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Letters

A Truly NTD-Based PLL: Simple Approach of Double-Frequency
Oscillation Rejection

Mohd. Afroz Akhtar , Student Member, IEEE, and Suman Saha

Abstract—Nonfrequency-dependent transport delay phase-
locked loop (NTD-PLL) comprised of an additional transport-delay
(TD) unit in the Park transformation matrix (TM), supposedly
to improve the offset and double-frequency oscillatory errors
(DFOEs) during the frequency deviations. This modification in
the Park TM, however, does not eliminate the DFOEs from all the
estimation parameters of the utility grid. It is shown in this letter
that the issue can be completely alleviated from all the estimation
parameters of the grid just by adding another TD unit in the Park
TM of NTD-PLL. The effectiveness of the suggested approach is
verified through numerical and experimental results.

Index Terms—Linear time-periodic (LTP), phase-locked loop
(PLL), synchronization, transformation matrix (TM), transport
delay (TD).

I. INTRODUCTION

E STIMATION of the utility grid voltage parameters (i.e.,
phase, frequency, and amplitude) are crucial for synchro-

nization, control, monitoring, and protection of grid-connected
converters, which are often provided by using a phase-locked
loop (PLL) technique [1]. Large numbers of PLLs for single-
phase grid have been designed in recent years [2], [3]. A
challenging problem to design a single-phase PLL is generating
a fictitious quadrature signal, υβ , for its operation. From the
various state-of-the-art algorithms used to generate quadrature
signal viz-a-viz inverse Park transform [1], second-order gener-
alized integrator [4], all-pass filter [5], and quarter-cycle trans-
port delay (TD); the TD unit is a simple and popular approach
[2], [3]. The TD-based PLL utilizes fixed quarter-cycleTs/4TD,
where Ts is the time period of the fundamental component of the
nominal grid frequency [3]. It means that the phase difference be-
tween in-phase and fictitious quadrature-phase signals may not
be orthogonal (i.e., 90◦) under frequency deviations, thus lead-
ing to offset and double-frequency oscillatory errors (DFOEs)
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Fig. 1. Block diagram of basic NTD-PLL. υg is the grid voltage. The terms
V̂m, ω̂, and θ̂ are the estimated amplitude, angular frequency, and phase angle
of υg , respectively. ωn is the nominal frequency, and kp and ki are the control
parameters.

[1]–[3] in the estimated quantities. The nonfrequency-dependent
transport-delay-based PLL (NTD-PLL) [2], [3] which is the
focus of the letter, is a simple and popular approach to deal
with the challenge of TD-PLL. The NTD-PLL as shown in Fig. 1
introduces anotherTs/4delay in the transformation matrix (TM)
to indirectly generate cos(θ̂) from sin(θ̂) for the Park TM [1], [2].
The TD-based Park TM, RPT (θ̂) for the NTD-PLL is expressed
in (1), wherein

θ̂ = ∫ ω̂dt = ∫ (ωn +Δω̂) dt = ωn t+ ∫ Δω̂dt

RPT

(
θ̂
)

=

[− sin (ω̂ (t− Ts/4)) sin (ω̂t)
− sin (ω̂t) − sin (ω̂ (t− Ts/4))

]

=

⎡
⎣ cos

(
θ̂ −Δω̂ (Ts/4)

)
sin

(
θ̂
)

− sin
(
θ̂
)

cos
(
θ̂ −Δω̂ (Ts/4)

)
⎤
⎦

(1)

and ωn = 2π/Ts is the nominal grid frequency and Δω̂ is the
estimation of frequency deviation from its nominal value (both in
rad/s), respectively. It is shown in [2] that the NTD-PLL can cor-
rect the phase-offset problem of basic TD-PLL during frequency
jump, but it cannot solve the DFOEs in ω̂ and θ̂ estimation (see
Fig. 20 of [2]). In yet another modified NTD-PLL (mNTD-PLL)
[6], the TD-based Park TM is modified wherein the sin(θ̂) is
indirectly generated from cos(θ̂). The TM RmPT (θ̂) for the
mNTD-PLL [6] is expressed as
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Fig. 2. LTP model of NTD-PLL.

RmPT
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)
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)
− sin
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(
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⎤
⎦ . (2)

It is shown in [6] that compared to NTD-PLL, the mNTD-PLL
reduces the offset error as well as DFOEs in ω̂ and θ̂ estimation to
zero during frequency deviation. However, the V̂m of the mNTD-
PLL now suffers from DFOE under frequency drift. It is evident
from [1], [2], [6] that the response one or more grid parameters
estimated from NTD-PLL as well as mNTD-PLL are dependent
on the frequency deviation which remains a challenge in the
NTD-based PLL design.

In this letter, we are proposing a simple yet efficient NTD-PLL
design, which is capable of eliminating the DFOEs from all the
estimation parameters of the grid under the frequency deviation.
To this end, the dynamic response of NTD-PLL and mNTD-PLL
has been analyzed in a linear-time periodic (LTP) [7] framework.
A truly NTD-PLL, concisely called the tNTD-PLL structure is
proposed wherein the response of ω̂, θ̂, as well as V̂m estima-
tions obtained from proposed structure are not dependent on
frequency deviation. The suggested tNTD-PLL eliminates the
DFOEs from the estimation parameters by modifying the TM
while still inheriting the simplicity of the standard NTD-PLL,
which, to the best of the authors’ knowledge, has not been
explored before.

II. TRULY NONFREQUENCY-DEPENDENT TD-PLL (tNTD-PLL)

Figs. 2 and 3 show the LTP structures of NTD-PLL and
mNTD-PLL, respectively [6]. The propagation of the impact of
the DFO term (Δθg +Δθ̂)− (Δθdg +Δθ̂d) [6], mainly respon-
sible for the DFOEs in the estimated parameters of the grid is
also highlighted in Figs. 2 and 3. It is observed that the DFOE
term is added in the control loop of the NTD-PLL, i.e., υq , thus
leading to oscillatory error in θ̂ and ω̂. Further more, due to the
cross-coupling between amplitude and phase estimation loops in
the NTD-PLL, the amplitude estimation, V̂m obtained from υd

Fig. 3. LTP model of mNTD-PLL.

Fig. 4. Assessment of oscillations in V̂m of NTD-PLL in presence of a +3
Hz frequency jump.

Fig. 5. Block diagram of truly NTD-PLL (tNTD-PLL).

also exhibits oscillatory errors. This is also confirmed using the
numerical result as shown in Fig. 4, wherein a frequency jump of
+3 Hz is provided to the NTD-PLL and its LTP model. The LTP
model of NTD-PLL in Fig. 2 predicts the oscillatory behavior
in V̂m during frequency deviation but with some inaccuracies,
due to linearization of the trigonometric terms [7]. However,
the accuracy can further be increased when implementing the
υd as well as υq using the actual trigonometric terms [6]. It
is worth appreciating that, although the structure is referred
to as NTD-PLL, the V̂m, ω̂, and θ̂ estimations obtained from
NTD-PLL is still dependent on frequency deviation. On the other
hand, the control loop of mNTD-PLL is free from DFOEs [6],
but the V̂m suffers from DFOE due to the presence of the DFOE
term within the υd loop. Therefore, it is evident that the response
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of mNTD-PLL is also dependent on frequency deviation. The
elimination of the DFOE term from both the loops can be easily
achieved by utilizing υd and υq of NTD-PLL and mNTD-PLL,
respectively. To achieve this, the Park TM can be realized by
using the first and second rows of (1) and (2), respectively, as

RdPT

(
θ̂
)
=

⎡
⎣ cos

(
θ̂ −Δω̂ (Ts/4)

)
sin

(
θ̂
)

− sin
(
θ̂ −Δω̂ (Ts/4)

)
cos

(
θ̂
)
⎤
⎦ (3)

where RdPT in (3) is referred to as DFOE immune (DFI)
TD-based Park TM. This concept has been highlighted in Fig. 5
which results in the structure of tNTD-PLL. It is worth appreciat-
ing that under the frequency deviation, the first column elements
of (3), as well as the quadrature-phase signal, υβ obtained from
the TD unit exhibit the same nonorthogonality under frequency,
drift thus enabling elimination of DFOE from the V̂m estimation
in addition to elimination of DFOEs from ω̂ and θ̂ estimation.

A. LTP Modeling of tNTD-PLL

Let the in-phase signal, υα be expressed as

υα (t) = υg (t) = Vm cos (ωgt) = (Vn +ΔVm) cos (θg)
(4)

where υg is the grid voltage, and Vm and θg are the amplitude
and phase angle of grid voltage, respectively. The term θg is
defined as

θg = ∫ ωgdt = ∫ (ωn +Δωi) dt = θn +Δθg (5)

where ωg = ωn +Δωi is the grid frequency with Δωi being
frequency deviation from the nominal value (both in rad/s),
respectively. The terms Vn, ωn, and θn are the nominal voltage
amplitude, frequency, and phase of the utility grid, while ΔVm

and Δθg are the amplitude and phase perturbation in the grid
voltage waveform, respectively. The signal υβ (i.e., the delay

block output signal) under the frequency drift [2] is equal to

υβ (t) = (Vm (t− Ts/4)) cos (ωg (t− Ts/4))

= (Vn +ΔVm (t− Ts/4))

× cos (θn − π/2 + Δωi (t− Ts/4))

=
(
Vn +ΔV d

m

)
sin

(
θn +Δθdg

)
(6)

where Δ V d
m = ΔVm(t− Ts/4) and Δ θdg = Δθg(t− Ts/4).

Using θ̂ = θn +Δθ̂ and Δ θ̂d = Δθ̂(t− Ts/4) [7], the DFI
TD-based Park transformation of tNTD-PLL in (3) can be
rewritten as

[
υd (t)
υq (t)

]
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]
.

(7)
Using (4), (6) in (7), and solving for υd and υq gives (8)

and (9), respectively, shown at the bottom of this page. Under
the quasi-locked state, assuming Δθ̂ ≈ Δθg , Δθdg ≈ Δθ̂d, and

ΔVm ≈ ΔV̂m, and using trigonometric identities [7], (8) and (9)
yields a set of LTP equations (10) and (11), respectively, shown
at the bottom of this page. Using (10) and (11), the LTP model
of the tNTD-PLL can be obtained as shown in Fig. 6. Based on
the LTP model of tNTD-PLL, the following observations can be
made.

1) Compared to NTD-PLL and mNTD-PLL, the DFOE term
is neither coupled with υq nor with υd in tNTD-PLL.
Therefore, the ω̂, θ̂, as well as V̂m estimated from the
tNTD-PLL structure will also be free from DFOEs and
offset-errors during the grid frequency deviations. Since
the responses of V̂m, ω̂, and θ̂ estimation is not dependent
on grid frequency deviation; therefore, the structure is
referred to as a tNTD-PLL.

2) The expression of υq of tNTD-PLL, as well as mNTD-
PLL, is still the same. Thus, tNTD-PLL preserves the loop
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Fig. 6. LTP model of tNTD-PLL.

TABLE I
COMPUTATIONAL LOAD IN NTD-BASED PLLS AND THEIR PERFORMANCE

COMPARISON: SAMPLING FREQUENCY = 10 kHz

DFOR= Double-frequency oscillation rejection.

structure of mNTD-PLL as well as NTD-PLL and there-
fore, the existing tuning methodologies of NTD-PLL [2],
[8] can be utilized for tuning the parameters of tNTD-PLL.
Thus, using [2], the values for tNTD-PLL are obtained as
kp = 166 and ki = 11371.

3) To highlight the significance of the proposed scheme,
Table I summarizes the computational load of NTD-PLLs,
i.e., the number of operations required for the quadrature
signal generation and TM. Compared to NTD-PLL and
mNTD-PLL, the tNTD-PLL exhibits only one additional
fixed Ts/4 TD and trigonometric function.

B. Numerical Model Verification and Performance
Comparison

The accuracy of the tNTD-PLL as well as its derived LTP
models are evaluated under different grid disturbances through
numerical studies in the MATLAB/Simulink. To that end, the
procedure illustrated in [6] and [7] is utilized. Different grid
disturbances like phase, frequency, and amplitude variations are
applied to the LTP model of tNTD-PLL. The response of tNTD-
PLL is finally compared with the prediction of its model. In the
simulation study, the nominal grid amplitude and frequency of
the grid and sampling frequency were taken as Vn= 325.27 V
( = 1.0 p.u), 50 Hz, and 10 kHz, respectively. Fig. 7 illustrates
the numerical results. The following key observations can be
made.

1) The LTP model of tNTD-PLL accurately predicts the
dynamics of estimation parameters, i.e., V̂m, ω̂, and θ̂
under phase, frequency, as well as amplitude variations.

2) It is worth appreciating from Fig. 7(d) that the estimation
of grid parameters from suggested tNTD-PLL is free from
DFOEs during the frequency deviation.

3) Due to the same loop structure of tNTD-PLL and NTD-
PLL, the tNTD-PLL also suffers from the distorted re-
sponse during dc offset and harmonic disturbances, similar
to the NTD-PLL [2], [8], [9].

4) The derived LTP model neglects the presence of dc offset
and harmonic disturbances in the grid. Therefore, the LTP
model does not predict the oscillatory response in the
estimations of V̂m, ω̂, and θ̂ during dc offset and harmonic
disturbances.

III. PERFORMANCE EVALUATION

The performance of the tNTD-PLL is evaluated and
compared with the NTD-PLL [2], mNTD-PLL [6], and
frequency-fixed second-order generalized integrator-based PLL
(FFSOGI-PLL) [4], [10] through extensive experimental stud-
ies using the dSPACE DS1104 hardware [4], [6], [8]. The
control parameters of the NTD-PLL, as well as mNTD-
PLL, are set as kp = 166 and ki = 11371 since the stud-
ied NTD-based PLLs exhibits the same loop structure [2],
[6], whereas the parameters of FFSOGI-PLL are set as kp
= 137.50 and ki = 7878 [4], [10]. Fig. 8 shows the ex-
perimental results of parameters estimation obtained using
the explored PLLs under different grid disturbances. Throughout
the result plots, each column represents different grid distur-
bances while the first row of the subplots show amplitude
estimation, V̂m in (V), second row gives frequency estimation,
f̂ = ω̂/2π in (Hz) while third row corresponds to phase error
estimations, Δθ = θg − θ̂ in (◦), respectively. Fig. 8(a) shows
the result during the start-up of the PLLs. Except for tNTD-PLL
and mNTD-PLL, the FFSOGI-PLL and NTD-PLL show poor
estimation responses during the starting of the PLLs operation.
All the PLLs shows bounded responses in the estimation of V̂m,
ω̂, and θ̂ during phase jump and amplitude disturbances as shown
in Fig. 8(b) and (c), respectively.

Fig. 8(d) shows that during frequency jump, the FFSOGI-PLL
shows DFOEs in V̂m, ω̂, and θ̂, along with offset error in θ̂.
The NTD-PLL do not have offset error issues, but, it exhibits
DFOEs in ω̂ and θ̂. Moreover, due to cross-coupling between
amplitude and phase estimation loops as discussed in Section II,
the NTD-PLL also exhibits oscillations in V̂m. Although the
ω̂ and θ̂ estimated from mNTD-PLL are free from DFOEs
and offset errors, but V̂m suffers from a DFOE [6]. However,
contrary to NTD-PLL, mNTD-PLL, and FFSOGI-PLL which
suffers from a combination of offset error and DFOEs in one
or more estimation parameters during the frequency deviation,
the estimated parameters viz-a-viz V̂m, ω̂, and θ̂ obtained from
tNTD-PLL are free from such errors and shows a better transient
and steady-state response. Fig. 8(e) shows the performance of
the PLLs when the grid is restored to nominal condition. Thus,
the results shown in Fig. 8 highlight the promising performance
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Fig. 7. Numerical model verification under (a) 10◦ Phase jump, (b) 0.2 p.u. Sag, (c) nominal amplitude restored, (d)+2 Hz frequency jump, (e) nominal frequency
restored, (f) 0.05 p.u. fifth harmonic, and (g) 0.02 p.u. dc offset.

Fig. 8. Experimental results of the performance of PLLs. (a) During the start. (b) 10◦ phase jump. (c) 0.1 p.u. Sag and 0.1 p.u. swell. (d) −3 Hz frequency jump.
(e) Nominal grid restored.
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of the proposed tNTD-PLL over NTD-PLL, mNTD-PLL, and
FFSOGI-PLL under the studied disturbances.

IV. CONCLUSION

In this letter, it has been shown that the dynamic response
of standard NTD-PLL under the frequency deviation can be
improved by including an additional TD unit and trigonometric
function in Park TM, the structure of which was named tNTD-
PLL. The LTP model of the tNTD-PLL was obtained to verify
the stability of the proposed technique. The effectiveness of the
suggested strategy was finally confirmed using the numerical
and experimental results.
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