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A Systematic Approach to Design Amplitude
Estimators for NTD-PLL: Performance Improvement
Under Abnormal Grid Disturbances
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Abstract—Nonfrequency-dependent transport delay-phase-
locked loop (NTD-PLL) is one of the simple grid synchronization
approaches that aims to improve the phase and frequency
estimation under frequency deviation. However, its amplitude
estimation still exhibits double-frequency oscillations that are
larger in magnitude as compared to the conventional transport
delay (TD)-PLL counterpart. To overcome this challenge, two
systematic approaches to design amplitude estimators (AEs) for
NTD-PLL are presented in this article. One approach includes
eliminating double-frequency oscillation error present in dg-frame
component v 4, whereas another uses Pythagorean trigonometric
identity in o 3-frame for accurate amplitude estimation. Due to the
general form of AE proposed in a3-frame, it can be easily applied
in the design of other TD-based PLLs. The design aspects of these
methods are discussed in detail, and the efficacy of the proposed
structures is finally evaluated through numerical and experimental
results. Some methods to enhance the performance of the AEs are
explored and analyzed. This article provides useful insight to the
designers regarding the advantages and disadvantages associated
with the proposed AEs for their specific applications.

Index Terms—Amplitude estimation, phase-locked loop (PLL),
Pythagorean trigonometric identity (PTI), synchronization,
transport-delay.

I. INTRODUCTION

RANSPORT delay based quadrature signal generator (TD-
QSG), when configured as a TD-phase-locked loop (TD-
PLL), as shown in Fig. 1, has been a widely used technique
for synchronization of grid-connected inverters (GCIs) with
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Fig. 1. Basic structure of the TD-PLL.

the utility grid [1], [2], [3]. The TD-QSG utilizes fixed T;/4
transport delay for creating a fictitious quadrature signal from
a single input signal [4], [5], [6], where T is the time period
of the fundamental component of the nominal grid frequency.
It, however, suffers from offset errors and double-frequency os-
cillatory errors (DFOES5s) in the estimated quantities, i.e., phase,
frequency, and amplitude of the grid under frequency deviation
(71, [81, [9].

To overcome these issues, various state-of-the-art TD-PLLs
have been proposed recently [1]. Among those, the enhanced
TD-PLL (ETD-PLL) employs cascaded delayed signal cancel-
lation (DSC) units to improve the harmonic filtering capability of
TD-PLL [4]. However, it involves more TD units, mathematical
operations as well as a phase compensator unit. Moreover,
it is effective only when the frequency variations are small.
An adaptive TD-PLL (ATD-PLL) is proposed in [10], which
accurately generates the fictitious orthogonal signal under the
frequency-varying environment using a fixed-length TD unit.
Another technique called variable-length TD-PLL (VTD-PLL)
is also suggested in [11] and [12] by adjusting the length of
TD according to the grid frequency. However, these strategy
demands a high computational effort [13] and the time-varying
delay unit makes the small-signal modeling and the stability
analysis rather difficult [12]. Introducing another Ts/4 delay
in the transformation matrix (TM) to remove the offset errors
in phase and frequency estimation during frequency drifts is
proposed in [1], [4], and [14], the structure of which is called
the nonfrequency-dependent TD-PLL (NTD-PLL). However,
NTD-PLL only corrects the phase offset problem of basic TD-
PLL during frequency jump, but cannot solve the DFOEs (refer
to [4, Fig. 20] and [10, Fig. 11]). To mitigate this issue, cascading
moving average filter and phase-lead compensator within the
NTD-PLL loop is proposed in [14], though it increases the
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Fig. 2. Basic structure of the NTD-PLL. v is the grid voltage. Terms Vins

@, and 0 are the estimated amplitude, angular frequency, and phase angle of v,
respectively. k;, and k; are the control parameters.

order of the PLL structure, which rather complicates the design
procedure. However, just by modifying the TM of NTD-PLL
[15], [16], [17], the structure of which is shown in Fig. 2, elim-
inates the DFOEs present in phase and frequency estimations
as well as the phase offset errors while inheriting the simplicity
of the NTD-PLL, i.e., without changing the open-loop transfer
function of the NTD-PLL. However, it will be discussed briefly
in Sections II and III that it is susceptible to a larger magnitude
of double-frequency oscillation in the amplitude estimation as
compared to the TD-PLL during the frequency variations (refer
to [17, Figs. 6(d) and 13(d)]).

In light of the above issues, an improved estimation of the
amplitude of grid voltage using NTD-PLL under the frequency
deviation is thus necessary. This article contributes to that by
proposing two different double-frequency immune estimator
(DFI-AE) strategies together with their detailed design pro-
cedures. The proposed strategies are capable of eliminating
the DFOEs and enabling accurate estimation of grid voltage
amplitude. One of the suggested DFI-AE strategies has a general
form, therefore, it can also be applied to other TD-based PLLs
with fixed-length TD units for amplitude estimation. In addition
to this analysis, exploring some techniques and design guidelines
to enhance the grid disturbance rejection capabilities of AEs is
another aim of this article. The efficacies of the suggested AEs
are finally validated against well-known PLLs using numerical
and experimental results.

II. NTD-PLL AND DFOES IN AMPLITUDE ESTIMATION

In this section, a brief overview of NTD-PLL is presented.
Also, the linear time-invariant (LTI) and linear time periodic
(LTP) frameworks [18] are briefly discussed to highlight the
advantages and disadvantages of the NTD-PLL. Let us assume
the TD-QSG signal v, (¢) as an undistorted grid voltage vy (t)

Vo () = v, (t) = Vi cos (wgt — @) =V, cos(0,) (1)

where V., 0y = [wydt = wyt + [ Aw,dt, and ¢ are the am-
plitude, phase angle, and initial phase angle of the grid volt-
age, respectively. The angular grid frequency wy = w, + Awy,
where w,, = 27 /T is the nominal angular grid frequency and
Awy is the angular grid frequency deviation from its nominal
value. Delaying (1) by T/4 delay as discussed in [8] and [15]
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Fig. 3. LTI model of NTD-PLL.

gives quadrature signal vg(t), expressed as
Vg (t) = Vo (t = Ts/4) = Vi, sin (0 — AwgTs/4) . (2)

It is clear from (2) that v, and vg are orthogonal only for
Awgy = 0. From Fig. 2, the Park transformation (PT) matrix for
NTD-PLL can be expressed as

cos(0)

) sin(f — AB(T, /4))
Ron(6)= [ sin (6- 23 (1./1)) ]

cos ()

where 0 = [Qdt = w,t + [ ADdt and & = w,, + AG. The
term A denotes estimation of frequency deviation from w,, . Us-

ing (1-(3) in [va(t) vg(t)]" = Rpr (O)[va(t) vs(t)]" and
solving for v, (t) signal gives

Ug(t) = (Vin/2) [Sin (eg 0+ AG(T, /4))

—sin(By+0— AD(T, /4)) +sin(0,40 — Aw, (T, /4))

D(t)

+ sin(fy—Awgy (Ts/4) — OA)} . 4)

Under a quasi-locked state, i.e., Al ~ Aw,, the double-
frequency oscillatory term D(t) ~ 0. Thus, (4) is rewritten as

Vg (8) ~ (Vin/2) [Aag — (A0 — AG(Ty/4))
+ (A0, — Aw, (T,/4)) — Aé} (5)

where A, = [Aw,dt = Awyt and A= [ADdt =
Awt. Applying the Laplace second shifting theorem [4], [7]
to (5) yields

g (8) = Vi (1 + e=5(T/9) /2) [Aeg (s) — Ad (s)} )

dgDSCy(s)

The dgDSCy(s) is a dg-frame delayed signal cancellation
(dgDSC) operator with a delay factor of “4” [15]. From (6),
the small-signal model (SSM) or LTI model of the suggested
NTD-PLL is exemplified in Fig. 3. Thus, an open-loop transfer
function Gy (s) of NTD-PLL is expressed as

Goi (s) = (1L + e T/D)/2)(ky + (ki/5)) (Vin/5) . (D)

Contrary to NTD-PLL in [4] and [10], it is interesting to note
from (6) and Fig. 3 that, even during Aw, # 0 , the frequency
@ and phase estimation 6 from the suggested NTD-PLL are free
from offset errors and DFOEs (.- D(s) = 0). The LTP model
of the NTD-PLL is shown in Fig. 4 to assess the behavior of
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Fig. 4.

LTP model of NTD-PLL [19].

the amplitude estimation IA/m. For the detailed LTP modeling
approach and steps, the work in [15] and [ 18] can be referred. The
additional oscillatory term, i.e., (Af, + Af) — (A0 + AG?)
[15], [19] in Fig. 4, which is responsible for the DFOEs, is
only coupled with v4. Consequently, only V,, estimation suffers
from DFOESs, whereas & and 0 estimation are free from DFOEs
during frequency jump. Therefore, a detailed analysis of the
dynamic behavior of V, is carried out in Sections III and IV
to make the NTD-PLL structure a suitable choice for control,
monitoring, and protection application in GCI under frequency
deviations.

III. AES DESIGN FOR NTD-PLL
A. First Design Approach Using dq-Frame Component vgq

The structure of NTD-PLL in Fig. 2 is considered. The DFOEs
in all single-phase QSG-based PLLs are attributed either due to
nonorthogonality or due to the different amplitude of funda-
mental components, i.e., « and J axes signal. It is well known
that o and (3 axes signal of TD-based QSG always exhibits
nonorthogonality under off-nominal frequencies. Therefore, the
DFOEs can be removed by correcting the nonorthogonal im-
pact on amplitude estimation. The dg-frame component v, can
mathematically explain the phenomenon of increased DFOEs
in NTD-PLL amplitude estimation during frequency variations.
Using (1)-(3) in [va(t) vy(H)]" = Rer (0) [va(t) vs(t)]"
and solving for v4(t) gives

NTD) gy () = (Vin/2) [cos (99 - é) + cos (99 + é)
+ cos (9g — Aw, (T, /4) — 0+ AG (T, /4))

—cos (eg—Awg (T,/4)+0—AG (T, /4))} .
3
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Under a quasi-locked state [4], 0~ 04, AW =~ Awyg, (8) can
be approximated as

~1

—
(NTD)’Ud (t) = Vin/2 | cos (ABQ — Aé) + cos (Qé)

~1

+ cos (Aeg — Aw, (Tu/4) — MG+ AG (T, /4))
—cos (Qé —2AG (T, /4)) . )

Applying product-to-sum trigonometric identity to (9) yields

(NTD) . (£) & Vi [1 — sin (8,) sin(20 — 50)} (10)

oscillatory disturbance

where 6, = A®(T,/4). Using the same process and assump-
tions, the amplitude estimation (™ v4(#) obtained from TD-PLL
can also be derived as

(M) () & Vi [1 — sin (8,/2) sin (2é - 50/2)} GEY

For a small §,, the sine function in (10) and (11) can be
approximated as [10]

(NTD) 4y (£) & Vi (1 — 8, 5in(20 — 6,))

()14 () & Vi (1 — (64/2) sin(20 — 6,/2)). (12)

From (12), it is evident that for the same AW # 0, the
magnitude of DFOEs in "™y, is twice that of the (T)yy.
The accuracy of (10) and (11) to predict the double-frequency
oscillatory behavior in amplitude estimation is evaluated under
phase and frequency jump, the results of which are shown in
Fig. 5. It can be observed that the derived expressions properly
predict their amplitude estimation behavior. By dividing the
oscillatory disturbance term (shown in bold) onto both sides
of (10), an efficient amplitude estimation can be obtained for
NTD-PLL as

(NTD) vy (t)

1 — sin (AT, /4) sin(20 — AGT, /4)

DFI) Y
’E}d ) Vm ~

13)

where 5}3”) V; denotes the double-frequency immune ampli-

tude estimation using d-axis component N™)¢,;. The estimation
structure is referred to as the DFI-AE;, concisely called AE;.
The subscript 1 is used to discriminate it from the second
strategy, which will be investigated and designed in the following
section. The proposed AE; is shown in Fig. 6(a).

B. Second Design Approach Using Pythagorean
Trigonometric Identity (PTI) in o3-Frame

The TD-QSG of NTD-PLL in Fig. 2 is considered for de-
veloping another amplitude estimation strategy using PTI, i.e.,
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Fig. 5. Accuracy assessment of the amplitude estimation model. Parameters:

Vin= 230/2 V, w,, = 2750, phase jump = +10° and frequency jump =
+3 Hzatt = 0.1 and 0.16 s, respectively. Control parameters: k,= 325 and
k;= 24 674 for TD-PLL and kp,= 166 and k;= 11 371 for NTD-PLL. (a)
TD-PLL. (b) NTD-PLL.

cos?0 + sin®0 = 1in aB-frame. Using (1) and (2) with Aw, =
0, the expression v (t) + v3(t) yields

V2 (t) + Ug (t) = V.2 cos?® (wyt) + V2sin? (wyt) = V2

(14)
Using (14), the amplitude can thus be estimated as
P11V = /U2 () + 03 (¢) (15)

where pHVm denotes the amplitude estimation using the PTI
approach. However, for Aw, # 0, v () 4 v3(t) yields

V3 (t) + 05 (t) = V2 cos® (wgt) + Viosin® (wet — 6;) (16)

m

while §; = Aw,T;/4. Using double-angle formulae in (16)
gives

02 (t)—i—v% H=v2 1+cos2(2wgt)+1—cos (Z;Ugt—%i)
a7

Applying product-to-sum trigonometric identity in (17) yields

v (t) +vf (t) =V, [1—sin (6;) sin (2wgt — 6;)]. (18)

double—frequency oscillations

It is worth noticing that for Aw, # 0 the nonorthogonality
between v, and vg results in DFOEs. The perfect elimination
of the aforementioned undesired DFOEs present in (18) can be
easily achieved for an efficient amplitude estimation as

(DFD) 77 _ v (t) + 3 (t)
PIL T\ 1 — sin (Aw, T /4) sin (2wt — AwyTs/4)
19)
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where S%IFI) Vi denotes the DFI amplitude estimation using the

PTI approach. It can be observed that no approximation is made
in ST)IF‘) Vi as compared to ngFI) V,, in (13). Furthermore, since
the 6 ~ 04, AL ~ Aw,g, under quasi-locked state of NTD-PLL,
the A% and 6 can be used for realizing (19). This amplitude
estimation structure is referred to as DFI-AE,, briefly called
AEs. The structure of the proposed AEs is shown in Fig. 6(b). It
is worth appreciating from Fig. 6(b) (15) (19) that AE, requires
a set of quadrature signals from the TD-QSG in afS-frame and
output signals from the PLL for accurately estimating the grid
voltage amplitude under frequency variations. Therefore, AE,
can be regarded as a generalized structure and can be used with
other advanced TD-based PLLs.

C. Equivalence of ™) vg and Amplitude Estimated
by PTI Unit

Using (18) in (15), expanding it using Newton’s generalized
binomial theorem and neglecting second and higher order terms
[20] yield

Vi (1 = 0.5sin (8) sin (2wyt — 6))
Vi (1 = sin (6/2) sin (2wt — 8))

PTIVm ~

(20)

Q

or equivalently, priV;, = (™) v, It implies from (20) that the
amplitude estimated using the PTI strategy is approximately
equivalent to the (™) vy obtained from TD-PLL.

IV. ENHANCEMENT OF AE STRUCTURES

Although the proposed AE; and AE; eliminate the DFOEs
from the amplitude estimation, it suffers from the following
practical shortcomings.

1) Inability to provide a better estimate of the amplitude

under harmonically distorted or noisy grid voltage signal.

2) It is now clear from (13) and (19) that a division operator

is required for error-free estimation of the amplitude thus
imposing real-time implementation complexity.

To overcome both issues, the AE structures are modified by
using a low-pass filter (LPF) and a designer may avoid the
division operator from the AE; and AEs structures [21]. To that
end, the expression of AE; in (10) can be rewritten as

(NTD) 1 (#) = Vi — Vi sin (8,) sin <2é - 50) .Q

The first term on the right-hand side of (21) is the dc com-
ponent V,,,, which is the actual amplitude of the grid voltage,
whereas the amplitude of double-frequency components de-
pends on two terms. V;,, and sin(d, ). Adding, double-frequency
signal with the same amplitude into N™)4(¢) signal is sug-
gested in this article for the complete cancellation of undesired
double-frequency components and obtaining an error-free esti-
mation of the fundamental amplitude. Therefore, a first-order
LPF, with a cutoff frequency w,, may be considered in the
proposed AEs as shown in Fig. 7.
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Fig. 7. Structure of eAEs for NTD-PLL. (a) DFI-eAE; utilizing v4. (b) DFI-eAE5 utilizing PTIL.
A. AEs With LPF for Improved Filtering Capabilities expressed in the Laplace domain in (26) as
From Fig. 7(a) and (21), the amplitude estimation V},, can be ) Wp [ 2 2
s) = x 0 |vs (t) +vg (t
expressed in the Laplace domain as m () s+ wp o (8) 5 (1)
Vi (5) = _‘:p s ([NTP)yy, (1) +V2 (t)sin (2é - (50) sin ((50)} . (26)
5+ wp

+ Vi (t) sin(20 — 6,) sin (6,)] (22)

where ¢ denotes the Laplace operator and LPF (s)
wp/(s 4+ wp) . Multiplying both sides of (22) by (s + wy),
transforming into the time domain, and rearranging them, gives

Vi (£) = wy(sin(20 — 6,) sin(8,) — 1)V (£)

+ w, NPy (1) . (23)

Substituting (21) into (23) yields
Vo (£) =, (sin(20—6,) sin(8,) — 1) x { Vi (t) — Vi } -
(24)

Considering the procedure presented in [21], where the two

inputs and two outputs system is analyzed, a similar analysis

may be carried out with single-input and single-output system.

Assuming w = @ and input [V/,,] as a step function, a general

time-domain expression for V;,,(t) can be obtained as

Vi (t) = Vin + Hy (wyt) e r? (25)

2 w2)0.5

where wy = (w b and Hq(wyt) being the oscillatory
term. Note that the detailed solution of (24) is not shown in the
article to keep the discussion concise and clear. The designer
may overlook the term H;(w;t) as this fluctuating term will
eventually decay to zero yielding an insignificant impact on the
stability of the current proposal.

The aforementioned approach is also applied to the AE; for

enhancing its performance. Using (18) and Fig. 7(b), V.2 can be

Assuming w = @ and input [V,2] as a step function, the
expression for V,2 (¢) can be obtained as

V2 (t)=V2 + Hy(wst)e “»! 27)

where Hj(w;t) is the oscillatory term. Taking square root on
both sides, expanding (27) using Newton’s binomial theorem
and neglecting second and higher order terms [20] yields

Vi () 2V, + (1/2) Ha (wyt) e 7"

It is clear from (25) and (28) that the fluctuating terms
H,(wyst) and Hy(wyt) decay to zero with a time constant of
1/w, and thereby enabling V,,,(t) converge to V,,, for accurate
amplitude estimation. The effects are clearly illustrated in Fig. 8
corresponding to the structures as shown in Fig. 7. Among three
different values of w,,, w,= 500 rad/s enables the suggested
AEs to achieve steady-state value within one fundamental cycle.
As expected, the proposed method removes the DFOEs from
the amplitude estimation, eliminates the use of the division
operator, and capable of attaining better filtering capabilities.
The structures are referred to as enhanced AE;, briefly called
eAE; [see Fig. 7(a)], and enhanced AE,, briefly called eAE;
[see Fig. 7(b)].

(28)

B. Approximated Implementation of AEs

Asobserved in Figs. 6 and 7, the complexity of computing two
additional trigonometric functions should further be eased when
low-cost implementation is a prime requirement. According to
IEEE Standard 1159-2019 [22], the range of grid frequency
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variation is 50 + 0.10 Hz. However, for an exaggerated fre-
quency deviation of 50 + 5 Hz, i.e., Al = +275 rad/s, the term
AWTs/4 = +£7/20 rad. For small phase angle AwTy/4, the
trigonometric functions can be approximated by either of the
following.

1) Method 1: Taylor’s series expansion (neglecting third and

higher terms).

2) Method 2: Small-angle approximation as presented in

Table I.

This selection involves a tradeoff between the accuracy,
range of maximum frequency deviation, and the computational
burden for its optimized implementation. Fig. 9 compares the
two approximations with the actual sine function, whereas the
percentage error in approximating the sine function under a
specified range is presented in Table I. Taylor’s series expansion
is more accurate but demands more computation, whereas the
small-angle approximation exhibits the least computation with
satisfactory accuracy. Furthermore, the comparison of the ap-
proximations with the original structure under the exaggeratedly
large frequency jump (+5 Hz) is also shown in Fig. 10. The

imated structures of DFI-AEs under large (45 Hz) frequency jump.

low-cost structure using method 2 shows very small (< 0.02%)
double-frequency oscillations as compared to the actual struc-
ture. In practice, the deviation will be much smaller, which
further results in insignificant oscillations. Thus, the small-angle
approximation is selected. The approximated structures of AEs
are shown in Fig. 11. An in-depth complexity analysis in terms
of execution time, and the number of operations required has
been performed. The results are presented in Table II, where the
best performances are highlighted in bold font. The proposed
approximated AEs, thus allow for straightforwardly applying
the NTD-PLL in a real-time practical application within the em-
bedded microcontroller of the GCI without requiring additional
computational power.

V. DESIGN CONSIDERATIONS AND NUMERICAL RESULTS

The SSMs of NTD-PLL with suggested AEs in Figs. 6 and 7
are the same as shown in Fig. 3 since the output of the AEs is not
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TABLE II
COMPLEXITY AND PERFORMANCE COMPARISON OF THE PROPOSED AES FOR NTD-PLL
#Complexity Comparison Disturbance Rejection Capabilities in amplitude estimation
NTD-PLLs Operations . :
E.xecutlon + Dynamic DFDRC HRC NRC
T x . \/(,) +/ time (us) | Response

AE, 2 5 1 0 3 6.80 ! Medium Good Low Low
AE, (approx.) 1 5 1 0 3 6.05 E Medium Good Low Low
AE, 2 5 1 1 3 7.55 ¢ Medium Good Low Low
AE; (approx.) 1 5 1 1 3 6.58 i Medium Good Low Low
eAE, 2 7 0 0 6 11.30 : Good Medium Good Good
eAE, (approx.) 1 7 0 (1} 6 9.60 ' Good Medium Good Good
eAE, 2 7 0 1 6 12.35 : Good Medium Good Good
¢AE, (approx.) 1 7 [1) 1 6 12.20 ' Good Medium Good Good

T = Trigonometric functions. *AE; and eAE, include v,, whereas AE, and eAE, include

V2 + vé computation. All eAEs include LPF implementation.

DFDRC: Double-frequency disturbance rejection capabilities, HRC: Harmonic rejection capabilities, NRC: Noise rejection capabilities.

fed back to the control loop of the NTD-PLL. Thus, the AEs are
not disturbing the loop structure of the NTD-PLL as expressed
in (7). Therefore, the NTD-PLL control parameters can be
fine-tuned using the existing methodologies like the symmetrical
optimum (SO) [4], [7] or linear quadratic regulator (LQR) [17]
method. Though, both the methods are well suited for the tuning
of the control parameters, the LQR [17] is chosen over the SO
method since the LQR approach analytically optimizes the con-
trol parameter without approximating the time-delay function of
NTD-PLL, thereby achieving reduced control effort and better
stability against disturbances. The LQR problem aimed to find
the control input u(t), t € [0, oo) that makes the following
quadratic criterion J as small as possible [23], [24]:

J = /0 N (" () Qz (t) +u” (t)Ru(t))dt (29

where @ (>0)= Q7 and R (>0) = RT are a positive
semidefinite and positive-definite weighting matrix, respec-
tively, that penalizes the deviation of x(¢) and u(t) from the
equilibrium. For a linear process with time delay L, the optimal
control solution u(t) in (29) is defined [24] as
0 —R’lBTPe(A’BRflBTP)teA(L’t)x(t), 0<t<L
u (t)= -
_R1BTpe(A-BR'BTP)L,, t),t>1L
(30)

where P > 0 in (30) is a positive definite solution to algebraic
Riccati equation [23], [24] given in (31) as

PA+ATP - PBR'BTP+Q = 0. (31)
The PI controller for NTD-PLL is expressed as
T
w () = [k k) { / e(t)dt e (t)}
= [k kp) [x1(t) 2o (8)]F (32)

The proportional and integral gains &, and k; can be deter-
mined by solving w(¢) in (30) and comparing with (32). An
appropriate selection of () and R weighting matrixes, that effects
system performance and system input is required for solving
(30). For simplicity, the element of () matrix can be selected
by appropriately choosing the value of ¢ and w,, [24]. When
using ¢ and w,, for choosing () matrix, J in (29) becomes
J o« R. This indicates that R is not contributing toward the
design of the controller when tuning the NTD-PLL parameters.
Therefore, we can always choose R = 1 (modified as scalar
quantity), provided £ and w,, is used for () matrix [23]. Here, £ =
0.3241, (Ts/4) w, = 0.28 rad/s are chosen without sacrificing
the stability of the system [17]. The nominal grid frequency is
kept fixed and set as 50 Hz, i.e., w,, = 2750 rad/s, thus, T =
0.02 s. The selected values of £ and w,, results in &, = 159 and
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Fig. 12.  Open-loop Bode plot of NTD-PLL with the proposed tuning param-
eters under sags and swells.

TABLE III
EMULATED GRID DISTURBANCES

Grid parameters Symbols Magnitude Unit
Nominal grid voltage Il;i ’ 322102’7 :// E;Z;S]z’)
Nominal grid frequency f 50 Hz
Sampling frequency fs 10 kHz
Phase jump 10°
Sag 20 %
Frequency jump +5 Hz
Swell 10 %
DC-offset 2 %
Noise (SNR) 17 dB

Harmonics” |Vs|=6 %, |V;]=5 %, |V11|=3.5%, |V13]=3%

# Maximum allowed values according to IEC standards (see [25] Table V).

k;=11 360. For detailed design guidelines for tuning NTD-PLL
using LQR, the work in [17] may be referred.

Fig. 12 shows the open-loop Bode plot of the NTD-PLL with
AE using selected values of k,, and k;. It can be observed that
the phase margin (PM) of the NTD-PLL with AE is ~ 43°. The
tuning process assumes fixed grid voltage amplitude V,;,. The
stability analysis of the NTD-PLL with AE is also evaluated
under voltage sag and swell as shown in Fig. 12 for different
values of V,,,. It can be observed that the PM is between 29°
to 43° , which is within the range of PM for the stability of
the control system [4]. The selection of cutoff frequency, w,, for
eAEs, however, involves tradeoffs between speed of response,
overshoot and filtering capability. Here, w,= 500 rad/s is se-
lected for satisfactory dynamic response and filtering capability.

Performance comparisons of NTD-PLL with AEs and eAEs
were carried out through numerical studies under different grid
disturbances. The parameters for numerical analysis are sum-
marized in Table III. Fig. 13 shows the numerical results and
Table II summarizes the disturbance rejection capabilities of
the AEs.

A. Performance Under Grid Disturbances

Fig. 13(a) and (d) shows the performance under phase and fre-
quency jump, respectively. The eAEs provide a better dynamic
response than the AEs. The eAEs have 2% settling time, which
is around one and a half cycles, whereas for AEs, itis around two
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cycles of the nominal frequency. The eAEs also offer a rather
considerable decrease in the overshoot.

Fig. 13(b) illustrates the simulation results under the harmonic
disturbances. It can be observed that both the AEs suffer from
weak performance during distortion grid conditions. However,
the eAEs show better harmonic rejection capability than the AEs.
Fig. 13(c) shows the results when the input signal of NTD-PLL is
contaminated with a zero-mean white Gaussian noise [10], [21].
It is observed that proposed eAEs have a better noise rejection
capability compared to AEs due to the inclusion of LPF within
the structure of eAEs.

B. Ride-Through Capability

The ride-through capability is another vital function for grid-
connected power conditioning systems [26], [27], for which the
implemented PLL needs to be synchronized with the grid voltage
under severe voltage sag or swell. Voltage sag or swell is transi-
tory [22], mainly caused by switching of large loads, energizing
of transformers, and the connection of large induction motors.
These are the most common power quality disturbances in the
grid. The analysis of the proposed AE strategies in Sections III
and I'V assumes constant grid voltage amplitude. The efficacy of
the proposed AEs is thus evaluated under a voltage sag of 0.8 p.u.
and a swell of 0.5 p.u. during 0.02 and 0.06 s, respectively, as
shown in Fig. 14. All the AEs are unaffected by severe grid
voltage amplitude variations since fast estimation (within half
to one cycle of the fundamental frequency) of the input voltage
is achieved from the proposed AEs. It can be observed from
Figs. 13 and 14 that compared to AEs, the eAEs exhibit better
dynamic response and DRC under different grid disturbances
but at the cost of speed of response.

VI. EXPERIMENTAL RESULTS

This section aims to evaluate the performance of NTD-PLL
with proposed AEs under different grid disturbances through
extensive experimental studies. To that end, a grid with a voltage
signal vy (t) =V,, cos(wyt) is emulated using the dSPACE
DS1104 hardware platform [13], [17], [28] and the grid is then
superimposed with grid disturbances, having the parameters as
presented in Table III [8], [12], [17], [21], [22], [23], [24], [25],
[26], [27], [28]. The NTD-PLL with proposed AEs is prototyped
on the dSPACE platform. The experimental setup is shown in
Fig. 15. The parameters used in the numerical analysis were
used for experimental evaluation. The ETD-PLL with param-
eters k, = 440 and k; = 48 361 [4] is also implemented to
compare its amplitude estimation performance. Fig. 16 shows
the experimental results of parameter estimates obtained using
NTD-PLL. Throughout the result plots, each column represents
different grid disturbances, and the first row of the subplots
shows amplitude (V) using AE;, AE,, and eAE; and the grid
voltage (V), whereas the second row of the subplots corresponds
to frequency (Hz) and phase error (°) estimations, along with
amplitude estimation using eAE; and ETD-PLL, respectively.

Itcan be seen from Fig. 16(a) that the AEs reached steady state
in about 25 ms (i.e., less than 1.5 cycles) and overshoot is limited
to 4.6% during phase jump. From Fig. 16(b)—(d), the settling
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[refer to Fig. 16(b)—(d)], the amplitude estimated by NTD-PLL

using the proposed AEs is free from such errors and provides a

steady estimation of the amplitude of the grid. The response of
suggested AEs and ETD-PLL when adding a dc component to

their input can be observed in Fig. 16(e). The transient behaviors
of AEs and ETD-PLL have comparable oscillations since both
the PLLs lack dc-offset disturbance rejection capabilities.

0.08

i

To highlight the advantages and disadvantages of the NTD-
PLL with AEs, some existing PLLs, ATD-PLL, and frequency-
fixed second-order generalized integrator PLL (FFSOGI-PLL)

are also compared under the same test as presented in Table III.
The parameters of these are set equal to the values suggested in

(11,

is around 15 ms (i.e., less than one cycle). However, contrary are summarized in Table IV. The maximum deviation, steady-

to ETD

Grid voltage waveform and estimated amplitude by suggested AEs

Fig. 14.

under (a) 0.8 p.u. sag and (b) 0.5 p.u. swell.

yielding almost the same bandwidth. The obtained results

time of AEs of NTD-PLL and ETD-PLL during sag and swell

-state deviation, and 2% settling time in

state oscillation, steady

whose amplitude

PLL (with cascaded DSC operators),

AEs are denoted by AVji, AV, AVeppy, and tggy, respec-

estimation waveform suffers from considerable steady-state os-

tively. The two best performances are highlighted in bold font.

cillation as well as offset errors under the frequency deviation
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Fig. 16.  Experimental results of the performance of NTD-PLL under grid disturbances. (a) Phase jump and sag. (b) Frequency jump. (c) Frequency jump with

sag removed. (d) Frequency jump with a swell. (e) DC-offset with frequency jump and swell removed.

TABLE IV
PERFORMANCE COMPARISON OF AES FROM VARIOUS PLLS

Disturbances  Parameters ETD-PLL  ATD-PLL  VTD-PLL FFSI?I? I- NTAD]_EI:LL NTE;LL NF?ZEILL N"l;]i;LL
Phase jump Vi (%) 3.27 7.55 8.90 8.34 3.50 4.70 5.87 4.54
tssy (MS) 11.30 12.30 13.20 10.30 13.70 12.30 10.90 10.40
Harmonic AV, (%) 0.0 25.60 23.98 5.04 32.11 27.76 8.24 6.73
Noise AV (%) 7.05 20.45 19.16 1.87 25.31 20.58 5.85 6.73
Sag AV (%) 0.0 24 .86 2498 0.0 27.37 25.75 0.0 0.0
teey (MS) 13.70 5.00 5.00 11.10 6.50 5.00 10.30 10.20
Swell Vi (%) 0.0 7.90 7.45 0.0 8.81 8.18 6.18 5.18
toey (ms) 8.70 4.90 5.00 3.80 5.00 5.00 7.30 6.90
ok (%0) 0.0 5.18 6.51 11.07 5.59 3.80 4.17 2.45
Frequency AVis (%) 0.76 ~0.0 ~0.0 8.99 0.0 0.0 0.30 0.28
jump tesy (Ms) 0.0 44.70 44.50 0.0 26.40 18.40 20.40 19.20
AV (%) 0.72 ~0.0 ~0.0 5.41 0.0 0.0 ~0.0 ~0.0

From the obtained results, and Tables II and IV, the following
suggestions can be made for selecting a particular AE for the
specific applications.

1) AE; uses the dg-frame component of the PLL; therefore,
AE; is PLL specific, whereas the AEs uses af-frame
component of the TD-based PLLs, and thus AEs can be
regarded as a generalized amplitude estimation strategy.
AE; and AE; are free from any DFOEs during frequency
variation (refer to Fig. 10); however, they show slow
dynamic response, poor noise immunity, and suffer from a
weak performance under harmonic distortion. Therefore,
we recommend using these AEs, where limited harmonics
or noise, and large variations in frequency are expected in
the grid and a rather slow dynamic response is not critical
for the system.

To improve the dynamic performance and disturbance
rejection capabilities, the AE; and AEs are introduced
with an LPF and thereby eliminating the division operator.
The enhanced AEs, i.e., eAE; and eAE, have rather good
noise immunity and harmonic disturbance rejection capa-
bility, though, a very small oscillation exists in amplitude
estimation during the frequency variation (refer to Fig. 10).
The observed oscillation can be further minimized by

2)

3)

4)

reducing the value of w,, but at the cost of slow transient
response under various grid disturbances. Therefore, we
recommend using these eAEs where large variations in
harmonics and frequency variations are expected in the
grid.

To reduce the implementation complexity, approximated
structures of the AEs are also provided in Fig. 11.

5)

VII. IMPACT OF NTD-PLL WITH THE PROPOSED AES ON
GClIs

Although the focus of this article is on adding the DFOEs
rejection capability to AEs of NTD-PLL under frequency devi-
ations and performance improvement under grid disturbances,
the effectiveness of the proposed structure on the control of
the GCls is also explored under abnormal grid disturbances
[29], [30]. To that end, the test system is shown in Fig. 17.
The system parameters are provided in Table V. The current
controller has been employed that also takes into account the Vin.
The controller has been tuned using the LQR approach [31], [32]
where the tuning parameters are k; = 790000, ko = 19000,
and k3 = 14.9. The result obtained when a phase jump and a
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Fig. 17.  Test system for a single-phase GCI system.
TABLE V
SINGLE-PHASE GCI PARAMETERS

Parameters Symbols Value Unit
DC side voltage Vie 500 \Y%
Inductance Ly, L, 5,05 mH
Capacitance c 10 uF
Switching frequency fow 4 kHz
Active power rating Pratea 2 kW
Reactive power rating Qrated +2 kVAr
Current Limitations Imaxmin +22 A

frequency jump are applied to the grid voltage is illustrated in
Fig. 18.

The generation of unit template, i.e., sin(é) before the gate
pulse is initiated before ¢ = 0.05 s to ensure a soft-start of the
GCI and soon after ¢ = 0.05 s, the gate pulses are applied. At
time ¢t = 0.1 s, active power reference (Pse;) command is set
to 2 kW, which allows the GCI to inject the active power into
the grid, whereas the reactive power reference (Q) sc¢) command
is set to 0 kVAr, as shown in Fig. 18(b). Note that the grid
current reference, as well as the actual current, exhibits distorted
waveform when NTD-PLL is implemented without AE struc-
tures, as exemplified in Fig. 18(a). The grid current reference, as
well as actual current distortion, is significantly reduced when
the proposed AE strategy is also employed with the NTD-PLL.
It is important to stress that all the proposed approaches and
the NTD-PLL are capable to handle the phase angle jump
disturbance but the NTD-PLL alone fails to perform well under
off-nominal frequency conditions. Also, the proposals eAE; and
eAE, are less vulnerable to noise compared to the AE; and AEs
approaches.

Furthermore, the performance of NTD-PLL on the control
of GCI is also evaluated under grid voltage sag and swell
conditions with different active and reactive power references.
The result of the performances is shown in Figs. 19 and 20,
respectively. It is obvious that a grid voltage sag invokes a faulty
grid condition that requires a reactive power compensation but
Qset 1s 0kVAr during t = 0.2-0.25 s, as shown in Fig. 19. Hence,
an overshoot along with a higher amount of the inverter output
currentreaching an upper/lower bound (i.e., Iiyax min = £22A)
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Fig. 18.  Performance of GCI system following a 10° phase jump and +3 Hz
frequency jump in the grid voltage at t = 0.10 and 0.16 s, respectively.

is observed to match the power balance between the GCI and the
grid. Nevertheless, the current limiters are the rescuers, which
help to limit the power converter being destabilized during this
operation.

Therefore, the grid voltage sag tracking abilities can be easily
verified, which indicates that the AE; and AEs possess similar
dynamics, whereas eAE; and eAE, are slightly slower but can
achieve better steady-state accuracy. In addition, the AE; and
AE; suffer from steady-state oscillations as compared to the
eAE; and eAEs. Hence, the proposed AEs are well-suited for
the low-voltage ride-through conditions.

Similarly, a test condition as explained in [32] is re-examined
to warrant the potential abilities of the reactive power/current
supply by the GCI to the grid but with a modified grid voltage
condition, i.e., voltage swell, as exemplified in Fig. 20. Note
that Qget is set to +2 kVAr during ¢ = 0.15-0.2 s, whereas
P, is already set at 2 kW; hence, GCI must supply a reactive
current to the grid without reaching an upper/lower bound of
Tax,min= +22 A, ensuring a safe operation of the power
converter with the grid while considering all the amplitude
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voltage from ¢ = 0.2-0.25 s.

Performance of GCI system following a 0.3 p.u. swell in the grid

estimation approaches. However, a sharp rise in grid current is
observed owing to the grid voltage swell, which requires reactive
power compensation, i.e., Qs is set at —2 kVAr during ¢ =
0.2-0.25 s. A lagging current continues to flow toward the grid,
whereas all the proposed estimators and the NTD-PLL ensure
good tracking capability of the grid voltage swell. Hence, the
proposed AEs ensure better tracking abilities and steady-state
performance of the fundamental amplitude estimation under all
the dynamic grid voltage conditions along with the off-nominal
frequency excursions.

VIII. CONCLUSION

In this article, two approaches to eliminate the DFOEs in the
amplitude estimation of NTD-PLL have been presented. One
of the methods involves the d-axis signal, whereas the second
approach employs PTI. Through a detailed mathematical analy-
sis, it was established that the suggested methods effectively
eliminate the undesired DFOEs from amplitude estimation.
Strategies to enhance the dynamic performance and harmonic
disturbance rejection capability of the proposed AEs were then
explored. The performance of the NTD-PLL with proposed AEs
was finally evaluated and compared against some well-known
PLLs using numerical as well as experimental results. When
examined for grid integration of GCI, the NTD-PLL with AE
provides robust amplitude estimation along with minimal output
power fluctuation.
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