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Abstract—Short-duration RMS voltage variations, namely 

sag, swell and interruption, are characterized by the 

variations of RMS voltage values and time durations. In this 

paper, the quadrature method for calculating RMS voltage 
is used to efficiently detect these power quality events. For 

comparison, the same power quality events are detected 

using conventional RMS calculation methods. Different 

voltage events are simulated and the results of the 
quadrature and conventional methods are compared. An 

experimental real-time monitoring system for voltage events 

based on the LabVIEW platform is built, and several 
voltage events are tested and evaluated by the developed 

setup using quadrature and conventional methods. Both 

simulation and experimental results validates the 

superiority of the quadrature method for most of the 

considered scenarios in terms of accuracy and robustness.  

Index Terms—LabVIEW, power quality, quadrature 

method, RMS calculation methods, voltage events

I. INTRODUCTION 

Interruptions, sags and swells are power quality 

phenomena that involve short duration RMS voltage 

variation in supply voltage. The recurrence and 

consequences of these phenomena has great economic 

impact on industrial end users (e.g. in the operation of 

smart grids [1], islanded microgrids [2] and adjustable 

speed drives [3]). 

The IEEE Standard 1159-2009 [4] and the IEC 

standard 61000-4-30 [5] define a short-duration root-

mean-square (RMS) voltage variation as a variation of 

the RMS value of the voltage from the nominal for a time 

greater than half a cycle but less than or equal to 1 minute. 

A short-duration voltage variations can be described as an 

interruption (decrease to less than 10% of nominal), a sag 

(decrease to the range between 10% and 90% of nominal) 

or a swell (increase above 110% of nominal).  

RMS computation algorithms are commonly used in 

automatic detection, characterization and classification of 

power quality events including voltage sag, swell and 

interruption [1], [6]-[9]. It has been shown that 

specification of the RMS calculation method is critical in 

determining the time and magnitude of these events [10], 

[11]. 

                                                           
Manuscript received April 27, 2018; revised August 20, 2018; 

accepted September 13, 2018. 

Corresponding author: Fouad R. Zaro (email: fzaro@ppu.edu). 

For conventional RMS calculation methods, the most 

important factors that affect the results are the time 

window length and the time interval for updating RMS 

values [12]-[14]. Although the use of discrete RMS 

voltage measurements instead of saving the actual voltage 

waveforms is memory-efficient [7], processing a large 

number of discrete samples slows down the execution of 

these methods [2]. 

The faster quadrature RMS calculation method was 

developed in [15] where only four samples per period 

were used for estimating the RMS measurement. 

Furthermore, it was shown that the quadrature method 

can be implemented using two samples in one half cycle 

of each period [16]. 

This paper explores the accuracy, robustness and 

efficiency of the quadrature method compared to widely 

used conventional methods. Different scenarios of short-

duration voltage variations are considered. The 

simulation and experimental real-time results obtained 

using the quadrature method and conventional RMS-

based methods are compared. This paper is organized as 

follows: The conventional RMS calculation methods are 

briefly described in section II, followed by an overview 

of the quadrature method in Section III. The experimental 

setup is presented in section IV. The simulation results 

and the experimental results are provided in section V 

and VI respectively. Finally, the conclusion is drawn in 

section VII. 

II. CONVENTIONAL RMS CALCULATION METHODS 

The RMS value of a voltage waveform sampled N 

times per waveform cycle is generally given by 

2

rms
1

1 N

i
i

V v
N 

                                   (1) 

where vi is the sampled voltage at time (i−1) t, and t is 

the sampling period. 

For a sinusoidal voltage waveform, the RMS value can 

be calculated either form one full waveform cycle (i.e. N 

samples) or from one half of the waveform cycle (i.e. N/2 

samples). Also, after each calculation, the sliding window 

used in the sampling process can be moved along the 

waveform by one sampling period (t), half a waveform 

cycle (N/2, t), or full waveform cycle (N, t). The 

various calculation methods are graphically explained in 
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Fig. 1 for full-cycle sampling window and Fig. 2 for half-

cycle sampling window. 

The time length of the sampling window and the 

sliding time interval significantly affect the calculation 

and updating of voltage RMS values. The majority of 

currently available monitoring devices depend on RMS 

values to detect variations in the voltage magnitude [17], 

[18]. 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Sliding window methods for calculating the rms values with 
sampling window N samples: (a) Sample to sample sliding, (b) Half- 

cycle sliding, and (c) One cycle sliding. 

 
(a) 

 
(b) 

Fig. 2. Measuring rms values with Half- cycle sample window: (a) 

Sample to sample sliding and (b) Half-cycle sliding window. 

III. QUADRATURE METHOD 

The quadrature RMS calculation method uses two 

samples in each waveform half-cycle with 90 degrees 

shift between the two samples [16], [19], [20]. This 

sampling is shown if Fig. 3.  

For a pure sinusoidal voltage waveform, at time t1 the 

sampled voltage will be 
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Fig. 3. Two samples per half-cycle used by the proposed method. 

and at time t2 = t1+ π/2 (i.e. 90
0
 shift) the sampled voltage 

will be 

     2 2 1 2sin sin cos
2

p p pv t V t V t V t


  
 

    
 

  (3) 

The quadrature method utilizes the fact that 

        2 2 2 2 2

1 2 1 1sin cospv t v t V t t           (4) 

Using equation (4), the RMS value of the voltage 

waveform in consideration can be calculated as 

   2 2

1 2

RMS    
2 2

p
v t v tV

V


                      (5) 

where v(t), Vp and VRMS are the instantaneous, peak and 

RMS values of the voltage waveform respectively. In this 

paper, equation (5) is used to detect the power quality 

events of voltage sag, voltage swell and voltage 

interruption. 

IV. EXPERIMENTAL SETUP 

In order to validate the results of this paper, several 

simulations were implemented in MATLAB and an 

experimental real-time monitoring system for voltage 

events was developed using LabView platform. 

 
Fig. 4. The experimental setup in a power quality laboratory. 

The experimental setup consists of four major 

components [15], as shown in Fig. 4: 

• LabView platform: offers a graphical programming 

approach and an easy way to configure off-the-shelf 

hardware from National Instruments. 

• CompactRIO (cRIO): includes a real-time controller, 

a reconfigurable FPGA chassis, and the input/output 

modules NI-9225 and NI-9227. 

• Programmable AC source: provides the three-phase 

voltage waveforms with the capability to simulate 

power line disturbance conditions such as 

interruption, sag, and swell. 

• Programmable electronic loads: simulates real-

world load conditions under high crest factor and 

varying power factors with real-time compensation. 

The NI-9225 module is capable of measuring the line 

voltage up to a maximum of 300 V RMS. The NI-9227 is 

a 4 channel current measurement module capable of 

measuring currents up to a maximum 5 A RMS. In this 

setup, the currents drawn by the connected loads exceed 5 

A RMS current, therefore 100/5 A current transformers 

are used in order to be able to measure the load currents 

by the module. 
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Fig. 5. The monitoring screen of the power quality system. 

The ultimate front panel screen for monitoring the 

power quality system is shown in Fig. 5. The front panel 

displays information regarding the power quality event 

type, starting time, ending time, duration, RMS voltage 

value and the phase in which the event occurred. 

V. SIMULATION RESULTS AND DISCUSSIONS 

MATLAB was used to simulate three power quality 

events: voltage sag, voltage interruption and voltage 

swell. Identification of these events was performed using 

the half-cycle sampling window method, the full-cycle 

sampling method, and the quadrature method. The 

frequency of the waveform was selected to be 60 Hz. The 

duration of each of the events was 6 cycles (100 ms), and 

the sampling rate was 166 samples per cycle. 

A. Voltage Sag Event 

A voltage sag is defined as a decrease in the RMS 

value of the voltage to a value between 10% and 90% of 

the nominal value for a time greater than half a cycle but 

less than or equal to 1 minute [4]. For the purpose of this 

study, the voltage magnitude was reduced by 50% during 

the simulated 6-cycle sag event. 

The conventional RMS calculation methods discussed 

in Section 2 were used to calculate the RMS value of the 

voltage waveform before, during and after the sag event. 

For the following simulations, the sag event was started 

at the zero-cross point of the instantaneous voltage 

waveform. 

Event detection using full-cycle sampling window was 

performed with three sliding time intervals: one sample 

sliding, half-cycle sliding and one cycle sliding. The 

obtained results are shown in Fig. 6. It is observed that 

the best result for this method was achieved by the one 

sample sliding where the sag event was estimated to last 

for 108.24 ms, adding an error of 8.24 ms to the actual 

100 ms event duration. The results for the half-cycle 

sliding and one cycle sliding were 108.34 ms and 116.67 

ms respectively. 

Similarly, half-cycle sampling window was used to 

detect the same event, and the calculations were 

performed with two sliding time intervals: one sample 

sliding and half-cycle sliding. Again, the best result for 

this method was achieved by the one sample sliding 

where the sag event was estimated to last for 105.65 ms 

with an error of 5.65 ms.  

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Detecting a sag event with a full-cycle sampling window (N 

samples): (a) sample to sample sliding, (b) half-cycle sliding, and (c) 
one cycle sliding. 
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(a) 

 
(b) 

Fig. 7. RMS value calculation methods with sample sliding approach for 

voltage sag: (a) Instantaneous waveform and (b) rms voltage track. 

Finally, the quadrature method with a sliding time 

interval of one sample was used to calculate the RMS 

values and detect the sag event. The quadrature method 

outperformed the conventional methods by estimating the 

event duration to be 101.34 ms with an error of only 1.34 

ms. 

A smaller sliding time intervals produce better results. 

Therefore the remainder of the simulations and 

experiments in this paper were performed using the 

sample to sample sliding window. Fig 7 compares the 

performance of the three methods when using the sample 

to sample sliding window. 

The voltage sag detection simulation was repeated to 

test the performance of the three methods for different 

starting points of the instantaneous voltage waveform. In 

each test, the starting time was incremented by 15
0
 

(694.44 µs) and the results were recorded in Table I. 

Clearly, the quadrature method achieved the best 

results for all starting times of the voltage sag. In fact, the 

worst error of the quadrature method (1.44 ms) was less 
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than the best errors of the other two methods (2.09 ms 

and 8.20 ms.) In addition, the average error for the 

quadrature method was 1.39 ms with a standard deviation 

of 0.05. This demonstrates the robustness and detection 

accuracy of the quadrature method. 

The results recorded in Table I show that the 

quadrature method produces its maximum error if the 

voltage sag event begins close to a positive peak or a 

negative peak of the sinusoidal voltage signal. As 

demonstrated in Fig. 8, a sag event beginning at a 

positive peak of the signal will generate a few ripples in 

the calculated RMS value near the starting and ending 

times of the event. 

However, the impact of these ripples on event 

detection is minimal since the error in the estimated 

duration is only 1.44 ms which is a better result than the 

best results of the conventional methods. 

TABLE I: COMPARISON BETWEEN THE ACHIEVED RESULTS OF THE 

METHODS FOR VOLTAGE SAG 

Electrical degrees from 
cross zero point of 

instantaneous voltage 
waveform 

RMS calculation methods 

Quadrature 
(ms) 

N/2 samples 
per half-cycle 

(ms) 

N samples 
per cycle 

(ms) 

0 101.34 102.09 108.20 

15 101.34 102.13 108.20 

30 101.34 102.09 108.24 

45 101.39 102.18 108.24 

60 101.44 102.64 108.24 

75 101.44 105.84 108.29 

90 101.44 106.07 109.08 

105 101.44 105.79 108.29 

120 101.44 102.64 108.24 

135 101.39 102.18 108.24 

150 101.34 102.13 108.24 

165 101.34 102.13 108.24 

180 101.34 102.09 108.20 

195 101.34 102.13 108.20 

210 101.34 102.09 108.24 

225 101.39 102.18 108.24 

240 101.44 102.64 108.24 

255 101.44 105.84 108.29 

270 101.44 106.07 109.08 

285 101.44 105.79 108.29 

300 101.44 102.64 108.24 

315 101.39 102.18 108.24 

330 101.34 102.13 108.24 

345 101.34 102.13 108.24 

Best 101.34 102.09 108.20 

Worst 101.44 106.07 109.08 

Average 101.39 103.16 108.31 

Standard deviation 0.05 1.63 0.24 

 

B. Voltage Interruption Event 

A voltage interruption is defined as a decrease in the 

RMS value of the voltage to a value less than 10% of the 

nominal value for a time greater than half a cycle but less 

than or equal to 1 minute [4]. For the purpose of this 

study, the voltage magnitude was reduced to zero volts 

during the simulated 6-cycle sag event. 

The three RMS calculation methods where tested using 

the sample to sample sliding window and assuming the 

interruption event started at the zero-cross point of the 

instantaneous voltage waveform. The results demonstrate 

the faster response of the quadrature method in 

identifying the interrupt event compared to the other 

methods. 

 

Fig. 8. Quadrature method with voltage sag starting at waveform peak. 

The performance of the three methods in detecting 

voltage interruption with different starting points of the 

instantaneous voltage waveform was tested. In each 

simulation, the starting time was incremented by 15
0
 

(694.44 µs) and the results were recorded in Table II. The 

quadrature method achieved the best results for all 

starting times with an average error of 1.85 ms and a 

standard deviation of 0.03. The worst error of the 

quadrature method (1.90 ms) was less than the best errors 

of the other two methods (2.78 ms and 9.31 ms.) 

TABLE II: COMPARISON BETWEEN THE ACHIEVED RESULTS OF THE 

METHODS FOR VOLTAGE INTERRUPTION 

Electrical degrees from 
cross zero point of 

instantaneous voltage 
waveform 

RMS calculation methods 

Quadrature 
(ms) 

N/2 samples 
per half- cycle 

(ms) 

N samples 
per cycle 

(ms) 

0 101.81 102.83 109.31 

15 101.81 102.78 109.31 

30 101.85 102.83 109.35 

45 101.85 102.97 109.35 

60 101.85 105.65 109.49 

75 101.90 106.58 110.05 

90 101.90 106.72 113.01 

105 101.90 106.58 110.00 

120 101.85 105.60 109.49 

135 101.85 102.97 109.35 

150 101.85 102.83 109.31 

165 101.81 102.78 109.31 

180 101.81 102.83 109.31 

195 101.81 102.78 109.31 

210 101.85 102.83 109.35 

225 101.85 102.97 109.35 

240 101.85 105.65 109.49 

255 101.90 106.58 110.05 

270 101.90 106.72 113.01 

285 101.90 106.58 110.00 

300 101.85 105.60 109.49 

315 101.85 102.97 109.35 

330 101.85 102.83 109.31 

345 101.81 102.78 109.31 

Best 101.81 102.78 109.31 

Worst 101.90 106.72 113.01 

Average 101.85 104.26 109.76 

Standard deviation 0.03 1.73 1.03 

 

C. Voltage Swell Event 

A voltage swell is defined as an increase in the RMS 

value of the voltage to a value above 110% of the 

nominal value for a time greater than half a cycle but less 

than or equal to 1 minute [4]. For the purpose of this 

study, the voltage magnitude was increased to 150% of 

the nominal voltage during the simulated 6-cycle sag 

event. 
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(a) 

 
(b) 

Fig. 9. RMS calculation methods with sample sliding approach for 

voltage swell: (a) Instantaneous waveform and (b) rms voltage track. 

TABLE III: COMPARISON BETWEEN THE ACHIEVED RESULTS OF THE 

METHODS FOR VOLTAGE SWELL 

Electrical degrees from 

cross zero point of 

instantaneous voltage 

waveform 

RMS calculation methods 

Quadrature 

(ms) 

N/2 samples 

per half- cycle 

(ms) 

N samples 

per cycle 

(ms) 

0 100.14 100.42 103.38 

15 100.14 100.42 103.38 

30 100.14 100.46 103.29 

45 100.19 100.46 100.97 

60 100.23 100.51 100.74 

75 100.23 100.60 100.70 

90 100.23 102.97 100.60 

105 100.23 100.60 100.70 

120 100.23 100.51 100.79 

135 100.19 100.46 101.02 

150 100.14 100.46 103.29 

165 100.14 100.46 103.43 

180 100.14 100.42 103.38 

195 100.14 100.42 103.38 

210 100.14 100.46 103.29 

225 100.19 100.46 100.97 

240 100.23 100.51 100.74 

255 100.23 100.60 100.70 

270 100.23 102.97 100.60 

285 100.23 100.6 100.70 

300 100.23 100.51 100.79 

315 100.19 100.46 101.02 

330 100.14 100.46 103.29 

345 100.14 100.46 103.43 

Best 100.14 100.42 100.60 

Worst 100.23 102.97 103.43 

Average 100.19 100.69 101.81 

Standard deviation 0.04 0.70 1.30 

 

Fig. 9 shows the simulation results of the tested 

methods using the sample to sample sliding window and 

assuming the swell event started at the zero cross point of 

the instantaneous voltage waveform. In this case, the 

quadrature method was the fastest to detect the event. 

For voltage swell with different starting points of the 

instantaneous voltage waveform, Table III shows that the 

quadrature method was able to estimate the event 

duration with an average error of 0.19 ms and a standard 

deviation of 0.04.  

Compared to the conventional methods results, the 

quadrature method was more accurate and robust.  

VI. EXPERIMENTAL RESULTS 

A. Single Power Quality Event 

The experimental setup described in Section 4 was 

used to compare the performance of the quadrature 

method in detecting voltage events with two commonly 

used methods that utilize RMS voltage to detect voltage 

events: 

• The IEEE and IEC method [4], [5] in which the 

RMS voltage is measured over one cycle starting at 

zero crossing, and refreshed each half cycle. 

• The commercial method used in majority of power 

quality instruments [21] in which the RMS voltage 

is measured over one cycle starting at zero crossing, 

and refreshed every full cycle. 

The programmable AC source was used to generate 

three three-phase 220V, 60 Hz test signals, each of which 

consisted of 12 cycles. The sampling rate is selected to be 

166 sample/cycle (10 kHz). All of the three voltage 

events to be detected were started at time 50 ms and 

ended at time 150 ms, producing a true event duration of 

6 cycles (100 ms). In addition, the three phase waveform 

was assumed to be balanced and therefore each voltage 

event would affect the three phases simultaneously. The 

obtained results were recorded per phase. 

Unlike the Matlab simulations, the quadrature method 

was implemented with a half-cycle sliding window in 

order to reduce the computation cost. 

Three power quality events were tested: voltage sag, 

voltage interruption and voltage swell. The results 

obtained from the three tested methods whereas follows: 

1) Voltage sag event 

The real-time experimental results of voltage sag 

detection are shown in Fig.10. The instantaneous three-

phase waveform is shown in Fig. 10 (a) where the voltage 

magnitude was reduced to 198 V (0.9 pu) during the sag 

event. Fig. 10 (b) to Fig. 10d show the RMS voltage track 

using the quadrature method, IEEE method and 

commercial method respectively. Both the quadrature and 

commercial methods detected the starting time at 51 ms 

and the end time at 157 ms. The IEEE method detected 

the starting time at 45 ms and the end time at 154 ms. 

2) Voltage interruption event 

For the voltage interruption detection, the real-time 

experimental results are shown in Fig. 11. The 

instantaneous three-phase waveform is shown in Fig.11 

(a) where the voltage magnitude fell to 22 V (0.1 pu) 

during the interruption event. Fig. 11 (b) to Fig. 11d show 

the RMS voltage track using the quadrature method, 

IEEE method and commercial method respectively. All 

three methods detected the starting time at 58 ms. The 

quadrature and commercial methods accurately detected 

the end time at 150 ms, whereas the IEEE method 

detected the end time at 141 ms. 
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(a)                                                                                                     (b) 

   
(c)                                                                                                     (d) 

Fig. 10. Voltage sag results: (a) three phase waveform, (b) quadrature method, (c) IEEE method, and (d) commercial method. 

   
(a)                                                                                                     (b) 

   
(c)                                                                                                     (d) 

Fig. 11. Voltage interruption results: (a) three phase waveform, (b) quadrature method, (c) IEEE method, and (d) commercial method. 

   
(a)                                                                                                     (b) 

   
(c)                                                                                                     (d) 

Fig. 12. Voltage swell results: (a) three phase waveform, (b) quadrature method, (c) IEEE method, and (d) commercial method. 

3) Voltage swell event 

Fig. 12 shows the real-time experimental results for the 

voltage swell detection. The instantaneous three-phase 

waveform is shown in Fig. 12 (a) where the voltage 

magnitude was increased to 242 V (1.1 pu) during the 

swell event. Fig. 12 (b) to Fig. 12 (d) show the RMS 

voltage track using the quadrature method, IEEE method 

and commercial method respectively. The quadrature 

method provided the best start time estimate at 52 ms, 

followed by the IEEE method at 47 ms, and then the 

commercial method at 54 ms. The end time was 

estimated by the IEEE method at 153 ms, by the 

quadrature method at 155 ms, and by the commercial 

method at 166 ms. 
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B. Multiple Power Quality Events 

In multi-phase distribution systems, multiple power 

quality events may affect the system simultaneously. In 

order to study the performance of the quadrature method 

during multiple power quality events, a double line-to-

ground fault that lasted for 10-cycles was introduced to 

the experimental setup as shown in Fig.13 (a). The two 

faulted phases were affected by voltage sag, whereas the 

unfaulted phase was affected by voltage swell. The 

results presented in Fig. 13 (b) show that the quadrature 

method was able to detect the simultaneous multiple 

voltage events in real-time. In particular, the quadrature 

method was capable of accurately detected the starting 

time, ending time, and duration for each of the events in 

consideration. 

 
(a) 

 
(b) 

Fig. 13. Voltages during double line to ground fault: (a) Instantaneous 

three phase waveform and (b) tracking rms voltage using the quadrature 

method. 

VII. CONCLUSIONS 

In this paper, automatic on-line detection power 

quality events (including voltage sag, swell and 

interruption) was implemented using the quadrature RMS 

computation algorithm and using the commonly used 

RMS-based conventional methods. Simulation results 

showed the superiority of the quadrature method over the 

other methods in terms of robustness and detection 

accuracy. Simulations also showed that a smaller sliding 

window would provide better results but at higher 

computational costs. Experimental tests verified the 

performance of the quadrature method in detecting single 

voltage events as well as multiple voltage events. 
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