
VFD (Variable Frequency Drive) – Technical

Explainer and Industrial Guide

Introduction

A Variable Frequency Drive (VFD) – also known as an AC drive or variable speed drive – is an electronic

controller  that  can adjust  the speed and torque of  an AC electric  motor by varying the frequency and

voltage of the power supplied to that motor (as defined in a 2025 industry report). In essence, a VFD gives

precise speed control over motor-driven equipment, enabling processes to run at the optimal speed rather

than just full speed or off. This capability is hugely important in industry because electric motor systems

consume a massive share of electricity. In industrial settings, motors account for roughly 65% to 70% of the

sector’s electrical energy use (EEPower, 2022 ;  MarketDataForecast, 2025). By using VFDs to match motor

speed  to  actual  load  demand,  facilities  can  save  energy  significantly –  analyses  have  shown  energy

savings on the order of 20–50% in many applications (MarketDataForecast,  2025).  For instance, slowing

down a centrifugal pump or fan by just 20% can cut its power consumption by around 50% due to the cubic

affinity law relationship between speed and power. An ABB study documented that a modest 10% reduction

in  pump  speed  yielded  about  a  27%  reduction  in  power  use,  illustrating  how  even  small  speed

adjustments translate to big energy savings (ABB, 2012 white paper). 

VFDs  have  become  ubiquitous  across  industrial  and  commercial  applications.  They  are  used  in  all

industries, from HVAC systems (controlling fans, blowers, and pumps in buildings) to pumping stations,

conveyor systems, cranes, compressors, and even in factory robotics and machine tools (TI, 2019). Virtually

any process that uses an AC motor and can benefit from variable speed operation is a candidate for a VFD.

By  allowing  motors  to  run  only  as  fast  as  needed,  VFDs  improve  efficiency,  reduce  wear,  and  provide

tremendous flexibility in control. The following sections delve into how VFDs work, their control methods,

key benefits, real-world examples, and best practices for implementing these drives in industrial systems.

How Does a VFD Work?

Basic Principle: An AC induction motor’s speed is determined by the frequency of the AC power supply

(along with the number of motor poles). A VFD leverages this fact: it varies the frequency (and voltage) of

the electricity feeding the motor, thereby directly controlling the motor’s speed. Standard mains power (60

Hz in the US, 50 Hz in many countries) results in a fixed motor speed (the synchronous speed, e.g. ~1800

RPM for a 4-pole motor on 60 Hz). A VFD can deliver power at, say, 30 Hz to run the motor at half speed – or

ramp up above the base frequency for a higher speed – as the application requires. 

Power Conversion Stages: To accomplish this, a typical VFD has three main sections – a rectifier, a DC bus

(intermediate circuit), and an inverter. Figure 1 below illustrates these major components in a conventional

6-pulse VFD (the most common type). In the  rectifier section,  incoming fixed-frequency AC power (e.g.

three-phase 480 V, 60 Hz) is converted to DC. Most VFDs use a six-pulse diode bridge rectifier for this task,

containing six diodes arranged as a full-wave three-phase rectifier (sometimes called a six-pulse converter).

These diodes act like one-way check valves, allowing current to flow only in one direction. As each phase of
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the AC line reaches its positive or negative peak, the corresponding diodes conduct, resulting in a pulsating

DC waveform. In a three-phase system, this produces six pulses per AC cycle on the DC side (hence “six-

pulse” VFD). The raw DC coming out of the rectifier is a series of pulses rather than a smooth line.

Next, this pulsating DC enters the DC bus, which includes filter components – large capacitors (and often

inductors or resistors) – to smooth the waveform. The capacitors charge and discharge to fill in the gaps

between the pulses, resulting in a relatively stable DC voltage. The DC bus essentially acts as an energy

buffer, storing energy and maintaining a constant DC level while the motor is running. (In practice, drives

also incorporate a pre-charge circuit on the DC bus to limit inrush current when the drive is first powered,

protecting the rectifier and capacitors from a sudden surge.) 

Finally,  the  inverter section uses high-speed switching devices to convert the DC back into a quasi-AC

output of the desired frequency and voltage. Modern VFDs use insulated-gate bipolar transistors (IGBTs) as

the  switching  elements.  The  inverter’s  job  is  to  reconstruct  a  sinusoidal  AC  waveform  at  the  target

frequency. It does this by switching the IGBTs on and off in a carefully timed sequence, creating a series of

voltage pulses that mimic a sine wave – a technique known as pulse-width modulation (PWM). Essentially,

the inverter “chops” the DC into pulses: by adjusting the width (duration) of each pulse, the VFD outputs a

voltage waveform whose average value over time follows a sine shape. The rapid switching (typically in the

range  of  2–15  kHz)  is  filtered  by  the  motor’s  inductance,  so  the  motor  sees  a  fairly  smooth  current

waveform despite the voltage being switched on and off rapidly (the motor’s inductance filters out the high-

frequency components). In summary, the inverter can output an AC waveform of variable frequency (and

adjustable RMS voltage) by modulating the pulse widths of DC voltage pulses – this PWM output is how the

VFD generates a new AC supply for the motor.

It is worth noting that the vast majority of industrial VFDs are the  voltage-source PWM type described

above, which uses a diode rectifier and IGBT inverter (often called a voltage-source inverter or VSI drive).

Other designs exist – for example,  current-source inverter (CSI) drives use a controlled SCR (thyristor)

rectifier and large inductors to produce a regulated current DC link, and were common in some older high-

power drives. CSI drives have a smooth current output and inherently provide a near-perfect power factor,

but they are larger and slower in response;  today,  they are far less common than VSI drives except in

specialized cases (EEPower,  2022).  Another  category is  matrix converters,  which eliminate the DC bus

entirely by directly converting AC to AC through an array of switching devices; these allow bi-directional

power flow (regeneration) and inherently lower harmonics, but are less common than traditional VSI drives.

By  far  the  standard  in  industry  is  the  six-pulse  VSI  drive  with  PWM  control,  due  to  its  balance  of

performance, cost, and size.

Figure  1:  Simplified  VFD  block  diagram –  A  typical  6-pulse  VFD  consists  of  a  diode  bridge  rectifier

(converting incoming AC to DC), a DC bus with capacitors to filter and store energy, and an inverter using

IGBT transistors to create a variable-frequency AC output via pulse-width modulation. (Source: ASHRAE, 2018)

VFD Control Methods and Motor Control Modes

Beyond the basic power conversion, VFDs can employ different control algorithms to manage the motor’s

speed and torque. All  VFDs ultimately use PWM output to drive the motor,  but they differ in how they

determine the appropriate output frequency and voltage at any moment. The simplest and most common

control method is Volts-per-Hertz (V/f) control. In V/f control, the drive maintains a fixed ratio of voltage to

frequency to keep the motor’s magnetic flux roughly constant. For example, if an induction motor is 460 V
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at 60 Hz, the drive will output ~230 V at 30 Hz (maintaining the ~7.7 V/Hz ratio). This open-loop method does

not use any feedback from the motor – it’s essentially “set the speed and assume the motor follows.”  V/f

control is  popular  due to  its  simplicity  and reliability:  it  requires  minimal  motor  data  and no encoder

feedback, making it a plug-and-play option in many cases. According to Yaskawa’s application notes, this

method needs very little tuning and is considered  “plug-and-play” because no motor encoder or complex

parameter tuning is required (Yaskawa, 2014). It is sufficient for applications like fans and pumps where

extremely precise speed regulation or high torque at zero speed aren’t critical.  In fact,  the majority of

variable-torque loads (HVAC fans,  centrifugal  pumps,  etc.)  in the field run in V/f  mode because it

provides more than enough performance for those needs (Yaskawa, 2014).  V/f  control does have some

limitations: there is no direct feedback to guarantee the motor actually reaches the commanded speed or to

compensate for changing load, so the motor’s slip will vary with load and speed accuracy is only on the

order of ±2–3%. Also, starting torque is limited (typically around 150% of rated torque at 3 Hz for many

drives)  since  the  drive  cannot  actively  boost  torque at  very  low speeds  in  pure  open-loop V/f  control.

Nevertheless, this is more than sufficient for most centrifugal fan and pump applications, which rarely

require high breakaway torque or extreme precision at low speed (Yaskawa, 2014).

For improved performance,  vector control strategies are used. Vector control (also called field-oriented

control) involves dynamically modeling the motor’s magnetic flux and torque and adjusting the drive output

in real time to achieve the desired result. There are sensorless vector (open-loop vector) and closed-loop

vector (with  encoder  feedback)  implementations.  A  sensorless  vector  VFD  uses  the  motor’s  electrical

measurements (voltage, current, and their phase relationship) to estimate rotor speed and slip, allowing it

to control torque more precisely than plain V/f.  This yields much better speed regulation (often around

±0.1% of set speed) and higher low-speed torque capability (e.g. 200%+ torque at just a few Hz is possible

on many drives). Closed-loop vector drives go a step further by using an actual  encoder (speed/position

sensor) on the motor shaft to directly measure speed, which the drive uses for feedback control. With an

encoder, a drive can hold extremely precise speed (±0.01% or better) and can produce full torque even at

zero speed (useful for holding or hoisting loads, similar to a DC drive or servo system). This is crucial in

applications that demand high accuracy or torque at standstill – for example, cranes/hoists, elevators, and

precision machine tools often use feedback vector drives.

Leading manufacturers have developed their own proprietary vector control enhancements. For instance,

ABB’s  Direct Torque Control (DTC) is an advanced sensorless vector scheme that directly controls motor

flux and torque without a fixed switching frequency. DTC drives have an impressively fast torque response –

on the order of 10 times faster than a typical AC drive – and very high dynamic accuracy in speed control

(nearly eight times better than standard open-loop drives, approaching the performance of a DC drive with

feedback) while  requiring no encoder on the motor (ABB Technical Guide on DTC). Notably, ABB’s DTC

achieves this performance without using a PWM modulator – it  calculates the optimal transistor states

directly in order to control torque and flux every few microseconds. Other examples include enhanced field-

oriented control algorithms from Siemens and Rockwell, and sophisticated auto-tuning capabilities from

companies like Yaskawa and Schneider that identify motor parameters for optimal sensorless control. In

summary,  basic V/f control is  simple and sufficient for many applications,  but  vector control (with or

without feedback) is employed when higher precision and torque control are required.

Key Benefits and Advantages of VFDs

Energy Savings: The most celebrated benefit of VFDs is improved energy efficiency. By modulating motor

speed  to  match  the  load,  VFDs  eliminate  the  waste  inherent  in  throttling  mechanisms  (like  valves  or
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dampers)  that  were traditionally  used to  control  flow or  pressure  with  fixed-speed motors.  The power

required by many loads (like fans and pumps) drops off as the cube of the speed – so even a small speed

reduction yields a large decrease in energy use. We saw earlier that ~20% speed reduction can cut power by

~50%,  and indeed field results  confirm substantial  savings.  In  HVAC and pumping applications,  energy

savings of 20–60% are commonly reported after installing VFDs (MarketDataForecast, 2025). For example, in

HVAC systems and marine engine rooms, using VFD control on large fans and pumps can reduce energy

consumption  by  as  much  as  50–60%  compared  to  running  them  at  full  speed  and  using  mechanical

throttling (ABB, 2012 white paper). Such savings translate directly into lower operating costs and often a

short  payback  period  for  the  VFD  investment.  Additionally,  reducing  energy  usage  has  environmental

benefits – for instance, the University of Leeds in the UK retrofitted 94 VFDs on motors driving fans and

pumps, cutting its energy consumption by ~1,800 MWh/year and reducing carbon emissions by over 809

tonnes per year (with an annual cost saving of £194,000) after the upgrade (ABB press release, 2017). In

many regions, utility companies and governments encourage or even mandate the use of VFDs for energy

efficiency. (For example, the EU’s Ecodesign Directive and U.S. DOE efficiency standards call for improved

motor system efficiency and often implicitly promote VFD adoption to avoid wasteful throttling.)

Soft Start & Reduced Stress: VFDs greatly reduce mechanical and electrical stress on motors and driven

machines  during  start-up.  When  an  AC  motor  is  started  across-the-line  (direct  on  utility  power),  it

experiences an inrush current that can be 6 to 8 times its normal running current, and a rapid torque surge.

This sudden shock stresses gearboxes, belts, and couplings and causes voltage dips in the electrical system.

A VFD, by contrast, can soft-start the motor by ramping up the frequency and voltage gradually. The inrush

current is eliminated – the motor current at startup can be limited to its rated current or even lower, and the

motor  accelerates  smoothly  to  speed  on  a  user-defined  ramp.  The  result  is  dramatically  reduced

mechanical  wear (less  belt  slippage,  fewer  water  hammer  surges  in  pumps,  gentler  acceleration  of

conveyors,  etc.)  and minimized  electrical  peak demand.  This  soft-start  capability  increases equipment

lifespan and reduces maintenance.  It  also avoids nuisance trips or  dimming lights  due to large inrush

currents.  Overall,  the gentler  starting and stopping provided by VFDs  extends the life of  motors and

driven equipment and reduces unplanned downtime. For example, across an industrial facility, replacing

across-the-line  motor  starters  with  VFDs  can  greatly  cut  down  the  frequency  of  motor  rewinds  and

mechanical repairs caused by startup stresses. VFDs also provide soft stopping, which can prevent shocks

on stop (useful for applications like pumps where water hammer or surges can occur if flow is suddenly

halted).

Process Control and Product Quality: Another major advantage is improved process control. With a VFD,

an operator or control system can adjust motor speed in real time to fine-tune a process. This might mean

controlling a pump to maintain a precise pressure or flow, or varying a conveyor speed to match production

rates.  The  result is better consistency and quality in whatever is  being controlled.  For example,  in a

bottling line,  using VFDs on conveyors and filling pumps allows synchronization of speeds and smooth

acceleration/deceleration,  preventing  bottle  jams  and  ensuring  fill  levels  remain  accurate.  In  textile

manufacturing,  VFDs  let  operators  ramp  speeds  gently  to  avoid  snapping  threads  and  allow  different

speeds for different product types. The flexibility to run at any required speed also enables multi-product or

multi-grade production with the same equipment (improving operational  flexibility).  In short,  VFDs give

much finer control than mechanical systems, which often translates to higher product quality, less waste,

and an easier ability to optimize the process. Modern VFDs often include built-in PID controllers and logic

functions, allowing them to maintain variables like pressure, flow, or tension by automatically adjusting

motor speed without needing separate control hardware.
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Reduced Peak Demand and Infrastructure Costs: By modulating power draw, VFDs can also cut  peak

electrical demand. For facilities facing utility demand charges, slowing down motors during peak periods

or running processes at off-peak times can reduce those charges.  Additionally,  using drives sometimes

allows a facility to avoid oversizing electrical infrastructure. In some cases, installing VFDs has let companies

sidestep the need for a new substation or a bigger backup generator because the peak current draw was

lowered. For example, a surface water pumping station in Lincolnshire, UK was able to run two pumps

simultaneously at reduced speed with VFDs, avoiding the cost of installing a larger transformer and still

achieving 10–15% energy reduction overall in pumping energy (ABB case study, 2016). In another instance,

a manufacturing plant that added VFDs to its dust-fan motors not only saved energy but also avoided a

costly utility service upgrade – because the drives limited the starting current, the existing electrical supply

could handle the motors (this particular steel plant reported saving £50,000 by avoiding the infrastructure

upgrade,  in  addition to  ~£250,000/year  in  energy savings on fume extraction fans)  (ABB news release,

2012). By closely matching power usage to actual need, VFDs help flatten the load profile of a facility.

Power Factor and Electrical Performance: VFDs typically have good displacement power factor by design.

A standard six-pulse VFD’s input stage is essentially a diode-capacitor rectifier, which draws current in phase

with the voltage (almost purely resistive load). The result is a high fundamental power factor (often around

0.95 or better). Unlike an unloaded motor (which can have a poor power factor due to the magnetizing

current),  the  VFD  presents  a  favorable  power  factor  to  the  supply.  However,  VFDs  do  draw  harmonic

currents (because the current is drawn in pulses), which means the true power factor including harmonics is

somewhat lower. Even so, many VFDs have built-in filters or DC chokes to improve the waveform. Some

advanced  designs  (such  as  active  front-end  drives)  can  achieve  near-unity  power  factor  and  very  low

harmonic distortion by actively controlling the input current waveform. In summary,  using a VFD often

improves the power factor seen by the utility compared to running large motors at partial load across the

line. And since utilities often charge penalties for low power factor or high harmonic distortion, VFDs can

help avoid those penalties or the need for separate power factor correction capacitors.

Built-in Protections and Diagnostics: Modern VFDs come with a suite of protective features for both the

drive and the motor. The VFD continuously monitors its output current and the motor’s behavior, so it can

provide overload protection (acting like an electronic thermal relay to prevent motor overheating). It also

monitors input voltage, DC bus voltage, and other parameters, and will trip to protect itself and the motor if

conditions go out of spec (for example, under-voltage, over-voltage, phase loss, ground fault, over-temp,

etc.). Many drives include advanced diagnostics and even IoT connectivity: they can log energy use, track

running hours, and predict maintenance needs (like warning if bearing wear or load changes are detected

via  current  signature).  In  essence,  a  VFD  often  serves  as  an  intelligent  motor  management  system,

combining the roles of a starter, overload relay, and condition monitor in one package. The availability of

these  diagnostics  can  reduce  downtime –  maintenance  can  be  scheduled  before  a  failure  occurs,  and

troubleshooting is easier with fault codes and logs. Some drives will even send an alert if a motor is drawing

unusually high current (indicating a potential jam or mechanical issue in the driven machine).

In summary, by installing VFDs, users gain  energy cost savings, gentler machine operation, improved

process control, and enhanced electrical protection. These benefits often combine to provide a strong

financial  justification  for  the  VFD  investment,  not  to  mention  the  qualitative  improvements  in  process

capability and reliability.
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Common Applications and Real-World Examples

VFDs are used in an incredibly broad range of applications. Below are some of the most common areas and

a few real-world examples illustrating their impact:

Heating, Ventilation, and Air Conditioning (HVAC): HVAC systems in large buildings frequently use

VFDs on fans and pumps. By adjusting fan speed in response to building load or climate conditions,

VFDs eliminate the waste of throttling dampers and improve occupant comfort. Many building codes

now require or encourage VFDs for pumps and fans above certain sizes because of the large energy

savings. In one university campus project, drives were installed on air-handling unit fans and chilled

water  pumps,  resulting  in  over  809  tons  of  CO₂  reduction  per  year as  well  as  hundreds  of

thousands  of  dollars  in  energy  savings  annually  (ABB  press  release,  2017).  Large  commercial

buildings and hospitals  similarly  use drives to vary the speed of  cooling tower fans,  supply and

return  fans,  and  water  pumps,  thereby  saving  energy  and also  reducing  mechanical  stress  (for

example, slowing down fans during off-peak periods not only saves energy but also reduces noise

and wear). In many cases, retrofitting VFDs in an older building’s HVAC system is one of the most

impactful energy conservation measures available.

Pumping Systems (Water & Wastewater): Municipal water distribution and wastewater treatment

plants have widely adopted VFDs to control pump speeds. Instead of using pressure bypass valves or

running pumps at full speed continuously, facilities can maintain just the right pressure or flow by

slowing down or speeding up pumps as needed. This not only saves energy but also reduces pipe

bursts and leakage by avoiding excessive pressure. For example, a surface water pumping station

in the UK (Susworth Pumping Station) installed ABB drives on its submersible pumps and is seeing

an expected  10–15% reduction in energy use while being able to run both pumps together at

optimized  speeds  (thus  improving  system  reliability)  (ABB  case  study,  2016).  In  wastewater

treatment, VFDs on aeration blowers allow fine control of dissolved oxygen levels in bioreactors,

which can yield huge energy savings since blowers are major energy consumers. Irrigation systems

and oil pipeline pump stations also use VFDs to ramp pump speeds up or down to match demand

or  to  perform  soft  start/stop,  avoiding  surges  that  could  damage  piping.  Beyond  energy,  the

improved control from drives often leads to better process outcomes – for instance, maintaining

stable water pressure in a distribution system or consistent flow in a chemical dosing process.

Industrial Machinery and Manufacturing: Nearly every factory today uses VFDs on some of its

production equipment.  Conveyors and material handling systems frequently employ drives – with

VFDs, conveyors can soft-start (avoiding product spillage or mechanical shock) and can have their

speed adjusted to synchronize with upstream or downstream processes.  Mixers,  agitators,  and

extruders use VFDs to vary speed for different recipes or materials; for example, a plastics extruder

might run slower for a certain formulation to ensure proper mixing and temperature, which a drive

makes easy to set. Machine tools (such as lathes, milling machines, presses) often utilize drives for

spindle or feed control, enabling a wide range of operating speeds and gentle accelerations that

protect  both  the  machine  and  the  workpiece.  In  the  food  and  beverage  industry,  VFDs  on

packaging lines  allow quick  changeovers  and fine speed adjustments  to  accommodate different

product  sizes  or  minimize  spillage.  An  interesting  case  in  manufacturing:  a  steel  plant in

Rotherham, UK installed VFDs on its massive fume extraction fans and was able to save roughly

£250,000 per year in energy costs by modulating fan speed to demand, while also greatly reducing

maintenance issues and downtime from the previous fixed-speed setup (ABB news release, 2012).

• 

• 

• 
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The drives allowed the plant to fine-tune ventilation and eliminate the need for the fans to run

continuously at full power (they previously had to run fans longer than needed due to start/stop

limitations of the old motors). This example underscores how VFDs can both save energy and solve

process challenges (e.g., environmental compliance in this case).

Transportation and Material Handling: VFDs are key components in elevators, escalators, cranes,

hoists, and electric vehicles. An elevator uses a VFD (paired with an electric motor, often a gearless

permanent magnet motor) to ensure smooth acceleration and deceleration, precise floor leveling,

and  energy-efficient  operation  (modern  elevator  drives  even  regenerate  power  back  into  the

building grid when the car goes up empty or down full). Cranes and hoists rely on VFDs for speed

control and gentle handling of loads – instead of jolting a heavy load by across-the-line starting, a

VFD ramps the hoist motor up and can provide dynamic braking for controlled descents. This not

only improves safety but reduces mechanical wear on brakes and gears. Many electric forklifts and

automated guided vehicles effectively  use VFD-like  controllers  (though DC or  vector  drives  for

traction motors) to vary speed and torque. In the railway and transportation sector, VFDs (in the

form of traction inverters) control the motors in electric locomotives and subway trains, allowing

smooth speed control and regenerative braking (when a train slows, the drive electronics feed power

back into the supply or a resistor bank).  Even large  marine vessels use VFDs for propulsion on

diesel-electric ships or for controlling thruster motors, enabling precise maneuvering and significant

fuel savings. In airports, baggage handling systems use VFDs on conveyor motors to dynamically

adjust  throughput.  The  flexibility  VFDs  provide  is  indispensable  in  these  movement-oriented

applications where soft start/stop and speed variability are crucial.

Renewable  Energy  and  Emerging  Applications: VFD  technology  (power  electronics  controlling

motor/generator  speed)  is  also  fundamental  in  renewable  energy  systems.  Wind  turbines use

converters (similar to VFDs) to manage the variable frequency from the wind-driven generator and

feed constant frequency to the grid; they also use VFD-driven motor systems for blade pitch control

and yaw control to turn the turbine into the wind.  Solar farms sometimes use VFDs for tracking

systems that move panels to follow the sun, driving motors slowly and efficiently. An interesting

emerging application is  in  battery energy storage and microgrids:  VFD-like inverters can control

motors that stabilize grid frequency or provide synthetic inertia.  Manufacturers like Hitachi have

focused on developing VFDs for  renewable energy applications – e.g. specialized drives for wind

turbine control and high-capacity solar pump systems – in line with global decarbonization goals

(MarketDataForecast, 2025). Another area is  electric vehicles (EVs): while not called “VFDs” in that

context, the inverter that drives an EV’s traction motor is essentially a VFD, converting the battery’s

DC to a controlled AC to drive the motor at variable speed. The rapid advancements in high-power,

lightweight VFD technology from the industrial world are now enabling the proliferation of electric

cars, buses, and even aircraft. We also see VFDs being used in test stands (to emulate variable loads

or speeds in a lab) and research (e.g., wind tunnel fan drives, high-speed centrifuges). The versatility

of being able to control motor speed and torque with precision opens up possibilities in any system

that demands flexibility or efficiency.

These examples only  scratch the surface –  virtually  any industry  that  uses electric  motors  has success

stories of retrofitting VFDs to improve process control and save energy. Many companies perform energy

audits and find that adding drives to large pump and fan systems yields significant ROI. It’s common to see

payback  periods  well  under  2  years  purely  from energy  savings.  Beyond saving  energy,  the  improved

• 

• 
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controllability often enhances production rates and product quality,  which provides additional economic

benefits.

Selection, Installation, and Best Practices

When  implementing  VFDs,  it’s  important  to  consider  several  technical  factors  to  ensure  a  successful

application:

Drive  Sizing  and  Duty  Rating: Select  a  VFD  that  matches  the  motor’s  voltage  and  full-load  current

(amperage) with some safety margin. Drives are typically rated by horsepower (or kW) and current. If the

application involves high starting torque or frequent overloads, choose a drive with a  heavy-duty rating

capable of delivering the needed current (many drives have dual ratings, e.g. “10 HP normal duty / 7.5 HP

heavy duty”). Always enter the motor nameplate data into the drive during setup (voltage, rated frequency,

full-load current, and motor base speed) so that the drive can properly tune itself to the motor. This is

especially important for sensorless vector control modes, which rely on an accurate motor model. If very

high low-speed torque or  zero-speed holding torque is  required,  consider  using a  drive  in  closed-loop

(encoder feedback) mode with an appropriate motor that has a shaft encoder. For high-inertia loads, be

mindful  of  the  drive’s  braking capability  (see  below),  as  the  drive  may need to  dissipate  regenerative

energy.

Environmental Considerations: Install the VFD in an appropriate enclosure for the environment. Common

enclosure ratings include  NEMA 1 (vented, for clean indoor areas),  NEMA 12 (sealed against dust),  and

NEMA  4X (wash-down  duty,  outdoor  use,  waterproof  and  corrosion-resistant).  Drive  electronics  are

sensitive  to  temperature,  so  ensure  the  ambient  temperature  around  the  drive  stays  within  the

manufacturer’s  specified range.  Provide  adequate  cooling and ventilation –  larger  drives  typically  have

cooling fans, and multiple drives in an enclosed panel may require an exhaust fan or even air conditioning

to keep temperatures down. Avoid placing drives in direct sunlight or next to heat sources. If installing in a

hazardous (explosive) atmosphere, make sure to follow code requirements (often the drive will be in a

purged cabinet or located outside the hazardous area driving a motor in the area via long leads).  Also

consider electromagnetic interference (EMI): VFDs contain high-speed switching electronics that can emit

electrical noise. For sensitive environments (like hospitals or radio transmitter sites),  choose drives with

built-in EMI filters (often specified to meet IEC 61800-3 EMC standards) or add external filters on the drive

input/output to reduce noise emission.

Motor  Compatibility: Most  standard three-phase induction motors  can be run by  VFDs,  especially  for

general-purpose applications. However, for the best reliability, inverter-duty motors are recommended for

larger  motors  or  critical  applications.  Inverter-duty  motors  (per  NEMA  MG-1  Part  31)  have  enhanced

insulation systems that can handle the fast voltage rise (dV/dt) and higher peak voltages from VFD PWM

waveforms, as well  as other features like tighter manufacturing tolerances to accommodate the higher

frequency operation. If you are retrofitting a VFD to an older motor, it’s wise to check the motor’s insulation

condition and consider adding output filters on the VFD. dV/dt filters or sine-wave filters can be installed

on the drive’s output to smooth the voltage waveform and significantly reduce the voltage spikes that reach

the motor – these are often recommended for motors where the cable run is long (e.g. >50 meters) or the

motor is an older design that might not have modern insulation. Long motor leads between a VFD and

motor can cause reflected wave transients that stress motor insulation; thus, keeping the drive close to the

motor  or  using  filters  will  mitigate  that.  Additionally,  if  motor  cable  length  is  very  long,  check  the

manufacturer’s specs for maximum cable length or use lower carrier frequency settings on the drive to
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reduce high-frequency losses. Regarding motor bearings, some large VFD-driven motors can experience

bearing currents due to common-mode voltages – using an inverter-duty motor (which may have insulated

bearings or a shaft grounding brush) or retrofitting a grounding ring on the motor can prevent premature

bearing wear.

Power Supply and Harmonics: A VFD is a non-linear load, meaning its rectifier draws current in pulses

rather than in a smooth sinusoidal shape. This introduces current harmonics into the electrical system. If

many or large drives are present, the total harmonic distortion (THD) on the line can increase, potentially

causing heating in transformers or interference with other equipment. It is important to follow guidelines

such as  IEEE 519 (Recommended Practices and Requirements for  Harmonic  Control  in  Electrical  Power

Systems) which provides recommended limits for harmonic distortion at the point of common coupling with

the utility. For example, IEEE 519 might limit total current THD to 5% or 8% on a medium-voltage system. In

practice, facilities often mitigate harmonics by adding  line reactors or  DC link chokes on drives (which

smooth  the  current  wave),  or  by  using  harmonic  filter units.  For  larger  installations,  phase-shifting

techniques can be used: e.g.,  using 12-pulse or 18-pulse rectifier configurations (which involve multiple

diode bridges fed by phase-shifted transformers) can cancel out many of the lowest-order harmonics and

drastically reduce THD, at the cost of additional hardware. In some cases, an  active harmonic filter (an

electronic  device  that  injects  complementary  currents  to  cancel  harmonics)  or  active  front-end  (AFE)

drives (with IGBT rectifiers that draw nearly sinusoidal current) may be justified to meet stringent power

quality requirements.  It’s  good practice to consult  a power quality engineer or use simulation software

when planning a large VFD system, to ensure compliance with IEEE 519 or utility harmonic regulations.

Many drive manufacturers provide harmonic analysis tools or data to help with this. In summary, manage

harmonics by using available mitigation and following standards – this will avoid problems like transformer

overheating, nuisance tripping of capacitors, or interference with nearby sensitive equipment (KEB, 2020

whitepaper).

Grounding and Wiring Practices: Proper wiring and grounding are critical for VFD installations. Always

follow the manufacturer’s recommendations and applicable codes (e.g., NFPA 70 (NEC) and NEMA ICS 7.1

guidelines). Use shielded VFD cables whenever possible for the motor leads – these cables have braided or

foil  shields  that  contain  electromagnetic  noise  and provide  a  low-impedance path  to  ground for  high-

frequency currents. The cable shield should be terminated with a 360-degree connection (EMC gland or

clamp) at the drive end (and usually at the motor end as well) to ensure effective grounding of noise (SAB

North America, 2021). Do not run VFD output cables in the same conduit or tray as sensitive instrument or

control wiring; keep them separated to avoid coupling noise.  Grounding: make sure the drive is properly

grounded to the facility ground grid, and the motor frame is grounded as well. The VFD’s instructions will

specify grounding points – typically, you connect the motor cable’s ground conductor to a dedicated ground

terminal on the drive, and also bond the cable shield to ground. Providing a low-impedance return path for

common-mode currents is key to preventing issues like bearing currents or interference. In some cases,

installing  dv/dt filters or  common-mode chokes on the output can further reduce the high-frequency

noise on the motor leads. Also ensure that the input power to the drive has a solid ground reference and

the source impedance (e.g., supply transformer) is sufficient to handle the added current draw of the drive

without excessive voltage drop. Fusing and protection: check that the upstream protection (fuses or circuit

breaker feeding the VFD) is rated for the drive’s input (many VFDs call for time-delay (“slow blow”) fuses or

specifically sized breakers to handle the inrush and DC bus charging current). Some drives have internal

semiconductor fuses, but many rely on external fusing for short-circuit protection.
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Braking and Regeneration: Consider what happens when the load drives the motor (for example, a high-

inertia load that needs to slow down quickly, or an overhauling load like a descending hoist or a downhill

conveyor). In such cases, the motor becomes a generator and feeds energy back into the VFD’s DC bus,

causing the DC voltage to rise. If nothing is done, the drive will trip on over-voltage. The simplest solution is

a  dynamic braking resistor: the drive can be equipped with a braking chopper transistor that switches

excess energy into a resistor bank, dissipating it as heat. Many general-purpose drives have a built-in brake

chopper up to a certain size – you just need to add the resistor. For larger drives, an external braking unit

might be needed. If frequent or continuous regeneration is expected, consider using an active front end

(AFE) or  regenerative VFD that can push energy back into the supply line. This is common in, say, crane

systems or pump/motor test stands where braking energy is significant – instead of wasting the energy in

resistors, it can be returned to the grid or used by other loads. When multiple drives are used, sometimes a

common DC bus configuration is employed, where drives share a DC bus – this allows a braking motor to

pass energy to other motors that might be accelerating. In any case, properly sizing the braking resistor or

regen unit is important so that it can absorb the worst-case energy (for example, stopping a high-inertia

load from full speed). Also, check if the duty cycle of braking will cause resistor overheating – use dynamic

braking calculations provided by the manufacturer to ensure safe operation.

Programming and Tuning: Modern VFDs are highly programmable. Upon installation, certain parameters

should be set for a safe and efficient startup. Key settings include the acceleration time and deceleration

time (to  ensure  the  motor  ramps  without  tripping  or  causing  mechanical  issues),  the  minimum  and

maximum frequency (to protect the motor or process from operating outside desired speed range), and

the motor protection settings (motor overload trip class, stall prevention, etc.). Many drives offer an auto-

tune function – this is especially important for vector control modes. Auto-tuning is typically done with the

motor cold and unloaded; the drive will inject test signals to measure motor characteristics. Running auto-

tune yields better performance (more accurate speed holding, better torque control). If using sensorless

vector control, be sure to enable any slip compensation or voltage boost features if you need extra torque

at low speeds. When commissioning multiple drives or integrating into a plant control system, consider how

the  drives  will  be  controlled:  many  drives  now  support  digital  network  communications  (Ethernet/IP,

Modbus TCP, ProfiNet, etc.), allowing a central PLC or SCADA system to command and monitor them. This

can greatly simplify wiring (no need for dozens of analog signals) and provides more data (like exact speed,

current, fault diagnostics for each drive). Security of drive settings is another consideration – most drives

allow  password  protecting  the  configuration  or  at  least  locking  the  keypad  to  prevent  unauthorized

changes. It’s wise to keep a backup of drive parameter sets (many drives allow saving to a memory card or

have PC software to upload/download settings) in case a drive needs replacement, so the new unit can be

configured identically in short order.

Safety  and Standards  Compliance: Always  ensure  that  the  application  of  a  VFD complies  with  safety

standards and regulations. For example, if the drive is controlling something like a saw or a critical mover, it

may need to integrate with emergency stop circuits. Many VFDs provide a  Safe Torque Off (STO) input –

when driven by a safety relay or controller, this input immediately disables the drive’s output (typically by

hardware means internally) without having to remove power from the drive. STO is used to meet functional

safety requirements (such as SIL 2 or SIL 3 per IEC 61508) by ensuring the motor cannot generate torque

when the safety system is triggered. If your system requires it, purchase drives that have built-in STO (or

other safety functions like Safe Stop 1, etc.) and are certified to standards like  IEC 61800-5-2. In terms of

electrical  code,  drives  must  be  installed  per  NEC and local  codes  –  for  instance,  providing the  proper

disconnect  means  (many  areas  require  a  lockable  disconnect  within  sight  of  the  drive/motor),  proper

branch circuit protection, and observing short-circuit current ratings (SCCR) of the combination of drive and
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upstream protection. The drive’s manual will usually list the SCCR when used with certain fuses or breakers.

Also,  ensure  the  motor  and  drive  system  are  properly  grounded  and  bonded  –  this  is  not  only  for

performance,  but  for  personnel  safety  to  prevent  shock.  For  outdoor  or  remote  installations,  consider

surge protection on the drive’s supply, as drives can be sensitive to lightning-induced surges on incoming

power lines. 

Finally, consult relevant standards and guides for drive systems. In the U.S., NEMA ICS 7 provides practical

guidelines on ratings, construction, and installation of adjustable-speed drives (NEMA ICS 7-2020). The IEEE

and IEC have extensive standards on EMC and safety for drives. Following these guidelines helps avoid

common pitfalls. For example, NEMA’s application guides will discuss topics like minimizing cable length to

reduce reflected waves,  or  using isolation transformers in  certain cases for  grounding purposes.  Drive

manufacturers also publish lots of application notes – take advantage of those resources when in doubt.

Proper application of  a  VFD is  not  difficult,  but  taking care of  the details  outlined above will  ensure a

smooth-running and reliable system.

Industry Standards and Trends

The application of VFDs is guided by several industry standards to ensure safety and interoperability:

Electrical Safety Standards: VFDs and their installation must meet electrical safety standards such

as  UL 61800-5-1 (in the US) or  IEC 61800-5-1 internationally, which cover the design of adjustable

speed drive systems up to 1000 V (including requirements for insulation, grounding, and protection

against  electric  shock and fire).  Always  use drives  that  carry  the appropriate  safety  certification

marks  (UL,  CSA,  CE,  etc.)  for  your  region.  Additionally,  standards  like  NFPA 70  (NEC) in  the  US

mandate  proper  installation  practices  (e.g.,  proper  enclosure  types,  clearances,  grounding,  and

branch circuit protection for drives).

Harmonic and EMC Standards: As mentioned, IEEE 519 is the key guideline for limiting harmonics

in  industrial  power  systems.  While  IEEE  519  is  technically  “recommended practice,”  many  utility

companies  write  its  limits  into  connection agreements.  Following IEEE  519 usually  means  using

some  combination  of  filters  or  multi-pulse  arrangements  for  larger  drive  installations.  On  the

electromagnetic  interference  front,  IEC  61800-3 is  the  international  standard  specifying  EMC

requirements  for  drives  (emission  limits,  immunity  levels,  etc.).  In  Europe,  compliance  with  IEC

61800-3 is required for the CE mark; it defines categories of environment (first environment = public

low-voltage networks, second environment = industrial HV networks) and permissible noise levels for

each. When selecting a drive, you may see classifications like “EMC Category C2” etc., which relate to

these standards. Make sure to choose drives with the necessary built-in filters or add external ones

to meet your required EMC category.

Motor-Drive  Efficiency  Standards: There  is  a  growing  emphasis  on  system-level  efficiency

standards. For instance, Europe’s Ecodesign regulations not only require high-efficiency motors but

also encourage the use of VFDs to optimize motor energy use. The U.S. DOE has conducted studies

and may in the future include drives in motor efficiency regulations (recognizing the energy savings

potential when drives are used with fans, pumps, and compressors). Some utilities and government

programs offer rebates or incentives for installing VFDs on qualifying equipment because of their

proven  energy  savings.  Make  sure  to  check  local  programs  –  often,  demonstrating  a  certain

percentage energy reduction by adding a drive can qualify for rebate dollars.

• 

• 

• 
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Functional Safety and Machinery Standards: If  a VFD is part of a machine, it  likely falls under

machinery safety standards such as  ISO 13849 or  IEC 62061.  Using drives with integrated safety

functions (like STO) can simplify compliance with these standards. For example, many drives are

certified to IEC 61508 SIL2 or SIL3 for their STO function – using such a drive, you can achieve a safe

stop without external contactors, which can be very useful in applications like robotics or high-speed

machinery where you need a quick, reliable stop to a safe condition. 

Industry-Specific  Standards: Some  industries  have  their  own  guidelines.  For  example,  in  the

maritime sector,  drives might  need certification from marine societies  (ABS,  DNV-GL)  for  use on

ships. In mining, drives and motors might need to meet MSHA regulations or have explosion-proof

ratings  for  coal  mines.  In  oil  and gas,  API  standards  may  specify  certain  requirements  for  VFD

systems driving large pumps or compressors (like API 618 for reciprocating compressors or API 541

for critical motors). Always verify if your application has any such overlay standards to comply with.

In terms of trends, the VFD landscape is evolving with technology:

Smart and Connected Drives: Today’s drives often come with networking and analytics features.

They can communicate over industrial networks and are becoming components of the  Industrial

Internet of Things (IIoT). Manufacturers are providing cloud-based monitoring for drives, enabling

predictive  maintenance  (e.g.,  alerting  when  a  drive’s  output  current  pattern  suggests  a  motor

bearing failure). This aligns with Industry 4.0 initiatives. For instance, Siemens has invested heavily in

R&D for IoT-enabled VFDs and predictive maintenance capabilities, and Rockwell Automation offers

intelligent  drives  that  integrate  with  its  FactoryTalk  software  for  real-time  data  and  control

(MarketDataForecast, 2025). Users can leverage these to reduce downtime and optimize processes.

Energy Efficiency Focus: As sustainability becomes a priority, VFDs are seen as key contributors to

energy savings.  Companies like Schneider Electric  integrate VFDs into their  energy management

platforms (e.g.,  EcoStruxure)  to  monitor  and optimize motor-driven system efficiency,  reportedly

helping industries achieve up to ~30% energy savings by fine-tuning motor speeds to actual demand

(MarketDataForecast, 2025). Expect future regulations to increasingly call for variable-speed control

on  motors  above  certain  power  levels  where  applicable,  simply  because  of  the  clear  energy

advantages.

Advancements in Power Electronics: The next generation of drives may utilize new semiconductor

materials (like SiC – silicon carbide, or GaN – gallium nitride transistors) which can switch faster and

with lower losses than traditional IGBTs. This could make VFDs even more efficient and compact.

We’re already seeing medium-voltage drives using newer multilevel topologies and SiC devices to

improve efficiency in big 5 MW, 10 MW drives.

Ease of Use and Integration: Drives are becoming easier to set up – many have graphical HMIs or

even smartphone apps for commissioning. NFC (near-field communication) is being used on some

drives to allow configuration by tapping a phone (even when the drive is unpowered). Manufacturers

are  also  providing  more  pre-engineered  solutions  (like  drive  panels  or  integrated  drive-motor

packages where the VFD is mounted on the motor). For example, some pump manufacturers offer a

pump  with  a  factory-fitted  VFD  and  preset  control  logic  for  constant  pressure  –  the  user  just

connects power and program desired set-point.

• 

• 

• 

• 

• 

• 
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Market Growth: The global  VFD market continues to grow steadily as more industries invest in

energy efficiency and automation. As of 2024, the VFD market was valued around $28 billion, and it’s

projected to reach roughly $48 billion by 2033,  rising at about 5–6% CAGR (MarketDataForecast,

2025). This growth is driven by increasing adoption in emerging economies (where industrialization

and  urbanization  are  adding  lots  of  motors),  retrofitting  opportunities  in  developed  markets

(replacing  dampers  and  throttling  valves  with  drives),  and  expansion  of  sectors  like  HVAC,

wastewater,  and  electric  vehicles.  Major  manufacturers  –  ABB,  Siemens,  Schneider  Electric,

Rockwell Automation – dominate the landscape, but many others (Mitsubishi, Yaskawa, Danfoss, 

Hitachi,  Eaton,  WEG,  Lenze,  etc.)  are  key  players  as  well,  each  sometimes  focusing  on  niche

segments or regional strengths. The competition drives innovation and often competitive pricing,

which benefits end users.

In conclusion, VFDs have established themselves as an indispensable tool in modern industry. By following

best practices in their application and keeping abreast of evolving technologies and standards, users can

reap the maximum benefits of these versatile devices: energy savings, improved control,  and enhanced

performance of motor-driven systems.
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