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AC motors are designed to run at constant speeds. However, the load 
demands of most applications require the motor speed be variable. Pulse 
width modulation (PWM) techniques have been adopted to vary motor speed 
to meet the needs of the load. PWM ac motors are commonly known as 
variable frequency drives (VFDs). 
This article addresses the proper application of power quality devices to 
protect VFDs, provides an overview of VFDs and harmonic currents, and 
offers recommendations on ways to limit harmonic current on the ac power 
system and protect a VFD from externally generated transients that can 
adversely affect an ac power system.  
VFDs are composed of an input rectifier section, a DC filter, an inverter, a 
control section, and the motor.  
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The rectifier, dc filter, inverter, and control section of the VFD are similar to 
other power conversion devices, e.g. ac-ac power supply, or an uninterruptible 
power supply. The VFD input rectifier section converts the applied ac power 
to dc. Most VFDs use IGBTs to perform this function. 
The dc filter smoothes the rectified ac voltage into a steady state dc voltage. 
This is accomplished by a large capacitor capable of handling high peak 
currents and frequencies of higher orders than that of the fundamental. The 
capacitor stores energy used by the VFD inverter section.  
The inverter transforms the energy from the dc filter into positive and 
negative square wave voltages. The duration of each pulse is dependent on 
the amount of current required to cause the motor to rotate. The more 
current needed, the longer the square wave voltages from the inverter. 
The VFD control circuitry controls the pulse width of the voltage applied to 
the motor. A representation of this square wave voltage and sinusoidal 
current waveform drawn by the motor is detailed in Figure 2. 
 

-1

0

1

0 2 4 6 8 10 12 14 16 18

Time (ms)

A
m

pl
itu

de
 (n

or
m

al
iz

ed
)

 
The final section of a VFD is the motor. Because of issues surrounding 
standard AC motors and inverter duty motors, specialty motors are often 
recommended. Specialty motors are designed for the application of square 
wave voltages with high rates of dv/dt and are capable of operating at higher 
temperatures. 
 
Power quality – harmonics 



Power quality affects all devices connected to the ac power system. VFDs are 
generators of and susceptible to various types of power quality problems, 
including harmonic currents, which can adversely affect an ac power system. 
All power conversion devices (ac-ac power supplies, ac-dc power supplies, 
VFDs, programmable logic controls, etc) create harmonic currents as they 
rectify the ac power. Harmonic currents on electrical distribution systems can 
create failures to power factor correction capacitors, electrical conductors, 
transformers, and other equipment connected to the ac power system. They 
can also cause faulty operation of uninterruptible power supplies (UPS) or 
emergency generators through false tripping of overcurrent protective 
devices. 
Harmonic current frequency of the VFD is proportional to the number of 
rectifiers utilized in the VFD. The more switching components used, the 
higher the harmonic current frequency and the lower harmonic current 
drawn by the VFD. As the number of input rectifiers increases, VFD 
manufacturers must switch from standard diodes to IGBTs. The common 
number of input rectifiers for a VFD is six or twelve. Less common but 
available in the marketplace are VFDs with eighteen rectifiers.  
A second method of reducing harmonic current is to introduce impedance into 
the ac power system by using a line reactor. Line reactors are specified by the 
percentage of voltage drop and their steady state current. Common 
percentage of voltage drop for line reactors are one, three, or five percent. 
While the VFD designer and the specifications of the VFD manufacturer 
determine the addition of switching components, the facility engineer 
determines the use of line reactors. When installing a line reactor, the 
harmonic current still exists between the output terminals of the line reactor 
and the input of the VFD. Therefore, it is important the line reactor is 
applied as close to the VFD input rectifiers as possible. 
 
Power quality – externally generated transients 
Like all electronic devices, VFDs are susceptible to overvoltage surge events 
caused by external and internal sources. Documents that describe 
overvoltage conditions, IEEE C62.41 and IEEE Standard 1100 (IEEE 
Emerald Book), describe external overvoltage surge conditions that can 
create overvoltages with magnitudes of up to 6,000 volts on the ac power 
system, creating significant stress on the VFD. 
It is commonly believed that the installation of line reactors can mitigate 
transients from damaging the VFD input rectifier section. However, this is a 
common misconception. The mitigation of overvoltage transients is only 
accomplished through the use of transient voltage surge suppressors 
(TVSSs), or surge protective devices.   
SPDs are devices intended to limit overvoltage conditions from the ac power 
system without placing additional stress on conductors or associated 
equipment. The SPD is composed of surge components, e.g. metal-oxide 



varistors (MOV), silicon avalanche diodes (SAD), etc., that limit overvoltage 
events by diverting current from one phase to ground,  phase to phase, or 
neutral to ground. 
Most SPDs are connected in parallel. The main advantage of a parallel SPD 
is that it is connected in shunt with the load. Parallel SPDs are  

• Independent of the current rating of the ac supply, 
• Independent of the fault current rating of the load,  
• Use separate overcurrent protection, and  
• Can be serviced without removal of ac power to the load. 

 
When choosing an SPD to protect the VFD, the designer should choose a 
quality device that has documented performance levels and meets the 
protection requirement needs of the application. NEMA LS 1 is the preferred 
standard used to verify the performance parameters of the SPD. 
Once an SPD is applied, the VFD must be tested according to accepted test 
documents IEEE C62.45 and IEC 61000-4-5. 
After the SPD has been connected to the test circuit, the appropriate 
waveform is applied to the VFD. At the completion of the test, the VFD is 
analyzed to one of four results: 
 

• Upset (susceptibility) 
• Damage (vulnerability) 
• No observed change 
• An unforeseen consequence elsewhere in the equipment environment 

 
Conclusion 
The following steps will protect the VFD from generating harmful harmonic 
currents and protect the VFD electronics and motor from externally 
generated transients: 
 
1. Install the VFD in accordance with manufacturer recommendations and 
national and local codes. 
2. Install a line reactor immediately preceding the input of the VFD, keeping 
conductor lead lengths between the line reactor and the VFD to a minimum. 
3. Install an SPD immediately preceding the line reactor, keeping conductor 
lead lengths to a minimum. 
4. If the conductor distance between the output of the VFD and the input of 
the motor exceeds 30 meters, or if the conductors are exposed to externally 
generated transients, install one SPD at the output terminals of the VFD 
inverter and another SPD at the input terminals of the motor. 
 
Long term reliability of a VFD requires the installer follow all manufactures 
recommendations, national and local codes, and engineering requirements, 
and that power quality devices are properly chosen and installed. Power 



quality devices such as line reactors are designed to reduce the amount of 
harmonic current generated by the VFD, and are not effective at providing 
transient protection. SPDs are designed to provide transient protection to the 
line reactor, the VFD, and the motor.   
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