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SUMMARY

A voltage sag is a short duration reduction in rms voltage that can be caused by a short circuit or fault,
the energizing of a transformer, or the start-up of electric motors. Of the seven power quality
categories defined by IEEE Std 1159-2019, short-duration rms variations are the most disruptive and
have the largest universal economic impact on energy consumers. Short-duration rms variations
include voltage sags, swells, instantaneous interruptions, momentary interruptions, and temporary
interruptions. One study by EPRI estimates an average of 56 voltage sags are experienced by industrial
customers each year. As industries becoming increasingly dependent on equipment that is sensitive to
voltage sags, the impact of these events has become more important.

Voltage sags are normally characterized by the minimum rms voltage detected during the event and
the duration of time when the rms voltage is below voltage sag thresholds. Likewise, voltage swells
are characterized by their maximum rms voltage. The impact of a voltage sag on end-use equipment is
often estimated by evaluating where the voltage sag would be represented in tolerance curves defined
by the Information Technology Industry Council (ITIC) or SEMI F-47. Tolerance curves are useful
tools for summary reports, but they are general recommendations for specific applications at explicit
voltage levels. They do not accurately predict how a specific system or piece of equipment will
respond to a voltage sag event, what the event’s impact will be to the electrical system, or how and
where to economically mitigate the issue.

This paper introduces new techniques for automatic detection and quantification of electrical load
impact due to voltage sags and swells. The characterization technique results in automatic detection of
load loss, load gain, and load reversal. It also quantifies the amount of load impacted (for example,
20% load loss). This paper will provide an overview of the load loss detection algorithm and will
provide specific illustrations of voltage and current waveforms resulting in load change from low and
medium voltage electric power systems. The paper will also present statistical analysis of load loss
characteristics for voltage sag events from thousands of measurements. Finally, it will present analysis
comparing the magnitude of measured load loss with other traditional characteristics of voltage sags,
including rms magnitude, duration, phase shift, and missing voltage.
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INTRODUCTION

A voltage sag is a short duration reduction in rms voltage that can be caused by a short circuit or fault,
the energizing of a transformer, or the start-up of electric motors. VVoltage sags are frequently
associated with voltage swells, particularly when the cause is a ground fault. Of the seven power
quality categories defined by IEEE Std 1159-2019 [4], short-duration rms variations are the most
disruptive and have the largest universal economic impact on energy consumers. One study by EPRI
estimates an average of 56 voltage sags are experienced by power customers each year [6]. A study
from 2008 concluded that industrial sectors lose upwards of €150 billion as a direct result of their
electrical power installations not being sufficiently reliable and resilient for today’s and future
operating demands [1]. This would be an equivalent of €180 billion or $216 billion in US dollars
today. As industries become increasingly dependent on equipment that is sensitive to voltage sags, the
impact of these events has become more important.

Voltage sags are normally characterized by the minimum rms voltage detected during the event and
the duration of time when the rms voltage is below a predetermined voltage sag threshold. Conversely,
voltage swells are characterized by the maximum rms voltage magnitude experienced during the
event. The impact of a voltage sag on end-use equipment is often estimated by evaluating where the
voltage sag would be represented in tolerance curves, such as those defined by the Information
Technology Industry Council (ITIC), the SEMI F47 Voltage Sag Immunity Standard, or other
magnitude-duration representations. Tolerance curves are useful tools for summary reports, but they
are general recommendations for specific applications at explicit voltage levels. They do not
accurately illustrate or predict the response of a specific system or piece of equipment to a voltage sag
event, what the event’s impact will be to the electrical system, or how and where to economically
mitigate the issue.

This paper introduces new techniques for automatic detection and quantification of electrical load
impact due to voltage sags and swells. The characterization technique results in automatic detection of
load loss, load gain, and load reversal. It also quantifies the amount of load impacted. This paper will
provide an overview of the load loss detection algorithm and will provide specific examples of voltage
and current waveforms resulting in load change from low voltage and medium voltage electric power
systems.

TRADITIONAL VOLTAGE SAG ANALYSIS

Metering data is a valuable source to identify and solve problems that occur in electrical systems.
Today’s electric power monitoring systems provide ample feedback for detecting, isolating, and
resolving recurrent problems; however, too much data from these systems can result in information
overload, overwhelming even the most learned end-user. As monitoring systems incorporate more
sophisticated functionality, metering system manufacturers are compelled to provide the conventional
end-users with more straightforward solutions.

Most metering devices available on the market today are able to detect disturbances that occur on the
electrical systems they supervise. Event data generated from these devices and systems often include
the following characteristics of events:

o time of the event

e pickup of the alarm

e dropout of the alarm

e min/max- rms voltage and/or current



e triggering phase
o waveform capture of the event

This information is very useful to determine the cause, severity, and source of events, and most have
been provided as features in metering devices for years. Experienced end-users are able to evaluate
this data and ascertain problem sources; however, typical end-users generally do not have this level of
expertise.

To determine sources of disturbances, consultants or experienced engineers can be hired to analyze
and interpret data captured by a metering device. It is a slow (and expensive) process for the
consultant or engineer to gather the relevant information and determine the best solution. It is
generally easier (and less expensive) to troubleshoot power quality problems as they occur rather than
deferring for days or weeks.

One way to provide immediate troubleshooting abilities for experienced and inexperienced personnel
is by adding tools to the monitoring systems that further characterize disturbances. For example,
special algorithms can be used to analyze voltage and current waveform or rms signatures, localizing
the source of a disturbance. Figure 1 illustrates a simple one-line diagram showing how multiple
monitor devices can be used to estimate the source of a disturbance in complicated monitoring system
by leveraging metering device locations between a distribution substation and an electric customer
service entrance. Analyzing disturbance event data in this way provides end-users with feedback on
the location of a disturbance source with respect to each meter device’s point of connection (for
example, upstream or downstream from the device). By quickly evaluating and localizing disturbance
sources in this manner, it is much easier and faster to identify and mitigate the issues.
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Figure 1: Simple One-Line Diagram Showing Multiple Monitoring Devices being used to Approximate a
Disturbance Source.




The benefits of automatic voltage sag direction include:
more accurately determining the origin of voltage quality events
reducing the number of events by quickly localizing disturbance sources
increasing uptime by improving the facility’s voltage quality
IEEE STD 1564-2014
IEEE Std 1564-2014 presents a five-step procedure for computing voltage sag indices [5].
1. Obtain sampled voltages with a specified sampling rate and resolution.
2. Calculate event characteristics as a function of time from the sampled voltages.
3. Calculate single-event characteristics from the event characteristics.

4. Calculate site indices from the single-event indices of all events measured during a specific
time period.

5. Calculate system indices from the site indices for all monitored sites within a certain power
system.

IEEE 1564 provides equivalent methods for computing indices and characteristics concerning voltage
swells. A voltage swell is a short-duration increase in voltage. On multiphase systems, a voltage swell
on one phase can be associated with a voltage sag on another phase. Some of the methods discussed
will classify such an event as both a voltage sag and a voltage swell.

The guidelines in IEEE 1564 advocate computing one or more characteristics from the sampled
voltages. From the sampled waveforms in the three phases, such as in Figure 2, one or three voltage
magnitudes as a function of time can be obtained. For single-channel and multi-channel
measurements, the rms voltage is computed over one cycle and is updated every half cycle. This
guantity is defined in IEC 61000-4-30 [7] as Umms(1/2) but in IEEE 1564 is defined as Vims(1/2). For
three-phase measurements, either the minimum Vms(1/2) is used to characterize the event, or the
“characteristic voltage” is used. These time functions are used to determine two basic single-event
characteristics: retained voltage (‘“sag magnitude”) and duration.

RMS Voltage as a Function of Time

From the sampled voltages one or more characteristics as a function of time are calculated for every
recording. This function is used to determine the retained voltage and the duration of the event. To
calculate the rms voltage, IEEE 1564 specifies sampled voltages should be squared and averaged over
a window with a one-cycle duration, as described in the following equation:
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where N is the number of samples per cycle, vi is the sampled voltage waveform, and k=1,2,3, etc.



Retained Voltage and Duration

A voltage sag or voltage swell can be characterized by its duration and its retained voltage. The
duration is the time that the rms voltage stays below the threshold. The retained voltage is the lowest
rms voltage during the event. Instead of retained voltage, the depth may be used, which is the
difference between the retained voltage and a reference or declared voltage.

Voltage swells can be characterized in the same way as voltage sags. The rms voltage is again used as
a characteristic versus time. The single-event indices are the “duration” and the “retained voltage” or

“maximum swell voltage magnitude”.

Figure 3 presents the rms voltage samples for the voltage sag in Figure 2. The dashed line indicates the
voltage sag threshold, which is chosen as 90% of the phase-neutral base voltage of 7.2 kV. If we
consider the three phases individually, two phases show a voltage sag of 9.5 cycles duration below the

threshold. The retained voltage is 5.21 kV for Phase B.
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Figure 2: Voltage Sag Example: Three-Phase Voltage Waveform Samples
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Figure 3: Voltage Sag Example: Three-Phase Voltage RMS Samples with Sag Threshold

IEEE 1564 also describes additional event characteristics including voltage sag energy, voltage swell
energy, and voltage sag severity. The event characteristics in IEEE 1564 focus on voltage only. That
is, there are no event characteristics defined that focus on the impact of the voltage sag to an electric
load, which is a key focus of this paper.

VOLTAGE SAG MAGNITUDE VS DURATION ANALYSIS

It is common for single-event characteristics derived using the guidelines in IEEE 1564 to be
displayed together in a summary table or scatter plot. Figure 4 illustrates a well-known magnitude-
duration plot of voltage magnitude and duration: the ITI Curve (often referred to as the ITIC curve or
CBEMA Curve) [8]. The ITIC Curve describes “an AC input voltage envelope which typically can be
tolerated (no interruption in function) by most Information Technology Equipment (ITE),” and is
“applicable to 120V nominal voltages obtained from 120V, 208Y/120V, and 120/240V 60 Hertz
systems.” The “Prohibited Region” in the graph “includes any surge or swell which exceeds the upper
limit of the envelope.” Events occurring in this region may result in damage to ITE. The “No Damage
Region” includes sags or interruptions that are not expected to damage ITE.

Tolerance curves (e.g., the ITIC curve) are useful; however, it is important to remember they are also
generalized recommendations for specific applications, often at explicit voltage levels. They do not
indicate how a specific system or piece of equipment will respond to a sag/swell event, what the
event’s impact will be on the electrical system, or how/where to economically mitigate an issue.
Furthermore, various zones within the electrical system are regarded the same, even though each IED
typically monitors a unique load or combination of loads. Because each facility is inherently
distinctive, generalized magnitude-duration plots are imperfect for discrete applications.
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Figure 4: Information Technology Industry Curve (ITIC Curve)
IMPACT OF VOLTAGE SAGS ON ELECTRICAL LOADS
The voltage sag in Figure 2 was due to a downstream fault on a utility distribution feeder. The impact
of this type of voltage sag event on an energy consumer’s facility is primarily dependent on the four
factors:

1. The nature and source of the voltage sag event

2. The susceptibility of the load(s) to the event

3. The event’s influence on the process or activity

4. The cost of a process interruption due to this event



Consequently, each customer system and operation will respond differently to a voltage sag. For
example, it is possible for a voltage sag event to significantly impact one customer’s operation while
the same voltage sag may have little or no noticeable impact on another customer’s operation. It is also
possible for a voltage sag to impact one part of a customer’s electrical system differently than it does
another part of the same electrical system.

Automatic Load Impact Assessment

The method for computing single-event characteristics for voltage sags presented in IEEE 1564 can be
augmented to automatically assess whether a voltage sag was an impactful event following these steps:

1. Obtain sampled voltages and current waveforms with a specified sampling rate and resolution.

2. Calculate rms voltage and active power as a function of time from the sampled voltages and
currents. The rms voltage and active power are computed over one cycle and are updated
every half cycle.

3. Calculate single-event event characteristics: retained voltage, duration, voltage sag energy,
voltage sag severity, and load change.

For “load change”, active power is computed as the average of the instantaneous power over one
cycle. To calculate the active power, the sampled voltage and current are multiplied together and
averaged over a window with a one-cycle duration, as described in the following equation:
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where N is the number of samples per cycle, v; is the sampled voltage waveform, ij is the sampled
current waveform, and k=1,2,3, etc.

“Load change” can be computed by subtracting the initial value of active power P)(0) from the final
value of active power P2)(K). The load change value can be computed by phase, but more often it is a
three-phase value computed by summing the single-phase phase values of load change. Load change
be expressed in watts or percent of the pre-event load.

The end of a voltage sag (that is, when the rms voltage returns to a range proximate to the nominal
value) does not always correspond with the end of the changes in active power delivered to a load. For
example, an electrical load may trip offline several cycles after a voltage sag has finished.
Alternatively, a load can restart automatically within seconds of the end of a voltage sag. Care must be
taken during measurement capture to ensure that a steady-state value of load current has been reached
by the end of a measurement to allow complete load impact evaluation due to a voltage sag.

A negative value of load change would indicate that the voltage sag resulted in a loss or reduction of
load. A positive value of load change would indicate that the voltage sag was due to the start-up of a
load or perhaps the energizing of a transformer.

Load Loss Example

Figure 5, Figure 6, and Figure 7 illustrate a voltage sag event on a three-phase, 60 Hertz, 277/480-volt
wye-configured system. Examination of the event indicates the origin was upstream and was possibly
a fault. Figure 6 and Figure 7 are derived from the event waveform data captured in Figure 5. The
voltage sag had a duration of about 3 cycles, and the minimum rms voltage was about 73.8% of the
nominal on Phase C as shown in Figure 6.

Figure 7 illustrates the single-phase active power and three-phase total active power, computed over
one cycle intervals, once every % cycle. This chart is the most relevant for determining the event’s



impact. Before the event, the total active power consumed by downstream load was about 64.5 kW. At
the completion of the voltage sag event, the total active power consumed by the downline loads was
about 11.2 kW. Coincident with the voltage sag, the change (pre-event vs. post-event) in the total
active power flow to the load was a decrease of about 53.3 kW (or 83%).

One inference is that the voltage sag event caused 83% of the load to be deenergized or removed from
the circuit, likely resulting in a significant impact to the facility’s operation. A negative load change
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Figure 5: Instantaneous Waveform Capture of Voltage Sag
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Figure 6: First 20 Cycles of RMS Voltage from Voltage Sag for Waveforms Samples in Figure 5

Active Power
APa =-17.62 kW (-83%), APb = -18.84 kW (-83%), APc = -16.86 kW (-81%), AP Total = -53.33 kW (-83%)
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Figure 7: Active Power from Voltage Sag in Figure 5

Updating ITIC Chart with Load Impact

The familiar ITIC Chart of Figure 4 can be updated to include voltage sag impact. An example of how
to accomplish this is to plot the data points in the scatter chart that represent voltage sags with load
loss with a different color. More than one color can be used to specify the different amounts of load
loss. See Figure 8.
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Figure 8: RMS Variation Magnitude-Duration Scatter Plot Displaying Voltage Sags with Load Loss
REVISION OF IEEE STD 1564-2014

The IEEE P1564 Task Force was recently granted approval by the IEEE PES Transmission &
Distribution Committee and the IEEE-SA Standards Board to revise IEEE Std 1564-2014. The
revision will provide improved guidelines for these existing characteristics and will expand the list to
include research results and accepted practices from the last decade including missing voltage, phase
jump, phase angle at the point of initiation of the voltage sag, phase angle at the point of completion of
the voltage sag, imbalance, and characteristic voltage. The revision will include guidelines for how to
handle missing days and days with major events. The revision will align with the voltage sag ride-
through testing recommendations of IEEE Std 1668-2017 [9] and voltage sag measurement technigques
guidelines from IEEE P2938 [10] on economic loss by industrial customers due to voltage sags. There
is additional interest to revise the standard by provided guidelines for enhancing voltage sag indices
with source and cause information.
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CONCLUSIONS

Globally, voltage events such as voltage sags and momentary interruptions are the biggest contributor
to losses related to power quality issues. Voltage sag events can be external (e.g., originate on the
utility) or internal (e.g., originate inside the end-user’s facility), anticipated (e.g., starting a large load)
or unpredictable (e.g., a system fault), impactful (e.g., loads de-energies) or inconsequential (e.g.,
system continues to operate with no issues). Recognizing the existence of voltage sags and
characterizing their properties (e.g., worst magnitude, duration, etc.) is insufficient; it is important to
understand the operational impact to differentiate nuisance events from disruptive events. Ascertaining
the level of impact from voltage sag events (regardless of their origin) facilitates easier prioritizing and
filtering of alarms, creating and trending historical effects from disruptive perturbations, and
determining locations and sizes of mitigation equipment.
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