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Abstract: To improve the detection speed of the three-phase unbalanced voltage sag, the traditional
aB/dq transformation algorithm can be applied. However, in this algorithm, the virtual quadrature
voltage signal (VQVS) needs to be accurately constructed in the af coordination system. Then,
the information of the voltage jump can be achieved by the a/dq transformation. However, the
traditional algorithm for constructing the VQVS introduces the harmonic component, so that the
detection speed and accuracy is low. To solve the problem, this article modifies the algorithm and
presents a new algorithm based on the combination of the short time delay (STD) and the positive-
and negative-sequence transformation (PNST) algorithm. The STD algorithm and its construction
are firstly detailed. Then, the extraction step and performance of the PNST are given. Since the STD
algorithm can avoid harmonic properties, voltage sag signal can be quickly obtained by analyzing
the positive and negative sequence component derived from the PNST algorithm. The proposed
algorithm is compared with two alternatives already proposed in the literature in terms of detection
time. Finally, simulation and experimental results validate the validity of the proposed algorithm.

Keywords: three-phase unbalanced voltage; short time signal delay (STD); positive and negative
sequence transformation (PNST)

1. Introduction

Voltage sags caused by faults in power distribution networks are the most common
power quality problem [1]. However, it has obvious influences on the security and stability
of the electrical equipment with sensitive loads, such as computers, micro-controllers and
new power electronic equipment [2]. As a result, it is becoming an important research
topic. The typical hardware of the Dynamic Voltage Restorers (DVRs) provides a cost-
effective solution to protect sensitive loads not only against voltage sag but also against
those additional disturbances [3-5]. Its compensation strategy requires a fast and robust
sag detection algorithm.

Numerous algorithms focusing on the voltage sag detection have been presented in the
available scientific literatures. In time domain, the typical voltage sag detection algorithms
include Root mean square (RMS) value of the grid voltage, fundamental component
algorithm, single-phase voltage transformation average algorithm, peak value voltage,
defective voltage algorithm, and so on [6]. However, the above algorithms have some
limitations, such that the RMS algorithm and the fundamental component algorithm can
only detect the amplitude, not the phase. What’s more, their speed is also slow. The single-
phase voltage transformation average algorithm is sensitive to noise and high harmonics,
and the detection results are not accurate although the filter is used in the system. The peak
voltage algorithm can accurately measure the start and end time of the voltage sag, but
when the amplitude of the voltage sag and the rated voltage is small, the detection results
have a great deviation from the actual value. The deficient voltage algorithm can be used
to detect voltage sag by the estimated value and measured value, which can’t detect the
definite time of start and end of the voltage sag.
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In order to overcome the limitations of the above algorithms, the instantaneous re-
active power theory is applied to detect the voltage sag. The instantaneous voltage dg
transformation algorithm is proposed in [7]. Constructing the virtual voltage signals by
delaying T/6 sampling time and getting the voltage amplitude and phase. However, it
needs a long detection time. In Ref. [8], the above algorithm is improved by using the
difference algorithm on constructing the virtual three-phase voltage signals. The algorithm
improves the detection speed, but it makes the noise and high frequency harmonic com-
ponent amplified. In Ref. [9], a new detection algorithm is discussed, which is proposed
to construct the VQVS by delaying T/4 sampling time and get the amplitude and phase
using the coordinate transformation from the two-phase stationary 8 coordinate system
to the rotating dg coordinate system. It alleviates this computational burden of the above
two algorithms, but it introduces the T/4 delay time. The algorithm to construct the VQVS
by using the difference algorithm based on the a8/dq transformation is discussed in [10]. It
can detect the voltage sag without delay, but it still can make the noise and high frequency
harmonic component amplified [5]. In Refs. [11,12], the algorithm which is proposed to
construct the VQVS by delaying a shorter sampling time that less than T/4. Its purpose
is to improve the detection speed and anti-interference ability simultaneously. But the
result is not ideal. The above detection algorithms, such as delay T/4, delay T/6, difference
algorithm, and so on, are very effective for the single-phase voltage sag or three-phase
symmetrical voltage sag detection, but they are not suitable for the three-phase unbalanced
voltage sag detection. Also, the detection speed can’t meet the requirement of the DVRs.
A voltage sag detector for a DVR that provided fast transient responses (3—4 ms approxi-
mately) is presented in [13]. In Ref. [14], another algorithm is presented to classify power
quality disturbances based on symmetrical component decomposition, showing its poten-
tial to reject disturbances. However, it is slow compared to other algorithms. A positive-
and negative-sequence current decomposition algorithm that includes a quadrature signal
estimation algorithm is presented in [15]. A similar strategy was proposed in [16], which is
to generate orthogonal signals, and it has successful results. In Ref. [17], the quadrature
signal algorithm and the module function are used to provide Delayed Signal Cancellation
properties, which make the sag detector adapt to the frequency variations. It is shown
that this algorithm provides harmonic cancellation properties when the parameters are
adequately tuned. The detection algorithm of the positive sequence and negative sequence
based on the double dq transformation is proposed in [18]. its advantage is no delay. a
novel algorithm based on the combination of least error squares filters and an improved
instantaneous symmetrical components algorithm are proposed to improve the dynamic
response of the DVR in [13].

The traditional algorithms for detecting voltage sag in the frequency domain include
the classical Fourier transform [19,20], Short-Time Fourier transform (STFT), S-transform,
Hilbert-Huang transform, and so on. The short-time Fourier transform (STFT) is an im-
provement of the fast Fourier transform (FFT) technique [21]; however, the performance
of the STFT algorithm depends on the choice of the window and there is a compromise
between frequency and time resolution [22]. Therefore, the possibility of using a new signal
processing tool, based on different principles has been explored over the past decade, with
the purpose of overcoming the abovementioned limitations. In Refs. [23,24], the Short-
Time Fourier Transform (STFT) detection algorithm is proposed, which gets the voltage
amplitude and phase by the localization of the short window function. The advantage
is that it can perform local analysis of the signal that compensated the shortcomings of
the conventional Fourier transform, and the disadvantage is that it can only detect the
voltage within the fixed scale, because it performs signal selection by the shape and the
window width of the short window function. In order to overcome the limitations of the
STFT detection algorithm, the wavelet transform theory which can process weak signals
as well as unstable signals effectively is proposed in [25-27]. It has the advantage that
the telescopic and translation operations for the different frequencies component can be
performed, so that the details of the signals can be dealt with and the detection accuracy
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may be improved. In Ref. [28], the wavelet transform theory is combined with the effective
value detection algorithm of the traditional time-domain transform to improve the accuracy
of the effective value detection algorithm based on the maxima principle of the wavelet
transform modulus.

Although the wavelet transform algorithm has cost is high because of its huge cal-
culation amount, and the harmonic and noise suppressing also are not enough [29,30].
Later, the S-transform theory is proposed by combining the STFT theory with the wavelet
transform theory [31]. The S-transform has the advantages both wavelet transform and
STFT. However, because its gaussian window function can’t be used to adjust the time-
frequency resolution, so an improved S-transform detection algorithm with certain noise
immunity is proposed in [30], which can quickly detect the characteristic information of
the voltage sag. The S-transform detection algorithm is improved, and a algorithm based
on discrete orthogonal S-transform is proposed in [29]. Here, the fundamental frequency
time-amplitude curve and frequency-amplitude curve are discreted to obtain amplitude
and phase information of the voltage sag. It not only can detect voltage sag with compound
disturbances quickly and accurately, but also can effectively suppress the noise in the signal.
A modified S transform with digital prolate spheroidal window (DPSW) is proposed in [32].
The DPSW has superior time-frequency distribution, so that it can get some characteristics
of voltage sag signal, such as sag depth, duration, and phase jump. Compared with the
traditional voltage sag detection algorithms, the proposed algorithm has the advantages of
high accuracy, low computational complexity, and strong anti-interference ability. Never-
theless, it’s a pity that there is no detection time. In Ref. [33], it has proposed the application
of the Hilbert-Huang transform (HHT) algorithm for decomposition of the PQ data into
its individual frequency components in order to separate the nonstationary voltage sag
waveform containing the fundamental frequency component. After the decomposition of
the data using the HHT algorithm, an innovative fundamental frequency-based algorithm
is proposed for the accurate detection of voltage sag starting and ending times. The pro-
posed algorithm is further extended for automatic detection of the transition segments to
accurately calculate the time-varying and single event characteristics such as voltage sag
amplitude and phase-angle jump.

According to the opened literatures, there are two kinds of quadrature component
construction algorithms, they are separately the delayed T/4 algorithm and the difference
algorithm. The two algorithms have the disadvantage of the high delay and low anti-noise
ability. Therefore, in this article which not only can provide the quadrature signal quickly
and accurately, but also can reject the noise disturbance.

To solve the above problem, a new quadrature component construction algorithm
based the combination of the STD and PNST is introduced; this approach is realized by
designing a new algorithm constructing the virtual quadrature component and extracting
the positive sequence and negative sequence component. Thus, the detection speed problem
can be improved. The main contributions of this article are summarized as follows.

(1) The detection principle and prediction model for the three-phase unbalance voltage
sag are established.

(2) The new algorithm for constructing the VQVS and many advantages, it also has some
disadvantage such that the the steps for extracting the positive sequence and negative
sequence component are explained.

(3) To highlight the performance of the proposed algorithm, it has been compared with
two other already proposed in the literature. It is shown that other sag detectors can
provide robustness against voltage disturbances. However, the one proposed here
can do it with a straightforward design and a fast transient response.

The rest of this article is organized as follows. Section 2 presents the detection principle
of the three-phase unbalance voltage sag. In Section 3, the STD for constructing the VQVS
is proposed. To improve the detection speed and accuracy, the VQVS is reconstructed by
assuming the sampling cycle as the delay time. Step-by-step demonstrations on the accuracy
of the VQVS are shown. Furthermore, both difference algorithm and STD algorithm are
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compared. In Section 4, the extracting step of the positive sequence and negative sequence
components are shown. Section 5 shows the simulation and experimental results to validate
the proposed algorithm. Finally, the conclusion is summarized in Section 6.

2. The Principle of the Detection Algorithm

The algorithm proposed in this article is depicted in Figure 1; the system mainly
consists of the STD, PNST, and a3/ dq transformation the three-phase grid voltage signal at
a certain time U,y (k) is collected and low-pass filtered (Pre-LPF); each phase voltage signal
in the three-phase voltage is separated, and the VQVS corresponding to each phase voltage
are constructed by the STD separately. Then, the PNST are performed for the original
voltage signal and the VQVS to obtain the positive sequence component U* (k) and
negative sequence component U~ y,.(k). Lastly, the synchronous coordinate transformation
is performed to obtain the amplitude and phase of the voltage signal. The STD and the
PNST will be explained as follows.
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Figure 1. The schematic diagram of the three phase unbalanced voltage sag drop detection algorithm.

3. Short Time Delay (STD) Algorithm
3.1. Basic Principle

The typical step of detecting the amplitude and phase of the voltage vector is to
transform the projections u, and ug of the voltage vector Um under the stationary coordi-
nate system af to the synchronous rotating coordinate system d;, then the projections are
changed as 14 and u4. The process of the coordinate transformation is as follows.

The coordinate system including static a§ axis and rotating dg axis is shown in Figure 2,
the d-axis of the dq coordinate system coincides with the a-axis of the a8 coordinate system
at the initial moment, the initial phase angle between the voltage vector Uy and the
d-axis in the dgq coordinate system is ¢, and Uy and the dg coordinate system rotate
counterclockwise with the angular velocity w, simultaneously.
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Figure 2. The schematic diagram of a3/dq coordinate transformation.
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The projections of the voltage vector in the dq coordinate system can be given by

Uy = Um cos @
{uq = Upsing @

The projections of the voltage vector in the a3 orthogonal coordinate system can be
given by
{u,x = U cos(wt + ¢) o)

ug = Um sin(wt + ¢)

where, uq, ug represent the voltage component of the single-phase voltage on the a-axis
and B-axis respectively.
According to the Equations (1) and (2), the transformation from a3 orthogonal coordi-
nate system to dq coordinate system can be derived as.
{ua = U cos(wt + ¢) 3)
ug = Um sin(wt + ¢)

Then the dc components U and Uy in the dg coordinate system are obtained through
the low-pass filter, so the amplitude and phase jumps of the fundamental voltage can be

obtained as.
U = y/Ug? + Uyo? 4)

Q= arctan@ (5)
Uao
If the sampled voltage signal is set as 1, then the VQVS needed to be constructed is u.
Assuming the delay time is one sampling period T, then the voltage vector U in the
af coordinate system can be written.
{u,x(t) = Ucos[w(t+Ts) + ¢ — wTs] ©)
ug(t) = Usin[w(t +Ts) + ¢ — wT]

where, U is the amplitude of the voltage vector; ¢ is the initial phase of the voltage vector;
uq(t) and ug(t) are respectively the projection of the voltage vector on the coordinate axis.
Equation (6) can be further written.

{ua(t) = uy(t+ Ts) cos(wTs) + ug(t + Ts) sin(wTs) @)

up(t) = ug(t+ Ts) cos(wTs) — ua(t + Ts) sin(wTs)

Simplify Equation (7), the relationship between u,(t) and ug(t) under delaying a
sampling period T can be written as.

up(t+Ts) — ug(t) cos(wTs)
sin(wTs)

Uy (t) = (8)

Assuming that one phase of the grid voltage signal detected is ug(t) , then the u,(f)
constructed by the VQVS can be expressed as.

ug(t+Ts)—ug(t) cos(wTs)
uﬂl(t) =t sin(foTs) )
u(t+Ts)—u(t) cos(wTs)
sin(wTs)

3.2. Figures, Tables and Schemes
According to Equation (9), the value of the VQVS at the kth sampling can be obtained as.

o (K) = u(k + 1)8;121;?505(w]"5)

(10)
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where k is the sampling point, k=1,2,3, ... .

Therefore, the quadrature voltage value can be obtained according to the grid voltage
value u(k) and u(k + 1) delayed by one sampling period Ts. When the sampling period T is
set as 0.5 ms, 1 ms and 2.5 ms, respectively, the VQVS constructed by the STD are shown
by the blue curves in the Figure 3. As can be seen from the figure, the VQVS constructed
by the STD can follow the ideal quadrature signal very well even if the sampling period
changes. As a result, the accuracy of the STD algorithm is higher than other algorithms.

—— Sampling signal Difference Method
- Ideal orthogonal signal ——— STD Method

- o
Y
\
'\ \ /
20 30 40

—_—

Voltage (p.u.)
(=

"
Time (ms)
(a)
—— Sampling signal Difference Method

[
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)

- LS
I 40
—— Sampling signal Difference Method
. ------- Ideal orthogonal signal ——— STD Method
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& Of
: /
G

10 10 20 30 40

Time (ms)
(©

Figure 3. Effect of quadrature signal construction algorithm with different sampling periods (a) Ts = 0.5 ms;
(b) Ts =1ms; (c) Ts =2.5 ms.

3.3. Noise Sensitivity Analysis of the VQV'S

In practical application, the voltage signal collected usually contains high frequency
random noise, so it is necessary to investigate the effect of the VQVS on the high frequency
random noise.
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Assuming that the delay time is AT = n T (n is the delay factor, its value is a non-
negative integer), then the Equation (10) can be written as Equation (11) when the high
frequency random noise is included.

u(k+1) —u(k) cos(wAT)

sin(wAT)
_ [u(ke+1)Fun (k4+1)] = [u(k)4-un (k)] cos(wAT) (11)
- sin(wAT)

= Uy (k) + ”n_STD(k)

Uy (k):

"

where, the physical quantity with the superscript containing indicates the inclusion of
high-frequency random noise; u,,_stp(k) is the VQVS of high frequency random noise.

uy(k+1) — uy(k) cos(wAT)
sin(wAT)
1+ cos(wAT)
sin(wAT)

un_stp (k)=
(12)

|un| = Astp|un|

where, ASTD is the amplification factor of the VQVS for noise under the worst conditions.

14 cos(wAT) 1+ cos(w - nTs)

Astp = sin(wAT)  sin(w - nTy) (13)

Figure 4 shows the relationship between the ASTD and the sampling period T for
the difference and STD algorithms when n = 1. As can be seen from the figure, the ASTD
from the STD algorithm is slightly lower than that of the difference algorithm when the T
period is the same.

Difference method
------- STD method

1 L R ;

)

1 2 3 - 5

Sampling period T (ms)

Figure 4. The relationship between Noise amplification factor and Ts with different algorithms.

The parameters which related with the VQVS are ASTD, AT, n and T, and the
relationship between them are shown in Figure 5. In the figure, the same color lines
represented the same delay coefficients, the curves represent the relationship between
ASTD and T, and the straight lines represent the relationship between AT and T for
different delay coefficients. As shown in Figure 5, ASTD decreases and AT increases when
n and T increases. However, in order to improve detection speed and reduce noise, the
values of the n and T can’t be too large.
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Figure 5. The relationship between ASTD and T under different.

Comprehensive considering the relationship of these parameters, we set the Ts = 0.25 ms
and 7 = 6 to investigate the characteristics of the VQVA. Figure 6 shows the VQVS con-
structed by different algorithms, the results shows that for the delay T/4 algorithm, there
is obvious delay at the beginning of the curve from 0 to 5 ms even if the noise doesn’t be
amplified; for the difference algorithm, the noise is amplified; for the STD, the noise is
slightly amplified, but there is no delay. When the sampling signal is filtered, the results
of different algorithms are shown in the Figure 7. It can be seen that the STD has higher
accuracy. Simultaneously, there is no delay. The above simulation results show that the
STD has higher accuracy compared with the difference algorithm and delay T/4 algorithm.
So the STD algorithm proposed in this paper shows a better performance in the response
speed and accuracy.

4: — Delay 7/4 method Difference method — STD method

2 5

0

2F

-4 ! ! L ! !

0 10 20 30 40 50
Time (ms)
Figure 6. Noise sensitivity simulation of different quadrature signal construction algorithms without filter.

6r Delay 7/4 method Difference method — STD method

- 1
4r 0 P"/’-\’

[ -1 _‘a:-ﬂ""’ﬁ
2 S o 10 15 20 25
0

2F . : . . |
0 10 20 30 40 50
Time (ms)

Figure 7. Noise sensitivity simulation of different quadrature signal construction algorithms with filter.
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4. The Extraction of the Positive Sequence and Negative Sequence Voltage Components

Figure 8 shows the extraction step of the positive- and negative sequence voltage
components for the three-phase unbalanced voltage sag. The three-phase grid voltage
signal collected is decomposed into three independent single-phase voltage through a
multiplexer, and then the VQVS which are separately orthogonal to the three single phases
voltage signal are constructed by the STD. The three VQVSs and the voltage signals collected
are divided into three groups to extract the positive- and negative sequence, respectively.

. 4

-

4 N\ (o = = ——
) e /
(2 > |
—>» STD Method | Positive- Real
P T | sequence frans component
|
! LUl
W, T /
_; STD Method —> The Exaction of the Positive/Negative
T Component
. _am=
u Negative- Imaginary
u—‘(i pECcEi sequence trans component
STD Method
D ———L DUt hlel”

J

H

RR

7N ~0)
o
AVEESINT
| Pl :
\_ _______ 7/
\J ~~

N

Figure 8. Schematic diagram of extracting positive-sequence and negative-sequence component.

In the two phase stationary coordinate system, the three-phase unbalanced voltage

can be expressed by.

u = u, + jug

{ua = [”azx(t) Upq (t) ”ca(t”;
Ug = [ugp(t) upp(t) ucp(t)]

(14)

(15)

where, U is the three phase unbalanced grid voltage phasor; U, and Up are the component
of the voltage phasor in the a-axis and B-axis; Uga(t), Up, () and e, () are the components
of each phase voltage in the a-axis; u,g(t), upg(t) and u.g(t) are the components of each
phase voltage in the B-axis.

For the orthogonal components U, and Uy in the Equation (14), it will be constructed
by the STD algorithm. Here, the three-phase grid voltage signal is chosen as Ug, and
another orthogonal U, will be constructed by the STD.

The positive sequence component based on the symmetric component algorithm in

the two-phase stationary coordinate system can be expressed by.

U’ =Tl =u,* +jug*

uy = [uf(t) g (t) uh(n]”
T
uj = [u;ﬁ(t) ) (¢) ujﬁ(t)}

(16)

(17)

ot . . . .
where, U is the positive sequence voltage component; Tj is the positive sequence coordi-
nate transformation matrix, and it can be expressed by.

(18)
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According to Euler formula, the rotation factor « and a? can be expressed by.

27 27 2 1 V3

= ]L: —_— i si _— = —= —
a=¢e3 cos(3>+]sm(3> 2+]2 (19)

2 _ iF 2\ L (2 1 V3
a e /3 cos( 3 ) ]sm< 3 5 j 5 (20)

Combining the Equations (16), (17), (19) and (20), and the real component can be
extracted, so the positive sequence component of the three-phase unbalanced grid voltage

.+ .
U can be derived as

+
u =rmT,U,+ Tlﬁu‘g (21)

where, Ty, and Tyg are the coordinate transformation matrices of the positive sequence
a-component and B-component, respectively, and

2 -1 -1 0 -1 1
Ta=2|-1 2 -1|, Typ = V3ll o (22)
6 6
1 -1 2 11 0

Similarly, the negative sequence component based on the symmetric component
algorithm in the two phase stationary coordinate system can be expressed as

U =TU=U, + jug (23)

{u“:%(t) () (0] (24)

y =[50 i) ugplt)]”

where, U is the negative-sequence voltage component; T, is the negative sequence coordi-
nate transformation matrix, and it can be expressed as

1 a a?
Th==|a a* 1 (25)
a2 1

Wl

a

Combining the Equations (19), (20), (23) and (24), and the real component can be
extracted, so the negative sequence component of the three-phase unbalanced grid voltage

U can be derived as o
u ="nu,+ Tzlgulg (26)

where, Ty, and T4 are the coordinate transformation matrices of the negative sequence
a-component and B-component, respectively, and

2 -1 -1 0 1 -1
1 3
Toe=—|-1 2 -1 ,T2ﬁ:£ 1 0 1 27)
6 6
1 -1 2 1 -1 0

The positive sequence component U and negative sequence component U  of the
three-phase unbalanced voltage can be extracted by the PNST algorithm, the rotational
components can be obtained by the synchronous coordinate transformation, then the dc
component (LI;B, U;O and Uz U;O) of the dg coordinate system can be obtained. Combined
with Equations (4) and (5), the amplitude and phase of the voltage can be obtained.
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5. Simulations

To demonstrate the validity of the proposed algorithm, a MATLAB/Simulink model
was established for the detection of the three-phase unbalance voltage sag. The simulation
model are shown in Figure 9.

Constructing quadrature Positive
voltage sequence Calculation
——mm ==y
Discrete | N l
1e-05s pre-LPF —1_p | I I » »
»-o ug  faif—y
e
|
—) preter [ lq Trans| I |
— R e |t ol ]
|- dq trans I
DETECTION l__' oter [ - 7 | : [ : >
o, -
| H " | W IL___JI____|
/ ;
—— ——— == Negative

Saiuration sequence

Figure 9. MATLAB/Simulink simulation model.

5.1. Transient-Response Analysis

Set the sampling frequency as 100 kHz, then the number of sampling points per cycle
are 2000, the three-phase unbalanced voltage sag waveform can be obtained as the Figure 10.
It can be seen that the three-phase voltages have different sag between 50 ms and 150 ms,
the amplitude of A and B phases drop from 1 p.u. to 0.6 p.u., and the amplitude of C
phase drops from 1 p.u. to 0.45 p.u. Besides, the phase of three phases has different jumps.
Another thing needed to be noticed is that there are a lot of noise signal and harmonic in
three-phase voltages, which will be filtered before detecting.

AT A e
r %%%%”WW%J

)

)
D

Voltage (p.u

1 1 1

60 80 100 120 140 160 180
Time (ms)

’I_‘ 1
o=

Figure 10. Three-phase unbalanced voltage sag drop waveform.

For the voltage sag, the positive- and the negative- sequence voltage component
extracted by the proposed algorithm are shown in Figure 11. Compared with the waveform
of the Figure 10, the amplitude of the positive- and negative sequence voltage components
is stable and the frequency keep constant except for a short dynamic response time at the
beginning and the end of the voltage sag. As a result, the proposed algorithm is effective.
Simultaneously, it can also suppress the noise well.
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—— A phase — B phase C phase
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Figure 11. The extraction of positive-sequence and negative-sequence voltage component; (a) positive-
sequence voltage component; (b) negative-sequence voltage component.

5.2. Sag-Detection Time

Comparing the proposed algorithm with the double dgq transformation algorithm
mentioned in [18]. the comparison results are showed in Figure 12. Here, Uideal, Ureference
and Umanuscript are ideal voltage amplitude, double dg transformation amplitude and the
article’s voltage amplitude respectively. As shown in the Figure, the response speed of the
proposed algorithm is faster than the double dg transformation algorithm mentioned in the
literature no matter the positive sequence or negative sequence component. Simultaneously,
it has little effect on the interference. So it can meet with the requirement of DVR better.
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Figure 12. Comparison of positive-sequence and negative-sequence voltage amplitude detection
results (a) positive-sequence component of three-phase voltage; (b) negative-sequence component of

three-phase voltage.
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6. Experiments
6.1. Hardware Setup

To validate the performance of the proposed detection algorithm for the three-phase
unbalance voltage sag, a hardware test platform RT-LAB is setup in the laboratory [16].
Figure 13 shows the hardware configuration. The detection algorithm is performed by the
DSP controller, the compilation and download of the simulation model are performed by
the host machine, the target machine is connected to the Simulink real time system, the host
machine is connected with the target machine through the slrtexplr tool, and the simulation
results are output through the oscilloscope.

l'arget machine with

Figure 13. RT-LAB test platform.

6.2. Results and Analysis

The test parameters in the hardware setup are consistent with the model parameters in
the Matlab/Simulink, and the voltage value is shown in the unit value. When a three-phase
unbalanced voltage sag occurs, the sag waveform displayed in the oscilloscope is shown
in the Figure 14. It can be seen that it is consistent with the Figure 10 of the simulation
results. Besides, after filtering, three-phase voltage waveform becomes smoother, and
voltage spikes is reduced a lot.

u (0.5V/div)

¢ (20ms/div)

Figure 14. Three-phase unbalance voltage sag drop waveform in hardware-in-the-loop test.

For the positive- and negative sequence component of the three-phase unbalanced
voltage sag, the results of the oscilloscope are shown in Figure 15. Compared with simulati-
on result shown in Figure 11, due to inevitable environmental and hardware interference in
the test, which cause some interference to the detection effect. According to the comparison



Electronics 2022, 11, 2646

14 of 16

results, the waveform of the positive- and negative- sequence components shown in the
oscilloscope is not as smooth as in the simulation, but it is still symmetric.

T T T v L T T T

B phase C phase 1

u (0.5V/div)

¢t (20ms/div)
(a)

L e T LA R B B S B B B S B B S B B R

u (0.5V/div)

t (20ms/div)
(b)

Figure 15. The results of extracting positive-sequence and negative-sequence voltage compo-
nent in hardware-in-the-loop test; (a) positive-sequence voltage component; (b) negative-sequence

voltage component.

For the positive- and negative-sequence component of the three-phase unbalanced
voltage sag, the amplitude detection results of the oscilloscope are shown in Figure 16.
Considering the signal delay of the processor and logic devices, the sag detection time in
the test has 0.1-0.2 ms delay compared with that in the simulation, but the overall detection
time is still within 3 ms for the proposed detection algorithm, which verifies the feasibility
of the detection algorithm. In addition, during the dynamic response of the sag, the voltage
amplitude variation detected by the detection algorithm is more stable, which shows better
anti-interference ability compared with the reference algorithm.

In this paper, a new three-phase unbalanced voltage sag detection algorithm based
on the STD and PNST is proposed to estimate voltage sag detection time. This algorithm
adds a sampling cycle Ts to the u,(t) and the ug(t), and setting the ug(t) as the sampling
signal, then constructing the VQVS by changing the expression of the u, (f 4+ Ts) and the
ug (t + Ts), which can accurately and effectively estimate the detection time of voltage
sag. The validity and accuracy of the algorithm are confirmed by the Matlab/Simulink.
The simulation results demonstrate that the influences of the white noise on voltage sag
estimation can be effectively suppressed by the presented algorithm. Moreover, compared
with the other reported detection algorithms, the proposed algorithm has the advantages of
high detection accuracy, low operation cost, and strong robustness. A hardware platform
is constructed to verify the feasibility and effectiveness of the proposed algorithm on the
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embedded platform. Not only that, the voltage sag detection algorithm based on STD can
provide the reference for electric utilities and users to evaluate power quality.
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Figure 16. Comparison of positive-sequence and negative-sequence voltage amplitude detection results
in hardware-in-the-loop test; (a) positive-sequence component; (b) negative-sequence component.
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