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ABSTRACT 

This paper investigates the characteristics and difference 

among six single-event characteristics, including the 

widely used indices which are recommended in IEEE 

Standard 1564 and the indices proposed recently in 

literature. The comparison is carried out from the 

perspectives of severity levels, sensitivity with respect to 

the variation of sag magnitude and duration respectively, 

compliance to standards, and inclusion of uncertainties 

existing in equipment’s response to voltage sags. 

Through comprehensive comparison analysis, this paper 

aims to provide guidelines for selecting appropriate sag 

index for particular study cases provided.  

INTRODUCTION 

Voltage sags result in substantial financial losses to many 

utilities and industries, due to the frequent disruptions to 

industrial processes and malfunction of electronic 

equipment. This issue is one of the most critical power 

quality problems, and sag severity assessment has been a 

focal point for many researchers in the area of Power 

Quality in the past. To indicate the voltage sag 

performance experienced at different location accurately 

and properly, it is important to apply the appropriate 

voltage sag index which fulfils the specified 

concerns/purpose of assessment.  

Since the severity of voltage sags is strongly related to 

the response of equipment to voltage sags, over the past 

decades, a number of international standards have been 

set up to provide guidelines for system/tool design in 

terms of ride-through capability to voltage sags. From the 

customers’ and equipment manufacturers’ perspective, 

step-shaped ITIC curve [1], a successor of CBEMA 

curve, was proposed and recommended for use after 

extensive research in computer power supplies. More 

recently proposed SEMI F47 curve/standard with similar 

step-shaped curve was proposed to specify the design 

requirements of minimum voltage sag ride-through 

capability for equipment used in semiconductor industry 

[2]. This standard provides a target for the facility and 

utility systems, and it has been used to strictly guide the 

design of semiconductor processing, metrology, and 

automated test equipment. In IEEE Standard 1564, ITIC 

and SEMI F47 are recommended as reference curves to 

calculate voltage sag severity [3]. 

Individual susceptibility curve  cannot represent all cases 

of equipment sensitivity [4], as the equipment/process 

sensitivity to voltage sags is influenced by a number of 

factors, e.g. the equipment involved, its composition 

ratio, the interconnections of equipment involved, and the 

process operating regime. Even equipment of the same 

type would respond to voltage sags differently [5]. As 

stated in IEEE Standard 1346 [4], there is a threshold 

range for equipment where its response to voltage sags 

varies. Further studies have confirmed that the range of 

variation cannot be neglected when referring to 

equipment susceptibility [6, 7]. Therefore, the inclusion 

of uncertainty in sag assessment is desired if assessing 

sag performance on a site or a system.  

A number of single-event characteristics have been 

proposed to assess the severity of voltage sags in 

literature, and they assess sag severity from different 

perspectives. For instance, voltage sag energy was 

proposed based on retained voltage and duration by 

calculating energy during voltage sags [8, 9]. Lost energy 

is used to evaluate the severity of voltage sags by 

calculating the energy that was not delivered by the 

system to the load during a voltage sag [10]. Voltage sag 

severity is defined based on residual voltage and duration 

of a voltage sag by comparing their values with a 

reference curve [11-13]. In [14], a sag severity index was 

introduced based on calculating the missing voltage-time 

area of a sag. The numerical indices mentioned above 

were derived using mathematical formulae, which are 

straightforward and easy to apply. Apart from these 

numerical indices, voltage sag indices based on fuzzy 

logic approaches were proposed [15-17]. The 

membership functions in these indices are designed based 

on the information embedded in voltage tolerance 

curve/standard. However, it is shown in [5] that fuzzy 

logic methods require significant computational power 

and they might not be suitable for large scale 

assessments, i.e. network level assessment. Most 

recently, a single-event characteristic, sag severity index, 

was proposed based on equipment sensitivity to voltage 

sags [18]. It takes into account the uncertainties/variation 

in equipment response to voltage sags.  

Due to different concerns, these single-event 

characteristics present different characteristics as sag 

magnitude and duration vary. With a number of these 

options for selecting appropriate single-event 

characteristic, it is necessary to carry out comparative 

analysis among these single-event indices, specify their 

characteristics and indicate the circumstances they are 

suitable for application.  

The paper focuses on the comparison among six single-
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event characteristics including a fuzzy voltage sag index 

which includes three different voltage tolerance 

specifications in assessment, a sag severity index which 

was recently proposed to include more associated 

uncertainties in equipment response to voltage sags than 

existing single-event indices, and three indices which 

were recommended in IEEE Standard 1564. In this paper, 

the characteristics and difference among these single-

event characteristics are presented using contour maps. 

Their compliance to standards and inclusion of 

uncertainty are analysed. The severity and sensitivity of 

these indices with respect to the variation of sag 

magnitude and duration is also discussed in the paper. 

Through the comparative analysis, the guidance for 

selecting appropriate sag indices for different study cases 

is provided.  

SINGLE-EVENT CHARACTERISATION  

1 Voltage sag energy 

Assume a voltage sag event is defined as a doublet 〈𝑣, 𝑡〉, 
where 𝑣 denotes sag magnitude; and 𝑡 denotes sag 

duration (the period of time the voltage sag magnitude 

stays below a threshold assuming rectangular voltage sag 

with constant sag magnitude). Voltage sag energy can be 

calculated based on: 

𝑉𝑆𝐸 = [1 − (
𝑣

𝑣nom
)

2

] × 𝑡                     (1) 

where 𝑣nom denotes the nominal voltage. Voltage sag 

energy is proportional to the energy that is not delivered 

to an impedance load, expressed in per-unit with the rated 

power of the load as a base. 

2 Lost energy 

The lost energy is calculated based on the energy that was 

not delivered by the system to the load during a voltage 

sag event:  

𝐿𝐸 = (1 − 𝑣p.u.)
3.14

× 𝑡                     (2) 

where 𝑣p.u. is the phase voltage in per unit of nominal 

voltage during a sag event. Both voltage sag energy and 

lost energy calculate the energy that is not delivered 

during  the voltage event. However, the former calculates 

the energy loss with reference to the active power 

consumed by a constant-impedance load at nominal 

voltage; while the latter calculates the lack of energy with 

reference to CBEMA curve, under the assumption that if 

the energy delivered during the sag event is less than the 

threshold energy level specified by CBEMA, it could 

impact the load. 

3 Missing voltage-time area 

Based on laboratory tests, the withstand of most IT 

equipment against sags depends on the storage capacity 

of the dc side capacitor and the consumption of the 

equipment. During the voltage sag the equipment 

operates from the capacitor, which indicates that a shorter 

sag duration could allow a lower remaining voltage 

without malfunction of the equipment. This factor can be 

presented by the multiplication of the matching p.u. 

remaining voltage and duration (ms), calculated by 

missing voltage-time area: 

𝑀𝑉𝑇 =
(0.9𝑣nom−𝑣)×𝑡

𝑣nom
                           (3) 

4 Voltage sag severity 

Voltage sag severity calculates the ratio between the 

depth of the voltage sag and the depth of the reference 

voltage. In IEEE standard, SEMI F47, as shown in Fig. 1, 

was recommended for reference voltage. Since the 

clearing time by protection relays is less than 1s, and the 

majority of sags are caused by faults and cleared by 

protection relays, the sag duration within the range of [0, 

1] only is considered in the study. In Fig. 1, the area 

covered by the voltage tolerance curve (i.e. the area in 

grey) represents sag susceptibility area. Tx represents the 

x-th duration range. In Fig. 1, there are three duration 

ranges along the t-axis beginning from 0.02s to 1s.  
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Fig. 1.  Illustration of voltage tolerance curve. 

 

Given a voltage tolerance reference, voltage sag severity 

can be defined as: 

𝑉𝑆𝑆 =
1−𝑣

1−Vmax(T𝑥)
                                (4) 

where Vmax(T𝑥) denotes the maximum voltage of the 

susceptible region within duration range Tx. 

5 Fuzzy voltage sag index (FVSI) 

To eliminate the sharp boundary between different 

duration ranges, fuzzy voltage sag index was proposed to 

introduce vagueness around the boundary. The input 

variables used to calculate the fuzzy index are the 

measured voltage magnitude in percentage of the nominal 

voltage and the logarithm of the measured duration in 

seconds. The membership function of input variables, 

constructed in trapezoidal forms, is derived based on the 

empirical information embedded in the ITIC and SEMI 

F47 curves and the NRS-048-2:1996 voltage sag 

windows. In the fuzzy-logic reasoning process which is 

used to combine membership values, IF-THEN inference 

rules are used. Corresponding to each of the predefined 

rules, an output variable fuzzy set that takes lost energy 

into account is used as membership function.  

6 Sag severity index 

To fully present the specifications of standards and to 

account for uncertainty for assessment, a sag severity 

index (SSI) was proposed recently in literature. For given 

sag magnitude and duration SSI=0 if the corresponding 
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sub-sag is in the non-susceptibility area; if the sag is in 

the susceptibility area, SSI is calculated as: 

SSIC𝑤 = (∑ 𝑎𝑥 ×
Vmax(T𝑥)−𝑣

Vmax(T𝑥)−Vmin(T𝑥)

𝑦−1
𝑥=1 ) + 𝑎𝑦 ×

    
Vmax(T𝑦)−𝑣

Vmax(T𝑦)−Vmin(T𝑦)
× (

𝑡−Tmin(T𝑦)

Tmax(T𝑦)−Tmin(T𝑦)
)

𝑏𝑦−1

            (5) 

where a=3 and b=
1

2
, which are subject to modification in 

order to distinguish the difference between the SSI values 

estimated from different duration ranges and adjust the 

rate of increase of SSI as sag duration increases within a 

duration range; C𝑤 refers to the sag tolerance curve used 

for assessment. Variable y denotes the index of duration 

range the sag belongs to, and x denotes the indices of 

duration ranges which are less than y. Vmin(T𝑥) denotes 

the minimum voltage of the susceptible region within 

duration range Tx, respectively. Tmax(T𝑥) and Tmin(T𝑥) 

denote maximum and minimum duration (boundaries) of 

the range Tx, respectively. To include the uncertainty of 

equipment’s response to sags, a probabilistic model of 

voltage sag tolerance curves is applied to generate W 

voltage tolerance curves, and the average of W of SSIC𝑤  

which is calculated based on (5) is taken as the final SSI. 

COMPARATIVE ANALYSIS OF INDICES 

The six aforementioned single-event characteristics are 

analyzed and compared from different perspectives, e.g., 

the variation of severity and sensitivity, the consideration 

of standards and the handling of uncertainty.  

Severity and sensitivity 

To visually present the characteristics of the six 

aforementioned indices, their contour lines are given in 

Fig. 2, in which (a), (b) and (c) are obtained by taking the 

logarithm to the values calculated from (1), (2) and (3) 

respectively. A sag (v=0.8p.u., t=0.5s) located on 

reference curve of SEMI F47 is taken as an example to 

present the severity of sags assessed by these indices. The 

index values assessed by VSE, LE, MVT, VSS, FVSI and 

SSI are 2.26, 0.5, 1.69, 1, 2.3 and 0 respectively. Among 

these assessed values, FVSI, VSE and MVT have 

relatively higher assessed values. VSE (2.26) has a larger 

index value than LE (0.5) for this sag event. This is 

because of the use of different energy references, as 

discussed above. 

 
(a) voltage sag energy (logarithm) 

 
(b) lost energy (logarithm) 

 
(c) missing voltage time area (logarithm) 

 
(d) voltage sag severity 

 
(e) fuzzy voltage sag index 

 
(f) sag severity index 

Fig. 2.  Contour lines of six single-event characteristics. 

 

To observe the sensitivity of indices to the variation of 

magnitude and duration, the increasing rate whose 
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calculation involves more than one voltage sag is used for 

analysis. Since the increasing rates present different 

features at different duration ranges, they are analyzed 

separately in different duration ranges. In this case, three 

voltage sags are selected to calculate the increasing rates 

with respect to the variation of magnitude and duration 

respectively. The increasing rates obtained by the six 

indices are given in Table I, in which IR(∆𝑣) and IR(∆𝑡) 

denote the increasing rates with respect to the variation of 

magnitude and duration respectively. In Table I, for each 

duration range, three sag events are selected to cover the 

centroid of the susceptibility area of the duration range, 

with ∆𝑣 = 0.1 and  ∆𝑡 = 0.1. For each row in Table I, the 

larger value of IR(∆𝑣) and IR(∆𝑡) is marked in bold. It 

can be seen that in duration range 1 the severity of sags 

assessed by these indices (except for VSS) is more 

affected by the variation of duration than the variation of 

magnitude. However, in duration range 3, most indices 

are more sensitive to the variation of duration than that of 

magnitude. Among the six indices, IR(∆𝑣) and IR(∆𝑡) 

obtained by SSI are larger than those obtained by other 

indices, which to some extent indicates that SSI is more 

sensitive to the variation of sag characteristics, either 

magnitude or duration, compared to other indices. 

  

Table I. Increasing rate (%) of assessed severity with 

respect to the variation of magnitude and duration 
Duration range 1 

Sags  〈0.35, 0.05〉 〈0.25, 0.05〉 〈0.35, 0.15〉 IR(∆𝑣) IR(∆𝑡) 

VSE 1.64 1.67 2.12 1.8 29.3 

LE 1.11 1.31 1.59 18.0 43.2 

MVT 1.44 1.51 1.92 4.9 33.3 

VSS 1.3 1.5 1.3 15.4 0 

FVSI 1.70 1.75 1.95 2.9 14.7 

SSI 0.04 0.06 0.16 50 300.0 

Duration range 2 

Sags  〈0.45, 0.3〉 〈0.35, 0.3〉 〈0.45, 0.4〉 IR(∆𝑣) IR(∆𝑡) 

VSE 2.38 2.42 2.50 1.7 5.0 

LE 1.66 1.89 1.79 13.9 7.8 

MVT 2.13 2.22 2.26 4.2 6.1 

VSS 1.83 2.17 1.83 18.6 0 

FVSI 2.2 2.3 2.48 4.5 12.7 

SSI 0.36 0.63 0.48 75.0 33.3 

Duration range 3 

Sags  〈0.5, 0.7〉 〈0.4, 0.7〉 〈0.5, 0.8〉 IR(∆𝑣) IR(∆𝑡) 

VSE 2.72 2.77 2.78 1.8 2.2 

LE 1.90 2.15 1.96 13.2 3.2 

MVT 2.45 2.54 2.51 3.7 2.4 

VSS 2.5 3.0 2.5 20 0 

FVSI 2.74 2.78 2.8 1.5 2.2 

SSI 1.01 1.57 1.08 55.4 6.9 

 Consideration  of Standards 

Figure 2 illustrates the contour distribution obtained by 

these six indices. Among these indices, VSE and MVT 

have even contour distribution. LE simulates CBEMA, 

which can be seen from Fig. 2 (b) that its contour follows 

closely the shape of CBEMA curve. VSS assess the 

severity of sag events based on SEMI F47, and its 

contours are parallel to the SEMI F47 curve, as shown in 

Fig. 2 (d). In this case, if the sags are located on voltage 

tolerance curve, the assessed index values is 1 constantly. 

Given a sag magnitude, the assessed value remains the 

same when the sag duration varies within a duration 

range. The FVSI is derived based on ITIC and SEMI F47 

curves and the NRS-048-2:1996 voltage sag windows, 

and its output variable is based on lost energy. It can be 

seen from Fig. 2 (e) that the distribution of the contours 

leans toward the ITIC and SEMI F47. As for SSI, its 

shapes of the contour distribution approach SEMI F47. It 

can be seen from Fig. 2 (f) that SSI of any point located 

on/above the standard voltage tolerance curve is zero.  

Due to the similarity among VSS, FVSI and SSI, which 

all aim to reflect the severity of sags based on reference 

curves (i.e. equipment sensitivity), the following analysis 

focuses on these three indices. Even though VSS, FVSI 

and SSI share the similarity of taking SEMI F47 as 

reference, they present different characteristics of contour 

distribution in terms of the transition of index value 

between different severity levels and continuity of the 

contour curve in the magnitude-duration space. For VSS, 

the transition from one severity level to another appears 

abrupt and discontinuous, as shown by the factor that 

lim
𝑣=0.5,𝑡→0.5+

VSS ≠ lim
𝑣=0.5,𝑡→0.5−

VSS. It can be seen from Fig. 

2 (d) that the contour lines overlap at the joint region of 

two neighboring duration ranges. This sharp boundary is 

not desirable from the perspective of exhibiting 

disturbance severity [15]. For SSI and FVSI, their 

contour lines are continuous at the joint regions, and all 

contour lines do not overlap, as shown in Fig. 2 (e) and 

(f).  

Regarding the representation of fundamental statement 

specified in standards, it can be seen from Fig. 2 (e) that 

most of the contours lines cross the reference curves, 

which means that the estimated index values of sags 

located in susceptibility area could be the same as those 

of sags located in the non-susceptibility area, which is 

against the fundamental statement of standard 

specification, i.e., equipment must continue to operate 

without interrupt during conditions identified in the area 

above the defined line, which suggests that the index 

values of sags located in non-susceptibility area should be 

smaller than those in susceptibility area. Different from 

the contours of FVSI, the contour lines of SSI and VSS 

do not cross the reference curve, and they stay well under 

the reference curve. For SSI, the contour line marked 

with zero SSI strictly distinguishes between sag 

susceptibility and non-susceptibility areas as defined by 

the voltage tolerance curve.  

Even though SSI can perform equally well when the 

voltage tolerance curves are in different shapes (step or 

non-step shapes, continuous or discontinuous), SSI 

presents its advantage over other indices especially when 

step-shaped reference curves are used, e.g., continuity 

between two neighboring duration range and its 

compliance to standard specification. 
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Handling of  Uncertainties 

Since a single voltage tolerance curve cannot represent 

the susceptibility of all equipment, the uncertainty of 

voltage tolerance curve should be addressed during 

assessment. Among the six indices, three indices (i.e., 

VSS, SSI and FVSI) apply as the reference voltage 

tolerance curve. VSS presents sharp and unambiguous 

distinction between different duration range, as discussed 

above. As disturbance severity does not exhibit this 

characteristic in reality, the transition from one severity 

level to another should appear gradual rather than abrupt. 

The fuzzy set technique introduces vagueness to 

eliminate the sharp boundary. As for SSI, the sharp 

boundary is eliminated in an analytical, mathematically 

rigorous way, ie., a probabilistic model of voltage sag 

tolerance curves is used to account for the uncertainty. 

CONCLUSIONS 

This paper focuses on the comparison of characteristics 

and differences among six single-event characteristics, 

including the indices widely used in standards and those 

proposed recently. The comparison analysis is carried out 

from the perspective of severity, sensitivity, compliance 

to standards and inclusion of standard respectively.    

Following comprehensive analysis of the above indices, 

the following main conclusions can be drawn: i) Both 

voltage sag energy and lost energy indices calculate the 

energy that is not delivered during voltage events, but 

with different references. ii) Missing voltage -  time area 

index can be selected if IT equipment is the main concern 

or the site is dominated by large number of  connected  IT 

equipment. iii) If the compliance with standards is the 

main concern, one of the indices representing lost energy, 

voltage sag severity, fuzzy voltage sag index and sag 

severity index can be selected, depending on the specific 

standard considered. iv) From the perspective of 

distinguishing the sag severity of different sag events, 

SSI can be selected due to its sensitivity to the variation 

of sag magnitude and duration. v) To assess voltage sag 

severity at a site characterised by complex composition of 

equipment, uncertainty must be addressed. In this case, 

fuzzy voltage sag index or sag severity index should be 

used. vi) If step-shaped voltage tolerance curves are used 

for characterization of equipment sensitivity, the use of 

SSI is prefered as it accounts appropriately for   

continuity between neighboring duration ranges and 

strictly complies with standard specifications. 
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