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Abstract—In this paper, a novel closed-loop
synchronization algorithm is proposed based on the linear
phase angle detection. The linear phase detection is performed
by the inverse tangent (atan2) trigonometric function, while the
frequency tracking is performed by a proportional-integral
(PI) loop filter and phase integrator. By using the linear phase
detection, the linear phase-locked loop (PLL) is employed,
which is simpler to implement and to tune, and which also
performs better for large frequency and phase variations when
compared to conventional PLL algorithms. Also, the novel
technique operates consistently for a whole range of designated
PLL crossover frequencies when compared to existing PLL
techniques, which makes it a better candidate when higher
filtering is required of higher harmonics and measurement
noise. When compared with existing algorithms that use atan
function for phase angle estimation, the novel algorithm
enables the frequency estimation that does not include
differentiation, which improves the resulting algorithm
immunity to measurement noise and higher harmonics. The
novel PLL is tested by simulation and experimental runs.
Index Terms—estimation, frequency locked loops, nonlinear
control systems, phase locked loops, power conversion.

I. INTRODUCTION
Synchronization of power converters with the grid voltage
represents an important task in a wide range of applications.
From the grid-tied AC and DC power converters [1-6],
distributed power generation utilities [7-9], to AC motor
drives [10], synchronization comprises the input AC signal
frequency and phase angle estimation, which need to be fast
and robust in relation to the input signal disturbances. There
is a wide range of different synchronization techniques,
which can be divided into two major groups–open and
closed-loop [3]. In the closed-loop methods, the input signal
frequency and phase angle are estimated by a feedback-loop
mechanism. The closed-loop concept (i.e. the phase-locked
loop) is considered to be more frequently employed in the
power converter design.
The primary task of an efficient synchronization
algorithm is to resolve two opposing requirements–the
synchronization response time should be fast, while it, also,
needs to be robust in relation to the disturbances, harmonics
and noise present in the input signal. In [4], major
requirements for synchronization algorithms are outlined in
different power converter applications. They include the
synchronization operation contaminated by the measurement
noise and harmonics, including the unbalanced base signals.
The operation of the synchronization with the variable base
signal frequency is also assumed. In [7], the grid code
requirements are outlined, defined for the distributed power
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generation applications, which are mainly concerned with
the photo-voltaic and wind-based power generation system
performances in low-voltage-ride-through operation.
In [3] and [7], an analysis is presented based on the
hypothesis that the closed-loop synchronization techniques
provide more robust solutions in relation to the base signal
disturbances. However, in [11] it is shown that commonly
used PLL solutions (based, for example, on dqPLL [7], [11],
[13], power-PLL [2], or EPLL algorithms [4], [12]) all rely
on a nonlinear phase detection (PD). This influences the
PLL dynamic performance for large frequency and phase
variations, and, also, its sensitivity in relation to base signal
disturbances. In [1] and [11] the PLL parameter tuning
procedures are presented based on the PD linearized transfer
function, derived for small-signal variations around the base
frequency and phase values. Consequently, the
corresponding dynamic analysis is predominantly valid for
the narrow band around the base frequency values, while a
different PLL dynamic performance should be expected for
wider frequency and phase deviations. This becomes
especially significant in the cases of the PLL that includes
additional phase error filtering to reduce the PLL sensitivity
in relation to higher harmonics and disturbances present in
the input PLL signal.
In this paper, the novel PLL is proposed based on the
atan2 function phase detection. In this way, feedback-loop
synchronization is realized based on the phase detection that
has a linear model in a whole phase angle range, so a linear
PLL loop-filter design can be employed that guarantees the
same level of dynamic performance for all operating
conditions. Because of its linear model, the novel PLL has
better transient performance for large phase angle and
frequency changes when compared with dqPLL, powerPLL, and EPLL applications. When compared with existing
PLL techniques based on atan function phase angle
estimation, the novel technique enables frequency
estimation that does not require differentiation, thus
increasing the immunity to measurement noise. Also, in the
new PLL additional filtering can be employed in an easier
manner since it operates effectively in a whole range of
designated PLL crossover frequencies, which may be
required in order to reduce the influence of the higher
harmonics and disturbances.
Finally, when compared to dqPLL, power-PLL and
EPLL, the novel atanPLL is easier to implement on a digital
control platform, which is illustrated in the Section 5.
Consequently, the main contribution introduced in this
paper is related to the solutions [9], [25-27] and [29]. When
compared with [9], [25-26] open-loop atan function based
PLLs, a novel solution enables the input signal frequency
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estimation with no differentiation used, which would
amplify the noise and higher harmonic components in the
input signal. When compared with [27] simpler solution is
used, less prone regarding higher harmonic content.
Regarding the closed-loop algorithm [29], which is the most
similar to the new solution, more detailed estimated
frequency prewarping function is proposed, combined with
a simpler solution that does not require any additional
rotational transformations.
This paper comprises six sections. In Section 2 the
existing synchronization techniques are presented, while in
Section 3 the novel atanPLL method is proposed. In Section
4 the set of simulation runs is presented, in order to illustrate
the improvements introduced by atanPLL when compared to
conventional dqPLL. Section 5 includes experimental
results, in order to verify the speed and robustness of novel
PLL.
II. LITERATURE REVIEW
In this section, several major synchronization techniques
are outlined, which may be divided into two groups–open
and closed-loop. In open-loop algorithms, the phase angle is
usually calculated in the αβ reference frame, based on
filtered samples of input signals. In closed-loop algorithms,
the phase angle value is locked by a feedback-loop
mechanism.
A. Open-loop synchronization
In this paper, four basic open-loop synchronization
techniques are outlined.
1) Zero-crossing method
The zero-crossing method represents the simplest variant
of synchronization, which is highly sensitive in relation to
the harmonics and disturbance components in the input
signal. Also, the synchronization time depends on the
frequency of the input signal [9].
2) Filtered grid-voltages based open-loop synchronization
To improve the zero-crossing method, the open-loop
synchronization techniques are proposed based on filtering
the input signal. In [9] two basic approaches are outlined–
low-pass filter implemented in the rotating dq reference
frame, and a band-pass filter in the stationary  reference
frame. In both cases, the synchronization is performed by
the atan function. However, in the stationary frame based
method additional filter lag compensation is required in
order to get accurate synchronization. Although, compared
to the zero-crossing filtered approach this improves the
operation, it is still sensitive in relation to harmonics and
disturbances. In the new solution, atan based phase detection
is employed in the closed-loop synchronization algorithm,
which makes frequency detection less prone regarding input
noise and higher harmonics.
3) State-space model based techniques
The voltage amplitude, frequency, and phase can be
estimated by various state-space model based techniques.
They include extended Kalman filter (EKF) [15], space
vector filter (SVF) [16], and weighted least-squares
estimation (WLSE) [17] based methods. With EKF, if the
grid voltage model is provided the phase value can be
successfully estimated. However, this method does not
operate for the unbalanced grid voltage conditions, and the
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EKF calculation time is relatively long. The SVF represents
an effective tool for the input grid voltage vector low-pass
filtering, which is sensitive in relation to the grid voltage
frequency variations. Finally, while the WLSE successfully
solves the EKF and SVF problems related to their accuracy
under unbalanced input conditions and frequency variations,
it exhibits high computation requirements related to the
least-squares method calculation.
4) Discrete Fourier transform (DFT) filtering based openloop synchronization
In [3], the open-loop synchronization technique based on
DFT filtering is proposed. This method uses DFT to
estimate the phase angle value, enabling the one cycle
estimation transient response. Also, DFT is combined with
existing frequency estimation techniques, in order to provide
an universal synchronization technique that is immune to
harmonics and disturbances in the input signal. A technique
based on a generalized approach for computing all, or a part
of DFT, known as Chirp-Z transform (CZT) is proposed in
[23]. The major difference between CZT and DFT, is that
CZT can improve spectral resolution and measurement
accuracy around the power supply frequency. However, the
shortcoming of these methods is their high computational
demand.
In [28], a modification of DFT based open-loop
synchronization algorithm is proposed, which includes a
low-pass notch (LPN) filter instead of the DFT based signal
filtering used to determine the input signal components used
for the phase angle estimation by implementing the atan
function. Though the LPN bases open-loop synchronization
is simpler to implement than DFT [3], it still requires
independent frequency estimation, which makes it more
complex when compared to the novel atanPLL solution.
5) Additional open-loop synchronization techniques based
on atan function phase angle estimation
In [25-27], additional open-loop synchronization
techniques are proposed, which use atan function to estimate
the input signal phase angle value. Solutions [25, 26],
contrary to the new atanPLL, use differentiation to estimate
the input signal angular frequency value, which makes them
more prone to the measurement noise and higher harmonics.
In [27], a different algorithm is employed for the frequency
estimation based on the inverse trigonometric calculus,
which is more complex when compared with the novel
atanPLL. In the new solution, the sensitivity in relation to
the measurement noise is reduced by omitting the
differentiation in the input signal frequency estimation,
while the sensitivity of [27] regarding the higher harmonics
improved by introducing linear atan based phase angle, and
closed-loop PLL based frequency estimation.
B. Closed-loop synchronization
The closed-loop synchronization techniques (i.e., PLL)
are based on a feedback structure in which the estimated
phase angle error is regulated to the zero value [4]. The
basic outline of a closed-loop synchronization algorithm
comprises three elements – the phase detector (PD), the loop
filter (LF), and the voltage-controlled oscillator (VCO).
Commonly, PLL operates with a three-phase input
signal–however, there are also single-phase PLL variants
[1], [6]. In PLL, the phase estimation response time is

[Downloaded from www.aece.ro on Monday, January 09, 2023 at 17:24:11 (UTC) by 35.173.36.79. Redistribution subject to AECE license or copyright.]

Advances in Electrical and Computer Engineering

Volume 21, Number 1, 2021

  est  k    est  k  1  Ts ylf  k   2 , for  est  k  1  Ts ylf  k   

 est  k     est  k    est  k  1  Ts ylf  k  , for  est  k   Ts ylf  k     ,  
  k     k  1  T y  k   2 , for   k  1  T y  k   -
est
s lf
est
s lf
 est
determined by the PD and LF, where LF can also be
designed regarding the required level of rejection of the
disturbance and harmonics. The following are the three
major PLL techniques, which are conventionally used for
the synchronization of power converters to the power grid.
1) The synchronous frame based dqPLL
The synchronous frame based dqPLL in Fig. 1 represents
one of the more commonly used synchronization techniques,
where ff represents the feed-forward estimated frequency
value (usually equal to 250 rad/s or 260 rad/s).

(1)

average filtration (MAF), where the MAF window is equal
to the period of the base input signal. The phase angle is
calculated by performing the atan function on the calculated
DFT components at the base frequency. Although this
method has high immunity regarding the measurement noise
and input signal harmonic contamination, it is sensitive in
relation to the input signal frequency variations, i.e., it
exhibits a high double frequency error for high grid
frequency deviations. Also, for the variable input frequency
variations, it is difficult to implement the corresponding
adaptive MAF.

Figure 1. The synchronous frame based dqPLL

Here, the PD is implemented by a dq rotational
transformation, synchronous with the input signal in the
stationary state. The LF is implemented by a proportionalintegral (PI) controller, used to regulate the estimated
frequency value in order to drive the Uq component to zero,
and also to filter the noise and harmonics present in the
input PLL signal. The phase angle value is estimated by an
integrator. The outlined Uq signal normalization is required
in order to get the same PLL dynamics for different input
signal amplitude values.
The PI controller parameters are tuned according to two
opposing requirements, which require a certain level of
trade-off: fast phase tracking and good filtering. Since the
PD used represents a nonlinear element, the PI is tuned by
linearization, by approximating sin(*-est) with (*-est),
where * represents the phase angle of the input signal U,
and est the estimated phase angle value. Also, in Fig. 1 est
represents the estimated frequency value. The most
commonly used PI controller parameter tuning procedure is
the symmetrical optimum method, which is used in
[1,4,11,18]. In this paper, extended symmetrical optimum
method is employed, which is proposed in [30] and
employed in [31].
2) Extended PLL
The extended PLL [4,12] also represents the closed-loop
synchronization technique based on a nonlinear PD, as in
dqPLL. However, it originally operates in single-phase
synchronization applications, since it provides a /2 shifted
input signal component required for the synchronization.
3) DFT PLL
The DFT PLL [14,18-20] is outlined in following Fig. 2,
since it represents one of the currently existing methods that
incorporates the atan function based closed-loop phase angle
synchronization, similar to the novel PLL proposed in this
paper.
In this method, the DFT component calculation is
performed at the nominal input signal frequency, by a
corresponding sine and cosine factorization and moving

Figure 2. The atan function based DFT PLL

4) Additional closed-loop synchronization techniques
based on atan function phase angle estimation
In [29] Quasi Type 1 PLL is presented in which the atan
function is, similarly as in new atanPLL, used for the phase
angle estimation in combination with the closed-loop
frequency estimation. However, in [29] problem of the
phase angle prewarping is not addressed, which is necessary
if closed-loop frequency estimation needs to be
implemented. Also, in [29] additional rotational
transformations are required, which is not the case in the
new atanPLL. The higher harmonics filtration, which is
implemented in [29] by a moving average filter or a lowpass filter (LPF), can in the atanPLL case, also, successfully
be implemented by LPFs realized in  stationary reference
frame. Consequently, the main contribution of the new
solution regarding [29] comprises the designated frequency
prewarping algorithm and a simpler structure that does not
include additional rotational transformations.
In Section 3 the novel atanPLL is proposed.
III. NEW ATAN2 FUNCTION BASED PLL
In Fig. 3, the PLL method is presented based on the
feedback-loop estimation of the input signal frequency and
phase angle values, with the atan2 function based PLL input.

Figure 3. The novel atanPLL
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Since the atan2 function output  in Fig. 3 (for the input
signal U with the constant frequency ) represents a
discontinuous signal varying in the range [-, ], the
integrator used to estimate the phase value est (integrator 
in Fig. 3) needs to be changed accordingly (1), where ylf(k)
represents the LF output signal.
This is done in order to get the continuous frequency
estimation est that is not influenced by discontinuities in the
atan2 function output, where Ts in (1) represents a sampling
period. To get the continuous est estimation for the
discontinuous atan2 function output, the function fe (2) is
introduced in Fig. 5. In this way the prewarping function of
the estimated frequency value is obtained. Both the dqPLL
in Fig. 3 and atanPLL in Fig. 5 can be modelled by the openloop transfer function W(s) (3) and closed-loop transfer
function GPLL(s) (4), where Ts represents a sampling period,
e the estimated angle error, and Kp proportional and Ki
integral LF gains.

 e  2 , e  
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One of the main advantages of the proposed atanPLL
algorithm, when compared to the conventional PLL
methods, is that for the novel estimator the open-loop (3)
and closed-loop (4) transfer functions are linear for all
operating conditions (i.e., for both small and large input
signal frequency and phase variations). This is contrary to,
for example, dqPLL and DFT PLL solutions, which, because
of the nonlinear PD nature, exhibit linear performance only
for smaller phase and frequency variations [24].
Regarding the open-loop estimators, the primary
advantages introduced by the novel PLL are:
 the atanPLL enables input signal frequency estimation,
which is important in single-phase [1, 6] and PLL
applications with unbalanced input signals [21];
 the atanPLL enables simpler filtration of measurement
noise and input signal harmonics by correspondingly
tuning the LF PI controller parameters, without no
phase lag compensation introduced by BPF in Fig. 1.
When compared to existing PLL applications, the
following improvements are made:
 the atanPLL operates with PD linear for both small and
large phase and frequency variations, contrary to
dqPLL, DFT PLL, and EPPL, which significantly
simplifies the LF PI controller parameter tuning and
inclusion of additional filters in the synchronization
loop;
 when compared to dqPLL, which requires four
trigonometric functions, square root, and a division to
be implemented, atanPLL requires one trigonometric
function, which makes it much easier to implement and
faster to run on any digital control equipment (in
Section 5 it is shown that on a benchmark general
purpose floating-point microcontroller atanPLL
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operates up to three times faster than dqPLL);
 because of linear PD features, the atanPLL behaves
more consistently for large phase and frequency
variations, when compared to conventional PLL
applications [24], which is shown in the following
sections 4 and 5;
 when compared to DFT PLL, the atanPLL enables
easier operation with the variable input signal
frequency values;
 the atanPLL enables simpler filtration of measurement
noise and input signal harmonics by correspondingly
tuning the LF PI controller parameters, since the
proposed atan function based phase estimation enables
the resulting PLL to operate consistently for a whole
range of designated PLL crossover frequencies;
 when compared with open-loop synchronization
techniques that use atan function to measure the input
signal phase-angle value [25,26] the new atanPLL
enables frequency estimation that is not based on
differentiation, which causes amplification of
measurement noise and higher harmonic in the input
signals;
 when compared with [29] that also includes atan based
phase estimation and closed-loop frequency estimation,
the novel atanPLL introduces the phase angle
prewarping function that is required to implement
successfully the closed-loop frequency estimation. The
atanPLL, also, does not require additional rotational
transformations, which is a case in [29].
In the following subsection, the LF PI controller
parameter tuning procedure is outlined.
A. PI loop filter parameter tuning procedure
The most commonly used PI loop filter parameter tuning
technique is represented by the symmetrical optimum
method, employed in [1], [4], [11], and [18]. In this paper,
extended method is proposed, outlined in [30] and [31]. The
primary goal of the symmetrical optimum LF filter
parameter tuning method is to get the open-loop transfer
function phase characteristic that is symmetrical around the
chosen crossover frequency c. This is achieved for the
following set of LF parameter values [11]:
(5)
K p  c

K i  c3Ts

(6)

The setting of the designated crossover frequency c is
based on the objective that is related to the designated
attenuation introduced by the loop filter at the double
fundamental frequency component 2ff. Consequently, the
LF PI tuning is performed according to the chosen PLL
crossover frequency c, which is determined by the
harmonic attenuation at 2ff introduced by the closed-loop
PLL transfer function (4). In Fig. 4 the relation between the
crossover frequency value c and GPLL(s) (4) attenuation
Att@100Hz at 2ff = 2100 rad/s is presented, which is used to
choose the c value.
In this paper, two sets of LF parameters are calculated –
for c1 that corresponds to Att@100Hz = -20 dB and for c2
that corresponds to Att@100Hz = -15 dB. This is done in order
to illustrate the improvements introduced by atanPLL when
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compared to dqPLL. For the chosen crossover frequency
c = c1 = 64 rad/s, and for the sampling period Ts = 250 µs,
the PLL LF parameters are equal to Kp1 = 64 and Ki1 = 65.5,
while for c = c2 = 114 rad/s LF parameters Kp2 = 114 and
Ki2 = 370 are got.

Figure 4. Relation between PLL crossover frequency c and attenuation at
100 Hz Att@100Hz

IV. SIMULATION RESULTS
In Section 4 the results of the simulation tests are
compared for dqPLL and atanPLL, operating in different
conditions typical for the grid voltage synchronization, for
the previously calculated sets of LF parameters. For the set
of PLL LF parameters determined in the previous section,
the following two sets of simulations are performed, for
dqPLL and atanPLL – (i) phase angle jump, and (ii)
frequency jump. It is shown that novel atanPLL outperforms
the conventional dqPLL for large frequency and phase angle
jumps, because of the linear nature of the PD used in
atanPLL contrary to the nonlinear PD used in dqPLL. The
simulation runs are performed for PLLs with two different
sets of LF parameters, designed for crossover frequency
values c = 64 rad/s and c = 144 rad/s in Section 3.
A. Phase jump test

Volume 21, Number 1, 2021
the phase jump test. For the fundamental frequency
ff = 250 rad/s, phase angle jumps  =  rad are
performed, for two different sets of LF parameters, resulting
in the PLL responses outlined in Fig. 5.
By analyzing the simulation results in Fig. 5, it can be
concluded that for both sets of LF parameters that
correspond to c1 and c2 , the settling time tst is with
atanPLL (for (a) 150 ms and (b) 80 ms) faster than with
dqPLL (for (a) 180 ms and (b) 100 ms). In this way, the
improvement introduced by the novel atanPLL, compared to
dqPLL, is directly illustrated, caused by the linear PD in
atanPLL and nonlinear PD in dqPLL.
B. Frequency jump test
In the following subsection the simulation results are
presented for the 250 rad/s frequency step jumps, presented
in Fig. 6.
By analyzing the simulation results in Fig. 6(a) it can be
concluded that, for  = 250 rad/s, atanPLL has a rising
time tr = 33 ms that corresponds to the designatedc = 64
rad/s (since tr ≈ 20.35/c), while for dqPLL the large
frequency jump caused a significant increase in the rising
time value, with tr = 300 ms. Similarly to the conclusions
outlined in the previous subsection, this difference in the
dqPLL and atanPLL performance can be explained by the
nonlinear PD in dqPLL.
In Fig. 6(b), for both dqPLL and atanPLL, similar rising
times are achieved (tr = 10 ms), which leads to the
conclusion that nonlinear dqPLL can perform similarly to
linear atanPLL, for large frequency jumps, in the cases of
the increased PLL cutoff frequency values. This means that
atanPLL is more efficient than dqPLL when an increased
filtration of the disturbances, harmonics and measurement
noise is required in PLL, which results in the need to operate
with decreased PLL cutoff frequency values. The simulation
test results are summarized in Table I, which is presented in
the Appendix A.

(a)

(a)

(b)
Figure 5. The  =  rad phase jump for dqPLL and atanPLL, for ff =
250 rad/s, (a) c = 64 rad/s and, (b) c = 114 rad/s

In this subsection the simulation results are presented for
two different PLL algorithms – atanPLL and dqPLL – for

(b)
Figure 6. The 50 Hz frequency jump simulation test, for atanPLL and
dqPLL, (a) c = 64 rad/s, (b) c = 114 rad/s
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(b)

(c)
(d)
Figure 7. The  =  rad phase jump experimental results for, (a) c = 64 rad/s and Test case 1, (b) c = 114 rad/s, Test case 1, (c) c = 64 rad/s and Test
case 2, and (d) c = 114 rad/s, Test case 2

(a)

(b)

(c)
(d)
Figure 8. The  = 250 rad/s frequency jump experimental results for (a) c = 64 rad/s and Test case 1, (b) c = 114 rad/s, Test case 1, (c) c = 64 rad/s
and Test case 2, and (d) c = 114 rad/s, Test case 2

Similar conclusions regarding the significant increases in
dqPLL response times for larger frequency jumps are, also,
made in [24]. However, it is shown that atanPLL can solve
this problem successfully.
V. EXPERIMENTAL RESULTS
In this section the atanPLL and dqPLL performances are
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examined by implementing these algorithms by the control
card based on the floating-point digital signal processor
(DSP) TMS320F28335, with the sampling period Ts = 250
µs. For the case of benchmark TMS320F28335 DSP the
atanPLL required 130 processor cycles, while dqPLL
required 400 cycles to run, which illustrates the
improvement introduced by atanPLL.
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The experimental setup comprises the signal generator
that produces  and  input PLL voltage components, with
the harmonic content typical of the voltage grid signals [22].
Namely, two test sets of the used PLL input signals are
defined in [22]:
Test case 1: Vh = 1.0/2h pu for odd harmonics h = −5,
+7,−11, +13, −17, +19, and Vh = 1.0/2h/4 for even
harmonics h = −2, 4,−8, 10,−14, 16,−20, with the total
harmonic distortion (THD) 16.0%;
Test case 2 for Vh = 1.0/2h pu for h = ±5,±7,±11,±13, with
THD 27.3 %.
Two different cases of input PLL contaminated with
higher harmonics are used in order to illustrate the
difference between dqPLL and atanPLL performances when
higher attenuation of harmonics and measurement noise is
required. Namely, improvements that the novel atanPLL
introduces when compared to conventional solutions can the
most be illustrated in these cases when reduced PLL
response speeds are required (for the higher level of noise
and higher harmonics filtration, for example). These
improvements are achieved because of the phase detection
in atanPLL operates linearly in the entire range, while
conventional solutions exhibit nonlinear phase detection for
large input signal phase angle and frequency variations.
In the following subsections the results of two
experimental tests, phase and frequency jumps, are
presented, for two different PLL LF parameter values
(designed for c = 64 rad/s and c = 114 rad/s), and for two
different PLL input signals – Test case 1 and Test case 2.
A. Phase jump test
In Fig. 7 the experimental results are presented for
atanPLL and dqPLL designed for different crossover
frequencies c = 64 rad/s and c = 114 rad/s, got for two
sets of PLL input signals that contain different higher
harmonics – Test case 1 and Test case 2. To illustrate the
improvements introduced by atanPLL when compared to
conventional solutions, for aforementioned test cases large
step changes equal to  are introduced. In this way, the
advantage that atanPLL (with linear phase detection in
whole operating range) has over conventional solutions
(which operate with nonlinear phase detection for large
phase angle variations) is emphasized.
After analysing the corresponding experimental results,
following conclusions can be made. Regarding the estimated
frequency est response times similar conclusions can be
made to those in subsection 4.1 – the atanPLL settling times
are faster (tst = 150 ms for c = 64 rad/s and tst = 80 ms for
c = 114 rad/s) compared to the dqPLL responses (tst = 190
ms for c = 64 rad/s and tst = 95 ms for c = 114 rad/s) –
which can be attributed to the fact that atanPLL operates
with the linear PD while dqPLL operates with the nonlinear
PD.
Regarding the sensitivity in relation to harmonics, when
analyzing the results in Fig. 7 (a) and (b) got for the Test
case 1 PLL inputs it can be concluded that both atanPLL and
dqPLL exhibit similar steady-state estimated frequency
variations, which could be expected since both have similar
disturbance attenuations. For the Test case 1, the est
variations for both atanPLL and dqPLL are  = 1.2 rad/s,
while in Fig. 7 (b) they are equal to  = 8 rad/s. This
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increase in  for the results in Fig. 7(b) when compared to
Fig. 7(a) is caused by the fact that Fig. 7(b) contains results
for PLLs designed for a smaller disturbance attenuation
value at 100 Hz Att@100Hz = -15 dB when compared to Fig.
10(a), which contains results got for PLLs designed for
Att@100Hz = -20 dB.
B. Frequency jump test
Similarly to experimental tests in subsection 5.1, in this
subsection the tests are performed in which large step
frequency jumps are introduced in the PLL input signals, to
emphasize advantages of the linear phase detection in
atanPLL when compared to nonlinear phase detection in
conventional PLL solutions.
The results presented in Fig. 8 are like those in Fig. 6
regarding the differences in the frequency jump responses
between atanPLL and dqPLL. Namely, for the high
frequency jump step  = 250 atanPLL exhibits response
times that correspond to the designed crossover frequencies
(c = 64 rad/s in Fig. 8 (a) and (c), and c = 114 rad/s in
Fig. 8 (b) and (d)), while dqPLL for the case of the slower
crossover frequency c = 64 rad/s exhibits a significant
decrease in the response times, caused by the nonlinear PD
in dqPLL.
The experimental results are summarized in the following
Table II, presented in Appendix A.
VI. CONCLUSION
In this paper, the novel phase-locked loop algorithm
atanPLL is proposed, based on the inverse tangent atan2
function phase detection. It is shown that atanPLL enables
linear phase detection, resulting in the linear PLL behaviour
in all operating conditions. This is contrary to the commonly
used PLL algorithms that behave nonlinearly because of the
nonlinear phase detection, especially for the large phase
angle and frequency jumps. In the paper, the linear
behaviour of atanPLL and the nonlinear behavior of dqPLL
are verified by simulation and experimental tests. It is
outlined that, contrary to dqPLL that can operate
consistently mainly for higher PLL crossover frequencies
(i.e., for the higher PLL response speeds), novel atanPLL
can operate in the whole range of the crossover frequencies,
and can, also, operate linearly for large phase angle and
frequency jumps. Consequently, atanPLL is more suitable in
applications that require lower PLL crossover frequencies,
for example, when higher filtration of noise, disturbance and
harmonics is required. Finally, when compared to existing
open-loop synchronization techniques that use atan function
for phase angle detection, the novel technique does not use
differentiation, which makes it more immune in relation to
measurement noise. When compared with the most similar
closed-loop solution [29], designated estimated frequency
prewarping function is proposed, while the additional
rotational transformations are omitted from the algorithm.
APPENDIX A
TABLE I. RISING AND SETTLING TIMES FOR SIMULATION TEST RESPONSES
atanPLL
dqPLL
atanPLL
dqPLL
Item
c
 =  rad  =  rad
 = 250
 = 250
rad/s
rad/s
64 rad/s
tst = 150 ms tst = 180 ms
tr = 33 ms
tr = 300 ms
144 rad/s
tst = 80 ms
tst = 100 ms
tr = 10 ms
tr = 10 ms
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TABLE II. ESTIMATED FREQUENCY VARIATIONS  AND RISING AND
SETTLING TIMES FOR EXPERIMENTAL TEST RESPONSES
dqPLL
atanPLL
Item
atanPLL
dqPLL
 = 250
 = 250
c
 =  rad  =  rad
rad/s
rad/s
tst = 190
tr = 300 ms
tr = 33 ms
tst=150 ms
ms
64 rad/s
 =1.2
 = 1.2
 = 1.2
Test case 1
 =1.2
rad/s
rad/s
rad/s
rad/s
t
=
80
ms
=
95
ms
=
10
ms
=
10 ms
t
t
t
144 rad/s
st
st
r
r
Test case 1
 = 8 rad/s
 = 8 rad/s
 = 8 rad/s
 = 8 rad/s
tst = 190
tst = 150
tr = 33 ms
tr = 300 ms
64 rad/s
ms
ms
Test case 2
 = 2 rad/s
 = 2 rad/s
 = 2 rad/s
 = 2 rad/s
tst = 95 ms
tr = 10 ms
tr = 10 ms
tst = 80 ms
144 rad/s
 = 10
 = 10
 = 10
 = 10
Test case 2
rad/s
rad/s
rad/s
rad/s
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