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Abstract

With the increasing penetration of renewable energy and the rising demand for power
quality, the dynamic performance and accuracy of grid-voltage detection have become
crucial for the control of grid-following devices such as dynamic voltage restorers (DVRs).
However, the conventional moving average filter (MAF) in grid-voltage detection suffers
from inherent limitations in dynamic response. To address this issue, this paper proposes a
voltage-detection method, which is based on an adaptive variable-parameter filtering algo-
rithm termed MAF-MATCH-V. First, a cascaded filter model is constructed by integrating
a zero-pole matcher (MATCH) with the MAF. Frequency-domain analysis demonstrates
that the MATCH compensates for the mid- and high-frequency magnitude attenuation
and reduces the phase delay of the MAF, thereby accelerating the dynamic response while
preserving its harmonic-rejection capability. Second, the influence of the matching coeffi-
cient on the time-domain response is investigated, and a time-varying adaptive strategy
is designed to balance rapid disturbance recognition with steady-state convergence. Fi-
nally, experimental results under various non-ideal grid conditions demonstrate that the
proposed method achieves superior overall performance compared with conventional
approaches. Specifically, MAF-MATCH-V realizes millisecond-level event recognition and
zero steady-state error convergence, making it a practical solution for the real-time control
of grid-following equipment in modern power systems.

Keywords: grid-voltage detection; moving average filter; zero-pole matcher; variable-
parameter filter

1. Introduction

With the large-scale integration of renewable energy sources [1] and dynamic loads
such as electric vehicle charging stations [2], along with the frequent occurrence of short-
circuit faults and large motor startups [3], grid voltages are increasingly subject to distur-
bances including sags, swells, fluctuations, and harmonic pollution [4]. Such events not only
threaten the stable operation of industrially sensitive equipment, such as adjustable-speed
drives (ASDs) [5], programmable logic controllers (PLCs) [6], and data center servers [7],
but also pose severe challenges to the control accuracy of grid-following devices, such as
renewable energy inverters [8], dynamic voltage restorers (DVRs) [9], and uninterruptible
power supplies (UPSs) [10]. The reliable operation of these devices depends critically on the
real-time and accurate detection of grid voltage. Therefore, developing detection methods
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that can simultaneously ensure fast dynamic response and high steady-state accuracy
under complex disturbance environments is of great significance for improving the control
performance of grid-following equipment in modern power systems.

Over the past decades, both academia and industry have proposed a variety of voltage-
detection techniques, yet each has inherent limitations. Peak detection and missing-voltage
detection methods [11] can determine the occurrence of sags within half a grid cycle, but
they fail to capture complete event characteristics and exhibit poor noise immunity. The
root-mean-square (RMS) detection method [12] offers stronger robustness to disturbances,
but suffers from slow response and weak frequency adaptability. Recursive least squares
(RLS) algorithms [13] can achieve rapid detection while effectively suppressing specific
harmonics; however, their accuracy degrades significantly in the presence of unmodeled
high-frequency harmonics or noise. In the transform domain, wavelet transform (WT) meth-
ods [14] are highly sensitive to abrupt signal changes and can quickly identify the start and
end of sags, but their performance strongly depends on the choice of wavelet basis, which
limits generality [15]. Similarly, generalized discrete Fourier transform (GDFT) [16] utilizes
comb filters to extract specific frequency components and improves dynamic performance
by eliminating redundant zeros and poles, but its performance deteriorates under high har-
monic distortion. Generalized delayed signal cancellation (GDSC) techniques [17,18] also
rely on configuring zeros and poles to eliminate specific harmonics, yet their delay parame-
ters must be retuned for different grid environments. Neural-network-based methods [19]
exploit nonlinear mapping to decouple multiple disturbances and extract the fundamental
voltage component from distorted signals; however, their performance depends heavily
on the representativeness of training data and they are less suitable for deployment on
resource-constrained microcontrollers.

Voltage detection methods based on the synchronous reference frame (SRF) [20] have
been widely applied in industry due to their simple structure and strong adaptability.
Researchers have integrated various filters into the SRF framework to improve perfor-
mance [21,22]. The SRF-LPF method [23], for instance, employs a low-bandwidth low-pass
filter to enhance robustness, but at the expense of significant detection delay. The dual
second-order generalized integrator (DSOGI)-based SRF method [24] offers good frequency
adaptability, yet still faces a trade-off between dynamic performance and harmonic sup-
pression [25]. In [26], a voltage-detection method based on a selective harmonic extraction
algorithm is proposed, which exhibits strong grid adaptability. However, its iterative
computation is complex and, in practice, only a limited number of frequency components
can be targeted. A common drawback of these methods lies in the core filtering algorithm:
none of them can achieve an effective balance between dynamic response and disturbance
rejection, particularly under non-ideal grid conditions involving harmonics, phase jumps,
and frequency drifts [27].

The moving average filter (MAF) has attracted extensive attention in grid-voltage
detection due to its simple implementation and excellent harmonic suppression capability.
When combined with SRE, it is frequently employed in phase-locked loops and voltage
detection schemes [28,29]. However, the inherent structure of the MAF dictates that im-
proved filtering performance comes at the cost of increased delay [30], limiting its suitability
for rapidly varying voltages. To overcome this drawback, several improved MAF-based
schemes have been proposed. In [31], the short-time Fourier transform (STFT) is used
to dynamically analyze the frequency characteristics of grid voltage in real time, thereby
adjusting the MAF window length. In [32], the MAF is cascaded with DSOGI to reduce
window width and improve response speed. Other studies have explored hybrid filtering
strategies: for example, MAF combined with delayed signal cancellation (DSC) [32], MAF
cascaded with double synchronous reference frame (DDSRF) [33], and MAF cascaded with
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linear active disturbance rejection control (LADRC) [34]. However, these hybrid approaches
place higher computational demands on microcontrollers. Moreover, reference [35] pro-
posed a phase compensation method to enhance the MAF’s dynamic response, but without
discussing the negative effects of overshoot and convergence during transients.

To overcome the above challenges, this paper proposes a grid-voltage detection
method based on an adaptive variable-parameter MAF-MATCH algorithm, aiming to
achieve fast and accurate voltage event recognition under non-ideal grid conditions such as
unbalance and harmonic distortion. The core idea is to resolve the inherent contradiction of
static filtering through dynamic parameter matching. The main contributions of this work
are summarized as follows:

1. The zero-pole characteristics of the conventional MAF are analyzed, revealing the
limitations caused by mid- and high-frequency attenuation in dynamic performance.
A cascaded filter model is then constructed by integrating MAF with a zero-pole
matcher (MATCH), enabling frequency-domain compensation to retain harmonic
suppression capability while improving response speed.

2. A time-varying trajectory for the matching coefficient is designed, allowing adaptive
adjustment during disturbances. This resolves the limitations of fixed-parameter
schemes, achieving a balance between rapid disturbance recognition and stable steady-
state convergence.

3. Comprehensive tests under various non-ideal grid conditions—including symmet-
rical sags/swells, phase jumps, asymmetrical sags, and harmonic distortions—are
conducted. Comparisons with conventional methods such as SRE-LPF, DSOGI, and
GDFT demonstrate that the proposed method delivers superior overall performance
in terms of recognition speed, convergence accuracy, and disturbance immunity.

The rest of this paper is organized as follows. Section 2 introduces the construction
of the MAF-MATCH cascaded model and analyzes its characteristics in both the time
and frequency domains. Section 3 presents the design of the adaptive variable-parameter
strategy, details the parameter optimization process, and develops the proposed voltage-
detection method based on the variable-parameter MAF-MATCH algorithm. Section 4
shows and discusses the experimental results under various grid conditions. Finally,
Section 5 concludes the paper.

2. Grid-Voltage Detection Method Based on MAF-MATCH
2.1. Conventional Grid-Voltage Detection Using MAF

Figure 1 illustrates the conventional grid-voltage detection scheme based on the
moving average filter (MAF) algorithm.
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Figure 1. Structure of the conventional grid-voltage detection method based on the MAF algorithm.

First, the three-phase grid voltage signal u(t) is discretely sampled to obtain the
sequence u(k). The signal is then transformed into the synchronous rotating dg-frame
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using the positive-sequence Park transformation, resulting in the voltage magnitude u4q4(k),
which can be expressed as

ug(k) | _ 2| cosbf sinff | |1
ug(k) | 3|—sind] cosd |0

where 0, denotes the estimated phase angle of the fundamental positive-sequence grid
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voltage. And the fundamental component of u44(k) appears in direct-current (DC) form,
while the harmonic components appear in alternating-current (AC) form. By applying the
MAF algorithm, the harmonics can be effectively filtered, yielding the smoothed voltage
signal 44 (k) as follows:

Tlaq(K) = aq(k — 1) + 5 - [aq (k) — ag(k — N)], @
where N is the window length of the MAF algorithm. A larger window provides stronger
filtering but introduces more pronounced delay. The dg-axis components are then combined
to form the magnitude of the detected voltage, which is compared against the thresholds,
0.9 p.u. for sag and 1.1 p.u. for swell, to estimate the real-time grid voltage. Essentially, the
MATF acts as a linear filter, whose behavior can be described in the Z-domain.

11—z N 1k0
Gmar(z) = N1_z1 - N 0 ©)
1-— eJZﬁﬁz—1

When expanded in zero-pole form, the MAF contains N zeros and a single pole. The
N zeros form a comb filter that suppresses information at equally spaced frequency points,
while the pole amplifies a specific frequency component. Since the pole of the MAF is
located at 0 Hz, it coincides with one of its zeros. This allows the MAF to pass the DC
component while simultaneously suppressing the AC components at those equally spaced
frequency points. The corresponding Bode diagram of the MAF is shown in Figure 2. It
can be observed that the MAF exhibits inherent harmonic rejection capability, making it
suitable for non-ideal grid environments. However, its amplitude response suffers from
a —20 dB per decade attenuation in the mid- and high-frequency range. In grid-voltage
detection applications, this attenuation slows down the recognition of disturbances, thus
limiting the dynamic performance of the MAF.
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Figure 2. Bode diagram of the MAF-MATCH filter under different matching levels.
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2.2. MAF-MATCH Algorithm

To address the dynamic performance limitations of the MAF, a zero-pole matcher
(MATCH) algorithm is proposed. Its transfer function in the Z-domain can be expressed as

1—ulN 1—p-z71
Gmarcu(z) = I —yN]fz—N : 1;1 ”

)

where p denotes the matching coefficient, ranging from 0 to 1. When expanded in zero-pole
form, the expression of MATCH can be written as

0
2t —
1—puN 1—p-e Nzl
Gumarcu(z) = _V : £ 2 (5)
PN pr—
[T(1—p-e Nzt
k=0

It can be seen that MATCH contains one zero and N poles. By cascading the MATCH
with the MAF, the combined system can be represented as

0 k
2m— o —
11—puN 1—;¢-e]nNz_1 N[ TN
Gmar-MaTcH(Z) = 57— 0 T A (6)
# j2m— k=0 j2m—
1—e Nzl 1—p-e Nzl

From the above expression, it can be observed that MATCH can achieve an approxi-
mate cancellation of each zero-pole pair in the MAFE. The degree of cancellation depends on
the value of the matching coefficient y, which determines the overall matching level.

Figure 3 shows the zero-pole distributions of the cascaded MAF-MATCH filter under
different matching levels. As u increases, the poles of the MATCH gradually approach the
zeros of the MAF, resulting in a higher level of zero-pole cancellation. When y is close to 1,
nearly complete cancellation can be achieved. As shown in Figure 2, with increasing y, the
amplitude response in the mid- and high-frequency ranges is partially compensated, while
the average phase delay is reduced from approximately —90° to nearly 0°. Meanwhile, the
notch depth at the comb frequencies remains close to that of the original MAF, only slightly
weakened as y approaches 1. This indicates that the MAF-MATCH effectively preserves
the harmonic suppression capability of the MAF while improving its dynamic response.
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Figure 3. Zero-pole distribution of the MAF-MATCH filter under different matching levels.
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To further evaluate the dynamic performance, the time-domain behavior is analyzed
using the unit-step response. First, by rearranging (6), expression can be obtained as follows:

C11-pN 1z N 1—pezt
Gmar-MaTcH(2) = £ T=p T—z1 1—pN.z N @)

Under a unit-step excitation, the system output in the Z-domain can be expressed as

1 11—uN 1-zN  1-p.-z71
Y(z) = Gmar-MaTCH(2) - T=21 Ni-n = TaN N (8)
\ )\ — e’
Y(z) Y2(2)

According to the properties of the Z-domain, the expressions of the time sequences
y1[n] and y»[n] can be obtained as

yin]=m+ Nun]— (n+1— N)u[n — N|
yaln] = ¥ pNo[n — kN] — pN+o[n — (KN+1)) ®)
k=0

Therefore, the impulse sequence y[n] can be represented in the form of a time-domain
convolution as
vl = o S el 10)
N1-x 1 2

Based on the convolution property, the expression of y[n] can be obtained as

11-uN [& i
y[n] = N1 —Vy ~ (kgoykNyl[n —kN] — kgoykN“yl[n - (kN+1)]) (11)

For ease of analysis, a further simplification yields the closed-form expression of y[n].

N
y[n] —1—;¢KN—|—;]11__I;.;4KN-(;*+1—W), K= L%J, r=n—KN (12)

Based on the above expression, the time-domain response curves of the MAF-MATCH
algorithm under different matching levels can be plotted, as shown in Figure 4. It can be
observed that as the matching coefficient i increases, the initial response value rises from
0 (for the conventional MAF without MATCH) to 0.634, which facilitates faster detection
of transient voltage events. However, higher values of u also introduce negative effects.
On the one hand, the overshoot grows significantly—for instance, reaching up to 26%
when p = 0.99. On the other hand, larger u exacerbates oscillations in the response, leading
to longer settling times (e.g., 30 ms at u = 0.99). These effects hinder accurate voltage
estimation during disturbances.

3. Adaptive Variable-Parameter MAF-MATCH Algorithm

The fixed-parameter approach (denoted as MAF-MATCH-F) cannot simultaneously
satisfy the dynamic performance requirements of voltage detection. Specifically, a large
matching coefficient p enables fast disturbance recognition but leads to excessive overshoot
and oscillatory behavior, while a small y# ensures smooth convergence but slows down the
recognition process. Therefore, a static choice of i inevitably compromises one performance
aspect for another.



Electronics 2025, 14, 4288

7 of 18

14 ;

12 = e i i e

0.03s, ;
. \ 2% Convergence Zone
0.8 B e B

Magnitude (p.u.)

0.4
—— MAF-MATCH:=0.60
—— MAF-MATCH:1=0.90

0.246
_____ —— MAF-MATCH:1=0.96 ||
0.10(

i
i
i
—
|
- —— MAF —
i
i
-
i
0.025 |
("( | 1 ]

MAF-MATCH:1=0.99

I

i

i
0 0.01 0.02 0.03 U.(ﬂ 0.05
Time (s)

Figure 4. Unit-step response curves of the MAF-MATCH filter under different matching levels.

To overcome this limitation, this paper introduces an adaptive variable-parameter
strategy. The key idea is to adopt a larger value of  immediately after a voltage disturbance
is detected, thereby accelerating disturbance recognition, and then gradually decrease u
to a smaller value during the subsequent convergence stage to ensure stability. This
transforms the MAF-MATCH algorithm from a static matching mechanism into a dynamic
one, allowing a better trade-off between recognition speed and steady-state accuracy.

3.1. Adaptive Rule

Since the system with variable parameters does not satisfy the linear time-invariant
(LTI) property, it is difficult to derive a closed-form analytical expression. Instead, the adap-
tive process can be described using recursive relations. According to Equations (3) and (4),
the discrete-time equations of the MAF and the variable-parameter MAF-MATCH (denoted
as MAF-MATCH-V) can be expressed as follows:

x(k) = x(k—1) + 5 [u(k) — u(k — N)] (13)
— N, _ 1_VN(k)_ _ . _
v = 10w N+ 5 e — - ) (1)

where u(k) is the input sequence of the MAF, x(k) and y(k) represent the outputs of the
MAF and MATCH, respectively. And (k) is the adaptive matching coefficient. To enable
practical implementation, the adaptive rule for u(k) is formulated as follows. First, the MAF
output x(k) is differenced and normalized:

(k

® (15)

— x p—

(k) =
Xaiff (k) { — x(k—
where ¢ is the differential threshold, determined by the sampling frequency. To ensure
robustness, the differential sequence xq;¢(k) is further smoothed using an M-point sliding

window average.

xgite2 (k) = Xaigpp (k — 1) + %(xdiffac) — Xqige(k — M)) (16)



Electronics 2025, 14, 4288

8 of 18

It should be noted that the sliding window size M must be no smaller than the MAF
window N, such that u(k) varies smoothly during the convergence stage. Finally, the
adaptive trajectory of y(k) is designed as

(K) = pimax — 7 (omax — pmin) a2 () (17)
where pimax and pmin denote the upper and lower bounds of the matching coefficient,
respectively. Figure 5 illustrates the unit-step responses of the MAF-MATCH-V algorithm
under different combinations of (#max, #min)- As shown, when u(k) varies adaptively
between 0.99 and 0.90, the system exhibits superior dynamic performance compared with
fixed-parameter configurations, e.g., (0.99, 0.99) and (0.90, 0.90). Specifically, the adaptive
rule yields a higher initial response value, a smaller overshoot, and eliminates oscillatory
behavior during convergence.

1.5 !
) H
- 126 2% Convergence Zone
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Figure 5. Unit-step response of the MAF-MATCH-V algorithm under different (}max, fimin): (a) Step-
response results; (b) trajectory of .

According to the above adaptive rule, the overall control structure of the proposed
voltage-detection method using the MAF-MATCH-V algorithm is depicted in Figure 6.

rDesign rules of u(k)
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Figure 6. Structure of the grid-voltage detection method based on the MAF-MATCH-V algorithm.
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3.2. Parameter Design

In the MAF-MATCH-V algorithm, the selection of pmax and pmin directly affects
the dynamic response of the system. Therefore, the parameters must be quantitatively
analyzed with respect to several performance indicators, including the initial response
value, overshoot, convergence time, and rise time.

3.2.1. Initial Response Value

For the unit-step response, the initial response value depends solely on the instanta-
neous value of y(0), e.g., max, and is independent of the subsequent trajectory. Based on
Equations (13) and (14), the analytical expression of the initial value can be derived.

1- ;url;{ax

initial = 18
y tial N(l — ,umax) ( )

Figure 7 illustrates the relationship between the initial response value and p/max. It can
be seen that the two exhibit a monotonic relationship. When pmax exceeds 0.984, the initial
response value exceeds 0.5 p.u., ensuring sufficient speed for transient voltage recognition.
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0.4

0.3
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Figure 7. Relationship curve between the initial response value and the matching parameter.

3.2.2. Overshoot and Convergence Time

Based on Equations (13)—(17), the expression of the overshoot can be derived as

1- Vrﬁin (

Ymax = m N — P‘min(N - 1)) (19)

The overshoot of the system is determined mainly by pyin. Figure 8 shows the curves
of overshoot and convergence time (2% criterion) with respect to yimin. The results reveal
a non-monotonic behavior: when ppi, < 0.982, the overshoot increases with piyin; when
Umin > 0.982, the overshoot decreases as pimin increases. Meanwhile, the convergence time
rises significantly when iy approaches pimax, due to enhanced oscillatory behavior. To
guarantee accurate voltage detection, ymin, must be smaller than 0.908, thereby limiting the
overshoot to values below 1.1 p.u. and ensuring the convergence time remains within half
a grid cycle.
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Figure 8. Relationship curves of overshoot and convergence time versus the matching parameter.

3.2.3. Rise Time

The rise time f,i¢ reflects the speed of voltage estimation and depends on both the
initial response and the recursive dynamics. Figure 9 presents the three-dimensional
surface of rise time with respect to yimax and pimin. It can be observed that t,js. decreases
significantly as pmin increases, and decreases slightly with larger pimax. The contour line in
Figure 9 marks a rise time of 8 ms, indicating that the parameter region to the right of the
contour is preferable to guarantee fast convergence.

9

Irise(MS)

1 09

Figure 9. Three-dimensional surface of rise time with respect to pimax and pmin.

By comprehensively considering all performance constraints, this paper selects
Hmax = 0.99 and pmin = 0.90. Under these settings, the unit-step response achieves an initial
value of 0.634 p.u., an overshoot of 1.09 p.u., and a rise time of 8 ms, representing an effective
balance between recognition speed, overshoot suppression, and convergence stability.

4. Experimental Validation

To verify the effectiveness of the proposed MAF-MATCH-V method, an experimental
platform is established, consisting of a programmable Dynamic Voltage Restorer (DVR) and
a programmable grid simulator, as illustrated in Figure 10. Both devices employ the Texas
Instruments DSP TMS320F28377D as the main control unit. The proposed voltage detection
algorithm is implemented on the DSP of the DVR. The programmable grid simulator is used
to emulate various grid conditions, including symmetrical voltage sags, symmetrical swells,
phase jumps, asymmetrical sags, and harmonic distortions. The main system parameters
are summarized in Table 1.
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Digital controller No.1 & Digital controller No.2
( TI TMS320F28377D) n uments ( TI TMS320F28377D)

Transformer

Figure 10. The experimental platform for MAF-MATCH-V.

Table 1. Main system parameters of the experimental setup.

Parameter Value

Rated grid voltage (Uy) 155V (1.0 p.u.)
Rated grid frequency (fg) 50 Hz
Symmetrical sag or swell depth (Ugeptn1) 04pu.
Asymmetrical sag depth (Ugepth2) 02p.u.
Phase angle jump(6jump) —7/6

0.05 p.u. 5th positive-sequence harmonic
0.05 p.u. 7th negative-sequence harmonic
0.10 p.u. 3rd positive-sequence harmonic
0.05 p.u. 5th positive-sequence harmonic

Background harmonic distortion

Injected harmonic disturbance

Threshold for sag detection (Usag tn) 09 p.u.

Threshold for swell detection (Ugyel th) 1.1p.u.

Sampling frequency (fs) 10 kHz
window length N 100

The disturbances are configured to represent representative non-ideal operating con-
ditions commonly encountered in practical power systems. In this paper, the effectiveness
of the proposed approach is validated under the following typical scenarios:

1. Symmetrical sag with a depth of Ugeptn1;

2. Symmetrical swell with a depth of Ugeptn1;

3. Asymmetrical sag with a depth of Ugepm2 accompanied by a phase jump of Ojump;

4. Symmetrical sag with a depth of Ugepn1 under background harmonic distortion,
where the harmonics are specified in Table 1.

In addition to comparisons with the detection methods based on MAF and MAF-
MATCH-F, the proposed method is also benchmarked against other widely used grid-
voltage detection methods, including SRF-LPF, DSOGI, and GDFT. The control parameters
of each method are selected according to the corresponding references: the cutoff frequency
of SRF-LPF is set to 50 Hz, the control gain of DSOGI is chosen as 1.414, and the GDFT is
configured to suppress the 6k & 1-order harmonics. It should be noted that the dynamic
performance of voltage-sag detection can be quantified using the recognition time tyec,
representing the time required to identify a disturbance, which is related to Usag i and
Ugwell th- And the settling time t5, which is defined by the 2% error criterion, reflecting the
convergence speed of the voltage magnitude estimation.

The results obtained under the symmetrical sag condition are presented in Figure 11.
As shown in Figure 11b, the conventional MAF method achieves convergence within
9.8 ms, but requires 2.7 ms to recognize the disturbance. Such a recognition delay is
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insufficient for the timely response of high-dynamic-performance equipment, such as
DVRs. The MAF-MATCH-F method, with a high matching coefficient, can identify the
disturbance within 0.4 ms. However, this comes at the expense of significant overshoot and
pronounced oscillations, leading to a settling time of 20.9 ms. These oscillations reduce the
accuracy of compensation for DVRs and similar devices. In contrast, the proposed MAF-
MATCH-V method achieves a recognition time of 0.5 ms and a settling time of 10.5 ms,
thereby maintaining a balanced dynamic performance. The experimental observations are
consistent with the theoretical analysis discussed in Section 3. As illustrated in Figure 11c,
the SRF-LPF and DSOGI methods exhibit only moderate dynamic performance. The GDFT
method, designed for selective harmonic suppression, benefits from a relatively small
window length and achieves a short settling time of 6.6 ms. Nevertheless, its recognition
still requires 2.2 ms, which limits its applicability in fast-response scenarios.
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Figure 11. Experimental results under the symmetrical sag condition: (a) three-phase grid voltages;
(b) detection process of MAF, MAF-MATCH-F and MAF-MATCH-V; (c) detection process of SRF-LPF,
DSOGI and GDFT.

The results under the symmetrical swell condition are shown in Figure 12. The
dynamic performance of the different detection methods is similar to that under the sag
condition. Most methods struggle to achieve an effective balance among the various
dynamic indices, whereas the proposed MAF-MATCH-V method achieves a recognition
time of 0.5 ms and a settling time of 10.6 ms.
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Figure 12. Experimental results under the symmetrical swell condition: (a) three-phase grid voltages;
(b) detection process of MAF, MAF-MATCH-F and MAF-MATCH-V; (c) detection process of SRF-LPF,
DSOGI and GDFT.

The experimental results under the asymmetrical sag condition with a phase jump are
shown in Figure 13. After the voltage sag occurs, the recognition times of the MAF, SRF-LPF,
DSOGI, and GDFT methods are 5.4 ms, 4.9 ms, 8.7 ms, and 2.1 ms, respectively, whereas
the proposed MAF-MATCH-V method identifies the disturbance in only 0.5 ms. This
demonstrates the superior sensitivity of the adaptive scheme in detecting abrupt voltage
events. It should be noted that asymmetrical sags inherently introduce negative-sequence
components. As a result, the SRF-LPF method, which lacks negative-sequence suppression
capability, exhibits a low-frequency oscillation with an amplitude of approximately 5% even
after convergence. In contrast, the other methods successfully converge within the 2% error
criterion. Among these, the MAF-MATCH-F method achieves fast recognition but requires
as long as 27.0 ms to reach steady-state magnitude estimation due to pronounced overshoot
and oscillatory dynamics. The DSOGI method effectively suppresses the negative-sequence
component; however, because of the phase jump, its settling time extends to 33.7 ms.
By comparison, the proposed MAF-MATCH-V method achieves a much shorter settling
time of 15.6 ms, striking a better balance between disturbance recognition and accurate
steady-state estimation.
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Figure 13. Experimental results under the asymmetrical sag condition with a phase angle jump:
(a) three-phase grid voltages; (b) detection process of MAF, MAF-MATCH-F and MAF-MATCH-V;
(c) detection process of SRF-LPF, DSOGI and GDFT.

The results for the symmetrical sag condition with background harmonic distortion
are presented in Figure 14. Prior to the sag event, all methods remain stable despite
the presence of 5th and 7th harmonic components in the grid voltage. Once the sag
occurs, the proposed MAF-MATCH-V method promptly identifies the disturbance within
0.5 ms, whereas the SRF-LPF, DSOGI, and GDFT methods require 3.6 ms, 2.4 ms, and
3.1 ms, respectively. In terms of steady-state performance, the SRF-LPF, DSOGI, and
GDFT methods exhibit noticeable low-frequency ripples after convergence due to their
limited harmonic attenuation capability, with ripple amplitudes of approximately 3%, 4%,
and 9%, respectively. In contrast, the proposed MAF-MATCH-V method reaches zero
steady-state error within 10.5 ms, thereby demonstrating strong disturbance rejection and
harmonic robustness.
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Figure 14. Experimental results under symmetrical sag condition with harmonic distortion:
(a) three-phase grid voltages; (b) detection process of MAF, MAF-MATCH-F and MAF-MATCH-V;
(c) detection process of SRF-LPF, DSOGI and GDFT.

The comprehensive experimental results for various detection methods under differ-
ent grid conditions are summarized in Table 2. The proposed MAF-MATCH-V method
demonstrates consistently fast dynamic response and high steady-state accuracy across all
test scenarios. In other words, the method achieves a favorable balance between dynamic
performance and disturbance rejection capability.

In addition to severe disturbances such as short circuits, voltage detection methods
should also demonstrate robustness against small disturbances, for example, those caused
by load variations on distribution lines. The performance of the proposed method under a
shallow sag condition with background harmonics is illustrated in Figure 15. Following the
disturbance, the grid voltage drops slightly to 0.95 p.u. Despite the small magnitude of this
variation, the proposed MAF-MATCH-V method successfully estimates the fundamental
voltage amplitude with high accuracy within half a fundamental cycle. Before convergence,
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the maximum overshoot is 0.93 p.u., which provides a sufficient detection margin and

effectively prevents misjudgment.

Table 2. Experimental performance of different voltage-sag detection methods.

MAE- Proposed
Grid Conditions Performance Indices  SRF-LPF [23] DSOGI [24] GDFT [16] MAF [28] MAEF-
MATCH-F
MATCH-V
Recognition time frec
. 3.1ms 1.9 ms 2.2 ms 2.7 ms 0.4 ms 0.5 ms
Symmetrical sag 09pu)
Settling time t; (2%) 16.9 ms 10.3 ms 6.6 ms 9.8 ms 20.9 ms 10.5ms
Recognition time fec
. 3.1ms 1.8 ms 2.0 ms 2.8 ms 0.4 ms 0.5 ms
Asymmetrical sag (1lpu)
Settling time t; (2%) 17.1 ms 23.9 ms 6.5 ms 9.9 ms 21.0 ms 10.6 ms
. Recognition time frec
Asymmetrical sag 0.9 pw.) 49 ms 8.7 ms 2.1ms 54 ms 0.5 ms 0.5 ms
with a phase jump oop .
Settling time t; (2%) +5% ripple 33.7ms 14.2 ms 16.5 ms 27.0 ms 15.6 ms
Symmetrical sag with Recognition time frec 3.6 ms 2.4 ms 3.1 ms 3.4 ms 0.5 ms 0.5 ms
harmonic (09pu)
disburtance Settling time ts (2%) +3% ripple +4% ripple +9% ripple 9.6 ms 20.9 ms 10.5 ms
| —1,(100V/dfv) —11,(100V/div) —11,(100V/div) ==Urgaren(100V/div) |

| \ \/ / \/ i

 Convergence zone: (0.95+2%)p.u.

......... ~temmmng ——
0.9p.u. N >0.93p.u.

l(lOms/div):

Figure 15. Experimental results under the shallow sag condition with harmonic distortion.

5. Conclusions

This paper has proposed a novel grid-voltage detection method based on the adap-
tive variable-parameter MAF-MATCH-V algorithm to address the dynamic performance
limitations of the conventional MAF approach. By introducing the matcher algorithm, the
method effectively compensates for the mid- and high-frequency magnitude attenuation of
MAF and reduces its average phase delay. Furthermore, a time-varying control strategy is
designed to dynamically adjust the matching coefficient y: adopting a larger value during
the disturbance instant to ensure rapid recognition, and reducing it thereafter to guarantee
stable convergence. This strategy transforms the MAF-MATCH algorithm from a static
matching scheme into an adaptive dynamic one, achieving a favorable balance between
transient and steady-state performance. Experimental results demonstrate that, under
various grid conditions, the proposed MAF-MATCH-V method outperforms conventional
approaches such as SRF-LPE, DSOGI, and GDFT. The method achieves millisecond-level
disturbance recognition and zero steady-state error convergence while also exhibiting
strong robustness against harmonic distortion, negative-sequence suppression, and de-
tection margin for small disturbances. These advantages make the proposed method a
practical and effective solution for the real-time control of grid-following devices such as
DVRs in non-ideal grid environments.
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