SEL

Understanding and Troubleshooting
Real-World Power Quality Problems

Troy Ledford
Schweitzer Engineering Laboratories

© SEL 2019 | -


Presenter
Presentation Notes
This presentation provides an introduction to the characteristics of power quality (PQ). It includes real-world PQ problems, symptoms, tools for root-cause analysis, and prevention measures.


Class Content

* Introduction to power guality (PQ)

e Causes of poor PQ and impact of application
* PQ characteristics

e Tools for monitoring PQ

e Case studies



PQ Involves Voltage and Current Characteristics

Poor PQ refers to changes in an electric power supply
that can cause equipment to fail, misoperate, or degrade

Noisy
Transformers Equipment



Presenter
Presentation Notes
PQ is an essential voltage characteristic. Poor PQ can cause symptoms such as humming in transformers, overheating in transformers or conductors, or blown fuses. More symptoms are described in the following slides along with how they can be used to identify the root cause.


What Is the Cost of Poor PQ?

Equipment failures, misoperations, and degradation

Power frequency Pass
Supply voltage variations Pass
Flicker Pass
Supply voltage unbalance Pass
Harmonics -all
Rapid voltage changes Concern

Voltage dips and interruptions Concern
Temporary overvoltages Pass
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Presentation Notes
The IEEE paper, “Economic Evaluation of Power Quality,” explains that “manufacturing facilities have costs ranging from $10,000 to millions of dollars associated with a single interruption to the process.” 

Poor PQ can cause substantial, indirect costs to customers, including the following:
Power plant downtime and associated lost work in process due to interrupted processes.
Premature equipment replacement. For example, motor life can be significantly reduced by the overheating that PQ anomalies cause. This can result in further costs due to unplanned downtime, new equipment and installation costs, and process downtime when installing replacement equipment.


PQ Problems Can Affect Metering Accuracy
ANSI C12.20-2015, Accuracy Class 0.1 Adds Tests
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Several Factors Affect PQ
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Presentation Notes
The power system is composed of generation, transmission, distribution, and loads. Factors such as sudden load changes, switching capacitor banks, lightning, faults, and the addition of nonlinear loads affect the voltage characteristics of the system.


Nonlinear Loads Distort Waveforms
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LED Lights Provide Energy Efficiency
But Distort Waveforms
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High Sampling Rates Accurately

Capture Waveform Content
LED Light Bulb Waveforms

8 kHz — 0% Error

1 kHz — 2.2% Error
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Presentation Notes
A low sampling rate does not provide good data resolution, which leads to less accurate energy calculations. High-end meters typically sample waveforms for energy calculations at a high rate.

Many meters meet their claimed accuracy only when the signal is sinusoidal and may not accurately meter under signal distortion. Many factors could lead to inaccuracy, such as the hardware components, sampling rate, and filtering and measuring algorithms used. Note that with some noisy or fast-switching loads, even 8 kHz is not a high enough sampling rate to provide zero error.




Customer and Utility Share Responsibility

e Customer limits
current distortion

e System owner or
operator limits
voltage distortion by
modifying supply system
Impedance characteristics

IEEE 519-2014 applies to point of common coupling
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Voltage Sag, Swell, and Interruption (VSSI)
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Presenter
Presentation Notes
The figure on this slide shows a voltage sag, swell, and interruption (VSSI) report.

Typically, voltage sags are classified as root-mean-square (rms) voltage changes that fall below 90 percent of the nominal voltage; swells are conditions above 110 percent of the nominal voltage; and dips below 10 percent of the nominal voltage may be considered voltage interruptions.


Analyze Sag Event
Using Waveform or RMS Plots
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Presentation Notes
The figure on this slide shows an rms plot of the same sag event as on the previous slide. The time stamps provide the duration of the event.



VSSI Are Described by Depth and Duration
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Combined Waveform and RMS Plot
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Overvoltage and Undervoltage
Are Long-Term Phenomena

PQ Phenomenon Amplitude Range Duration

Sag 10-90% 0.5 cycles to 1 minute
Undervoltage 80-90% >1 minute
Swell 2110% 0.5 cycles to 1 minute

Overvoltage 110-120% >1 minute
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Presentation Notes
A swell is when the rms voltage exceeds the nominal voltage to ≥110 percent for 0.5 cycles up to 1 minute. Overvoltage occurs when the nominal voltage rises above 110 percent for more than 1 minute.

A sag is when the rms voltage drops from the nominal voltage to 10 to 90 percent for 0.5 cycles up to 1 minute. Undervoltage occurs when the nominal voltage drops below 90 percent for more than 1 minute.


Lightning Strikes
Cause Voltage Sags

Lightning Strikes Power Pole
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Presenter
Presentation Notes
Lightning and other causes of faults can cause voltage disturbances.


Power System Faults Can Cause Voltage Sags
Voltage Profile of a Three-Phase Fault

No Load

Voltage disturbance effect is more at fault point and less away from it
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Presentation Notes
The 115 kV transmission line from Shawnee Substation to Turner Substation in Washington State experienced a phase down. The transmission line did completely trip, so Turner Substation had a complete outage. But, a motor-operated air switch automatically switched so that Turner could be fed from Terre View Substation on the 115 kV line. 

The time scale is nonlinear due to adaptive sampling in the VSSI, as shown in the report on this slide.


Restoration Event Causes Damage
to 3D Printer
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Motor Operation Can Cause Voltage Sags
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Presentation Notes
Motors have a high starting current. Turning a motor can cause a voltage sag, which motors are sensitive to. If the voltage drops to 60 percent of the nominal, the available torque is about one-third. If the motor starts to lose synchronism with the supply power, then there can be a major torque stress problem, which could result in damage to the drive system. 


University Uses Voltage Sag Data to Continue
Operations and Buy Planning Time

700 hp
pump
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Presentation Notes
A university used PQ data to determine that their well pump was causing voltage sags and flicker at their campus laboratory facility, which was located about half a mile away. 

VSSI data from the meter indicated that the feeder was undersized. The upgrade cost was estimated at $100,000. 


Optimized Motor Shutdown
Reduces Sag and Eliminates Problems
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Presentation Notes
Using the VSSI data from the meter, the university campus manager was able to adjust the pump motor controller. Setting the controller deceleration mode to an alternative deceleration curve nearly eliminated the voltage disturbance.

The feeder was still near its operating limit, but now the university could plan the upgrade according to their budget rather than pay for an emergency expense.


Voltage Sag Ride-Through Characteristics
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Presentation Notes
The curves shown in the figure on this slide represent sag ride-through characteristics for typical industrial devices. For example, the contactor curve indicates that a typical contactor would trip for voltage sags below 50 percent of the nominal voltage that last for more than 1 cycle.

Contactors with ac coils are among the most widely used electromechanical devices in the industry. Contactors are used by electrical equipment that is frequently turned off and on (opening and closing the circuit), such as lights, heaters, and motors. However, since this kind of equipment is usually very sensitive to disturbances in utility voltages, they can be responsible for load misoperation and loss of production. 


Voltage Events Damage Motors and
Sensitive Processing Equipment



Presenter
Presentation Notes
The Lake Zurich plant manager recently experienced the failure of multiple pieces of manufacturing equipment:

“I have already replaced the exhaust fan motor ($1,300) and am getting a quote on the compressor fan motor (probably another $1,300). The Pacific Power supply is a $65,000 unit (it has been working ok since 4/12 but may be degraded). 

Today we lost the power supply on another test fixture in production during a power glitch (operators near the unit heard a loud pop when the lights were dimming).”



Voltage Events Damage Motor Fan and
Compressor and Degrade Power Supply

360 T * = Event
)
- Vrms = 112.5%
2 2801 Prohibited Region 41 minutes
© Vrms = 113%
S 200 21 minutes
) \ Swell Limit
Z 120 T L @ & !.
S . - | A
=2 404 Safe Region ‘ Sag Limit | Vrms = 110%
= No-Damage Region .
g 46 minutes

—40 : : : : : : :

0 0.001 0.01 0.1 1 10 100 1,000

Duration (seconds)


Presenter
Presentation Notes
The Information Technology Industry Council curve shown in the figure on this slide is commonly used to indicate the performance of typical IT equipment and solid‐state devices. Events are plotted on this chart based on the duration and amplitude variation. 

An event in the Prohibited Region can damage equipment. An event in the No Damage Region can wear down equipment over time or cause a computer to restart. An event in the Safe Region can typically be tolerated.

The operations team retrieved a summary analysis from a high-end meter and noticed that three events occurred in the Prohibited Region. The following slide shows the voltage plot of the event that lasted 41 minutes.


VSSI Data Reveal Stuck Load Tap Changer
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Presentation Notes
The figure on this slide shows the rms plot of an overvoltage event that lasted 41 minutes. The voltage went to 112 percent of the nominal voltage, which damaged the sensitive processing equipment.


IEC 61000-4-30 Standardizes PQ Measurements
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applications and

INTERNATIONAL verifying compliance
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and assessment
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Voltage Unbalance Damages Motors

« Causes temperature rise

 Reduces life expectancy

Photo courtesy of Electrical
Apparatus Service Association
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Presentation Notes
Monitoring voltage unbalance is critical because temperature rise can shorten motor life, and motors subjected to unbalances over 1 percent require derating.



Unbalance Occurs When V, + Vg +V-#0V
Balanced Three-Phase Waveforms
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Unbalance Occurs When V, + Vg +V-#0V
Unbalanced Three-Phase Waveforms
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Typical Voltage Unbalance Levels in U.S.
Three-Phase Power Delivered to Industrial Plants

<1% Unbalance >3% Unbalance

Operates Can cause
normally 1-3% significant

Unbalance damage

Causes
overheating and
premature aging

66% 32% 2%
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Presentation Notes
Only 66 percent of three-phase power delivered to U.S. industrial plants has less than 1 percent of voltage unbalance.

Only 2 percent of the voltage produced by electric utilities has a voltage unbalance greater than 3 percent.

Poly-phase induction motors should not be operated with a voltage unbalance greater than 5 percent.
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Facilities Operator Uses Data to Balance Loads
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Presenter
Presentation Notes
The profile chart on this slide shows the trend in current values before and after a facilities operator balanced the loads. Large current unbalances can cause voltage unbalance.


Common Causes
of Unbalance

e Faulty
distribution equipment

« Random phase loading
(arc furnaces)

e Unbalanced
distribution feeders



Unbalanced Magnitude Phasor
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Presentation Notes
Severe unbalance can produce phasor voltage magnitudes that differ greatly and phase displacements that are very different from the expected 120 degrees.


Harmonics Occur as Multiples of 60 Hz
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Presentation Notes
The green dashed line in the figure on this slide is the fundamental frequency. Fundamental frequency is 60 Hz in the United States. In many other parts of the world, it is 50 Hz.

Note that the third harmonic (red thick line) completes three full cycles in the same time frame as one cycle of the fundamental frequency.

The blue waveform shows the resultant of the fundamental frequency and the third harmonic.


Harmonics Occur as Multiples of 60 Hz
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Presenter
Presentation Notes
As higher-order harmonics are added (such as the fifth harmonic, shown by the dotted black line), the resultant waveform has increased distortion. The blue waveform shows the resultant of the fundamental frequency, the third harmonic, and the fifth harmonic.


Harmonics Cause Humming in Transformers
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Presentation Notes
Humming is caused by a phenomenon called magnetostriction. A transformer is magnetized because of the ac voltage and current flowing through it. It extends and contracts twice each cycle. This causes the transformer to hum at the fundamental frequency (60 Hz or 50 Hz). Harmonics have a similar effect, making the transformer hum at higher frequencies.


Spectral Analysis Displays Harmonics,
Subharmonics, and Interharmonics
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Harmonics Described as
Percent of Fundamental Freguency

Harmonic Order Frequency (Hz) RMS Value
Fundamental (1) 60 120
3rd 180 6
4th 240 4
5th 300 3

\'Sum of squares of harmonics « 100 V62 + 42 +32.100
Amplitude of fundamental ) 120

THD = =6.5%
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There are two reasons that THD could increase. In the example on this slide, adding more harmonics or reducing the magnitude of the fundamental can increase THD more than 6.9 percent.


Total Harmonic Distortion (THD) Is
High Under Low-Load Conditions
Although Impact Can Be Low
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Presentation Notes
In the figure on this slide, the total current the LED light draws is much lower than the incandescent light. This, along with additional distortion in the waveform, creates a high-current THD value. However, during light-loading conditions, high THD is expected and can be tolerated. THD is of concern if it affects equipment within the facility or other customers on the network.


IEEE 519-2014 Uses
Total Demand Distortion (TDD)

Table 2—Current distortion limits for systems rated 120 V through 69 kV

Maximum harmonic current distortion
in percent of /,

Individual harmonic order (odd harmonics)™ "
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= 1000
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Even harmonics are limited to 25% of the odd harmonic limits above.

LCurrent distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

JSum of squares of harmonics + 100

TDD = _
Maximum demand load current



Third-Order, Odd Harmonics (Triplens)
Align With A, B, and C Phases
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Presentation Notes
In a three-phase, four-wire system, neutral conductors can be severely affected by nonlinear loads connected to the 120 V branch circuits. Under normal conditions for a balanced, linear load, the fundamental 60 Hz portion of the phase currents cancels in the neutral conductor.

In a four-wire system with single-phase, nonlinear loads, certain odd-numbered harmonics called triplens—odd multiples of the third harmonic, such as the third, ninth, fifteenth, and so on—do not cancel. Instead, they add together in the neutral conductor. In systems with many single-phase, nonlinear loads, the neutral current can actually exceed the phase current. The danger is excessive overheating because, unlike phase conductors, there are no circuit breakers on the neutral conductor to limit the current.

Excessive current in the neutral conductor can also cause higher-than-normal voltage drops between the neutral conductor and ground at 120 V outlet.


Harmonic Currents Produce Heat
and Cause Damage

L osses = IR

Use K-factor measurements
from advanced meters to size
transformers to serve distorting
loads without overheating
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Presentation Notes
Transformer problems result from core loss and copper loss. Transformers are normally rated for a 60 Hz phase current load only. Higher frequency harmonic currents cause increased core loss due to eddy currents and hysteresis, resulting in more heating than would normally occur.

Single-phase, nonlinear loads connected to the receptacles produce triplen harmonics, which add up in the neutral. When this neutral current reaches the transformer, it is reflected into the delta primary winding where it causes overheating and transformer failures.
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Fifth-order harmonics have the same effect as negative-sequence components. They can create counter mechanical torque on rotating machines.

The angle is 120 degrees • 5 = 600 degrees, or –120 degrees. This is why the fifth-order harmonics have their phasors at 0 degrees, 120 degrees, and –120 degrees, as shown on this slide.


Harmonic Trending Pinpoints Cause of
Lighting Ballast Failures

Liberal Arts
& Sciences
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An isolation transformer or power conditioner can reduce harmonic loading.
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Presentation Notes
The facility manager noted that recently replaced ballasts were failing. The third-order harmonics are of less concern because they add to the zero sequence and they exit through the neutral conductor. The fifth-order harmonics are a signature of electronic ballasts. The facility manager noted that outdoor lighting, driven by electronic ballasts, turns on each morning at 5:30 a.m.

As shown on this slide, 14 percent of THD voltage occurred when the lighting was turned on.


Adjustable Speed Drives Cause Harmonics
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Presentation Notes
The current drawn by a six-pole adjustable speed drive looks like the waveform on this slide.

This current changes the sinusoidal nature of the ac current, thereby causing the flow of harmonic currents.


HVdc and Industrial Interties Cause
Harmonic Issue for Georgia
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Presentation Notes
This slide shows an example dc bus network at Oregon’s Celilo ac-to-dc converter station, which is similar to the dc converters in the country of Georgia.

Harmonic distortion in the power grid caused overheating and damage to Georgian State Electrosystem (GSE) critical power transmission infrastructure and negatively impacted PQ. Left unchecked, the harmonic distortion could have led to sudden equipment failure, threatening the stability of the power grid. 

To solve the harmonics problem, GSE first needed to identify the sources of higher‐order harmonics on their 220 kV and 500 kV transmission systems and document them for government regulators. 

A high-end revenue meter helped GSE quickly determine two harmonic sources that were causing their autotransformers and shunt reactors to overheat. One source was the ac‐to-dc converters used in the HVdc station for interties with neighboring Turkey. The second harmonics originated from several industrial plants. GSE had used low‐pass filters to remove harmonics introduced by the ac-to-dc converters, but enough still got through to cause problems. 

With the documentation that the meter provided, GSE contacted the industrial plants and requested that they take steps to minimize harmonics.


L ow Harmonics Are More Common
In Power System




High Crest Factor (CF) Indicates
Reduced Lamp Life
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The crest factor (CF) is the ratio of peak voltage or current to the rms voltage or current, respectively. The higher the CF, the higher the peaks, which means higher losses. A higher lamp current CF means a reduced lamp life. Normally, a lamp CF of 1.7 maximum is allowed for fluorescent ballasts.
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ldentify Sources of Harmonics

 Nonlinear loads

 HVdc Interties

e Saturated transformers

e Arcing devices

 Renewable energy generators

e Electronic-ballast
fluorescent lights




Turning on Water Results in
Voltage Variation That Affects Lights

Variable-Frequency Drive (VFD)
for Constant Water Pressure
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VED Running
512 Samples Per Cycle
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Reduce Harmonic Disturbances

* |solate voltage sources for sensitive devices from
harmonic-generating devices

e Use K-rated transformer or derate transformer
 Install filters between drive and power system



Flicker Affects Human Eye-Brain Response

Amplitude modulation of voltage
when signal carries another signal

Modulating Signal

w1

Carrier

Voltage (V)

=

o



Presenter
Presentation Notes
Light flicker caused by voltage magnitude fluctuations in incandescent bulbs can interfere with the human eye-brain response and with sensitive electrical equipment.

The amplitude of the voltage change and the number of voltage changes in a specified time are factors that affect flicker.


Nonlinear Loads
Cause Unwanted
Zero-Crossings That
Affect Digital Clocks
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Presentation Notes
DC motor speed controls, induction heating furnaces, and other devices with rectifiers can cause notches in the ac voltage waveform, as shown in the figure on this slide. 

A home appliance clock is designed to look for the zero crossing to keep track of time. The clock may count notches as additional zero crossings and give the wrong time.


Summary

 PQ Issues are changes in electric power supply that
can cause equipment to fail, misoperate, or degrade

« Common PQ phenomena are VSSI, harmonics, voltage
unbalance, and transients

 PQ characteristics can be described by amplitude,
duration, frequency, and wave shape



Troubleshooting Summary

e Look for patterns in disturbances by noting time
of day, duration, and how often events occur

e Correlate PQ events with load changes,
switching capacitor banks, and so on

« Remember that PQ events are typically
worse near the source of the problem

* Note that high neutral current can indicate
third harmonics



Questions?
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