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ABSTRACT 
The reliability and feasibility of power quality disturbance (PQD) classification methods pivot their performance in a real‐world 
electrical environment. This demands an instrument that can generate real‐time PQD voltage signals for investigating the 
performance of a PQD detection algorithm in practical scenarios. This research presents a PQD generator capable of generating 
fifteen real‐time disturbance events using mathematical models specified by the IEEE standard for monitoring Power Quality 
(PQ). The proposed design is based on the concept of virtual instrumentation, comprising two parts: the first one is LabVIEW 
software platform for defining the disturbance parameters and synthesizing user‐defined simulated PQD signal, and the second 
one is MyDAQ a data acquisition card from National Instruments (NI)) for real‐time voltage signal generation. The virtual 
instrument (VI) designed in LabVIEW provides a unique option of inducing real‐world electrical conditions like Additive White 
Gaussian Noise (AWGN) and harmonic distortion to PQD events in real‐time. The reliability of the proposed instrument is 
evaluated by measuring the uncertainty in voltage and frequency of the generated PQD waveforms in accordance with the 
instructions provided by ISO‐guide to the expression of uncertainty in measurement.   

1 | Introduction 

With the increasing use of distributed generation and power 
electronic devices, various types of single and multi‐complex 
power quality disturbances (PQDs) may occur simultaneously. 
PQDs cause malfunctioning and damage to the electrical load 
connected to the network. This necessitates to adopt counter-
measures [1–3]. Recognizing the adverse effects on electronic 
loads, the mitigation of PQDs has emerged as a crucial subject 
[4–8]. Before initiating the protection systems like dynamic 
voltage restorer (DVR) and distribution static compensator (D‐ 
STATCOM), it is mandatory to detect and classify these PQ 

disturbances [9–11]. Researchers are actively involved in 
designing efficient PQD detection and recognition algorithms 
for PQ monitoring [3, 12]. The majority of the PQD detection 
and classification schemes presented previously are simulation‐ 
based studies. The detection algorithms presented in these 
research works are trained and tested using PQD signal data 
sets that are generated through software simulations [13–19]. 
For that purpose, they utilize the mathematical models of PQ 
disturbances provided by IEEE standard 1159 to generate these 
signal data sets [11, 20–26]. Most of the cases, the researchers 
have performed the experimentation using ideal voltage signal 
obtained through these mathematical equations. Some of the 
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researchers have also presented open‐source software for pro-
ducing data sets of different PQ signals. MATLAB software has 
been used to create graphical user interface (GUI). Despite 
these efforts, the PQ signal data sets synthesized through soft-
ware simulations lack incorporation of real‐world scenar-
ios [27]. 

The reliability and feasibility of PQD classification methods 
depend on their performance in a real‐world electrical en-
vironment, where noise is commonly superimposed on the 
actual voltage signal, and waveform distortion can occur due to 
harmonic distortion in the line. A detection scheme is ranked to 
be feasible and realizable in a practical PQD monitoring system 
if its performance remains robust in the presence of such 
electrical conditions. Consequently, it is mandatory to train the 
algorithm on real signals and to confirm the regulated high‐end 
performance before implementing it on hardware for PQD 
monitoring systems. This necessitates a departure from relying 
on synthetic PQD signal data sets and emphasizes the 
requirement for a dedicated PQD generation device capable of 
producing authentic signals. Such a device should also provide 
the flexibility of introducing various electrical conditions in the 
clean signal, enabling rigorous testing of PQD detection algo-
rithms, validating their authenticity, and verifying their 
performance. 

Addressing the design challenges associated with sophisticated 
PQ generation devices, the importance of virtual instruments 
has gained attention, particularly in computer‐based PQ mea-
surement and monitoring systems. Regardless of that, the ex-
isting literature presents a limited number of PQD generation 
methods and devices. A design of PQD generator aligned with 
the European standard EN50160 was presented in 2017. Pro-
posed design consists of two parts, disturbance parameters 
setting module based on virtual instrumentation software 
(LabVIEW), a data acquisition card interface, and the design of 
the output power amplifier. Emphasis was placed on amplifier 
design to scale the output voltage level of the data acquisition 
card to the nominal line voltage (230 V), facilitating the gen-
eration of disturbance signals for testing power quality instru-
ments and algorithms [28]. 

Another virtual generator using LabVIEW was introduced in 
2020 that aimed to produce real‐time PQDs. It has two modes of 
operation, continuous mode in which desired disturbance was 
generated on a trigger input, and pre‐defined mode, which 
implements the exact definition of events. The LabVIEW pro-
gram was implemented on data acquisition device‐based hard-
ware. However, the hardware presented in the study could 
generate only 12 PQDs. Moreover, the research lacked infor-
mation about measurement uncertainty, which is a critical 
aspect for signal‐generating instruments [29]. A PQD generator 
was proposed for the generation of voltage sag, swell, and 
interruption. The design comprised of solid‐state relays and 
dimmer‐stat‐I. Solid‐state relays are used to select the type of 
PQD and dimmer stat controlled by microcontroller 89C51 was 
employed to change voltage levels and duration of disturbance. 
The presented PQD generator is imitated to generating only 
four single disturbances, lacking information about the sam-
pling frequency, and the produced signals are clean and 
ideal [30]. 

Researchers have also presented a method for obtaining real 
events generated from real‐time digital simulator (RTDS) under 
various operating scenarios and noise levels. RSCAD software 
was utilized for simulated signal generation and for GUI. The 
hardware component involved interfacing multiple digital sig-
nal processors to generate only nine real‐time disturbance sig-
nals [31]. In a study, a virtual instrument‐based platform was 
proposed for the generation and detection of transient PQDs. 
LabVIEW software‐oriented generator gave transient distur-
bance signals according to the standard IEEE1159‐1995. It is 
noteworthy that this method could generate only nine types of 
disturbance events [32]. Authors have also introduced three‐ 
phase PQD generators that were able to generate only seven 
types of PQ signals. PQ standard equations, control parameters, 
and design of GUI were implemented on LabVIEW. The real‐ 
time PQ voltage signals were generated through a data acqui-
sition board NI PCI 6713. The generator could add Gaussian 
noise to the PQ signals. This PQ signal generation setup is not 
user‐friendly due to its reliance on PCI slot [33]. In research, 
electronic circuits were presented to generate some of the 
power quality distortions, including voltage sag, swell, outage, 
harmonic distortion, notches, and voltage unbalance. Simula-
tions of these circuits confirmed the accuracy of the generated 
disturbances, making it particularly suitable for testing power 
devices such as UPS, DVR, SSTS, etc [34]. Some electrical 
circuit‐based hardware has also been presented in various 
studies. The examples of these PQD generating circuits are 
impedance switching‐based PQ generator, back‐to‐back con-
verter circuit, transformer‐based generator, and AC chopper‐ 
based generator. Although these PQ generator circuits are 
reliable, their scope is limited to only three types of PQ dis-
turbances, that is, sag, swell, and interruption [10, 35, 36]. 

Based on the above review, the specific shortcomings of existing 
PQD generation research can be summarized as follows. First, 
many PQD detection and classification studies still rely on 
software‐generated data sets or ideal mathematical waveforms 
based on standard PQD models [13–27], which do not suffi-
ciently represent practical operating conditions such as noise 
contamination and harmonic distortion. Second, several re-
ported PQD generators are limited to a small number of dis-
turbance classes, including 12 disturbances in [29], four single 
disturbances in [30], nine disturbance signals in [31, 32], seven 
PQ signals in [33], and mainly sag, swell, and interruption in 
circuit‐based generators [10, 35, 36]. Therefore, these ap-
proaches do not adequately support the flexible generation of 
single and multi‐complex PQD events. Third, some available 
hardware‐based generators either do not report measurement 
uncertainty [29], lack detailed sampling‐frequency information 
and generate clean ideal waveforms only [30], or focus on 
simulation/circuit‐level verification rather than flexible signal‐ 
generation instrumentation [34]. This weakens confidence in 
their use as validated signal‐generating instruments. Fourth, 
some reported platforms rely on less portable or less user‐ 
friendly hardware arrangements, such as PCI‐based acquisition 
systems [33] or application‐specific circuit configurations 
[10, 34–36], limiting their suitability for flexible laboratory use. 
These limitations indicate the need for a portable, user‐ 
configurable, virtual‐instrumentation‐based PQD generator that 
can produce both single and multi‐complex disturbances, 
incorporate user‐defined AWGN and harmonic distortion, and 
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provide measurement uncertainty analysis for generator‐level 
validation. 

To address these shortcomings, this study presents a LabVIEW‐ 
MyDAQ‐based PQD generator with controllable disturbance 
parameters, real‐time waveform generation, user‐defined 
AWGN and harmonic distortion insertion, and voltage/fre-
quency uncertainty analysis. The main contributions are as 
follows:  

1. Designing of PQD generator, capable of generating 15 
single and multi‐complex PQ disturbance signals in 
accordance with IEEE standard.  

2. Device is equipped with the options of adding user‐ 
defined total harmonic distortion (THD) and additive 
white Gaussian noise (AWGN) in PQD signal to emulate 
real‐world electrical conditions.  

3. A user‐friendly GUI is designed to offer complete control 
of all the disturbance model parameters. 

4. A detailed study for the measurement of device's uncer-
tainty is presented pursuing the guidelines suggested in 
the “ISO Guide to the Expression of Uncertainty in Mea-
surement” that highlights authenticity of proposed design.  

5. The PQ signals generated by the proposed instrument 
undergo evaluation using a PQD recognition algorithm 
presented in a recent study, demonstrating remarkably 
accurate results that validate the generator. 

2 | Proposed Design of PQD Generator 

2.1 | Overview of PQD Generator 

The proposed design of the PQD generator for the generation of 
single and multi‐complex PQ disturbances is based on the 

concept of virtual instrumentation. Figure 1 shows the system 
block diagram of the signal generation scheme implemented in 
the proposed PQD generator. There are five primary blocks 
of the PQD generator: (1) General Parameter Setting block, 
(2) PQD Selection & Disturbance Parameter Setting block, 
(3) Harmonic Distortion Addition block, (4) AWGN addition 
block, and (5) MyDAQ data acquisition card. The first four 
blocks constitute the virtual instrument (VI) and are realized on 
LabVIEW software environment. VI‐based design is divided in 
two segments: program code called block diagram and a GUI 
called front panel, both are powerfully integrated and linked 
with each other. The program code is implemented in Lab-
VIEW block diagram for signal generation utilizing mathe-
matical model of standard PQ disturbances suggested by IEEE 
Std.1159. A user‐friendly and interactive GUI is designed on 
front panel for general parameter setting and amalgamation of 
real electrical conditions. The personal computer (PC) with 
LabVIEW is interfaced with MyDAQ via universal serial inter-
face (USB). The instructions for generating the desired PQD 
signal with required disturbance parameters, level of noise, 
percentage of THD, and sampling rate are fetched through front 
panel. The designed program code in control panel scans the 
given commands and synthesizes the simulated PQD signal. 
The simulated PQD signal is converted into real‐time voltage 
signal by MyDAQ, which can be obtained as output on its 
analog output channel specified in its general parameter setting. 
The presented PQD generator provides a comprehensive solu-
tion for the generation of specific single or multi‐complex PQ 
signals with its defined parameters, including options to insert 
noise and harmonic distortion of specific levels. In general, 
proposed output on its analog output channel specified in its 
general parameter setting. 

The presented PQD generator provides a comprehensive solu-
tion for the generation of specific single or multi‐complex PQ 
signals with its defined parameters, including options to insert 

FIGURE 1 | Block diagram of proposed PQD generator.  
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noise and harmonic distortion of specific levels. In general, 
proposed instrument enables generation of three‐phase signals. 
In current situation, it is developed for single‐phase voltage 
waveform generation, but this scheme can be easily replicated 
in identical fashion in order to emulate a three‐phase system. 
The forthcoming subsections provide a detailed explanation of 
the design and operations performed by each block of the PQD 
generator. 

2.2 | General Parameter Settings Block 

This block offers various choices for the selection of general 
parameters associated with the output waveform. These 
parameters are necessary to generate any specific disturbance 
waveform. Figure 2 shows the control panel designed (using 
LabVIEW front panel software module) for the selection of 
general parameter settings. The proposed generator gives flex-
ibility of utilizing any of the data acquisition card provided by 
NI. The output channel of a particular NI data acquisition card 
can be chosen through the dropdown menu of “waveform set-
ting” tab in the front panel. The output channel amplitude 
range and the generation mode, that is, continuous waveform 
or fixed waveform can also be selected using this VI. Selection 
of sampling frequency is crucial for the generation of a PQD 
voltage waveform. Sampling frequency is defined as the number 
of samples generated per second. Sampling rate should be 
selected according to the defined electrical power frequency. 
Because the wrong selection of sampling rate can produce an 
aliasing problem if the Nyquist criteria are violated. According 

to the Nyquist criteria, sampling frequency should be greater 
than twice the maximum frequency in the signal. The Fourier 
analysis of the PQD waveform synthesized using PQ standard 
models gives a maximum frequency component of 1.1 kHz. 
Therefore, sampling frequency must be greater than 2.2 kHz 
following the Nyquist criteria. The control panel provides flex-
ibility of choosing the number of cycles to be generated that will 
define the duration of PQD waveform. This block is also 
responsible for setting the amplitude and power frequency of 
the sinusoidal waveform. A PQ disturbance detection and 
classification algorithm is necessarily implemented on an em-
bedded controller for its application in real‐time power quality 
monitoring. Most of the microcontrollers and other embedded 
controllers take positive voltage on their analog input channels. 
Considering the possibility of deploying PQ classification algo-
rithm on such microcontrollers, the proposed PQD generator 
provides an option of adding the required DC offset in the 
sinusoidal waveform. 

2.3 | PQD Selection and Disturbance Parameters 
Setting Block 

One of the distinguished features of the proposed generator is 
its capability of generating the disturbance signal using the PQ 
mathematical equations provided by relevant IEEE standards. 
The disturbance waveforms are simulated through program 
code in the LabVIEW block diagram using PQ mathematical 
models. These models include various parameters associated 
with the characteristics of disturbance events. The PQD 

FIGURE 2 | Control panel for general parameter settings.  
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Selection and Disturbance Parameters Setting block provides 
options for the generation of 16 different types of PQD events 
according to the user‐defined parameters. Most prominent 
parameters are listed as: disturbance duration (defined by start 
and end times), disturbance magnitude (for sag/swell related 
events), oscillatory transient‐related parameters like phase, 
frequency, and time duration of one transient event, etc., 
harmonics‐related parameters, flicker Frequency, and notch 
number (Figure 3). 

Figure shows the GUI designed for the control of these 
parameters. Any event of desired characteristics can be gener-
ated using the above‐mentioned models' parameters. Models 
also establish the bounds for each parameter, whether they are 
general or specific to disturbances. The description of 16 PQ 
models along with these mentioned parameters is given as 
follows: 

2.4 | Normal or Pure Sinusoid 

An ideal alternating voltage defined by sine trigonometric 
function having an exact RMS value of 707 mV is called Normal 
Sinusoid. It is defined by the following model. 

v t t( ) = Asin( ) (1) 

where f= 2 is the angular frequency in radian/sec. 

= Phase angle in radians 

A = Amplitude in Peak Unit 

2.5 | Voltage Sag 

Instantaneous decrease in the RMS amplitude of an alternating 
voltage is known as a voltage sag. Mathematically, it can be 
expressed as: 

v t A u t t u t t t( ) = (1 ( ( ) ( )))sin ( )sag 1 2 (2) 

where α = magnitude of voltage sag must be in the range 
(0.1, 0.9) 

t1 = Start time of voltage sag 

t2 = End time of Sag 

Duration of voltage sag defined by t1 and t2 and must be in the 
range (T, [N‐1] T) where T is the period of one cycle of sinusoid 
and N is the number of cycles. 

FIGURE 3 | Control panel for selection of different types of events and for setting of PQD model parameters.  
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2.6 | Voltage Swell 

Voltage swell is an instantaneous increase in the RMS amplitude 
of sinusoid, mostly induced by energy storage elements at the time 
energy dissipation. Mathematical equation of swell is given as: 

v t A u t t u t t t( ) = (1 + ( ( ) ( )))sin ( )swell 1 2 (3) 

where β is the magnitude of Voltage Swell must be in the range 
(0.1, 0.8). Starting and end time of voltage swell are defined by t1 

and t2, respectively. Duration of voltage is well defined by t1 and 
t2 and must be in the interval (0, [N‐1] T). 

2.7 | Voltage Interruption 

Interruption is a special case of voltage sag. If the magnitude of 
voltage sag becomes greater than 90% of the nominal amplitude, 
then this condition is referred to as voltage interruption. 
Mathematical expression of interruption is given as: 

v t A u t t u t t

t

( ) = (1 ( ( ) ( )))

sin ( )
interruption 1 2 (4) 

where ρ is the magnitude of interruption in the range (0.91, 1). 
t1 and t2 represent the start time and end time of the inter-
ruption event, respectively. 

2.8 | Transient/Spike 

Sudden change in the steady state of the nominal sinusoid is 
referred to as voltage transients/spikes. Mathematically, voltage 
transients can be expressed using the following equation. 

v t A t e
e u t t u t t

( ) = [sin( ) (
)( ( ) ( ))]

transient t t

t t
a b

750( )

344( )

a

a
(5) 

where is the magnitude of voltage transient. Duration of 
Voltage transient cannot be greater than 1 ms as referred from 
IEEE standard 1151. Start time and End time are defined by ta 

and tb=ta + 1 ms, respectively, in the equation. 

2.9 | Oscillatory Transient 

Response of an electrical or electronic circuit toward voltage 
transient is known as oscillatory transient. Such voltage oscil-
lations can only last for one and half cycles but can cause severe 
damage to the utility. It can be mathematically expressed as: 

v t A t e t t
u t t u t t

( ) = [sin( ) + sin( ( ) )
( ( ) ( ))]

O T
t t

n I

II I

. .
( )I

(6) 

where ωn is the frequency of oscillation in (rad/s) in the range 
(600π, 1100π), ϑ is the phase angle of oscillations, and τ denotes 
the time duration of single transient in oscillations. Duration of 
oscillatory transient, defined by start time (tI) and End time (tII), 
must be in the range (0.05 T, NT/3.33). 

2.10 | Flicker 

Voltage flickering is a periodic but constant decrease in RMS 
amplitude of nominal sinusoid within specified frequency 
range. Mathematical model of flicker is given as: 

v t A t t( ) = [1 + sin ( )]sin ( )flicker f (7) 

where λ denotes magnitude of flicker, must be in range (0.05, 
0.1) and ωf represents the frequency of flicker in rad/s, should 
be in the range (16π, 50π) 

2.11 | Harmonics 

Voltage harmonics are known as the addition of even or odd 
multiples of fundamental frequency in the nominal sinusoid. 
According to IEEE standard 1151, the allowed harmonic dis-
tortion in the voltage from the utility must be less than 5%. 
Mathematically harmonics can be expressed as: 

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
v t t n t( ) = A sin( ) + sin ( )harmonic

n
n n

=3

7
(8) 

where αn is the magnitude of nth harmonic ranging from 0.05 to 
0.15, nω is the nth multiple of fundamental sinusoidal frequency 
(rad/s), and n is the phase angle in nth harmonic voltages. 

2.12 | Notch 

Periodic voltage spikes in the nominal sinusoid are known as 
notch. It lasts for duration less than 1 ms but can occur multiple 
times with periodicity. Each notch can occur maximum six 
times in one cycle as described by following mathematical 
expression. 

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

v t A t sign t

k u t t sn u t t sn

( ) = sin( ) sin( )

( ( ( + )) ( ( + )))

notch

n

N c

c d
=0

. 1 (9) 

where k = Magnitude of notch ranging from 0.1 to 0.4. 

c = Number of Notch in each cycle. 

s = Constraint of the end time of notch, td ≤ s. 

N = Number of cycles of nominal sinusoid. 

Duration of Notch is defined by start time tc and end time td and 
must be in the range (0.01 T, 0.05 T). 

2.13 | Multi‐Complex PQD Events 

The combination of single disturbance events are known as 
multi‐complex PQD events. Examples are sag with harmonics, 
flicker with sag, etc. Six different types of multi‐complex events 
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are implemented in this study. They are listed as: flicker with 
sag, flicker with swell, sag with harmonics, swell with harmo-
nics, sag with oscillatory Transient, and swell with oscillatory 
transient. Table 1 presents mathematical models of each com-
plex PQD event with associated parameters. 

2.14 | Noise Addition Block 

In real‐world electrical environment, noise is superimposed 
over voltage signals. Various sources, such as power electronic 
drives, control circuits, arcing devices, and loads with solid‐state 
rectifiers, contribute to noise in the electric power system. This 
noise has the potential to degrade the performance of PQD 
detection and classification algorithms. This necessitates train-
ing and testing the algorithm on PQD signals, which are pol-
luted with noise. Considering the requirement, proposed PQD 
generator has a special function that induces noise to the ideal 
disturbance voltage signal through its noise addition block. The 
noise level of real PQD waveforms in an electrical system is 
approximately 45 dB [37, 38]. However, the researchers need to 
validate the resilience of their proposed detection algorithm 
under more tough noisy conditions. For that purpose, the pro-
posed generator is equipped with an option of adding/inserting 
additive white Gaussian noise (AWGN) of user's choice to ideal 
PQD signal with a signal‐to‐noise ratio (SNR) ranging from 30 

to 80 dB. This gives an insight into the ability of a PQD mon-
itoring system designed by researchers for working satisfactorily 
if implemented on a real system. Figure 4 shows the respective 
GUI for the generation of noisy PQD events generation. 

2.15 | Harmonic Distortion Addition 

The growing presence of harmonic sources such as wind 
parks, solar farms, HVDC stations, and static VAR compen-
sators has highlighted the critical importance of voltage har-
monics in both distribution and transmission systems [39]. 
Similarly, a range experimental assessments and modeling of 
harmonic distortion for energy efficient lighting and induction 
furnaces have been done in [40, 41]. To assess the influence of 
harmonic distortion on the efficacy of a PQD monitoring 
system, it is essential to train and test a detection algorithm 
using distorted PQD signals. The Harmonic Distortion Addi-
tion block of the designed PQD generator provides features of 
adding harmonic distortion to the ideal PQD signal. Although 
IEEE std. 519 permits 5% voltage distortion in a distribution 
network, however proposed PQD generator has the option of 
inducing harmonic distortion up to any user‐defined level up 
to 13th component (Odd only). Figure 5 depicts the respective 
panel of the VI for incorporating harmonic distortion into the 
PQD event. 

TABLE 1 | Mathematical models of multi‐complex power quality disturbance events.     

PQD 
event Name Mathematical model Constraints  

10 Flicker 
with Sag 

A t t[1 + sin( )]sin( )+f
A u t t u t t t(1 ( ( ) ( )))sin ( )1 2

0.05 0.1
f Hz f8 25 , = 2f f f

T t t N T( 1)2 1
0.1 0.9

11 Flicker with 
Swell 

A t t[1 + sin( )]sin( )+f
A u t t u t t t(1 + ( ( ) ( )))sin ( )1 2

0.05 0.1
f Hz f8 25 , = 2f f f

T t t N T( 1)2 1
0.1 0.9

12 Sag with 
Harmonics 

A u t t u t t t(1 ( ( ) ( )))sin( )1 2

t n t+ A[sin( ) + sin ( )]n n n=3
7

T t t N T( 1)2 1
0.1 0.9

n ;= {3,5,7} 0.05 0.15n

n

13 Swell with 
Harmonics 

A u t t u t t t(1 + ( ( ) ( )))sin( )1 2

t n t+ A[sin( ) + sin ( )]n n n=3
7

T t t N T( 1)2 1
0.1 0.9

n ;= {3,5,7} 0.05 0.15n

n

14 Sag with 
Oscillatory 
Transient 

A u t t u t t t(1 ( ( ) ( )))sin( )1 2

A t e t t+ [sin( ) + sin( ( ) )n I
t tI( )

u t t u t t( ( ) ( ))]II I

T t t N T( 1)2 1
0.1 0.9

f Hz300 900n
f ; ms ms= 2 8 40n n

T t t T0.05 II I
N

3.33

15 Swell with 
Oscillatory 
Transient 

A u t t u t t t(1 + ( ( ) ( )))sin( )1 2

A t e t t+ [sin( ) + sin( ( ) )n I
t tI( )

u t t u t t( ( ) ( ))]II I

t t N T( 1)2 1
0.1 0.9

f Hz300 900n
f ; ms ms= 2 8 40n n

T t t T0.05 II I
N

3.33
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2.16 | Generation of Real‐Time PQD Events Using 
MyDAQ 

The resultant PQD signal, either with or without noise and har-
monic distortion, is written to the data acquisition card for real‐time 
generation. MyDAQ provided by the National Instruments (NI) is 
used for this purpose. The General Settings Panel of the VI allows 
direct control over MyDAQ operations, such as finite and contin-
uous samples generation, sampling rate, channel amplitude con-
straint, and the number of samples to be produced at the output in a 
single cycle. This control is facilitated by parameter settings such as 
power frequency, number of cycles, DC bias, and sampling rate. 
Figure 6 illustrates the program code (block diagram) of the VI 
developed in the LabVIEW programming environment. 

3 | Experimental Setup for Verification of PQD 
Generator 

Figure 7 shows the experimental setup for the analysis and ver-
ification of waveforms generated by proposed PQD generator. 
The generated PQD signal is obtained at the analog output 
channel of MyDAQ. The output of PQD generator is connected 
to the oscilloscope of NI ELVIS II from NI through input chan-
nel. NI ELVIS II is connected to a personal computer via USB. 
All the waveforms and associated results were observed on 
computer‐based oscilloscope using NI Instrument Launcher 
software application. Different PQD events were generated using 

proposed PQD generator and visualized through oscilloscope. 
Some typical/exemplary PQD waveforms were generated and 
logged in computer using settings shown in Table 2. Figures 8–14 
shows the signals generated by the proposed PQD generator. 

4 | Measurement Uncertainty Results 

The reliability of an instrument is a critical consideration for 
both commercial and laboratory applications. Measuring the 
results produced by an instrument determines its reliability and 
conformity. The quality of results significantly influences the 
decision about deployment of instruments in a particular 
application based on measurements. Calculating the measure-
ment uncertainty of an instrument provides an insight about 
the quality of results [42]. The measurement uncertainty is 
computed according to the steps outlined by the Guide to the 
Expression of Uncertainty in Measurement [43], by the Inter-
national Organization for Standardization. The measurement 
uncertainty of the proposed PQD generator includes the 
determination of voltage uncertainty and frequency uncer-
tainty, detailed in the subsequent subsections. 

4.1 | Voltage Uncertainty 

The uncertainty of the RMS voltage was calculated using 
measurements obtained from waveforms generated by the 

FIGURE 4 | Control panel for insertion of AWGN noise.  
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proposed PQD generator. Waveforms with a nominal RMS 
voltage of 5 V were generated by the proposed instrument and 
measured using an oscilloscope. Measurements were taken both 
without harmonic distortion and with THD of 5%, 10%, and 15% 
at two different signal frequencies, 50 and 60 Hz. To calculate 
uncertainty, a total of 10 measurements were taken at each 
signal frequency, both with and without harmonic distortion. 
Table 3 presents the recorded measurements at two nominal 
voltages of 5 and 7.07 V without harmonic distortion at signal 
frequencies of 50 Hz, 1 kHz, and 2.5 kHz. The uncertainty of the 
RMS voltage is computed using the relation described in 
Equation 10. 

V Uncertainty
n n

V V_ = 1
( 1)

( )
i

n

rms average
=1

2 (10)  

Table 3 reveals that the minimum uncertainty of 6.102 µV oc-
curs with a nominal voltage of 7.07 V at a signal frequency of 
50 Hz, while the maximum uncertainty of 32.28 µV is observed 
at a signal frequency of 1 kHz. Additionally, it is evident that at 
a higher voltage of 7.07 V, the uncertainty is notably larger than 
that at 5 V, confirming a direct relationship between uncer-
tainty and nominal RMS voltage. An increasing trend in voltage 

uncertainty is also observed with an increase in signal fre-
quency. However, overall voltage uncertainties of the proposed 
PQD generator at different frequencies remain very small. 

Tables 4–6 illustrate the impact of harmonic distortion on the 
voltage uncertainty of the generator. Table 4 presents voltage 
measurements recorded at 5% harmonic distortion along with 
uncertainty calculations. The addition of harmonic distortion 
does not significantly affect voltage uncertainty at the nominal 
frequency of 50 Hz. At higher frequencies, a minor change is 
observed in voltage uncertainty, increasing from 14.4 to 264 µV 
due to the addition of harmonic distortion, considering the case 
for a nominal voltage of 5 V with a signal frequency of 1 kHz. 
Similarly, at a frequency of 2.5 kHz, uncertainty increases from 
20.5 to 538 µV. Compared to ideal signals, the addition of har-
monic distortion affects measurement uncertainty; however, 
these results demonstrate that uncertainty values are still 
acceptably small. Tables 5 and 6 show recorded measurements 
at 10% and 15% harmonic distortions with computed mea-
surement uncertainty results. No significant change is observed 
in voltage uncertainty at higher harmonic distortion. The 
results obtained at different nominal voltages, harmonic dis-
tortions, and signal frequencies indicate that the change in 
measurement uncertainty is not very significant, highlighting 

FIGURE 5 | Control panel for adding harmonic distortion.  
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the reliability and conformity of the proposed PQD generator 
for use in various relevant applications. 

Quantitatively, the effect of harmonic distortion on voltage uncer-
tainty is frequency‐dependent. At the nominal frequency of 50 Hz, 
the uncertainty remains in the microvolt range. For the 5 V RMS 
case, the uncertainty changes from 10.21 µV without harmonic 
distortion to 6.19−14.54 µV under 5%–15% harmonic distortion. 

FIGURE 7 | Experimental setup for verification of proposed PQD generator.  

FIGURE 6 | Block diagram of power quality disturbance generator developed in LabVIEW programing environment.  

TABLE 2 | Typical PQD waveforms setting.   

Sampling frequency 5 kHz  

Number of cycles per trigger 5 
Sinusoidal amplitude 1 Vp (or 707 mV in RMS 

units) 
Electrical frequency 50 Hz 

10 Energy Science & Engineering, 2026 
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FIGURE 8 | Real‐time signals visualized using NI ELVIS II: (a) Normal, (b) Sag.  

FIGURE 9 | Real‐time signals visualized using NI ELVIS II: (a) Swell, (b) Interruption.  

11 Energy Science & Engineering, 2026 
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FIGURE 10 | Real‐time signals visualized using NI ELVIS II: (a) Transient, (b) Oscillatory Transient.  

FIGURE 11 | Real‐time signals visualized using NI ELVIS II: (a) Flicker, (b) Notch.  

12 Energy Science & Engineering, 2026 
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FIGURE 12 | Real‐time signals visualized using NI ELVIS II: (a) Harmonics, (b) Harmonics with Sag.  

FIGURE 13 | Real‐time signals visualized using NI ELVIS II: (a) Harmonics with Swell, (b) Sag with oscillatory transient.  
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For the 7.07 V RMS case, it changes from 6.29 µV to 
12.99–35.92 µV. Therefore, harmonic distortion has only a small 
absolute impact on voltage uncertainty at 50 Hz. At higher fre-
quencies, the increase is more visible. For 5 V RMS, the maxi-
mum uncertainty increases from 14.45 to 285 µV at 1 kHz and 
from 20.52 to 656 µV at 2.5 kHz. For 7.07 V RMS, the maximum 
uncertainty increases from 32.28 to 444 µV at 1 kHz and from 
16.14 to 982 µV at 2.5 kHz. However, even in the worst case, the 
voltage uncertainty remains below 1 mV, corresponding to less 
than 0.014% of the nominal RMS voltage. These results show that 
harmonic distortion increases voltage uncertainty mainly at 
higher frequencies, but the absolute uncertainty remains suffi-
ciently low for laboratory‐level PQD generation. 

4.2 | Frequency Uncertainty 

To assess the frequency uncertainty of the PQD generator, 
signals with various frequencies were generated, and frequency 
measurements were recorded using the NI ELVIS II oscillo-
scope. Throughout these experiments, the RMS voltage was 
maintained at a constant 5 V. Ten measurements were recorded 
at each frequency, both with and without harmonic distortions. 
Uncertainty is calculated using the following equation. 

f Uncertainty
n n

f f_ = 1
( 1)

( )
i

n

i average
=1

2 (11)  

Table 7 presents the computed values of standard deviation and 
uncertainty for frequencies of 50 Hz, 1 kHz, and 2.5 kHz without 
harmonic distortions. Frequency uncertainty of the PQD generator 

at 50 Hz frequency was found to be 0.3 µHz. This shows a tre-
mendous sense of reliability of the proposed instrument. Similarly, 
very small uncertainty values of 85 µHz and 0.0003995 Hz were 
obtained at frequencies of 2.5 and 1 kHz, respectively, without 
harmonic distortion. Results obtained without harmonic distortion 
are somewhat approximated as ideal. A variation of frequency 
uncertainty was observed on the addition of harmonics to nominal 
sinusoid as depicted in Tables 8–10. Table 8 represents the calcu-
lated uncertainty in frequency with 5% harmonic distortion at dif-
ferent signal frequencies. A trivial change can be observed at higher 
frequencies compared to Table 1. Uncertainty of 9.3 mHz was 
obtained at a frequency of 2.5 kHz. Similarly, Tables 9 and 10 rep-
resent the calculated uncertainty in frequency with 10% and 15% 
harmonic distortions, respectively. 

The quantitative effect of harmonic distortion on frequency uncer-
tainty is also limited in absolute terms. Without harmonic distor-
tion, the frequency uncertainty is 0.030 mHz at 50 Hz, 0.3995 mHz 
at 1 kHz, and 0.0859 mHz at 2.5 kHz. Under 5%–15% harmonic 
distortion, the uncertainty ranges from 0.0809 to 0.510 mHz at 
50 Hz, from 5.9385 to 6.0505 mHz at 1 kHz, and from 0.1871 to 
9.8867 mHz at 2.5 kHz. Although the relative increase appears large 
at higher frequencies because the baseline uncertainty is extremely 
small, the maximum observed frequency uncertainty remains below 
10 mHz. This corresponds to less than 0.0011% of the nominal 
frequency across the tested cases. Hence, harmonic distortion pro-
duces a measurable but practically small increase in frequency 
uncertainty. 

The proposed PQD Generator in this article demonstrates 
reliability in terms of performance and uncertainty when 

FIGURE 14 | Real‐time signals visualized using NI ELVIS II: (a) Flicker with Sag, (b) Flicker with Swell.  
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compared to the generation methods discussed in the liter-
ature. It proves to be efficient for laboratory‐level analysis 
and the generation of various PQD events for research 
purposes. The functionality of the proposed generator can 
be readily updated to generate 35 types of PQD events. 
Furthermore, the performance of the generator can be en-
hanced in terms of measurement uncertainty by utilizing a 
DAQ card with a higher sampling rate. 

5 | Comparison of PQD Generator With Available 
Commercial PQ Signal Generation Instruments 

The LabVIEW‐based PQD generator was compared with com-
mercially available instruments, to evaluate its technical per-
formance. Table 11 illustrates the comparison between three 
instruments, including Keysight‐6811B, Calmet C300, and Me-
trel M12191 [44–46]. The comparison reveals that the proposed 

TABLE 3 | Measurement results and uncertainty without harmonic distortion – PQD generator RMS voltages.        

(For 50 Hz Frequency) 

Voltage (RMS) 5 V 7.07 V 
Frequency (Hz) 50 1000 2500 50 1000 2500  

No of measurements             
1 5.005861 5.006061 5.005762 7.080264 7.080311 7.080519 
2 5.005925 5.005994 5.005768 7.080222 7.080233 7.080432 
3 5.005925 5.006003 5.005762 7.08025 7.08023 7.080418 
4 5.005881 5.006058 5.00569 7.08028 7.079931 7.080388 
5 5.005955 5.00605 5.005789 7.080235 7.08021 7.080501 
6 5.005948 5.005916 5.005791 7.08022 7.080185 7.080539 
7 5.00594 5.006032 5.005782 7.080268 7.080163 7.080436 
8 5.005938 5.006036 5.005883 7.080235 7.080248 7.080474 
9 5.005951 5.006034 5.005889 7.080255 7.08013 7.080487 
10 5.005894 5.006072 5.005881 7.080242 7.080216 7.080525 
Uncertainty calculation 
ST. DEV 3.06425E‐05 4.33502E‐05 6.15696E‐05 1.8865E‐05 9.68401E‐05 4.84199E‐05 
ST. DEV/ n 9.68999E‐06 1.37085E‐05 1.947E‐05 5.96565E‐06 3.06235E‐05 1.53117E‐05 
Vaverage (V) 5.0059218 5.0060256 5.0057997 7.0802471 7.0801857 7.0804719 
V_Uncertainty (V) 1.02142E‐05 1.44501E‐05 2.05232E‐05 6.28835E‐06 3.228E‐05 1.614E‐05 

TABLE 4 | Measurement results and uncertainty with 5% harmonic distortion – PQD generator RMS voltages.        

(For 50 Hz, 1 kHz, 2.5 kHz Frequency) 

Voltage (RMS) 5 V 7.07 V 
Frequency (Hz) 50 1000 2500 50 1000 2500  

No of measurements             
1 5.006483 5.006427 5.005876 7.08078 7.080736 7.078985 
2 5.006454 5.004412 5.004842 7.080771 7.077534 7.080546 
3 5.006416 5.005886 5.006258 7.080833 7.078006 7.077588 
4 5.006489 5.006423 5.005814 7.080806 7.08074 7.072545 
5 5.006494 5.006435 5.00384 7.080766 7.080725 7.080586 
6 5.006511 5.005428 5.006399 7.080913 7.080682 7.080494 
7 5.006471 5.006068 5.000956 7.080814 7.077757 7.078392 
8 5.006495 5.006323 5.006038 7.081049 7.080342 7.077986 
9 5.006512 5.004816 5.006049 7.080741 7.080485 7.080541 
10 5.006479 5.00443 5.006301 7.080809 7.080821 7.074708 
Uncertainty computation 
ST. DEV 2.71079E‐05 0.000791 0.001613 8.608E‐05 0.001331 0.002592 
ST. DEV/ n 8.57228E‐06 0.00025 0.00051 2.72209E‐05 0.000421 0.00082 
Vaverage (V) 5.0064804 5.005665 5.005237 7.0808282 7.079783 7.078237 
V_Uncertainty (V) 9.03598E‐06 0.000264 0.000538 2.86933E‐05 0.000444 0.000864 
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PQD generator outperforms commercially available instru-
ments in terms of measurement uncertainty, exhibiting the 
lowest uncertainty in both voltage and frequency. This high-
lights the reliability level of the instrument. Like high‐cost 
commercial instruments, the proposed PQD generator imple-
ments PQ disturbance models provided by relevant standards 
and includes short‐circuit protection. Similarly, the device 

presented in this study also includes short‐circuit protection. 
Additionally, it features signal recording, like Keysight‐6811B 
and Calmet C300, yet it stands out as a cost‐effective alterna-
tive. Unlike available instruments with closed architecture, the 
proposed PQD generator offers flexibility for end‐users in both 
hardware and software functionality. The proposed LabVIEW‐ 
based PQD generator is considered expedient in terms of 

TABLE 5 | Measurement results and uncertainty with 10% harmonic distortion—PQD generator RMS voltages.        

(For 50 Hz, 1 kHz, 2.5 kHz Frequency) 

Voltage (RMS) 5 V 7.07 V 
Frequency (Hz) 50 Hz 1000 2500 50 Hz 1000 2500  

No of measurements             
1 5.006481 5.006345 5.003779 7.080708 7.078363 7.079586 
2 5.006448 5.006342 5.005987 7.080716 7.079654 7.078764 
3 5.006462 5.00413 5.004873 7.080748 7.077371 7.071804 
4 5.006471 5.006314 5.003071 7.080695 7.077827 7.078569 
5 5.00646 5.00527 5.004631 7.080996 7.077358 7.079278 
6 5.006505 5.006102 5.002206 7.080958 7.077232 7.074441 
7 5.006448 5.004277 5.005316 7.080745 7.078858 7.078448 
8 5.006491 5.005943 5.005902 7.080708 7.079183 7.07109 
9 5.006458 5.006277 5.006139 7.080702 7.077467 7.076013 
10 5.00649 5.004684 5.006115 7.080681 7.077938 7.077249 
Uncertainty computation 
ST. DEV 1.85591E‐05 0.00085397 0.00131173 0.000107758 0.00081007 0.00294608 
ST. DEV/ n 5.8689E‐06 0.00027005 0.00041481 3.40761E‐05 0.00025617 0.00093163 
Vaverage (V) 5.0064714 5.0055684 5.0048019 7.0807657 7.0781251 7.0765242 
V_Uncertainty (V) 6.18636E‐06 0.000285 0.000437 3.59194E‐05 0.00027 0.000982 

TABLE 6 | Measurement results and uncertainty with 15% harmonic distortion—PQD generator RMS voltages.        

(For 50 Hz, 1 kHz, 2.5 kHz frequency) 
Voltage (RMS) 5 V     7.07 V     
Frequency (Hz) 50 Hz 1000 2500 50 Hz 1000 2500  

No of measurements             
1 5.007355 5.006685 5.003693 7.081306 7.079848 7.072819 
2 5.007378 5.007285 5.007047 7.08129 7.081014 7.080941 
3 5.00734 5.007249 5.006885 7.081356 7.081063 7.078631 
4 5.007494 5.007152 5.007056 7.081281 7.081037 7.080952 
5 5.00737 5.006275 5.006403 7.081267 7.081074 7.080114 
6 5.007375 5.007088 5.000574 7.081335 7.078879 7.080167 
7 5.00736 5.0073 5.004562 7.081318 7.081006 7.080233 
8 5.007383 5.007256 5.006339 7.081205 7.080843 7.080348 
9 5.00733 5.007165 5.00674 7.081284 7.081085 7.080555 
10 5.007408 5.006554 5.004709 7.081295 7.080495 7.080638 
Uncertainty computation             
ST. DEV 4.36327E‐05 0.0003436 0.00196793 3.89616E‐05 0.00069189 0.00232478 
ST. DEV/ n 1.37979E‐05 0.00010866 0.00062231 1.23208E‐05 0.00021879 0.00073516 
Vaverage (V) 5.0073793 5.0070009 5.0054008 7.0812937 7.0806344 7.0795398 
V_Uncertainty (V) 1.45442E‐05 0.000115 0.000656 1.29872E‐05 0.000231 0.000775   
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hardware and software functionality. The portability of the 
proposed generator, coupled with its flexible architecture, al-
lows for easy upgrades to a three‐phase solution. This makes it 
well‐suited for laboratory and research applications. Another 
factor that makes the PQD generator beneficial is the fre-
quency range of generated voltage signals spanning from DC 
to 1 kHz. The proposed PQD generator offers a cost‐effective 
solution compared to the above‐mentioned power quality 
instruments. This device provides affordability with rich 
functionality, making it an attractive option for users seeking 

reliable power quality monitoring system without the 
premium cost. 

Typically, PQ monitoring and disturbance classification 
systems are implemented on embedded controller‐based 
hardware. Therefore, researchers often need to step down 
the utility voltage to the levels compatible with analog 
channel of embedded controller, while implementing and 
testing their designed PQD detection and classification al-
gorithms. The PQD generator, with a maximum voltage 

TABLE 7 | Measurement results and uncertainty without harmonic distortion – PQD generator frequency values.     

(For 50 Hz, 1 kHz, 2.5 kHz) 
Frequency (Hz) 50 1000 2500  

No of measurements       
1 49.9998 999.9997 2499.9998 
2 49.9999 999.9998 2500.0002 
3 50 1000 2500.0003 
4 50 1000 2499.9996 
5 50 999.9959 2499.9999 
6 49.9998 999.9997 2499.9997 
7 50 1000 2500.0003 
8 49.9998 1000 2499.9999 
9 50 999.9995 2500.0001 
10 50 1000 2499.9996 
Uncertainty calculation 
ST. DEV 9E‐05 0.001198499 0.000257682 
ST. DEV/ n 2.84605E‐05 0.000378999 8.14862E‐05 
faverage (Hz) 49.99993 999.99946 2499.99994 
f_Uncertainty 3E‐05 0.0003995 8.5894E‐05 

TABLE 8 | Measurement results and uncertainty with 5% harmonic distortion – PQD generator frequency values.     

(For 50 Hz, 1 kHz, and 2.5 kHz) 
Frequency (Hz) 50 Hz 1 kHz 2.5 kHz  

No of measurements       
1 50 999.9847 2499.9913 
2 49.9969 999.9965 2499.9017 
3 49.9988 999.995 2499.9975 
4 50 999.9947 2499.9908 
5 49.9999 999.9978 2499.996 
6 50 999.9975 2499.9998 
7 49.9955 999.9995 2499.9697 
8 50 999.938 2499.9932 
9 50 999.9991 2499.9906 
10 50 999.999 2499.9948 
Uncertainty calculation 
ST. DEV 0.001529 0.017866886 0.028065502 
ST. DEV/ n 0.000484 0.005650005 0.008875091 
faverage (Hz) 49.99911 999.99018 2499.98254 
f_Uncertainty 0.00051 0.00595563 0.009355167 
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generation capability of ±10 V, meets laboratory and 
research requirements for testing such algorithms pro-
grammed on embedded controllers. However, for future 
work, interfacing a power amplifier with the proposed PQD 
generator to extend its voltage range up to utility voltage 
levels is a consideration. 

6 | Usability Demonstration of PQD Generator 
Data Set With Expert Power Quality Recognition 
System (XPQRS) 

To further illustrate the functionality and effectiveness of the 
proposed device, a database was created using the generator, 
and simulation‐based investigations were conducted to dem-
onstrate its utilization and validation. For that purpose, 15 types 
of PQD voltage signals with 10 cycle length were generated 
using the proposed generator and a data set comprising 7500 
signals was acquired. The sampling rate and power frequency of 
5 kHz and 50 Hz, respectively, were fixed/adjusted using the 
general parameter setting control‐panel of the generator. 
Another setting related to a particular PQD signal was made 
using the respective control panel. Table 12 presents the details 
of this data set, including class label, PQD signal type, and 
number of waveforms generated of each class. The simulations 
use the XPQRS, a disturbance classification algorithm presented 
in a recent study for the authentication of the data set [7]. PQD 
signals from the acquired data set are fed to the classification 
system and pre‐processed using the first four derivatives namely 
D (1), D(2), D(3), and D(4). Then, three distinguished features, Log 
Energy (LE), Shannon Energy (SE), and Mobility (Mob) are 
extracted from the raw voltage signal as well as from the 
derivative signals. These feature values are given as input to 
support vector machine classifier with quadratic kernel (QSVM) 
which recognizes the 15 PQ disturbances [7]. 

The performance of XPQRS against the PQD generator data 
set is assessed using standard statistical metrics of accuracy, 
sensitivity, and specificity. In the investigation process, 
10‐fold cross‐validation method was employed for training 
and testing each classifier. Figure 15 presents a 15 × 15 
confusion matrix showing the percentage accuracy results of 
XPQRS against the voltage‐signal data set produced by the 

TABLE 9 | Measurement results and uncertainty with 10% harmonic distortion – PQD generator frequency values (For 50 Hz, 1 kHz, and 
2.5 kHz).     

Frequency (Hz) 50 Hz 1 kHz 2.5 kHz  

No of measurements       
1 49.9999 999.9878 2499.9779 
2 49.9993 999.9998 2499.997 
3 49.9996 999.9972 2499.9973 
4 49.9998 999.9801 2499.9997 
5 50 999.9549 2499.9117 
6 50 999.9472 2499.99 
7 49.9993 999.9999 2499.9989 
8 49.9996 999.9987 2499.9352 
9 49.9998 999.9938 2499.9994 
10 49.9998 999.9936 2499.9977 
Uncertainty calculation 
ST. DEV 0.000242693 0.018151529 0.029660202 
ST. DEV/ n 7.67463E‐05 0.005740017 0.00937938 
faverage (Hz) 49.99971 999.9853 2499.98048 
f_Uncertainty 8.08977E‐05 0.00605051 0.009886734   

TABLE 10 | Measurement results and uncertainty with 15% har-
monic distortion – PQD generator frequency values.     

(For 50 Hz, 1 kHz, and 2.5 kHz) 
Frequency 
(Hz) 50 Hz 1 kHz 2.5 kHz  

No of 
measurements       
1 49.9999 999.9993 2499.9995 
2 49.9996 999.9764 2499.9978 
3 49.9999 999.9996 2499.9997 
4 50 999.9957 2499.9997 
5 49.9999 999.9998 2499.999 
6 49.999 999.9748 2499.9997 
7 50 999.9424 2499.9991 
8 49.9986 999.999 2499.9996 
9 50 999.9998 2499.9993 
10 49.9997 999.9961 2499.9997 
Uncertainty calculation 
ST. DEV 0.000457 0.01781558 0.00056116 
ST. DEV/ n 0.000144 0.00563378 0.000177454 
faverage (Hz) 49.99966 999.98829 2499.99931 
f_Uncertainty 0.00015 0.0059385 0.000187053 
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proposed PQD generator. The diagonal elements represent 
the correct recognition of PQD events, and other than 
diagonal values show the miss‐predicted PQ disturbances. 
The overall accuracy, sensitivity, and specificity of the 
classifier are 92.55%, 95.80%, and 99.38%, respectively. 
These performance metrics of the classification system with 
PQD generator data set closely coincide with the efficacy 
results of the system with a theoretical data set (that shows 

an accuracy of 96.5%) presented in [7]. The slight difference 
in accuracy is understandable as the signals generated by 
the proposed PQD generator are real‐world electrical volt-
age signals rather than ideal simulated signals. This dem-
onstrates the authenticity and usefulness of the proposed 
device in laboratory for the researchers to design and test a 
PQ disturbance recognition algorithm. Researchers can 
emulate various electrical conditions which exist in an 
electrical environment where the PQ monitoring system will 
be installed. They can construct their own data set according 
to their need, incorporating such conditions. The PQ dis-
turbance detection and classification algorithm that is 
trained and verified using such a data set will be more 
practical and effective while implementing in a PQ mon-
itoring system. 

7 | Conclusion 

In this article, LabVIEW software platform‐based PQD 
generator is presented. The concept of virtual instrumen-
tation is utilized for designing a reliable PQD generator. 
LabVIEW software is employed for producing user‐defined 
simulated PQD signals that is converted into real‐time 
voltage signal using MyDAQ (a data acquisition card from 
NI). An interactive VI for the generation of 15 types of single 
and multi‐complex PQD events is featured in proposed 
instrument. A procedure suggested by ISO standard, that is, 
guide to the expression of uncertainty in measurement is 
adopted to evaluate the efficacy and reliability if the 
instrument. The detailed calculations of measurement 
uncertainty are shown. Uncertainty in RMS voltage and 
frequency of generated signal has been computed using 
different reference frequencies of 50 Hz, 1 kHz, and 2.5 kHz 
with nominal RMS voltages. Experimentations to measure 

TABLE 12 | Voltage signal data set obtained from PQD generator.    

Class 
label PQD signal type 

No. of 
waveforms  

C1 Normal 500 
C2 Sag 500 
C3 Swell 500 
C4 Interruption 500 
C5 Spike 500 
C6 Oscillatory transient 500 
C7 Flicker 500 
C8 Harmonics 500 
C9 Notch 500 
C10 Flicker with Sag 500 
C11 Flicker with swell 500 
C12 Sag with harmonics 500 
C13 Swell with harmonics 500 
C14 Sag with oscillatory 

transient 
500 

C15 Swell with oscillatory 
transient 

500 

Total 7500 

FIGURE 15 | Confusion matrix illustrating accuracy results of XPQRS against PQD generator data set.  
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the uncertainty at different harmonic distortion levels of 5%, 
10%, and 15% are carried out. 

The harmonic‐distortion experiments show that voltage 
uncertainty remains below 1 mV across the tested 5%–15% THD 
conditions, with the worst case being 982 µV at 7.07 V RMS and 
2.5 kHz. Similarly, the maximum frequency uncertainty under 
harmonic distortion remains below 10 mHz, with the worst case 
being 9.887 mHz at 2.5 kHz and 10% THD. These values con-
firm that harmonic distortion increases uncertainty mainly at 
higher frequencies, but the absolute increase remains small for 
laboratory‐level PQD signal generation. 

To further validate the authenticity of the proposed instru-
ment, disturbance signals produced by the generator were gi-
ven as input to a PQ classification system called XPQRS, 
presented in a recent study. The investigations revealed that 
XPQRS delivered approximately similar results which were 
presented in the relevant study that demonstrate the genu-
ineness of the instrument. Due to simplicity and flexibility in 
the design, the proposed generator provides the most reliable, 
portable, and low‐cost PQD generation method for laboratory 
and research related to PQ. 

Future work will focus on four specific extensions of the 
proposed PQD generator. First, a power‐amplifier stage will be 
interfaced with the MyDAQ output to scale the generated low‐ 
voltage waveform to utility‐level voltage, enabling direct test-
ing of power‐quality instruments and protection devices under 
controlled laboratory conditions. This extension will require 
output‐stage calibration, voltage‐gain characterization, isola-
tion, and overcurrent/short‐circuit protection to ensure safe 
operation at higher voltage levels. Second, the present single‐ 
phase implementation will be extended to a three‐phase PQD 
generation platform by synchronizing three analog output 
channels with controllable phase displacement, amplitude 
imbalance, phase‐specific sag/swell, interruption, and har-
monic distortion. This will allow the generator to emulate 
more realistic distribution‐system operating conditions. Third, 
the generator will be upgraded using a higher‐resolution and 
higher sampling‐rate DAQ platform to improve waveform 
fidelity, support higher frequency transient components, and 
further reduce voltage and frequency uncertainty. Fourth, the 
number of generated PQD events will be expanded beyond the 
current 15 classes by including additional combined and three‐ 
phase disturbance conditions, followed by a new uncertainty 
evaluation under different voltage levels, frequencies, THD 
percentages, and SNR conditions. These extensions will 
strengthen the proposed generator as a flexible laboratory 
platform for power‐quality monitoring, instrument calibration, 
and the practical testing of PQD detection and classification 
algorithms.  
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