block is shown in
Figs. 5 and 6. Obviously, the electrical angle at the output
has been calculated accurately despite an imbalance in the
grid voltage.

DDSREF-PLL shows weak behavior against the elimina-
tion of grid harmonics. In the next sections, this issue will
be reviewed. These harmonics appear in a different order,
and the PI block, in spite of the behavior of a low-pass filter,
partially undermines the effects of these harmonics. But if
the range of harmonics and their number are high, its effects
on @ output and also the tracked frequency will be very dev-
astating. In this article, this type of PLL has been expanded
and becomes more resistant to the three-phase input voltage.

Fig.4 Grid voltage in the 1
unbalanced condition

Voltage(pu)
o

0 10 20 30 40 50 60 70 80 90 100
Time(ms)
Fig.5 Frequency tracked by the 55
DDSRF-PLL
50 /
45 /
—~ 40
N
Sl
= 35 I
30
25
20
0 10 20 30 40 50 60
Time(ms)
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Fig.6 06, the output of DDSRF- 7
PLL under grid voltage unbal-
ance 6 / / /
5
B 4
1 /
T 3
<
- /[ / / / /
2 / /
1
0
0 10 20 30 40 50 60 70 80 90 100
Time(ms)
Fig.7 Grid voltage when both Va,Vb,Vc
unbalance and fifth harmonics 2
are added in 0.1 s
N\ A 0\ f\

Va,Vb,Vc
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3 Expanded DDSRF-PLL with Simultaneous
Imbalance and Harmonics in the Input
Signal

The problem with using DDSRF-PLL appears when the grid
voltage has harmonics. These harmonics appear with differ-
ent orders in dg+ and dg—. The PI block, due to the behavior
of a low-pass filter, slightly undermines the effects of these
harmonics. However, if there are a high number of harmon-
ics with high amplitude, their effects in the theta output and
frequency will be destructive. The mathematical equations
of the harmonic effects are shown as follows:

cos(wt) cos(newt)

v =v*| cos(wt — 2 /3) |+ v*™| cos(nwt —2x/3) |+ v 7| cos(wyt —4x/3) [+ v7"| cos(nawyt — 4x/3)

cos(wt — 4x/3) cos(nwt — 47 /3)

ot [ cos(@,)

N | cos((n — Dot + @,,)
dg+ sin(g, )

sin((n — Dot + @)
cos((n + Dwt)

+v"cos((n - Dot + ¢_,) [ —sin((n + D)

] + v~ cos(p_;) [

+v"cos((n — Dyt + ¢_,) [

0.08 0.1
Time(s)

is applied to the input voltage of PLL, and it shows itself in
the output of v, ,v,,_ as harmonics with orders n + 1 and
n — 1. In DDSRF-PLL, only the components with phase 2wt
will be eliminated, and these harmonics will remain. If the
amplitudes of these harmonics are high, the PI block might
not attenuate them sufficiently, and their negative effects
will appear in the output. Figures 7 and 8 show the three-
phase input voltage with harmonics and the PLL response,
respectively. In order to see the effects of harmonics and
disturbances in the system, it is assumed that from 0.1 s to
the next, harmonics and disturbances were added to the sys-
tem. Figure 9 shows its phase response. The simulation is

cos(w,t) cos(nwgt)
(25)
cos(wst — 27 /3) cos(nwgt —2x /3)
cos(2wt) ] y [sin(Zwst)]
e + v sin(g_;)
sin(2w,t) cos(2w,t) 26)

sin((n + Dw,t)
cos((n + Daw,t)

where vt" and v™" are the amplitudes of the positive and
negative sequences of harmonic amplitude and 7 is the order
of harmonic. As is seen in Eq. 25, a harmonic with order n

performed in steady state, and @, @_, are considered zero.
As shown in Figs. 8 and 9, the effects of the harmonics
appear in the PLL output. In the proposed design, in the
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Fig.8 V,and V, of DDSRF- 1.5
PLL when both unbalance and —Wd
harmonics are added in 0.1 s 1 —Vq
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Fig.9 Output electrical angle 8 - -
of DDSRF-PLL in the presence - WfthO.”t harmo”"f
of fifth-order harmonics in 5 — with fifth harmonic
the grid voltage in second 0.1 = / / / / /
to the next. The red diagram IS
is the expected value, and the %’ 4 / / /. / / / / / / /
blue diagram is the ideal value E
(Color figure online) = 2
0 / /
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

Variable Frequency Mean Value
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—> upc af network
Vb |—>
e 7
V. ap > dq
=0,
ap
dq |_’
K Decoupling o~
R network LA 4
7
0, T 0

Fig. 10 Block diagram of the enhanced DDSRF-PLL

output of the positive decoupling block, a variable frequency
mean value block is used in a cycle (Fig. 10). The mean vari-
able frequency block computes the mean value of the signal.
The mean value is computed over a running average window
of one cycle of the period of the signal. This block uses a

@ Springer

running average window. Therefore, one cycle of simulation
must complete before the block outputs the computed mean
value. As shown in Fig. 10, the inputs of the mean value
block are the frequency calculated by the PLL and the output
of the decoupling block. In this method, by integrating at a
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Fig.11 V,and V, of the 1.5
enhanced DDSRF-PLL. The —Wd
harmonic distortions started ] —Vq
only after 0.1 s
=4
2 05
>
0 s ~a
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Time(s)
Fig. 12 Calculated electrical 8 - -
angle using enhanced DDSRF- _ m:im harmpmc
PLL in the presence of fifth- 6 — YVith harmonic
harmonic in the input voltage. . / /
The red diagram is the expected B
value, and the blue diagram Q:m, 4 / / / / / / /
is the real value (Color figure °
online) =
2 / /
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)
Fig. 13 Comparison of the 0.5 : : :
ideal sine wave with which are —DDSRF-PLL ERROR
generated by DDSRF-PLL and ——Expanded DDSRF-PLL ERROR
Expanded DDSRF-PLL. The
harmonic distortions started
s I
AV Akl ol 0ol 1l ol
T
-0.5
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

period of the input signal with the frequency calculated by
the PLL, the signal values that do not have a frequency equal
to the original signal are eliminated. With this method, the
harmonics can be eliminated.

Mean(f(?)) = % /f(t) -dt 27
=T

where f(¢) is the input signal and T is the period of input
signal equal to 1/ f

In this case, using definite integration in a cycle with the
main frequency of the input signal, all integer harmonics of
the input signal will be definitely deleted, and their effects

will not appear in the output. The output of this integrator
block for the positive sequence is as follows:

qu+ = V+1 [ ]

In this method, increasing the amplitude of unwanted har-
monics has positive effect on performance of proposed PLL.
Figures 11 and 12 show the output of this PLL assuming a
harmonic input to the system. Figure 13 compares the ideal
sine wave with which are generated by DDSRF-PLL and
Expanded DDSRF-PLL.

cos(@,)

sin(g,,) (28)
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Fig. 14 Laboratory test bench block diagram for PLL examination
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Fig. 15 Experimental setup

4 Experimental Results

For extended PLL testing, a laboratory setup was used con-
sisting of a three-phase simulation board with the ability
to create disturbances and harmonics in three phases and
a control board, which included an FPGA_Spartan3 pro-
cessor and an ARM-Cortexm4 microcontroller. This board
was designed to control a 100 KW DFIG system. The block

Fig. 16 Mean value block

diagram of the test bench is shown in Fig. 14. In this labora-
tory system, a digital-to-analog board was used to display
output signals, so that signals such as d and q values could
be seen in the scope (Fig. 15).

4.1 Implementation of Mean Value Block

To implement the mean value block in the FPGA, the mean
value block was applied in the MATLAB software, which
after extracting its VHDL code was implemented onto hard-
ware. Figure 16 presents the mean value block used in the
Z domain with a sampling frequency of 10 kHz. As shown
in Fig. 16, to obtain the period, the incoming frequency is
sampled at the sampling frequency and then calculated.
The block A is used to simulate the variable transport delay
phenomenon. The variable transport delay can be used to
simulate a variable time delay. At each simulation step, the
block outputs the signal at the time that corresponds to the
current simulation time minus the delay time. Best accuracy
is achieved when the delay is larger than the simulation step
size. f; is the input signal frequency, and T is the period of
signal.

Integtator A

Decupling Network
— >

KT (Z +1)
27 -1)

__ |Discrete Variablg
" | Transport Delay

A4

Y

Y

Mean Value
X [—

\
+

J

Y

»| Number of samples
per cycle
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Fig. 17 Characteristic waveforms when a grid voltage is in unbalanced condition; b the utility voltage is distorted by existence of unbalance and
harmonic

4.2 Implementation of LPF in FPGA In the analog domain and using the bilinear transform:
. . . . WfT
The transfer function of a typical low-pass filter is as follows: LPF() = wy _ [T z+ 1D k@ + D
" CTTEY s LD Gtk
LPF(s) = Grw) (29) /Tyt a+ (v, T+2) ?
(30)
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where T is the sampling period and its value is T=1/
(100 kHz)=0.00001; and for the steady response of PLL,
the value of W, was considered to be o/ \/5 . As aresult, the
values k|, k, were obtained as follows.

k; = 0.007232, k, = —0.88356

To evaluate the PLL function, after the PLL algorithm
performed the calculation of the three-phase input angle, the
result was given to a block in the FPGA, whose inputs were
V, and V, in addition to the calculated angle, which were
considered constant. The task of this block was the inverse
transform of Park and Clark. The output of the desired
block is a three-phase sinusoid. This three-phase sinusoid
was given as a reference to the SVM block. The SVM and
PWM block outputs were applied to the rotor side converter
switches. This PWM was filtered and observed using a low-
pass filter. The three phases generated by this method were
compared with the three input phases, and the results indi-
cated that the PLL well weakens the harmonics and input
disturbances and they have no effect on the signal produced.
The results of the experiment in Fig. 17 showed that the
extended PLL operated correctly in conditions where the
three inputs phases were harmonic and also disturbed, and
a three phase was created without disturbances.

4.3 Comparison of Results

In Fig. 17, the results of the investigation of DDSRF-PLL
and extended PLL have been presented in this article. The
figure shows that when the grid voltage suffers from an
imbalance in addition to the third and fifth harmonics, the
extended PLL function is better. This issue can be seen at
an angle and V,, calculated by both PLLs in these circum-
stances. Also, a comparison of the results showed that the
transient response of the extended PLL was with fewer devi-
ation of fundamental frequency, the high stability margin.
The sensitivity to the voltage amplitude has been reduced
and had better performance than DDSRF-PLL in eliminating
the harmonics. At the same time, calculations of this type
of PLL have become relatively more complicated than the
PLLs examined.

5 Conclusion

In this research, to prevent the negative effects of voltage
imbalance and harmonics on the control process, expanded
DDSRF-PLL was used to calculate the electrical angle. It
is shown that under the existence of imbalance and har-
monics in the grid voltage, the electrical angle of the grid
voltage is calculated correctly. Compared to DDSRF-PLL,
the transient response of the extended PLL was with fewer
deviation of fundamental frequency. Features of this PLL are

@ Springer

the high stability margin and the proper ability to eliminate
harmonics. In this PLL, the sensitivity to the voltage ampli-
tude has been reduced. Simulations together with a complete
experimental evaluation were presented in order to verify the
excellent results obtained by the proposed PLL. The next
goal of this paper tests this controller on a 100-KW wind
turbine test bench. This system is currently under prepara-
tion, and the results of practical tests will be published in
the next article.
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