
Understanding VFDs for 3-Phase Motors

Variable Frequency Drives (VFDs) are electronic controllers that adjust the speed and torque of AC motors

by  modulating  the  motor’s  input  frequency  and  voltage.  They  have  become  indispensable  in  modern

industry for improving energy efficiency and providing precise motor control. Major manufacturers such as

ABB, Siemens, Schneider Electric, Danfoss, Rockwell, Yaskawa, and Eaton dominate the global VFD market

,  reflecting  the  widespread  adoption  of  this  technology  across  industries  from  HVAC  and  water

treatment to manufacturing and mining. In this guide, we will  explain how VFDs work, review their key

benefits for three-phase motors, and discuss practical considerations and real-world applications – drawing

on manufacturer documentation, industry standards, research insights, and case studies.

How a VFD Works: From AC to DC to Variable AC

A typical  VFD is  composed of  three main  sections:  a  rectifier (converter),  a  DC link (DC bus),  and an

inverter. The rectifier converts the incoming AC mains (usually fixed at 50 or 60 Hz) into DC. In most drives

this  is  done with a  six-pulse diode bridge,  yielding a  fixed DC voltage.  The DC link then smooths and

stabilizes this DC power using capacitors (and sometimes inductors) as an energy buffer. Finally, the inverter

uses high-speed switching devices (insulated gate bipolar transistors,  or  IGBTs)  to invert  the DC into a

synthesized AC output of the desired frequency and voltage. This high-frequency switching process is called

pulse-width modulation (PWM), wherein the inverter rapidly switches the DC on and off in pulses whose

width and spacing are controlled to approximate a sine wave output. By modulating pulse widths, the VFD

can produce a nearly sinusoidal three-phase AC of virtually any frequency (up to the drive’s design limit) to

run the motor at  the commanded speed .  Along with frequency,  the output voltage is  varied in

proportion to  maintain  a  roughly  constant  volts-per-hertz  (V/Hz)  ratio,  preserving the motor’s  flux and

torque production. If the drive only reduced frequency without reducing voltage, the motor would draw

excessive current and overheat; conversely, too low voltage at a given frequency would cause insufficient

torque. Most general-purpose drives therefore use a V/Hz control profile to keep torque roughly constant

across the normal speed range.
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Figure 1: Basic block diagram of a 6-pulse VFD. A fixed-frequency AC supply (left) is rectified to DC (middle), then

inverted to a variable-frequency AC output (right) that drives the motor at an adjustable speed. Capacitors on the

DC bus store energy and smooth the power. (Image: KEB America)

This  “voltage-source  inverter”  topology  described above  –  a  diode  bridge  rectifier  feeding  a  capacitor-

backed DC bus and an IGBT-based PWM inverter – is by far the most common design due to its balance of

cost and performance . Using power electronics in this way, a VFD can seamlessly ramp a motor

from standstill to full speed (or vice versa) and adjust to any setpoint in between. The result is  infinitely

variable speed control of AC motors with one compact electronic device – a dramatic improvement over

traditional fixed-speed systems that relied on mechanical speed changers or throttle devices.

It’s worth noting that many VFDs can also serve as phase converters. Because the drive’s rectifier converts

AC input into DC internally, certain models are designed to accept single-phase input power and output

three-phase power to the motor. This can be very useful in locations where only single-phase mains are

available – the VFD essentially creates its own three-phase supply for the motor from the single-phase line.

However, drives used in this way must typically be derated (oversized) to handle the higher input current

drawn from single-phase sources .

PWM and Motor Waveforms

The synthesized AC output of a VFD is not a perfectly smooth sine wave but rather a series of voltage pulses

produced by the inverter’s  rapid switching.  However,  because the switching (carrier)  frequency is  much

higher than the fundamental output frequency, the motor’s inductance filters the current waveform into an

approximation of a sine wave. In essence, the PWM pulses are averaged out by the motor to create a near-

sinusoidal  current.  For  example,  a  480  V  VFD will  have  a  DC bus  of  about  678  VDC,  and the  inverter

transistors switch on and off to apply pulses of up to ~678 V across the motor windings in carefully timed

widths . By varying the pulse widths (the “on” duration of each pulse) within each cycle, the VFD controls

the RMS voltage seen by the motor, thereby regulating the motor current and torque output . Longer

pulse widths result in a higher effective voltage, while shorter pulses yield a lower voltage. The frequency of

these pulses (i.e.  how many pulses per cycle)  determines the output AC frequency and thus the motor

speed.  Modern  IGBT  drives  commonly  use  PWM  switching  frequencies  of  4  kHz  up  to  16  kHz,  which

provides a very smooth current waveform and precise control, though higher switching frequencies also

incur greater switching losses .

Basic Control Modes: V/Hz vs. Vector Control

Early and simple VFDs operate with open-loop scalar control (V/Hz control), where the drive maintains a

constant  voltage-to-frequency  ratio  and  relies  on  the  motor’s  inherent  slip  characteristics  to  produce

torque. While effective for many purposes, open-loop V/Hz control has limitations in dynamic performance

and low-speed torque accuracy. To achieve higher performance – for instance, tight speed regulation under

varying load, or full torque at zero speed – most modern drives use more advanced algorithms known as

vector control (field-oriented control)  or  even more sophisticated methods like  direct torque control.

These  approaches  use  real-time  motor  models  and  feedback  (sensorless  or  with  encoder)  to  actively

regulate motor flux and torque currents.

In  a  sensorless  vector  control drive,  the  VFD  measures  the  motor’s  electrical  feedback  (voltage  and

current) and uses an internal motor model to estimate the rotor flux and slip. By controlling the motor’s
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magnetizing  and torque-producing currents  separately  (analogous  to  a  DC motor’s  field  and armature

control), the drive can produce much more precise control of speed and torque than a simple V/Hz scheme.

Many  general-purpose  drives  today  include  sensorless  vector  control  that  achieves  excellent  speed

regulation (often within 1–2% of set speed or better)  and good torque production down to low speeds

without requiring a physical speed sensor on the motor.

For even more demanding applications, closed-loop vector control uses a feedback encoder (tachometer

or resolver) on the motor shaft to directly measure speed (and often position), allowing the drive to correct

slip and maintain extremely precise speed regulation (e.g. 0.01% accuracy) and full torque at zero speed.

This is used in scenarios like cranes, elevators, or machine tools where maintaining exact speed/position

and high torque at stall may be critical.

Advanced Motor Control: ABB’s Direct Torque Control (DTC)

An example of a proprietary high-performance control method is ABB’s Direct Torque Control (DTC), which

was introduced in the mid-1990s as a departure from the traditional vector control approach. DTC skips the

intermediate  step  of  controlling  current  or  frequency  and  instead  directly  calculates  and  controls  the

motor’s  torque and flux in  real  time.  Every 25 microseconds or  so,  the drive’s  algorithm evaluates the

motor’s state and determines the optimal inverter switching pattern to achieve the commanded torque –

without the need for a separate PWM modulator stage . This yields an extremely fast torque response

(on the order of a few milliseconds, nearly ten times faster than conventional AC drives) and precise torque

control even at very low speeds, all without requiring a tachometer or encoder in most cases . In

fact,  DTC-equipped drives  can  often  produce  full  torque at  zero  speed without  an  external  feedback

device,  a  capability  useful  for  holding  loads  or  high  starting  torque  situations .  The  absence  of  an

imposed PWM carrier also means switching events occur only as needed, potentially reducing switching

losses  and  acoustic  noise.  DTC  is  a  hallmark  feature  of  ABB  high-performance  drives,  while  other

manufacturers offer their own advanced vector control techniques that achieve similar goals. The end result

is that modern VFDs can rival DC drives or servo systems in terms of dynamic performance – providing

rapid accelerations, decelerations, and accurate torque control over a wide speed range.

Key Benefits of VFDs for 3-Phase Motors

The popularity of VFDs is driven by the significant improvements they offer in efficiency, process control,

and equipment longevity. Below we outline some of the major benefits, with examples and data to illustrate

their impact.

Energy Efficiency and Cost Savings

Perhaps the biggest driver for VFD adoption is energy savings. By matching motor speed to the actual load

demand,  a  VFD avoids  the waste  of  running motors  full  speed when it  isn’t  needed.  This  is  especially

impactful  for  variable  torque loads  such  as  centrifugal  pumps  and  fans,  where  reducing  speed

dramatically cuts power consumption. The affinity laws for fluid flow indicate that the power required by a

fan or pump is roughly proportional to the cube of its speed. In practical terms, slowing a pump or fan to

80% of its maximum speed can cut the power drawn to about 50% of what it  was at full  speed . In

general,  even a  modest  reduction in  speed yields  outsized energy savings:  for  example,  a  20% speed

reduction can reduce input power by approximately 50% for a centrifugal pump or fan . By using a

VFD  to  continually  adjust  the  motor’s  speed  to  match  the  flow  or  pressure  requirements  (instead  of
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throttling with valves or dampers at full speed), systems can realize 20–60% energy savings in many cases

.

In  constant torque applications (conveyors,  mixers,  compressors,  etc.),  the energy savings from speed

reduction  are  more  linear  –  power  drops  roughly  in  direct  proportion  to  speed  –  but  significant

opportunities still exist to save energy during partial load operation or idle periods by slowing or stopping

motors via VFD control.

Real-world case studies underscore these savings. For example, an HVAC retrofit on a 40 HP building supply

fan found that installing an Eaton VFD (with a pressure sensor feedback to modulate speed) saved about

35,000 kWh and \$4,100 in energy costs annually, by eliminating wasteful damper throttling. The improved

control also stabilized building pressure and comfort, and the project paid for itself in roughly 18 months

. Similarly,  in a  municipal water pumping station,  adding VFDs to pumps to replace throttling

valves allowed the pumps to modulate flow to match demand, resulting in smoother pressure (reducing

water hammer) and about 30% lower energy consumption during low-demand periods .

Another  case  in  the  wastewater  sector comes  from  the  City  of  Columbus,  where  retrofitting  three

constant-speed influent pumps with variable-speed pump units (and modern controls) led to a measured

30% reduction in specific energy consumption (kWh per million gallons pumped). The plant also saw peak

electrical demand cut in half – from 60 kW down to 30 kW – after the VFD installation, which translates to

significant cost savings on demand charges . These savings were achieved by running the pumps

only as fast as needed and raising the wet-well levels (via automated control) to reduce static head losses

. Importantly, the process improvements were made without any loss of treatment capacity or reliability.

Figure 2: Three Eaton PowerXL VFD units installed on rooftop HVAC fans. By modulating fan speed to maintain

target  building  pressure  and  airflow,  such  VFD  retrofits  can  eliminate  inefficient  throttling  methods.  In  one

documented retrofit, a 40 HP fan VFD saved ~35,000 kWh per year (≈\$4,100) and improved system stability,

paying back the investment in ~1.5 years. (Image: Precision Electric, Eaton HVAC case)
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Even in manufacturing or agriculture, where loads may be more constant, VFDs can yield efficiency gains. In

an agricultural  grain handling facility, engineers reported that adding VFDs to conveyor motors reduced

energy use by about 42%, allowing the plant to avoid a costly service capacity upgrade that would have

been needed to support the previous peak power draws. In a food & beverage plant example, upgrading

mixing machines from across-the-line starters to VFD control enabled recipe-specific speed profiles; this not

only cut the motor energy consumption by 42% (since motors no longer ran at full speed for every batch) but

also reduced mechanical  stress,  which eliminated frequent  gearbox failures  and even reduced product

scrap by 8% due to gentler starts and stops . These examples show that beyond the clear energy cost

savings (which often result in payback times on the order of 1–3 years), VFDs can provide process benefits

that themselves have economic value (less waste, less downtime).

Soft Starting and Reduced Stress

Another key advantage of using VFDs with AC motors is the soft start capability. When an induction motor

is started across-the-line (directly on full voltage), it typically draws an inrush current on the order of 5 to 8

times its rated full-load current, and it develops a high, uncontrolled torque surge. This sudden stress can

cause voltage sags in the electrical system and mechanical shocks to the driven equipment. VFDs alleviate

this issue by gradually ramping up the motor’s frequency and voltage from zero, according to a defined

acceleration profile. The VFD effectively acts as a reduced-voltage starter with complete programmability.

On startup, a VFD will usually apply a very low frequency (e.g. 1–2 Hz) and corresponding low voltage to the

motor  –  just  enough  to  overcome  static  friction  –  and  then  increase  the  frequency  (and  voltage  in

proportion) smoothly over a set ramp time . This controlled acceleration means the motor does not

draw a sudden large inrush current.  In fact,  the typical VFD start will  only demand about 1.5 × the

motor’s full-load current, versus the 600%+ spike seen in an across-the-line start . The motor still

can develop full  starting torque if  needed (since the VFD can temporarily  boost  voltage or  use torque

control),  but it  does so without the massive current surge. The benefit is a much gentler electrical and

mechanical  start:  the stress on power supply components,  cables,  and motor windings is reduced, and

mechanical systems – belts, gears, couplings, shafts – see far less shock torque.

The reduced mechanical stress from soft starting and stopping extends the life of both the motor and the

driven machine. For example, in pumping systems, gradual acceleration prevents pressure spikes and water

hammer, protecting pipes and valves . In conveyor or mixer systems, soft start/stop avoids jerking

the material or equipment – in one case, as mentioned, a plant eliminated repeated gearbox failures on

mixers after implementing VFD soft-start, and also saw a reduction in product damage and rejects . VFDs

also often include programmable S-curves or torque profiles for starting and stopping, which can further

smooth out acceleration/deceleration to minimize jerks.

Beyond start-up, the VFD’s ability to control motor torque can also serve as built-in  overload protection

and stall prevention. The drive can limit the maximum current (and thus torque) to a user-defined level to

protect the motor or load from excessive torque. This is useful in preventing belt slip or product breakage,

for instance. If a sudden load increase occurs, the drive can sense the increasing current and adjust or even

stop if it exceeds safe limits, rather than allowing the motor to pull locked-rotor current indefinitely.
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Improved Process Control and Flexibility

Using a VFD inherently adds a great deal of flexibility and control sophistication to a motor-driven system.

Instead of one fixed speed (or a few discrete speeds with mechanical gearboxes), the motor can be run at

whatever  speed best  suits  the process  at  any given time.  This  enables  process optimization that  can

improve product quality, throughput, and overall system responsiveness.

Some examples of enhanced control with VFDs include:

Precise Speed Regulation: A VFD can hold a setpoint speed with fine accuracy, and it can respond to

changes in load or setpoint quickly by adjusting motor voltage/frequency. For instance, many drives

include internal  PID controllers that let  them maintain a process variable (like pressure,  flow, or

tension) by automatically modulating the motor speed. In a water supply system, a drive can use a

feedback signal from a pressure sensor to vary pump speed and keep pressure constant within a

narrow band, even as flow demand changes. Yaskawa’s specialized iQpump VFDs, for example, have

configurable multi-pump PID control modes that maintain constant pressure and can put pumps to

“sleep” at low demand, restarting them as needed to meet a tank level or pressure target .

Multiple Operating Modes: VFDs make it easy to switch motor operation modes on the fly. Many

drives  support  preset  speeds,  adjustable  acceleration/deceleration  ramps,  jogging  (low-speed

inching), and even braking. Reversing the motor rotation is simply a matter of a command to the

drive – no contactor required to swap phases. This is invaluable in applications like hoists or cranes

(for smooth reversals) or any system needing frequent speed changes.

Reduced Mechanical Components: By handling speed variation electronically, VFDs can eliminate

the need for mechanical drive components such as gearboxes in some cases, or hydraulic couplings,

throttling valves, dampers, and the like. A pump with a VFD may not need a bypass valve or complex

level  control  valves,  since  the  pump speed adjusts  to  flow requirements.  This  simplifies  system

design  and  maintenance.  The  Hydraulic  Institute  notes  that  VFDs  can  “reduce  the  number  of

components” in pumping systems and thereby lower maintenance points and potential failure modes

.

Application-Specific  Functions: Many  modern  VFDs  come  with  firmware  tailored  for  certain

applications. For example, drives for water/wastewater often include features like anti-cavitation

control (detecting  and  mitigating  pump  cavitation  by  adjusting  speed),  dry-run  protection

(stopping a pump if it detects loss of prime or no load), level control logic for multiple pumps in a

lift  station,  and  flow calculation algorithms.  ABB’s  ACQ580  series  (designed  for  pump and  fan

systems) includes built-in multi-pump control that allows one drive to coordinate several pumps in a

lead-lag configuration,  automatically  alternating pumps and balancing runtime – eliminating the

need for an external PLC in many cases . It also has an energy optimizer and calculators to

track energy usage and efficiency improvements in real time . For  HVAC drives, manufacturers

often integrate  fire-mode (override)  operation,  sleep functions for  when demand drops off,  and

serial communication for building automation systems. The key point is that VFDs are intelligent

devices that can do much more than just speed control; they often incorporate smart features that

enhance the overall system automation.
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Higher  Starting Torque or  Overload Capability: In  certain  heavy-duty  applications,  a  VFD can

provide greater starting torque than line starting, because it can temporarily push more current into

the motor (within drive limits) at low speeds and it applies full rated torque continuously through

acceleration. For example, sensorless vector drives can often produce around 150% of rated torque

at zero or low speed for short periods, enabling the starting of high-inertia loads or sticky loads

without  the  jerk  of  across-the-line  start.  This  is  helpful  in  applications  like  loaded  conveyors,

crushers, or mixers that need a strong but controlled breakaway torque.

Overspeed and Extended Range: Standard induction motors can often be run above their nominal

speed using a VFD (entering a constant-horsepower region where voltage can no longer increase

above base, so torque drops inversely with speed). Many NEMA Design B motors, for instance, are

rated for continuous operation up to 90 Hz (~150% of base speed) at constant horsepower . This

means a VFD can potentially increase production by allowing occasional overspeed operation if the

mechanical system permits. Caution is required (consult the motor and equipment OEMs), but the

flexibility is there – something impossible with fixed line frequency. Conversely, for very low speeds,

special inverter-duty motors with auxiliary cooling fans can run at near-zero speeds continuously

without overheating, enabling applications like slow speed mixing or inching that would otherwise

require a mechanical gearbox.

Reduced Maintenance and Improved Equipment Life

By virtue of the softer starts, optimized speeds, and intelligent monitoring, VFDs can improve the longevity

of both the motors and the driven equipment:

Less Wear and Tear: Running a motor only as fast as needed typically means less mechanical wear.

Pumps and fans running at reduced speeds see lower bearing loads and can extend bearing and

seal  life.  Avoiding  across-the-line  starts  reduces  the  thermal  and  mechanical  shock  on  motor

windings, couplings, shafts, and gears. For example, the gearbox failures that were frequent on an

across-the-line driven mixer (due to high startup torque spikes) were eliminated when a VFD was

implemented,  as  mentioned  earlier .  Similarly,  belts  on  fans  last  longer  when  the  fan  isn’t

slamming to full speed at each start.

Optimized  Operating  Conditions: In  process  systems,  VFDs  can  prevent  conditions  that  cause

excessive equipment stress. A VFD on a pump can avoid dead-heading or extreme high pressure,

since it can respond to feedback and slow the pump if discharge pressure gets too high – effectively

providing built-in protection against those scenarios. Many drives allow setting custom limits (e.g.

max pressure,  max current)  that will  trigger a controlled shutdown or alarm if  exceeded, saving

equipment from damage.

Power Quality and Generator Compatibility: VFDs can also be beneficial when running motors on

generator  backup  power  or  weak  electrical  systems.  The  inrush  current  limitation  prevents

generators  from  tripping  or  over-sizing.  Also,  if  multiple  motors  need  to  start,  they  can  be

sequenced and ramped via drives to avoid large cumulative peaks. (Do note, however, that VFDs

introduce harmonics – which we discuss later – that need consideration in such scenarios.)

Diagnostics and Monitoring: Today’s VFDs often include advanced diagnostics and connectivity.

They can log operating hours, number of starts, fault histories, and even monitor motor parameters
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like  current,  voltage,  and  temperature  (with  appropriate  sensors).  Some  high-end  drives  or

ecosystems (e.g.  ABB Ability™)  offer cloud-connected monitoring where data from the drive and

motor is analyzed to predict failures or maintenance needs . For instance, if a drive notices a

trend of increasing motor current for the same speed (indicating possible bearing friction increase

or pump impeller clogging), it can flag this for maintenance before a failure occurs. Such predictive

maintenance features reduce unplanned downtime.

Finally, an often overlooked benefit: VFDs can improve the working environment. By slowing motors when

full speed isn’t needed, noise levels are reduced. Fans running at half speed are much quieter, for example.

Also, because VFDs eliminate the abrupt starts and stops, processes run more smoothly, which can improve

safety for operators and reduce product damage.

Important Considerations and Best Practices

While VFDs provide many benefits,  it’s  crucial  to apply them correctly.  Users must  be aware of  certain

considerations to ensure reliability,  compliance with electrical standards, and safety. Here are some key

points to keep in mind when implementing VFDs with 3-phase motors:

Harmonics and Power Quality

VFDs  are  non-linear  loads –  the  front-end  rectifier  draws  current  from  the  supply  in  pulses,  which

introduces  harmonic  distortion  into  the  electrical  system.  If  left  unmitigated,  high  levels  of  current

harmonics can cause problems like transformer heating, nuisance tripping of breakers, or interference with

other equipment. To address this, industry standards such as  IEEE 519-2014 set recommended limits for

total harmonic distortion (THD) at the point of common coupling (PCC) in a power system . For example,

IEEE 519 might recommend keeping total current THD under 5–10% at the facility mains for voltages in the

480 V class.

VFD manufacturers and installers use various techniques to reduce harmonics:

DC Link Inductors  (Chokes): Adding impedance in  the DC bus or  AC line smooths the current

waveform. Many modern drives include a 3–5% DC choke or AC line reactor as standard. This small

addition can often reduce input current THD to around 35–40% for a single drive, and in a mixed

system the aggregate THD at the mains can fall below ~10% in many cases . For example,

Eaton’s drives all ship with 5% DC link chokes, which the company notes often keep THD under the

~10% IEEE 519 guideline without need for external filters in typical 480 V systems .

12-Pulse  or  18-Pulse  Rectifiers: These  use  phase-shifting  transformers  and  multiple  rectifier

bridges to cancel many harmonics. They significantly reduce THD (often to <10% or even <5%) but

add cost and size. They’re common on larger drives.

Active Front Ends (AFE): An AFE is an IGBT-based rectifier that actively shapes the input current to

be sinusoidal. AFEs can achieve very low THD (<5%) and also allow regenerative braking (sending

energy back to the grid). They are used in high-power or sensitive applications despite higher cost.
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Passive Filters: Tuned filter circuits can be installed on the VFD line side to shunt specific harmonic

frequencies to ground or to smooth the waveform. These are typically used when multiple drives

cause cumulative distortion above desired levels.

For most low and medium power drives, the simplest practice is to include an appropriate line reactor or

DC choke. It’s also important to follow recommendations on distributing drives across phases if possible

and avoiding a situation where all  large harmonic-producing loads operate in unison on the same bus

(unless mitigation is in place). When properly applied, VFDs can be used without violating power quality

limits – in fact, many drives in industrial plants have been integrated successfully by adhering to IEEE 519

guidelines and using built-in or added mitigation as needed.

Another power quality aspect is  power factor.  A standard VFD with diode front-end actually has a high

displacement power factor (typically ~0.95) since it  draws current nearly in phase with voltage. But the

current waveform distortion means the true power factor (including harmonics) is lower. The good news is

that adding VFDs usually doesn’t necessitate power factor correction capacitors (the way large motor banks

might), and in fact capacitors must be applied carefully if present (to avoid resonance with harmonics). If

using active front-ends or certain filter designs, the drive system can even achieve near unity true power

factor.

Motor Compatibility and Inverter-Duty Ratings

Not all motors are equal in the face of the fast switching waveforms that VFDs produce. The PWM output’s

rapid voltage rise times (dv/dt) and repetitive spikes can stress motor insulation, especially in older motors

not designed for inverter use. Additionally, long cable runs between drive and motor can cause voltage

reflections  that  amplify  peak  voltages  at  the  motor  terminals.  These  factors  can  lead  to  premature

insulation failure if not addressed.

To ensure reliability,  inverter-duty motors are recommended,  particularly  for  460 V-class  systems and

above.  The  NEMA MG1 Part 31 standard defines the requirements for motors to be used with drives.

Specifically,  NEMA  MG1  (2011)  Part  31  stipulates  that  a  low-voltage  (≤600  V)  inverter-duty  motor’s

insulation system must withstand peak voltages up to 3.1 times the motor’s rated line-to-line voltage, with rise

times of at least 0.1 microsecond . For a typical 460 V motor, this means it should handle roughly

1400–1600 V peaks (which is what a 480 V drive can generate on long leads) without damage . Standard

motors might only be rated for 2–2.5 times nominal voltage, so they could be vulnerable when used on a

drive.  Thus,  using  inverter-grade insulation is  critical  for  medium and large  motors  on  drives.  Many

modern premium efficiency motors come with inverter-ready insulation systems meeting MG1 Part 31 by

default (often advertised as “inverter duty” or “inverter ready”).

If you must use an existing older motor that isn’t inverter-rated, or if the motor leads are very long (which

exacerbates voltage reflections), it’s wise to add output filtering at the VFD. Options include dV/dt filters or

sine-wave filters that smooth the PWM waveform and reduce the spike magnitude, protecting the motor

insulation. These are especially important for applications like submersible pumps with very long cable

runs.

Another  consideration  is  motor  thermal  cooling  at  low  speeds.  Standard  totally-enclosed  fan-cooled

(TEFC) motors rely on an internal shaft-mounted fan for cooling – but if a motor is run at slow speeds, that

fan may not move enough air to keep the motor cool under load. Inverter-duty motors often are designed
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with  a  higher  thermal  mass  or  lower  losses  (and  sometimes  have  auxiliary  cooling  blowers)  to

accommodate a wider speed range. NEMA MG1 Part 31 motors typically can run at a 10:1 (or even 1000:1

with vector duty designs) speed range at full torque without overheating, whereas a normal motor might

need to be derated below ~50% speed for continuous operation . If an existing motor is to be run slow

under heavy load, consider adding an external fan kit or ensure the drive is configured to reduce torque at

low speeds (or simply oversize the motor).

Bearing currents are another phenomenon that can occur with VFDs. The high-frequency switching can

induce  shaft  voltages  (via  capacitive  coupling  through the  motor)  that  seek  a  path  to  ground –  often

through the motor’s bearings. This can cause electrical discharge machining (EDM) in the bearings, leading

to fluting damage over time . Inverter-duty motors mitigate this by using insulated bearings on one

end and/or providing a shaft grounding brush or ring to safely bleed off the charge. For large motors

(typically  above  about  75  kW  or  motors  in  high-risk  installations),  it  is  recommended  to  use  shaft

grounding rings and possibly  insulation on the  opposite  bearing to  block  circulating currents .

Retrofitting a grounding ring on a smaller motor is also a good preventive measure if that motor will be run

extensively  on a drive.  Proper grounding of  the motor frame and cable shields is  likewise essential  to

control common-mode currents.

In practice,  following a few best practices covers most of  these issues:  use  shielded VFD-rated power

cables between the drive and motor (to contain high-frequency emissions and provide a low-impedance

return path), keep cable lengths moderate when possible, and if above ~50 meters consider adding a dv/dt

filter.  Ensure  the  motor  is  rated  for  inverter  use (or  if  not,  apply  filters/derating  accordingly).  When

building panels or systems, specify components that comply with the latest standards (e.g. motors meeting

NEMA MG1 Part 31 as mentioned, and drives that are listed to the latest safety standards like UL 61800-5-1,

which supersedes the older UL 508C standard for drive equipment ).

Electromagnetic Interference (EMI) and Noise

Because of the rapid switching of large currents, VFDs can generate electromagnetic interference. High-

frequency noise can be radiated or conducted from the drive and its cables, potentially affecting nearby

sensitive electronics or communication lines. To minimize EMI:

Always ground the VFD and motor properly per the manufacturer’s  guidelines.  Grounding helps

dissipate high-frequency common-mode currents. Many drives have dedicated grounding terminals

for shielded cable and bond points for panel mounting to ensure a low-inductance ground path.

Use shielded motor cables (with a copper braid or foil shield) and ground the shield at least at the

drive end (ideally both ends if no ground loop issues). The shield will contain much of the radiated

noise.  Route  VFD cables  away  from sensitive  signal  cables;  when they  must  cross,  do  so  at  90

degrees to minimize coupling.

If EMI is a serious concern (e.g. in a plant with instrumentation or in an office building running near

computers or fire alarm lines), consider using EMI/RFI filters on the drive’s input. Many VFDs come

with  basic  EMI  filters  (especially  smaller  drives  for  commercial  use)  that  meet  EN 61800-3 EMC

standards .  For  stringent  environments,  additional  external  filters  can  be  applied  to  further

reduce emissions.
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Most manufacturers provide detailed recommendations for wiring and grounding to remain in compliance

with EMC requirements. Following these guidelines typically prevents interference issues. It’s also worth

noting that some VFDs allow adjusting the PWM carrier frequency – a lower carrier frequency will generate

less high-frequency noise (and lower switching losses),  but it  can produce more audible motor noise. A

higher carrier gives quieter motor operation and less current ripple, at the expense of more EMI. Tuning

this may help if interference is observed or if audible noise is an issue.

Environmental and Application Conditions

Finally, consider the environment where the VFD and motor operate:

Temperature and Cooling: Drives are electronic devices that dissipate heat (typically about 2–5% of

the motor power as losses). They are rated for a maximum ambient temperature (often around 40 °C

unless specified otherwise). Ensure adequate cooling air and spacing per the manual. For higher

temps, either derate the drive or provide cooling (enclosure air conditioning, bigger heat sinks, etc.).

Likewise, the motor at low speeds may need auxiliary cooling as discussed, and at high altitudes or

temperatures motors may need derating when on a drive.

Altitude: At elevations above about 1000 m, thinner air means less cooling and different dielectric

properties. Drives usually need a derating (e.g. 1% current reduction per 100 m above 1000 m) and

motors as well. Check manufacturer charts if applicable.

Ingress Protection: If the drive is in a dusty or wet environment, use appropriate enclosures (NEMA

4/12, IP54, etc.) or drives with higher IP ratings. Many drives offer enclosure options or kits for harsh

environments.

Load Type Tuning: Some high-inertia loads may require special  start profiles or larger drives to

handle prolonged acceleration. Consult drive’s overload ratings – most drives have an overload spec

such as 150% for 60 seconds (heavy duty) or 110% for 60 seconds (normal duty). Select the rating

appropriate  for  your  load  (constant  torque  vs  variable  torque).  For  example,  fans  and  pumps

(variable torque) can often use a smaller drive (normal duty) than a conveyor or crusher of the same

horsepower (which may need heavy duty rating).

Resonances: As VFDs allow a motor to run at many speeds, there is a chance a natural frequency of

the equipment or building structure could be excited at a certain speed. If vibration issues arise at

specific frequencies, most drives have a feature to “skip” those frequencies (locking them out so the

drive will  ramp through them but not  operate continuously  at  that  speed).  It’s  good practice to

observe the machine across its speed range during commissioning and set skip frequency bands if

needed .

Safety and Standards: When integrating a VFD, ensure compliance with electrical codes and safety

standards. Drives should be installed with proper fusing or circuit breakers, and often an emergency

bypass or disconnect (with interlocks) is required for critical motors (so the motor can be run across-

line in a pinch or fully disconnected for maintenance). Many VFDs include a Safe Torque Off (STO)

function (typically SIL2 or SIL3 rated) which can be integrated into emergency stop circuits to remove

motor torque without fully powering down the drive – use these features as appropriate for machine

safety  standards.  As  mentioned,  new  drives  are  certified  to  UL  61800-5-1,  which  covers
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comprehensive safety for power drive systems . Also, be mindful of  electrical noise affecting

safety circuits – keep VFD wiring separate from low-voltage control wiring.

By addressing these considerations during design and installation, you can fully reap the benefits of VFDs

while  avoiding  common  pitfalls.  In  summary,  pair  the  VFD  with  an  inverter-rated  motor  or  mitigation

measures, use good wiring and grounding practices, mitigate harmonics for larger systems, and program

the drive intelligently (taking advantage of its features for ramps, limits, and protections).

Real-World Applications and Examples

VFDs for 3-phase motors are ubiquitous across many industries due to their versatility. To illustrate, here

are a few application areas and the role VFDs play:

Heating,  Ventilation,  Air  Conditioning (HVAC): VFDs control  fans  and pumps in  large building

HVAC  systems  to  regulate  airflow,  temperature,  and  pressure.  By  modulating  fan  speeds  in  air

handlers and cooling towers, VFDs dramatically reduce energy usage during partial load conditions

(which is  most  of  the time).  They also  allow soft  starting of  fans  (preventing belt  slip  and loud

startups) and can maintain duct static pressure very precisely. Most modern chillers and air handlers

come with VFDs on fans and compressors for efficiency. Case: An office HVAC retrofit with VFDs on

supply and return fans not only cut energy costs by 30–50% but also improved occupant comfort by

maintaining stable duct pressure as building loads changed.

Water  and  Wastewater: Pumping  systems  in  municipal  water  distribution  and  wastewater

treatment  are  prime  beneficiaries  of  VFDs.  Rather  than  using  throttling  valves  or  on/off  pump

cycling,  VFDs  let  pumps  ramp  to  exactly  the  flow  needed  –  saving  energy  and  reducing  water

hammer and pipe stress. They also enable more consistent process control (e.g. keeping a steady

level in a tank or consistent pressure in a water main despite fluctuating demand). Many utilities

have saved hundreds of thousands of dollars in energy and avoided capital  expenses by adding

drives  instead  of  building  new  pump  stations.  For  instance,  a  wastewater  plant  in  Wisconsin

retrofitted VFDs on aeration blowers and improved aeration control while cutting energy by ~15%

due to better matching of air supply to biological demand .

Industrial Manufacturing: Virtually every manufacturing sector uses VFDs. In assembly lines, VFDs

run conveyor belts with adjustable speeds to synchronize with production flow. In machining and

tooling, drives control  spindle speeds and feed rates with high precision. The ability to program

different speeds for different product recipes or process steps adds huge flexibility.  Additionally,

regenerative VFDs can capture braking energy from high-speed machines (like centrifuges or test

stands) and feed it back to the grid or to other motors, improving overall plant efficiency. Industries

like  textiles,  paper,  and steel,  which  historically  used DC drives  for  variable  speed,  have  largely

shifted to AC VFDs with vector control for easier maintenance and lower cost.

Oil & Gas, Mining, Heavy Industry: In these sectors, large motors (hundreds to thousands of HP)

drive  pumps,  compressors,  hoists,  and  mills.  VFDs  provide  smooth  control  for  these  massive

machines – crucial for processes and for preventing equipment damage. For example, a mine hoist

with a VFD can ramp up and down to avoid jerking the cable, and it can hold the cage at slow creep

speeds for loading (something that used to require complex mechanical clutches or DC drives). In

pipelines, VFDs on pumps allow operators to precisely control flow and pressure remotely. These
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drives often have specialized designs (12-pulse, active front end, etc.) to handle the high power and

to meet strict network power quality rules.

Renewable Energy and Future Trends: VFDs are key components in renewable energy applications

as well – such as controlling wind turbine generators (many use a back-to-back converter, effectively

a type of VFD, to allow variable speed operation of the turbine while outputting fixed grid frequency)

and solar-powered water pumping (where drives are designed to work with DC solar input and run

AC motors for irrigation). With the growing focus on energy efficiency and automation (the Industry

4.0 movement), VFDs are also evolving. Many now come with built-in IoT connectivity and advanced

monitoring, as discussed, enabling smarter energy management and maintenance. Manufacturers

like ABB and Schneider Electric offer “digital drive” platforms where dozens of drives in a facility can

be supervised from a central software, providing insights into energy usage patterns and predictive

maintenance alerts. These trends will only increase the value proposition of VFDs in coming years.

Conclusion

The Variable Frequency Drive has proven to be a transformative technology for controlling 3-phase AC

motors.  By  providing  precision  control of  speed  and  torque,  VFDs  unlock  superior  energy  efficiency,

gentler motor operation, and enhanced process automation that simply cannot be achieved with fixed-

speed motors or traditional starter methods. Whether it’s cutting energy use in a pump station by half,

ramping a conveyor smoothly to protect products, or enabling a high-speed production line to adjust on the

fly, VFDs have become an essential tool in both industrial and commercial settings. 

Critically,  these  benefits  go  hand-in-hand  with  proper  application:  selecting  compatible  inverter-duty

motors  or  mitigation,  following  best  practices  for  installation  (to  manage  harmonics,  EMI,  etc.),  and

leveraging the drive’s features to optimize performance. Industry standards such as NEMA MG1 and IEEE

519, along with modern safety codes, provide a framework that, when observed, ensure VFD installations

are reliable and safe. 

As we move toward more energy-conscious and digitally connected operations, VFDs are central – they

directly contribute to energy savings and allow integration of motors into advanced control systems and IoT

platforms. In fact, many governments and utilities now actively encourage or mandate the use of VFDs in

appropriate applications (like variable torque motors) as an energy efficiency measure. For engineers and

facility managers, the broad focus should be on  “variable speed where feasible” – because if a motor-

driven system doesn’t always need full power, a VFD will almost certainly pay for itself while improving the

process. 

In summary, a VFD is not just a motor controller; it’s a smart energy-saving device and process enhancer.

From the largest industrial plant to a small farm irrigation pump, the ability to control a 3-phase motor’s

speed with a VFD has become a standard best practice, offering a compelling combination of technical and

economic advantages. With ongoing innovations (such as better power electronics, advanced algorithms

like  DTC,  and integration with  renewable  energy and storage),  VFD technology will  continue to  evolve,

further solidifying its role in driving the efficiency and performance of electric motor systems in the years

ahead.
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