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Summary 

A brief overview of the issue of harmonics in VFDs. 

Harmonics pose a significant challenge in electrical sys-

tems, particularly when using Variable Frequency Drives 

(VFDs). These harmonics can lead to inefficiencies, in-

crease maintenance costs, and compliance issues. 

 

SmartD Technologiesô Clean Power VFD offers a ground-

breaking solution that eliminates harmonics at the 

source. This white paper delves into the technical details, 

real-world evidence, and the advantages of SmartD's ap-

proach over traditional mitigation strategies. 

1. IEEE 519 

To understand this documentôs aim and the meaning of 

harmonics, a basic knowledge of IEEE 519-2022 is re-

quired. 

 

IEEE 519 is a standard developed by the Institute of 

Electrical and Electronics Engineers (IEEE) to establish 

guidelines for controlling harmonics in electrical systems. 

The goal of IEEE 519 is to limit harmonic distortion in 

electrical networks, ensuring reliable operation of equip-

ment and minimizing the adverse effects of harmonics on 

the electrical grid and connected devices. 

Key Concepts and Vocabulary 

Harmonics: Frequencies that are integer multiples of 

the fundamental frequency (e.g., 60 Hz). Harmon-

ics can distort voltage and current waveforms, 

leading to various operational issues. 

Total Harmonic Distortion (THD): A measure of the 

overall harmonic distortion in a voltage or current 

waveform, expressed as a percentage of the fun-

damental frequency. 

Total Demand Distortion (TDD): A measure of the 

harmonic distortion in current, expressed as a per-

centage of the maximum demand load (usually 

the peak current over a specified period). 
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 Mathematical Explanation 

IEEE 519 sets specific limits for both voltage and current 

distortion. These limits are expressed in terms of THD 

and TDD. The basic formulae involved are: 

 

THD (Total Harmonic Distortion):

 
 

Where V1 is the RMS value of the fundamental frequen-

cy, and V2, V3,é, and Vn are the RMS values of the har-

monic frequencies. 

 

TDD (Total Demand Distortion): 

 
 

Where IL is the maximum demand load current, and I2, 

I3, I4, é,and In are the RMS values of the harmonic cur-

rents. 

Coverage of IEEE 519 

IEEE 519 provides guidelines and limits for harmonic dis-

tortion at the point of common coupling (PCC), which is 

the point where the customerôs electrical system con-

nects to the utilityôs system. Itôs essentially the main 

connection point between the customerôs power system 

and the utilityôs grid. 

 

The standard specifies maximum allowable THD for volt-

age and TDD for current, based on the voltage level and 

the size of the load. 

 

Even though IEEE 519 focuses on the PCC, itôs also im-

portant to consider Total Harmonic Distortion and Total 

Demand Distortion for individual components, like VFDs. 

For a VFD, THD indicates how much the VFDôs output de-

viates from a perfect sine wave, and TDD helps under-

stand the impact of harmonic currents relative to the 

VFDôs full load capacity. 
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Considering the cumulative effect of multiple VFDs and 

other nonlinear loads within the installation. While indi-

vidual VFDs may comply with local harmonic limits, their 

combined impact can contribute to higher overall distor-

tion levels at the PCC. 

Itôs therefore essential to manage THD and TDD for indi-

vidual VFDs within the customerôs installation 

 

For most systems, IEEE 519 sets a maximum allowable 

THD for voltage at 5%. This means the harmonic voltage 

should not exceed 5% of the fundamental voltage. 

The allowable TDD for current varies depending on the 

size of the load and the short-circuit ratio at the PCC.  

The IEEE 519 standard sets limits on how much current 

distortion is allowed for each harmonic frequency, based 

on a percentage of the maximum load current. It also 

defines limits for Total Demand Distortion (TDD). Har-

monics are grouped into categories, and each group has 

different limits depending on the system's voltage and 

the ratio of short-circuit current to maximum load cur-

rent (ISC/IL). 

)%%%ΫΧί - 4ÁÂÌÅ Χ - 6ÏÌÔÁÇÅ ÄÉÓÔÏÒÔÉÏÎ ÌÉÍÉÔÓ  

)%%%ΫΧί - 4ÁÂÌÅ Ψ - #ÕÒÒÅÎÔ $ÉÓÔÏÒÔÉÏÎ ,ÉÍÉÔÓ ÆÏÒ 3ÙÓÔÅÍÓ 2ÁÔÅÄ ΧΨΦ 6 ɀ άί +6  



 

7 

 
ISC stands for short-circuit current. It is the amount of 

current that would flow if there were a direct short-

circuit at a specific point in the electrical system. This 

value is important because it indicates the potential 

maximum current that the system can experience during 

a fault condition. 

 

To calculate IL (the maximum demand current), take the 

average of the highest monthly demand currents over 

the past 12 months. Ideally, you need data showing the 

monthly maximum demand current for the last year. If 

this data isn't available, use 15- or 30-minute interval 

kWh and/or kVA data from utility meters. If that's also 

not available, rely on the monthly power bills, which 

usually show the maximum demand in kVA. Convert 

these kVA values to current, sum up the last 12 months, 

and then divide by 12 to get the average, which you 

may use for IL.  
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2. How traditional VFDs generate har-

monics. 

Ordinary VFDs generate harmonics at both their input 

and output.  

On the motor side, the VFD creates a PWM signal to em-

ulate a sine wave. However, this PWM signal, character-

ized by a square-like voltage waveform, inevitably intro-

duces harmonics due to the limited switching frequency 

of IGBTs. On the grid side, the diode bridge architecture 

draws current non-linearly at the voltage waveform 

peaks, resulting in a current waveform rich in harmonic 

content. 

PWM signals, switching frequencies, and 

IGBT limitations. 

PWM 

Pulse Width Modulation (PWM) is a technique commonly 

used in VFDs to generate an approximation of a sinusoi-

dal AC signal from a DC source. The basic principle in-

volves switching the DC voltage on and off at high fre-

quencies, modulating the width of the pulses to control 

the average voltage, and effectively creating a variable 

AC voltage output. 

How does PWM work? 

Switching:  

The DC input is rapidly switched on and off by power 

transistors at a high frequency. 

Modulation:  

The width of each pulse is varied (modulated) to match 

the desired amplitude of the AC sine wave. 
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Smoothing:  

Inductive and capacitive elements in the motor help 

smooth out the pulsed signal, resulting in an AC output 

that approximates a sine wave. 

 

Impact on Harmonics:  

the PWM signal inherently contains harmonic frequencies 

due to its square-like waveform characteristics. The 

sharp transitions between on and off states introduce 

high-frequency components into the signal, leading to 

harmonic distortion. The primary harmonics generated 

by PWM include: 

Switching Frequency Harmonics:  

These are multiples of the switching frequency used to 

modulate the signal. 

Sideband Harmonics: 

These occur around the switching frequency and its 

mutiples, influenced by the modulation process. 

Switching Frequencies 

Switching frequency refers to the rate at which the pow-

er transistors (IGBTs) in a VFD switch on and off to gen-

erate the PWM signal.  

This frequency is a critical parameter affecting both the 

quality of the output waveform and the extent of har-

monic distortion. 

 

Low vs. High Switching Frequencies: 

Low Switching Frequency:  

Traditional VFDs using IGBTs typically operate at switch-

ing frequencies ranging from 2 kHz to 20 kHz. Lower fre-

quencies result in a more pronounced square-like PWM 

signal, leading to higher harmonic content. 

High Switching Frequency:  

Modern VFDs utilizing wide-bandgap (WBG) semiconduc-

tors, like SiC and GaN, can operate at much higher fre-

quencies, often exceeding 50 kHz. Higher switching fre-

quencies result in a closer approximation to a sine wave, 

significantly reducing harmonic distortion. 

 

Impact on Harmonics 

Higher switching frequencies produce a smoother output 

waveform with less harmonic content. This reduction in 

harmonics translates to lower Total Harmonic Distortion 

(THD) and fewer negative impacts on the motor and 

electrical grid. 
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 Integrated Gate Bipolar Transistors (IGBT) Limita-

tions: 

IGBTs are the power transistors commonly used in tradi-

tional VFDs for their ability to handle high voltages and 

currents. However, they have inherent limitations that 

affect the performance and efficiency of VFDs. 

Limitations of IGBTs 

 

Switching Speed:  

IGBTs have slower switching speeds compared to newer 

semiconductor technologies. This limitation restricts the 

achievable switching frequency, leading to higher har-

monic distortion. 

 

Switching Losses:  

Each switching event introduces losses due to the ener-

gy dissipated during the transition between on and off 

states. These losses increase with switching frequency, 

limiting the efficiency gains from higher frequencies. 

 

Thermal Management:  

Higher switching frequencies generate more heat, ne-

cessitating robust thermal management systems. This 

adds complexity and cost to the VFD design. 

 

Impact on Harmonics: 

The slower switching speeds of IGBTs contribute to the 

creation of more pronounced harmonic components in 

the PWM signal. 

Harmonics can have several consequences that impact 

electrical systems and equipment. Letôs look at them  
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 3. Impact of Harmonics 

Effects on motors: 

The presence of harmonics increases the total RMS cur-

rent in motors, leading to higher copper and core losses. 

This excess current manifests as heat, which can cause 

thermal nuisance trips and degrade motor insulation 

over time, moreover it translates into a reduction of effi-

ciency. 

Additionally, harmonic-induced high dV/dt can cause 

arcing, damaging motor windings and bearings, further 

reducing motor lifespan and efficiency. 

Harmonic currents also create torque pulsations within 

the motor. These pulsations are periodic variations in 

torque that can cause mechanical vibrations, noise, and 

additional wear on motor bearings and couplings. This 

mechanical stress can lead to premature failure of these 

components. 

Effects on electrical systems:  

Oversized conductors, equipment wear, IEEE 519 com-

pliance. 

Harmonics in electrical distribution systems necessitate 

oversizing conductors, increasing capital costs, and lim-

iting future scalability.  

Equipment connected to the grid, such as transformers 

and lighting, can suffer from excessive heating, prema-

ture wear, and operational inefficiencies. Compliance 

with IEEE 519, which limits THDi to 5% at the point of 

common coupling, is essential to avoid penalties from 

utility providers. 

 Economic impact:  

Maintenance costs, penalties, and efficiency losses. 

The financial implications of harmonic distortion are sig-

nificant. Facilities may incur increased costs for over-

sized conductors, additional cooling systems, and fre-

quent equipment replacements. Non-compliance with 

IEEE 519 standards can result in penalties from utility 

companies, adding to the overall cost burden. Addition-

ally, operational inefficiencies due to harmonics can lead 

to higher energy consumption and increased utility bills. 

4ÒÁÎÓÆÏÒÍÅÒȢ 
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4. Common Harmonic Mitigation Strate-

gies 

Line Reactors and Passive Filters 

Line reactors and passive filters installed between the 

VFD and the grid can reduce THDi. However, line reac-

tors only reduce THDi to 40%, insufficient to meet IEEE 

519 standards. 

Passive filters can achieve the required limits but at the 

cost of efficiency, space, and maintenance complexity. 

Active Harmonic Filters 

Active harmonic filters dynamically inject currents to 

cancel out harmonics, providing a more effective solu-

tion than passive filters. However, they are expensive, 

require substantial maintenance, and increase the com-

plexity of the system. 

Challenges and limitations of these mitiga-

tion strategies. 

Harmonic mitigation strategies, while essential, come 

with their own set of challenges and limitations. In-

stalling sinusoidal filters, line reactors, and passive har-

monic filters between a VFD and its connected systems 

can reduce harmonic distortion, but these solutions of-

ten fall short of complete elimination.  

Sinusoidal filters help smooth the output waveform but 

can be costly and require regular maintenance to ensure 

optimal performance.  

Line reactors, although effective in reducing harmonic 

currents, only decrease THDi to around 40%, which is 

insufficient to meet the stringent IEEE 519 standards. 

Passive harmonic filters can achieve the necessary THDi 

levels, but they are complex, and bulky, and demand 

precise tuning and ongoing upkeep to remain effective. 

 

These mitigation measures also introduce additional 

losses, reducing overall system efficiency and increasing 

operational costs over time. 

0ÁÓÓÉÖÅ (ÁÒÍÏÎÉÃ &ÉÌÔÅÒ 
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 Comparison of mitigation effectiveness and 

costs. 

When comparing the effectiveness and costs of various 

harmonic mitigation strategies, it becomes evident that 

traditional methods, while beneficial, are not always the 

most economical or efficient.  

Active and passive harmonic filters can meet compliance 

standards, but their high initial costs, space require-

ments, and maintenance needs can outweigh their bene-

fits.  

Line reactors offer a lower-cost alternative but fall short 

of achieving the required harmonic reduction levels. Ac-

tive harmonic filters, although highly effective, represent 

a significant investment and add complexity to the sys-

tem.  

In contrast, SmartD Technologies' Clean Power VFD 

eliminates the need for these auxiliary devices by ad-

dressing harmonics at the source. This innovative ap-

proach not only meets and exceeds IEEE 519 standards 

but also offers long-term cost savings by reducing the 

need for maintenance and enhancing overall system effi-

ciency. The higher initial cost of a Clean Power VFD is 

offset by the reduced operational expenses and extended 

lifespan of connected equipment, making it a superior 

and more cost-effective solution in the long run. 

 

What about the motor side 

While much of the focus on harmonics is often placed on the grid 

side of VFDs, it is equally important to consider the impact of har-

monics on the motor side. As described in a previous section, 

harmonics on the motor side can lead to several operational and 

maintenance challenges that can significantly affect the perfor-

mance and longevity of motors. 

Sinusoidal filters 

Installing sinusoidal filters between a VFD and a motor 

can reduce harmonics on the motor side but not elimi-

nate them. These filters require significant investment 

and maintenance. 

3ÉÎÅ7ÁÖÅ &ÉÌÔÅÒ 


