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Abstract: Voltage sag compensator is very important in power quality. Its performance also depends
on the types of sag detection techniques used. Sag detection technique determines the dynamic
performance of a voltage-sag compensator. Many techniques have been introduced to measure and to
detect voltage sag, such as RMS-Value Evaluation and Peak-Value Evaluation. Unfortunately, most
of the techniques require a delay for sag to be detected then compensated, whereas immediate sag
detection is vital to improvement of transient performance. This paper implements two main works.
First, a new voltage-sag detection technique that is based on phase-angle analysis is proposed. The
new technique is able to detect and compensate sag the moment it occurs. Beside fast detection
response, it is simple to implement and involves less mathematical computation. Second, a new
topology of voltage sag compensator is introduced. The proposed topology is able to reduce stress
effect due to current flows into the switches and avoid non-stop operation during sag events. The
proposed system’s capability had been verified via MATLAB/Simulink simulation while the
effectiveness of the proposed detection technique was further investigated through a controller
developed using TMS320F2812 DSP. A study on existing techniques, i.e., RMS Value Evaluation and
Peak Value Evaluation, is included as comparison with the proposed technique. 

Key words: Voltage sag, voltage sag detection, voltage sag compensator, RMS detection, peak
detection.

INTRODUCTION

Voltage sag has become an important power quality issue in power system over the past several years.
It may cause expensive downtime. Voltage sag refers to the phenomenon of RMS voltage rapidly declining
from 90% to 10% rated voltage, with typical durations of 0.5 to 30 cycles (X. Xiangning, 2006). Voltage sags
commonly are caused by lightning, accidental short circuits, loose connections, the starting of large motors (or
air-conditioners), or abnormal use of the AC mains (Y.S. Lee,et al., 2009). Short periods of voltage sag may
cause irreversible damage to sensitive equipment and cause significant economic losses, due to unexpected
interruptions to industrial production (S.M. Deckmann,et al., 2002).

Sag detection is important as it determines the dynamic performance of a voltage-sag compensator. Many
approaches have been introduced for voltage-sag analysis and detection, for instance, RMS-Value Evaluation
and Peak-Value Evaluation, but unfortunately, most have a delay in detection and compensation time. The
reliability of a voltage-sag compensator depends on the speed and preciseness of its detection technique, which
should be able to determine the start and the end of every voltage-sag occurrence. The duration of a voltage-
sag is measured from the moment the RMS voltage drops to below 0.9 pu of nominal voltage to when it rises
to above 0.9 pu of nominal voltage (R. naidoo, et al., 2007). An ac voltage detector with a fast response
characteristic is therefore needed to improve a system’s transient performance. If response time can be reduced,
transient performance can be improved (C.H.Yung, et al., 1992), so immediate sag detection is vital. 

This paper implements two main works. First, a new voltage-sag detection technique that is based on
phase-angle analysis is proposed. The new technique is able to detect and compensate sag the moment it
occurs. Beside fast detection response, it is simple to implement and involves less mathematical computation.
Second, a new topology of voltage sag compensator is introduced. The proposed topology is able to reduce
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stress effect due to current flows into the switches and avoid non-stop operation during sag events. 
The proposed system’s capability had been verified via MATLAB/Simulink simulation while the

effectiveness of the proposed detection technique was further investigated through a controller developed using
TMS320F2812 DSP. Existing techniques, i.e., RMS Value Evaluation and Peak Value Evaluation, have been
included here to compare with the proposed technique.    

MATERIAL AND METHOD

Voltage-sag Detection Techniques:
Sag detection is important as it determines the dynamic performance of a voltage-sag compensator. Precise

and fast voltage detection is essential to voltage sag compensation in determining the start and the end of a
voltage sag occurrence as well as the severity of the sag. Methods of sag detection that have been introduced
include RMS-Value Evaluation and Peak-Value Evaluation.

RMS-Value Evaluation Method (Y.S.Lee,et al., 2009)(S.M. Deckmann, et al.,2002)(K.Ding, et al., 2006):
When determining the amount of power available to equipment, AC voltage and current measurements are

made, thus sag voltages are usually expressed in RMS terms. With an RMS computation, though, information
on phase and polarity is lost because RMS uses only the absolute magnitude of a signal. In other words, an
RMS value is based on the averaging of a previous cycle’s sampled data, therefore representing one cycle of
historical average value, not a momentary, or an instantaneous, reading. 

RMS values, continuously calculated for a moving window of input voltage samples, provide a convenient
measure of magnitude evolution because they express a signal’s energy content, assuming the window contains
N samples per cycle (or half cycle). The widely-used moving-window RMS value is calculated for digitally
recorded data as follows. Each sampled component of one cycle of the waveform is squared, then the squares
summed. The square root of this sum is then calculated, the single value plotted.

Fig. 1: RMS magnitude evaluation by using a moving window

The basic idea is to follow the voltage magnitude changes as close as possible during the disturbing event.
Fig. 1 represents the RMS magnitude evaluation process through a moving window. The more RMS values
are calculated, the closer the disturbing event is represented, especially the non-rectangular variations.

Fig. 2(a) shows ideal voltage-sag, i.e., the transition occurring at zero-crossing and there is no distortion
during the sag. The sag has a 50% depth and occurs for about 6-cycle steady-state duration. Fig. 2(b) shows
the RMS plot through the moving-window RMS computational technique based on Figure 2(a). The plot shows
a one-cycle transition occurring before the 0.5 p.u. value is reached, and a one-cycle rise to recovery. The slow
transition is due to the moving window retaining almost one cycle of historical information in the calculation.

   
Peak-Value Evaluation Method (C.H.Yung,et al., 1992)(K. ding, et al., 2006)(A.A.Koolaiyan, et al.,2008):

Fig. 3 shows the block diagram of voltage measurement that uses peak detection.
Vmeasure, as Fig. 3 shows, represents the single-phase line-to-neutral voltage. The voltage is shifted 90º by

using a 90º shifter to obtain a cosine value. Assuming the line frequency is 50Hz, the 90º shifted value can
be obtained by either an analog circuit or by digital signal processing. Both voltage components are squared

and summed to yield      . Peak value is then obtained by squaring the root of      . The significant advantage2
pV 2

pV

of peak-value evaluation over other methods is that it needs only single-phase values.
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Fig. 2: (a) Ideal voltage-sag waveform (b) RMS of the sag waveform

Fig. 3: Block diagram of the Peak detection technique 

Fig. 4 shows the output value of the peak-detection block compared with the input voltage. The
comparison verifies the method’s ability in detecting the input signal’s peak value in the least possible time.
The detection took at least a quarter of a cycle.

Phase-angle Analysis for Voltage-sag Detection:
RMS-value evaluation and peak-value evaluation take one cycle and at least a quarter of a cycle,

respectively, to detect, and compensate voltage sag. The reason is; the voltage controller used in the detection
needs the voltage-sag information for at least a quarter of a cycle. 

The author finds that there is no necessity in retaining for some time, the voltage-sag information, as the
following proves: Fig. 5 represents the half cycle of a sinusoidal at normal voltage with peak value of 100V,
and 90% 80%, 70%, 60%, and 50% voltage sags. L6 is a vertical line intersecting at 90° all the sinusoidal
waveforms. The differences in voltage amplitudes among various voltage sags are clearly shown. L5, L4, L3,
and L2 are vertical lines intersecting the sinusoidal waveform, at phase angles 72°, 54°, 36°, and 18°,
respectively. From L5 to L2, the differences in voltage amplitudes for various voltage sags are also significant.
Detection of voltage sag is thus observed to not need too much time in confirming the occurrence, or non-
occurrence, of the sag. The different voltage amplitudes of the voltage sags are also significant at 9° phase
angle. Therefore, information at 9° is sufficient to indicate voltage sag.
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Fig. 4: Peak detection signal and Vinput versus time.

Fig. 5: Half cycle of a sinusoidal at various voltage amplitudes

Based on that, a new voltage-sag detection technique based on phase angle analysis is hereby introduced.
It offers immediate detection and compensation of voltage sag. In other words, the new technique can detect
and compensate sag the moment it occurs.

Determination of voltage amplitude is done by using (M.A.M. radzi, et al., 2009),

   (1)( ) sin( )mV k V kw T 

where V(k) is voltage at sample k, Vm is peak voltage, k is sample in digital operation, w is fundamental
frequency, and ΔT is sampling time.

For example, if sampling rate for one cycle of sinusoidal waveform is k=200, fundamental frequency is
set at 50Hz and Vm =100V, then sampling time is calculated as, 

  (2)
320 10

100
200

T s


  

Magnitude of normal voltage at 5th sample, equivalent to 9° phase angle, is calculated as follows:

   (3)(5) 100sin[(5)(2 )(50)(100 )]V  

   (4)15.64V
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If allowable voltage drop is less than 10%, therefore voltage sag must be compensated if it drops to below
14.076V. 
Let’s now calculate the magnitude of 70% voltage sag at the 5th sample (9°), where Vm = 70V,

(5) 70sin[(5)(2 )(50)(100 )]V  

   (5)10.95V

If (5) is compared with (4), the following is found:

15.64 10.95
100% 30%

15.64


 

meaning a voltage drop to 30% of rated voltage. This value is still the same with the percentage of voltage
drop calculated at 90° phase angle.

This technique has less computational compared with other techniques. Fig. 6 shows the process of the
new voltage sag detection technique. Actual voltage is compared with reference voltage, done by voltage-sag
detection based on phase-angle analysis, to determine whether sag occurs or not. If voltage sag is detected,
the decision block will split the waveform into positive and negative cycles. Voltage controller will then
produce a duty cycle, which will be utilized in producing PWM signal for the IGBT 1 and IGBT 2 while
thyristor is turned OFF. If there is no voltage sag, voltage controller will produce gate signal for thyristor and
command both IGBTs to turn OFF.

Fig. 6: Flowchart of the New Voltage Sag Detection technique
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Voltage-sag Compensator:
The new proposed topology of the voltage sag compensator is based on Reference (D.M.Lee, et al., 2007).

Reference (D.M.Lee, et al., 2007) had proposed a voltage sag compensator which consists of two thyristors
bypass switch and one PWM insulated gate bipolar transistor (IGBT) in a bridge configuration as shown is
Fig. 7. The IGBT in this topology needs to work non-stop during voltage sag occurrence.  It is well known
that a thyristor is a robust and heavy duty switch compared with IGBT, which is more sensitive. Therefore,
in this paper, new topology is proposed where the voltage sag compensator has only one thyristor bypass
switch and two bidirectional PWM insulated gate bipolar transistor (IGBT). This is to enable the IGBT1 to
be in the OFF state during the negative cycle of sag and the IGBT 2 to be in the OFF state during the positive
cycle of sag. Besides, it can be seen that the IGBT 1 and the IGBT 2 will have less stress effect due to
current where the input current flows in the circuit during voltage sag event will be equally divided compared
with the IGBT in Fig. 7. This will enhance the life span of both IGBTs. Fig. 8 shows the proposed voltage-sag
compensator’s topology. It comprises one thyristor bypass switch, two bidirectional PWM insulated gate bipolar
transistor (IGBT), two output filters comprise a capacitive low pass filter and a notch filter. These filters are
necessary in order to obtain output voltage with less than 5% total harmonic distortion (THD) as required in
a power system. The compensator’s working principle can be described as follows: During normal conditions,
the bypass switch comprises a thyristor, remains ON while the IGBT1 and the IGBT 2 are turned OFF. If the
sensing circuit detects more than 10% voltage sag, the bypass switch will be turned OFF by the voltage
controller, which, at the same time, will command the IGBTs to start PWM switching so the output voltage
is regulated and compensated back to normal voltage. Once the input voltage has no more sag or less than
10% sag, the voltage controller commands both IGBTs to turn OFF, turning the thyristor ON. The IGBT 1
is only ON during positive cycle while the IGBT 2 is turned ON during negative cycle. To suppress peak
voltage during turn OFF, an RC snubber is used at every switch, so current diverts to the snubber and the
energy stored in the current path is dumped into the snubber capacitor every time those switches are turned
OFF. Here, an autotransformer of ratio N1:N2 = 1:1 is used to boost up to 50% voltage sag.

Fig. 7: Voltage sag compensator proposed in Reference (D.M.Lee, et al., 2007)
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Fig. 8: Proposed topology of voltage sag compensator

Fig. 9: Simulation block of the proposed system using Matlab's simulink
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RESULTS AND DISCUSSIONS

Simulation Results:
The ability of the proposed system technique is verified through MATLAB/Simulink simulation. Fig. 9

shows the simulation block of the proposed system. The value of the RC snubber used in this work for all
of the switches were R=7Ω and C=20μF. Capacitance of 0.5μF was chosen for the capacitive low-pass filter
and the notch filter, comprising R=7Ω, L=12mH, and C=0.5μF. The switching frequency of both IGBTs used
for the PWM switch was 1.5kHz. A 50% instance of voltage sag was simulated. Four conditions of voltage
sag were simulated; voltage sag at 0°, 90°, 135° and 270° phase angle.

Fig. 10 shows the input-voltage and gate signals for IGBT1 and IGBT 2 for 50% voltage sag occurs at
0° phase angle while Fig. 11 shows the regulated output voltage. The gate signals are generated immediately
once the detection circuit detects voltage sag occurrence.

Fig. 10: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 0° phase angle.
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Fig. 11: Regulated output voltage at 0° phase angle of voltage sag.

Fig. 12: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 90° phase angle.
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Fig. 13: Regulated output voltage at 90° phase angle of voltage sag.

Fig. 12 and Fig. 13 respectively show the input voltage, IGBT gate signals and regulated output voltage
when voltage sag occurs at 90° phase angle. Fig. 14 and Fig. 15 represent input voltage, IGBT gate signals
and regulated output voltage when voltage sag occurs at 135° phase angle while Fig. 16 and Fig. 17 represent
input voltage, IGBT gate signals and regulated output voltage when voltage sag occurs at 270° phase angle
while. All results show that voltage sag can be detected and compensated the moment sag occurs. There is
no delay and no difficulties in detecting voltage sag as well as no disturbances in the output voltage waveform.
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Fig. 14: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 135° phase angle.

Fig. 15: Regulated output voltage at 135° phase angle of voltage sag.

Measurement of input current was also carried out in the simulation. The measured value of the input
current during 50% voltage sag was 1.87A. Based on the new proposed voltage sag compensator’s topology,
the input current flows through the IGBT1 and the IGBT 2 is equally divided. That’s mean; 0.935A current
flows into the IGBT1 and the IGBT 2 during the 50% sag. It is shown that less current which causes less
stress effect flows into the IGBT compared with the one in the Reference (D.M.Lee, et al., 2007). Low stress
effect is very important especially in high voltage application.

Experiment Validation:
A. Controller Design:

To verify the results obtained from the simulation, a controller is designed and developed. A
TMS320F2812 DSP was selected to implement the control algorithm as it has a 32-bits CPU performing at
150MHz. Other interesting features of the TMS320F2812 DSP are its 12-b ADC module handling 16 channels
and two on-chip event manager peripherals providing a broad range of functions particularly in control
application.

Fig. 18 shows the flowchart of the proposed voltage sag detection controller. It consists of three stages;
detection circuit, voltage controller and gate signals generator. Detection circuit comprises a voltage sensor and
zero crossing detector. Voltage sensor was developed to measure input voltage and output voltage and feed
the DSP with voltage amplitude and phase angle. The voltage sensor works together with a zero-crossing
detector (ZCD). ZCD is used  for  detecting the zero crossing of AC signals. In this work, the ZCD output
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Fig. 16: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 270° phase angle.

initializes the starting time of the DSP’s sampling operation. The ZCD output is also used for external
interrupt, which has the first priority. External interrupt is useful in synchronizing to the input voltage, the
DSP’s operation.

Voltage controller and generation of gate signal are done by TMS320F2812 DSP. In digital control, data
is based on sample time set through the controller [8]. This work used 200 samples per one cycle, for a 50Hz
operation. Sampling time is calculated as follows:

Sampling time   (6)( )
T

s
k
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Fig. 17: Regulated output voltage at 270° phase angle of voltage sag.

Fig. 18: Flowchart of proposed voltage sag detection controller

Where T is time for one cycle and k is the number of samples in a cycle. Therefore, the sampling time
used here is,

Sampling time                   
20

( ) 100
200

m
s s 

And sampling frequency                    
1

10
100

kHz


 

Gate signals are then transported to the switches through gate drive circuits. The switching frequency of
the IGBT is 1.5kHz. The thyristor gating pulse has a fixed pulse-duration, about 20 samplings, equivalent to
2ms.

Controller Outputs:
The controller outputs are PWM signals which are used to drive both IGBT. Fig. 19 and 20 respectively

show the input voltage and IGBT gate signals when sag occur at 0° and 90° phase angle. While Fig. 21 and
22 shows the input voltage and IGBT gate signals for sag occur at 135° and 270° phase angle. All results
indicate that gate signals are generated to drive the switches immediately the moment sag occurs. These results
are similar to that of obtained in the simulation.
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Fig. 19: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 0° phase angle.

Fig. 20: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 90° phase angle.

Fig. 21: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 135° phase angle.
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Fig. 22: Input voltage and gate signals for IGBT1 and IGBT2  when sag occurs at 270° phase angle.

Conclusion:
A new voltage-sag detection technique based on phase-angle analysis has been proposed. The new

technique offers immediate detection and compensation of voltage sag, overcoming the problem of delay in
detection time shown by other detection techniques.  Simulation results show the gate signals are generated
the moment sag occurs for all sag conditions. Output voltage was well regulated to normal without any
disturbances in the output-voltage signal. The detection and controller effectiveness was verified by
experimental results. It is also shown that the proposed voltage compensator has less stress effect due to
current in the IGBTs. It is therefore enhance the life span of both IGBTs especially in high voltage application.
Voltage-sag detection based on phase-angle analysis can also be used to see a waveform’s real-time variation
from the ideal, and the sag’s actual severity. It can indicate more accurately the duration of sag, as well as
the start and the end of sag.
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