
Variable Frequency Controller (VFC) Overview

Variable frequency controllers – also known as variable frequency drives (VFDs), adjustable speed drives,

or inverter drives – are electronic devices used to control the speed and torque of AC motors by varying

the motor’s  input frequency and voltage. In industrial  and commercial  settings,  VFCs have become the

standard solution for adjusting motor speed on pumps, fans, conveyors, and other machinery in order to

improve process control and save energy. This article provides a comprehensive overview of how variable

frequency  controllers  work,  their  key  features  and  benefits,  real-world  application  examples,  and

considerations for implementation. Throughout,  we will  reference multiple manufacturers (ABB, Hitachi,

Eaton, Lenze, Yaskawa, etc.) to illustrate the range of technologies and products available in this domain.

How Variable Frequency Controllers Work

At the core of a variable frequency controller is  a  power electronics system that converts fixed utility

power (typically 50/60 Hz AC) into a controllable frequency AC output. This is accomplished in three main

stages: rectification, DC link filtering, and inversion. In the rectifier stage, the incoming AC (single-phase

or three-phase) is converted to DC. This is often done with a six-pulse diode bridge for three-phase inputs

, though controlled rectifiers or active front-ends may be used for advanced drives. The resulting DC is

smoothed in the DC link (using capacitors and sometimes inductors) to provide a stable DC bus . Finally,

in the inverter stage, high-speed power transistors (IGBTs in modern drives) rapidly switch the DC on and

off  to  create  a  synthesized  AC  waveform  at  the  desired  frequency  and  voltage .  By  adjusting  the

switching patterns (using pulse-width modulation or other techniques),  the inverter outputs a variable-

frequency, variable-voltage AC that can efficiently run a standard AC motor at speeds from near zero up to

well above the normal line frequency.

Basic block diagram of a three-phase variable frequency drive. The input AC power is first rectified to DC, filtered in

the DC link, and then inverted back to AC with a controllable frequency and voltage to drive the motor .

The output frequency of a VFC can typically be adjusted anywhere from a very low Hertz (effectively zero,

for  slow  or  inching  speeds)  up  to  and  beyond  the  nominal  frequency.  Many  drives  support  output

frequencies of 0–400 Hz or more , allowing motors to run above base speed if the mechanical design

permits. The output voltage is modulated in proportion to frequency (often following a constant V/Hz ratio)

to maintain proper magnetizing current  in  the motor at  all  speeds.  More advanced control  algorithms

dynamically adjust voltage and current to achieve a commanded torque or speed. Most VFCs today use

either  scalar control (open-loop V/Hz) or  vector control (also called field-oriented control, which can be

sensorless or use encoder feedback) for finer torque and speed regulation . High-performance drives,

such as ABB’s high-end ACS series, even implement  Direct Torque Control (DTC) – a closed-loop vector

technique that directly controls motor flux and torque without a fixed PWM carrier, yielding extremely fast

response and accuracy .

Internally,  the inverter’s rapid switching produces a train of pulses that approximates a sine wave. This

pulse-width modulated (PWM) output contains high-frequency components, which are typically filtered

by the motor’s inductance. However, the non-sinusoidal output means that standard motors can experience
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extra heating and voltage stress. For this reason, it  is recommended to use  inverter-duty motors (per

NEMA MG-1 Part 31 standard) for VFD applications – these have enhanced insulation to withstand voltage

spikes and often include features to mitigate bearing currents. In practice, many general AC motors can be

used with VFCs, but care must be taken with proper grounding and, for larger motors, possibly adding shaft

grounding brushes or insulated bearings to prevent EDM damage in bearings from induced currents

.

Key Features and Technical Specifications

Modern  variable  frequency  controllers  are  remarkably  feature-rich  and  can  cater  to  a  wide  range  of

application requirements. Some key technical features and specs to consider include:

Power and Voltage Ratings: VFCs are available across a broad spectrum of sizes. Low-voltage drives

(typically rated up to 600–690 V) can cover motors from fractional horsepower up to around 5–6 MW

(about 8000 HP) . For even larger needs, medium-voltage drives (2.3 kV, 4.16 kV, etc.) are used,

and these can reach  tens of thousands of horsepower (large MV drive systems up to ~100 MW

have been reported in heavy industries) .  Common low-voltage VFD product lines span 200 V

class (208–240 V), 400 V class (380–480 V), and sometimes 600 V or 690 V for use in different regions

and with various motor ratings.

Overload Capacity: Drives often have dual ratings for constant torque (CT) vs variable torque (VT)

applications. For example, a drive might be rated 10 HP for CT duty or 15 HP for VT duty in the same

hardware. The VT rating (for easier loads like fans/pumps) allows higher horsepower because these

loads have torque that  decreases with speed.  The CT rating (for  harder  loads like  conveyors  or

mixers) ensures the drive can deliver full torque at all speeds with a safety margin for short-term

overload.  It’s  common to see 110% overload for  60 seconds (CT)  vs  120% or  higher for  shorter

periods in many drives. Manufacturers like Hitachi explicitly list drives as “dual rated for CT/VT” to

help size the drive appropriately .

Starting  Torque  and  Speed  Control: With  advanced  control  algorithms,  VFCs  can  deliver  high

starting torque even at low speeds. Traditional V/Hz drives might provide 100% torque at 5 Hz and

above, but sensorless vector drives can often produce 200% or more of rated torque at 0 speed

(stall) or very low speed,  approaching the performance of a servo in some cases. For instance,

Hitachi’s WJ200 series VFD notes a high starting torque and improved speed stability thanks to

advanced sensorless vector control . This makes VFCs suitable for heavy-load start applications

(like loaded conveyors or cranes) where across-the-line starting would struggle.

Braking and Regeneration: Stopping a high-inertia load quickly or preventing an overhauling load

from speeding up requires a way to handle regenerative energy. Many drives include a  dynamic

braking (DB) transistor that allows connection of an external braking resistor. The transistor dumps

excess DC bus energy as heat in the resistor during braking. Higher-performance systems, or those

needing continuous regeneration (e.g. downhill conveyors or lifts), can use regenerative drives that

feed energy back into the AC supply. These drives have an active front end (AFE) instead of a diode

rectifier,  using IGBT converters that can both rectify and invert power. An AFE-equipped VFC can

brake the load by regenerating energy to the line (four-quadrant operation)  and also greatly

reduce  input  harmonics .  This  capability  is  increasingly  popular  in  energy-conscious  facilities

despite higher cost, because braking resistors waste energy as heat whereas regeneration recovers
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that energy.  Some modern designs,  like  matrix converters,  inherently allow bidirectional power

flow as well.

EMI and Filtering: Due to the fast switching of power devices (IGBTs switch in microseconds), VFCs

generate  high-frequency  voltage  edges  that  can  cause  electromagnetic  interference  (EMI)  and

voltage spikes at the motor terminals. To meet EMC regulations and protect motors, most drives

integrate an  RFI filter (EMC filter)  and often a  DC-link choke or AC line reactor.  The RFI  filter

reduces  conducted  emissions  back  into  the  mains,  and  the  choke/reactor  smooths  the  current

pulses,  lowering harmonics and transient  voltages.  In cases with very long motor cable runs or

sensitive environments, additional  dV/dt filters or  sine wave filters may be installed on the drive

output to further tame the waveform. These filters slow down the voltage rise times and virtually

eliminate high-frequency ringing – mitigating issues like motor bearing fluting, insulation stress, and

nuisance tripping of other equipment . Good installation practices (shielded cables, proper

grounding) are also essential in minimizing EMI. Users should be aware that, while VFDs inherently

add some power loss (typically 2–4% of the drive’s load) and complexity to a system, the trade-off

is usually well worth the gains in efficiency and control. Quality drives are designed to keep these

losses minimal and to operate reliably, with typical lifespans of 8–12 years for the electronics (fans

and capacitors are often the life-limiting components) .

Safety and Protections: Almost all VFCs come with extensive built-in protections for both the drive

and the motor. These include overload protection, overvoltage/undervoltage trips, over-temperature,

short-circuit, ground fault, and others. Many drives also include  safe torque off (STO) inputs as a

safety feature – when activated (often by an emergency stop circuit), the drive immediately disables

output to the motor without having to completely remove power to the drive, allowing a faster and

safer stop in compliance with functional safety standards. Some advanced units offer  functional

safety options like Safe Stop 1, Safe Speed Monitor, etc., used in high-risk applications (packaging

machinery,  robots,  etc.)  to meet safety integrity levels.  Additionally,  modern drives often provide

powerful diagnostics (fault logging, network communication of status) and auto-tuning functions

to measure motor characteristics for optimal performance.

Integration  and  Control  Interface: VFCs  serve  as  intelligent  controllers  and  often  include

programmable  control  logic and  interfaces.  A  standard  feature  is  a  configurable  keypad  or

operator panel on the front for setting parameters, running the motor, and viewing status. Beyond

that, most drives have a range of  digital and analog I/O (inputs for start/stop commands, speed

references,  sensor  feedback,  and  outputs  for  status  indication).  Many  incorporate  protocols  for

industrial networks – e.g. Ethernet/IP, Modbus, PROFIBUS/PROFINET, CANOpen, etc. – so the drive

can be integrated into a plant’s control system or IIoT platform. Notably, some drives include basic

PLC-like  functionality;  for  example,  the  Hitachi  WJ200  has  an  EasySequence  (EzSQ)  function  –

essentially a simple built-in PLC that can execute custom logic and positioning sequences inside

the  drive .  Features  like  these  can  eliminate  the  need  for  external  controllers  in  simple

applications.  In  summary,  a  VFC today  is  not  just  a  frequency  converter,  but  a  complete  motor

control package with myriad features to tailor motor behavior to the application’s needs.
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Benefits of Using Variable Frequency Controllers

Using a variable frequency controller to modulate an AC motor’s speed yields significant advantages over

traditional fixed-speed or mechanical control methods. Below are some of the primary benefits:

Energy Savings: Perhaps the most compelling reason for deploying VFCs is the energy efficiency

gain. Many motor-driven systems (especially pumps and fans for HVAC, water treatment, etc.) rarely

need to run at full capacity at all times. Without a VFD, excess flow or pressure is often throttled by

valves, dampers or other restrictions, wasting energy. By slowing the motor to exactly the speed

required, a VFD avoids that waste. The power a centrifugal pump or fan consumes drops roughly

with the cube of speed – a principle known as the affinity laws. For example, running a fan at 80%

of  full  speed  can  cut  the  power  usage  roughly  in  half.  In  one  illustration,  a  variable-speed

application at 63% speed was found to draw only 25% of the power required at full speed . This

nonlinear relationship means even modest speed reductions translate to big energy savings. Real-

world case studies confirm this: a municipal wastewater facility that retrofitted VFDs on its influent

pumps observed a  30% reduction in energy consumption, measured in kWh per million gallons

pumped .  In that  case,  the specific energy dropped from 259 kWh/MG to 179 kWh/MG after

installing VFD-controlled pumps. Similarly, an aeration blower system that incorporated VFDs (and

more  efficient  blowers)  saw  about  26%  energy  cost  savings .  These  savings  directly  lower

operating cost and often have short payback periods – in industrial settings, it’s not uncommon to

recoup the drive investment in under 1–2 years from the energy savings alone . Many utilities

encourage VFD adoption by offering rebates or incentives for verified energy reduction, and VFDs

can help companies meet sustainability and efficiency targets.

Improved Process Control & Productivity: VFCs allow  infinitely variable speed adjustment to

match  process  requirements,  giving  much  finer  control  than  methods  like  on/off  cycling  or

mechanical speed changers. For production lines and machinery, this means better regulation of

flow,  pressure,  tension,  etc.,  leading  to  higher  product  quality  and  consistency.  For  example,

conveyor speeds can be tuned to the optimal rate for upstream/downstream processes, or mixers

can  run  at  the  precise  speed  for  a  desired  chemical  reaction.  In  material  handling  and

manufacturing, the ability to ramp speed up or down smoothly can reduce bottlenecks and avoid

sudden jolts that might cause errors or damage. Operators can also make use of preset speeds or

recipes to quickly switch a motor to new setpoints for different product runs, increasing flexibility.

Overall, processes become more responsive and adjustable. Many companies find that with VFDs

they  can  increase  throughput  or  yield  because  the  equipment  can  be  operated  at  the  most

efficient speed for each task instead of one-speed-fits-all. In one example, workers were unable to

keep up with an overly  fast  conveyor on a fixed-speed system, causing mistakes and accidents;

adding a  VFD to  slow the conveyor  to  an optimal  speed both improved production output  and

reduced errors . Thus, VFCs contribute not just to efficiency but also to a safer and more

controlled working environment.

Reduced Mechanical Stress & Maintenance: A side benefit of electronic speed control is the soft

start  and  stop capability.  When  an  AC  motor  is  started  across  the  line  (direct  full-voltage),  it

experiences a large inrush current (5–8 times rated) and a rapid acceleration to full speed, which can

stress the motor windings, couplings, gears, belts, and driven equipment. In contrast, a VFD start

ramps the  frequency  and voltage up gradually,  eliminating the  high torque shock.  There is  no

“instant shock” on startup – the motor accelerates smoothly from zero to set speed , which
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avoids the belt squeal, water hammer in pumps, or sudden jerks that often accompany DOL starts.

This  soft-starting greatly  extends  the  life  of  mechanical  components  and  the  motor  itself .

Similarly, controlled deceleration (soft stopping) can reduce wear and prevent damage from abrupt

stops. VFDs also often include programmable acceleration and deceleration profiles (e.g. linear

ramp,  S-curve for  gentler  takeoff,  etc.)  to  further  refine how the machine starts  and stops.  The

reduction in mechanical and thermal stresses translates to  lower maintenance costs over time:

belts last longer without stretch or slip, bearings avoid shock loads, and the motor runs cooler with

fewer high-current surges. Additionally, many drives provide built-in motor protection features (like

preventing overheating or overloading), which can preclude certain failure modes. Users also note

reduced maintenance in systems like HVAC fans because VFDs often allow running at lower speeds

most of the time, which can defer wear; for instance, fan and pump bearings experience less strain

and require less frequent service when not running at full speed continuously. Overall, the gentler

operation afforded by VFCs means less unplanned downtime and extended equipment lifetime

.

Power Demand Reduction and Electrical Benefits: VFCs not only save energy during operation but

also cut the  peak demand on a facility’s electrical system. By limiting inrush current and starting

motors  gradually,  VFDs  avoid  the  spike  in  demand  that  utilities  often  charge  penalties  for.  For

example,  the wastewater plant case study noted that by using VFDs as soft  starters,  their  peak

demand on pump startup dropped from 60 kW to 30 kW . This reduction in peak load can

significantly lower demand charges on electric bills. Furthermore, running motors at optimal speeds

can improve power factor (when lightly loaded, induction motors have poor power factor – slowing

them can actually raise the power factor seen by the supply). Some VFDs even include power factor

correction or an active front end that draws nearly sinusoidal current (e.g., the Yaskawa matrix drive

boasts near-unity power factor and <5% total harmonic distortion on the input ). Using VFCs can

also allow generator-backed systems to be more feasible: Since VFDs reduce the starting surges,

backup generators or UPS systems can be sized smaller than would otherwise be needed to start

large motors . In installations like hospitals or remote facilities on generator power, replacing

across-the-line starters with VFDs often means the difference between needing a 500 kW generator

versus a 300 kW, for example. All these electrical benefits make VFCs attractive not only to end-users

but also to utility providers aiming to smooth out grid demand.

Other  Functional  Benefits: Beyond  the  major  points  above,  VFCs  offer  a  grab-bag  of  useful

capabilities. Many drives support dynamic braking or DC injection braking, which can help stop a

motor quickly without external hardware – useful for applications requiring rapid stops or holding a

position. They can also provide  controlled torque limiting, acting as a built-in safeguard against

jams (the drive can detect if  torque exceeds a threshold and back off or shut down, preventing

damage to product or machinery). In multi-motor systems, multiple VFDs can be coordinated or a

single VFD can sometimes run multiple motors in parallel for simple systems (like driving several

fans together) .  Some advanced drives allow  speed synchronization or following an external

encoder, enabling electronic line shaft arrangements for printing presses or coordinated motion.

VFDs can also improve  motor cooling at low speeds by optionally  running a cooling fan or by

allowing an auxiliary fan, thereby overcoming a problem where a motor’s own fan is less effective

when slowed (this is especially addressed in inverter-duty motors which have separately driven fans

if needed). Lastly, from a sustainability perspective, using VFDs aligns with efforts to reduce carbon

footprint – a large portion of the world’s electricity is consumed by motors, and analysts estimate

that broader adoption of variable speed drives could reduce global industrial energy use by many
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percentage points . Companies publicizing green initiatives often include VFD upgrades as a

key energy-saving measure.

Applications and Real-World Examples

Variable  frequency controllers  are used across virtually  every industry  today.  Any process that  involves

moving fluids, materials, or machinery can potentially benefit from speed control. Here are some common

application areas and examples:

Pumps  and  Fans  (HVAC  and  Water/Wastewater): These  are  classic  VFD  applications,  as  they

involve variable-torque loads where slowing down yields huge energy savings.  HVAC systems in

large buildings use VFDs on fans in air handlers and cooling towers, and on pumps in chilled water

and heating hot water loops. By modulating airflow or water flow to match demand (using pressure

or temperature feedback),  the building can maintain comfort  with a  fraction of  the energy that

constant-speed systems would use. Many building codes now practically require VFDs on big fans

and pumps for efficiency. In water supply and wastewater, VFDs control pump speeds to maintain

reservoir levels, adjust to changing water usage, and ramp up gently to reduce water hammer. The

earlier  example  of  the  City  of  Columbus  wastewater  plant  showed  how  VFD-controlled  pumps

lowered both energy use and mechanical  stress on the system . Another benefit in these

systems is  improved process  control  –  e.g.  maintaining a  consistent  water  pressure  or  a  stable

dissolved  oxygen  level  in  aeration  tanks  by  fine-tuning  blower  speed.  Utilities  often  see  short

paybacks from energy savings; in one pumping station case, adding VFDs cut energy use so much

that the project paid for itself in under a year through electricity cost reduction and utility rebates.

Manufacturing and Material Handling: In factories, conveyors, mixers, crushers, extruders, and

machine tools are all frequently run by VFDs. Conveyors transporting goods or materials can be

sped up or slowed down to balance lines and prevent blockages. For instance, a food processing

plant  might  use  VFD-controlled  conveyors  to  gently  ramp up speed after  a  sensor  detects  that

downstream packaging machines are ready, thus avoiding pileups of product. Mixers and agitators

in industries like chemicals, pharmaceuticals, or food can adjust speed to optimize mixing or change

recipes; slow agitation might be used initially and then higher speed for final blending.  Crushers

and mills in  mining or  aggregate processes benefit  from soft  start  (to  avoid shock loading the

mechanical  system)  and  can  have  their  speed  tweaked  to  achieve  the  desired  grind  size  or

throughput. Machine tools and spindles: VFDs are integral to CNC machines, where variable speed

spindles  allow cutting  at  the  optimal  surface  speed for  each material  and tool,  improving both

quality and tool life. The textile industry, printing presses, paper mills – essentially any process where

motors drive rollers or winding – rely on precise speed (and often tension) control via VFDs or servo

drives. An interesting application is in  overhead cranes and hoists,  where VFDs provide smooth

acceleration/deceleration for heavy loads, minimizing load swing and allowing precise positioning.

Modern elevator systems also use VFDs on the hoisting motors to give smooth, stop-free rides with

energy recovery on the descent.

Oil & Gas, Mining and Heavy Industry: These sectors use very large motors and traditionally had

problems with mechanical wear and power surges. Pumps and compressors on pipelines often are

VFD-driven so that flow and pressure can be controlled without wasteful throttling (for example, on

oil  pipelines  or  gas  compressor  stations).  In  oil  wells,  ESP  (electric  submersible  pumps) are

controlled  by  specialized  VFDs  to  manage the  extraction  rate  and  avoid  issues  like  gas  lock  by
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adjusting speed. The  mining industry uses VFDs on equipment like mine ventilation fans (which

may run at reduced speeds when personnel are not present), on hoists, and on grinding mills. One

common heavy-industry application is the extruders and refiners in steel or aluminum plants: VFDs

run big DC or AC motors that push metal or plastic through dies at precise speeds, coordinating

multiple drives in sections.  Renewable energy systems also incorporate power converters akin to

VFDs –  e.g.  wind turbines  often use a  variable  frequency  power  converter  between the turbine

generator and grid, allowing the rotor to vary its speed with wind while still  delivering constant-

frequency output.

Automotive and Motion Control: In automotive manufacturing plants, VFDs drive many auxiliary

systems (pumps, fans, conveyors as mentioned) but also appear in testing and development. For

example,  engine  or  transmission  test  stands  use  large  VFDs  to  act  as  dynamometers,  applying

variable load to engines.  Electric vehicle powertrain testing uses regenerative drives to emulate

road loads. On the motion control side,  theme park rides and theatrical stage systems frequently

use VFDs to smoothly accelerate and decelerate large moving set pieces or ride vehicles, precisely

syncing motion with show cues. Although servo drives (with PM motors) often handle high-precision

tasks, the line between servo and VFD is blurring – many VFDs can now run  permanent magnet

synchronous  motors and  synchronous  reluctance  motors in  addition  to  standard  induction

motors . This opens up their use in higher-performance positioning or in ultra-efficient motor

systems.

Multiple  Motor  Coordination: Some  processes  require  many  motors  to  work  in  unison.  Web

handling (continuous materials like paper, film, or textiles) is an example where each section’s speed

must be coordinated to avoid tension issues. VFDs in these systems are typically networked or their

controllers  are  interlinked  for  master-slave  operation.  Robotics  and  assembly  lines also  use

networked drives to time movements. While highly dynamic motion is usually servo territory, VFDs

handle the bulk of simpler motion needs.

A concrete real-world example highlighting VFD benefits is a municipal water pumping station upgrade:

The station had been using throttling valves to control flow, wasting energy. After installing VFDs on the

pump motors, the operators could maintain target flow directly via speed control. Not only did they report a

30%  energy  reduction as  noted  earlier,  but  they  also  found  the  pumps  ran  cooler  and  maintenance

intervals for bearings and seals were extended due to reduced stress. Additionally, the VFD’s programmable

logic allowed them to implement a  “sleep” mode – if demand was low and the pressure was stable, the

drive could turn the pump off and then soft-start it when pressure dropped, further saving energy. This kind

of smart control is only possible with electronic drives. Another example from manufacturing is a bottling

plant that installed VFDs on its bottle capper and filling line motors. This allowed fine-tuning the speed to

synchronize  the  two processes,  resulting  in  a  measurable  decrease  in  spillage  (wasted product)  and a

smoother operation that eliminated the jerking motions that occasionally caused bottle jams. As a bonus,

the  noise  level  of  the  plant  dropped  because  motors  running  at  partial  speed  are  quieter  and  the

mechanical  clutches previously used (which had made loud clicking) were removed – a safer and more

pleasant environment for workers.

In summary, VFCs are ubiquitous in applications ranging from mundane (building fans) to mission-critical

(oil  pipeline pumps),  and their  ability  to improve control,  efficiency,  and longevity  of  equipment is  well

proven by countless  installations.  When considering adding a  VFD to a  motor  system,  one can almost

always find a case study or example of a similar application benefiting from the technology.
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Industry Standards and Best Practices

Implementing variable frequency controllers requires attention to some standards and best practices to

ensure safety, compatibility, and reliability. Here are key points to consider:

Standards Compliance: VFCs (and the motor/control assemblies they might be part of) are subject

to various electrical and safety standards. In the U.S., UL 508C was historically the safety standard for

power converters like VFDs; more recently drives may be certified under UL 61800-5-1, harmonizing

with the IEC 61800 series of standards for adjustable speed electrical power drive systems. Industrial

VFDs should be listed by a Nationally Recognized Testing Laboratory (NRTL) for the intended use.

NEMA (National Electrical Manufacturers Association) has guidelines such as NEMA ICS 7 (Industrial

Control Standards for Adjustable Speed Drives) which VFD designs adhere to . Additionally, NEMA

ICS  61800-2  (which  aligns  with  IEC  61800-2)  covers  testing  and performance  for  drives .  For

motors,  NEMA MG-1 Part 31 (mentioned earlier) is the key standard that defines “Inverter Duty”

motors – ensuring they can handle the higher voltage insulation stresses and rapid PWM voltage

rises from drives. When deploying VFDs, it’s recommended to use motors that meet MG-1 Part 31 for

long-term reliability. Another consideration is  electrical code:  NFPA 70 (NEC) in the U.S. requires

proper branch circuit protection and often the use of fused disconnects or circuit breakers feeding

larger  VFDs.  Many  VFDs  come in  an  enclosure  with  a  disconnect  (especially  those  intended for

building  HVAC  use)  to  meet  these  needs,  or  panel  builders  integrate  drives  into  motor  control

centers with appropriate breakers and overloads.

Harmonic Mitigation and IEEE 519: Standard six-pulse VFDs draw non-linear current from the AC

supply, which introduces current and voltage harmonics into the system. If a facility has a significant

percentage of its load as VFDs, the distortion can become an issue for transformers, generators, or

other equipment.  IEEE 519 is the guiding standard for maintaining harmonic levels at the point of

common coupling (PCC) – typically it recommends that voltage THD (total harmonic distortion) stay

below 5% and individual harmonics below certain limits on the public utility side. To comply with IEEE

519 in installations with many drives, mitigation techniques are used: e.g. adding line reactors or DC

chokes to each drive, using multi-pulse (12-pulse or 18-pulse) transformer arrangements for groups

of drives, or using active harmonic filters. Some modern drives offer low-harmonic versions – either

an active front end or specialized topology. For example, Yaskawa’s  Z1000U Matrix Drive directly

converts  AC-to-AC  without  a  DC  bus  and  inherently  achieves  <5%  THD,  meeting  IEEE-519

requirements without external filters . Active front end drives can also regulate input current

to  near-sinusoidal,  greatly  reducing  harmonics.  When  planning  a  VFD  installation,  one  should

perform a harmonic analysis if the drive load is a large portion of the supply (or if the supply is

particularly  weak,  like  a  generator).  In  many cases,  simple  reactive  solutions  (line  reactors  or  a

harmonic trap filter on a group of drives) are enough to meet the standards. The goal is to avoid

adverse  effects  like  overheated  transformers,  nuisance  tripping  of  sensitive  electronics,  or

interference with nearby communication lines.

Environmental Considerations (Heat, Cooling, Enclosures): VFDs are electronic devices and have

temperature limitations. It’s important to mount drives in appropriate environments – typically 0–40

°C ambient  is  allowed without  derating  (some drives  specify  up  to  50  °C  with  derating).  Drives

dissipate heat (about 2-4% of the motor power as loss), so larger drive installations need ventilation

or cooling in the electrical room or cabinet. Follow manufacturer guidelines for spacing around the

drive and panel ventilation. Many higher-power drives include or require cooling fans, which should
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be  kept  clean  and  possibly  replaced  on  a  maintenance  schedule  (dust  buildup  can  cause

overheating).  For  harsh  environments  (outdoors,  dusty,  corrosive  atmospheres),  drives  can  be

ordered in  higher  NEMA-rated enclosures  or  installed in  clean,  cooled electrical  rooms with  the

motor leads running out. For instance, HVAC drives often come in NEMA 12 (IP55) enclosures for

mounting  in  mechanical  rooms  with  some  dust/debris,  and  NEMA  3R enclosures  for  outdoor

mounting if needed . If a drive must be mounted near a hot process or in a tight cabinet,

check if the manufacturer offers flange mounting (heatsink through back of panel) or liquid-cooled

versions to handle the heat.

Motor and Cable Selection: Using the right motor and cabling with a VFD is important for longevity.

As  mentioned,  inverter-duty motors with  Class  F  or  H insulation and other  enhancements  are

recommended, especially for 480 V and up systems where PWM spikes are highest. These motors

often  also  have  features  like  shaft  grounding  or  bearing  insulation  to  counteract  bearing  EDM

currents. When running a motor on a VFD at low speeds, remember that its own shaft-mounted fan

(if it has one) will produce less cooling – thus,  do not assume a motor can continuously deliver

nameplate  torque  at  very  low  speed  without  overheating (unless  it’s  specifically  rated  for

“constant torque” at that speed or has auxiliary cooling). Many applications like conveyors don’t need

full torque at zero speed continuously, so it’s fine, but for heavy low-speed use either oversize the

motor  or  add  forced  cooling.  Motor  cables should  be  shielded  tray  cable  or  symmetric  three-

conductor cable designed for VFDs, especially in larger HP or longer runs, to reduce EMI emission

and avoid issues like reflected wave voltages. Limit cable length according to drive specs or use

output filters if lengths are exceeded (long cable runs act like transmission lines and can increase

motor terminal voltage due to wave reflection). Also, never use a power factor correction capacitor

on the load side of a VFD – it will be seen as a very low impedance and likely either damage the drive

or the capacitor. If RFI filters are used on the line side, ensure they are grounded and installed per

the drive manual to actually be effective.

Programming and Tuning: Upon installation, VFDs need some basic programming – at minimum,

inputting the motor nameplate data (voltage, full load amps, base frequency, base speed, etc.) and

selecting the  control  method.  Most  modern drives  have  an  auto-tune function that,  when the

motor  is  uncoupled  or  stationary,  will  measure  parameters  like  stator  resistance,  leakage

inductance,  etc.,  to  optimize  the  vector  control  performance.  Running  this  autotune  is  highly

recommended  to  achieve  the  best  results  (it  may  not  be  needed  for  simple  V/Hz  mode).  Also,

settings for acceleration and deceleration time should be chosen to suit the process (too fast a stop

might trip the drive on overvoltage if no braking resistor is present, etc.). If multiple drives are part

of a system, their internal PID controllers can often be used – for example, one drive can be set as

a  master  speed  reference  and  others  can  follow  that  speed  (via  analog  signal  or  digitally  via

fieldbus). It’s good practice to also set up the proper protections in the drive software: e.g. adjust

the electronic overload to match the motor’s service factor, set a torque limit if the application needs

it, program the correct reaction to loss of signal or fault (some critical systems might need the drive

to “fault to stop,” others might prefer “keep running” on minor communication loss, etc.). In essence,

while VFDs can be plug-and-play for basic use, taking advantage of their programmability can yield a

more robust and tailored system.

Maintenance and Lifecycle: VFDs are generally very reliable, with MTBF often quoted in the tens of

thousands  of  hours.  However,  they  do  have  wear  components:  cooling  fans  and  electrolytic

capacitors are two main ones. It’s wise to have a periodic maintenance plan – for example, every few
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years  inspect  and  clean  the  drive  heatsinks/fans,  and  consider  replacing  the  fan  if  it’s  running

continuously for a long time. Many drives have fan self-checks and will alert if a fan fails. DC bus

capacitors gradually dry out (over 7–10+ years typically) and can cause DC bus ripple or undervoltage

faults when they get weak; some predictive maintenance systems or drive software can estimate

capacitor  health.  Keeping  the  drive  in  a  clean,  ventilated  environment  extends  its  life.  It’s  also

important to maintain spares or have contingency plans: if a VFD fails in a critical application, do you

have a bypass or spare unit to keep the process running? Some facilities keep a few spare drives on

hand (or modular parts if the drive is large) for quick replacement. The  typical lifespan of 8–12

years  can be stretched longer with good care, but eventually an upgrade or refurbishment may

be needed. The good news is newer generations of drives often drop into the same footprint or have

communication adapters to mimic older units, making retrofits straightforward.

In conclusion, adhering to standards like IEEE 519 for harmonics, using proper inverter-duty hardware, and

following manufacturer guidelines will ensure a successful VFC installation. The performance improvements

are significant, but attention to these details will prevent common pitfalls (such as electrical interference

problems  or  premature  motor  failures).  When  in  doubt,  consulting  with  the  drive  manufacturer  or  a

systems integrator can help optimize the setup for a given application.

Leading Manufacturers and Notable Technologies

The field of variable frequency controllers is served by many manufacturers, each offering product lines

with unique features and innovations. Here we highlight a few major players and what they are known for

in the VFD market:

ABB: A global leader in drives, ABB offers VFDs from low voltage to multi-megawatt medium voltage.

Their  flagship  low-voltage  drives  include  the  ACS580  general-purpose  drives  and  the  ACS880

industrial  drives.  ABB is  particularly  known for its  development of  Direct Torque Control  (DTC),

which is  a  high-performance vector  control  method that  enables very  fast  torque response and

accurate control without needing encoders. For example, the ABB ACS880 series comes standard

with  DTC  and  can  control  virtually  any  type  of  AC  motor  (induction,  permanent  magnet,  even

synchronous reluctance) with precise torque and speed regulation . ABB drives also often have

built-in features like EMC filters, input chokes, and options for regenerative braking units. On the

medium-voltage side,  ABB’s  ACS1000 and ACS6000 drives are used in heavy industry,  employing

multi-level inverter topologies. ABB has also been a pioneer in ultra-low harmonic drives and has

active front-end versions of many of its products for IEEE 519 compliance.

Siemens: Siemens  drives  (the  SINAMICS  series)  are  widely  used  in  industrial  automation.  The

SINAMICS G120 is a modular drive popular for general applications, and the SINAMICS S120 is a

high-performance  servo-capable  drive  for  multi-axis  and  motion  control  systems.  Siemens  also

produces the MASTERDRIVES and Perfect Harmony drives in the medium-voltage range, known for

their cell-based multi-level design. A notable Siemens feature is their emphasis on integration with

PLCs  and  the  TIA  Portal –  Siemens  VFDs  integrate  seamlessly  with  their  PLCs/HMIs,  making

programming  and  diagnostics  uniform.  They  support  a  technology  called  Safety  Integrated,

allowing advanced safety functions (like Safe Stop, Safe Limited Speed) directly in the drive. Siemens

has also invested in efficient cooling designs (some drives offer liquid cooling) and in regenerative

capability for energy feedback.
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Rockwell Automation (Allen-Bradley): In North America, Allen-Bradley PowerFlex drives are very

common,  especially  in  manufacturing  systems  that  use  Allen-Bradley  (Rockwell)  PLCs.  The

PowerFlex  750  series (753,  755)  covers  1  to  1500  HP  or  more  and  is  known  for  being  highly

configurable  with  option  modules  (for  feedback,  safety,  communications).  Rockwell  drives  are

appreciated for their integration into Rockwell’s Logix control architecture – they can be configured

and monitored easily through Studio 5000 software and support features like  Add-On Profiles for

quick setup. The newer  PowerFlex 525 and similar models are compacts with built-in EtherNet/IP

and safety. Rockwell has implemented various control schemes including sensorless vector and flux

vector control. A unique offering is their  “Load Observer” algorithm (in some of the Kinetix servo

drives  and  PowerFlex  drives),  which  auto-tunes  and  compensates  for  loads  in  real  time.  While

Rockwell drives tend to be premium in cost, they are often chosen in integrated systems for their

robust performance and support.

Yaskawa: A Japanese manufacturer known for extremely reliable drives, Yaskawa has a broad range

from  microdrives  to  large  industrial  drives.  Their  GA800  (and  new  GA500)  series  are  general-

purpose, covering low-voltage motors up to around 600 HP. Yaskawa drives have a reputation for

rock-solid  motor  control  and long service life  –  it’s  not  uncommon to find decades-old Yaskawa

drives still in operation. A standout Yaskawa innovation is the development of matrix converters for

commercial  use – their  Z1000U Matrix Drive for HVAC and  U1000 industrial  Matrix Converter

eliminate the DC bus and directly generate variable AC from input AC via a 9-switch matrix. This

results in very low input harmonics and the ability to regenerate without additional components

. Yaskawa also emphasizes ease of use: their drives often come with intuitive setup wizards and

cloneable parameters (you can copy settings via keypad or USB). They offer features like high carrier

frequency for low motor noise and have options to control both induction and IPM/SPM motors. In

terms of reliability, Yaskawa famously quotes mean time between failure (MTBF) figures in decades

for some products . They also integrate functional safety and network comms as expected

(BACnet is built-in on HVAC models, for instance).

Danfoss: Danfoss drives (Danfoss is a Danish company) are very prominent in HVAC and pumping

(their VLT and FC series drives). Danfoss was one of the early adopters of PWM VFD technology and

they have a strong focus on energy efficiency and user-friendly interfaces. The Danfoss VLT Aqua

Drive,  for  example,  is  tailored for water/wastewater with specialized energy-saving features and

cascade control for multiple pumps. Danfoss drives typically have a removable smart keypad that

can program multiple drives, and they are known for robust design in harsh conditions (many are

conformal-coated for  marine or  tropical  use).  Another area Danfoss excels  is  drive-based HVAC

controllers – their drives can handle PID control of a process, fire mode (for smoke exhaust fans),

etc., without external controllers. They have also pioneered technologies for long cable drives and

du/dt filters to protect old motors. In high power, Danfoss medium-voltage drives use an interesting

concept of an “active filter” approach to manage harmonics.

Schneider Electric: Schneider’s Altivar drives are widely used, especially in commercial  and light

industrial settings. The  Altivar 312/320 and  Altivar 61/71 series (and newer Altivar Process line)

cover from small  fractional kW up to hundreds of kW. Schneider drives have strong presence in

building automation and pumping solutions. They tend to integrate well  with Schneider’s overall

EcoStruxure architecture. A notable offering was the Altivar 212, a specialized HVAC drive that was

very cost-effective for  fan/pump control.  Schneider also pushes the envelope in drive size –  the

Altivar  Process  ATV6000 is  a  medium-voltage  drive  solution  for  large  motors,  with  a  modular
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design. One feature Schneider often highlights is embedded logic and web servers in their drives –

some Altivar  drives can be accessed via a web browser and can send email  alerts,  etc.,  making

maintenance  convenient.  They  also  champion  energy  optimization  modes  which  automatically

minimize motor flux under light loads to save additional energy.

Hitachi: Hitachi produces a range of AC drives, with the WJ200 and SJ series being well known for

general purpose use. The Hitachi WJ200 we discussed earlier is a compact drive that still includes

advanced sensorless vector control and even the ability to do simple positioning. Hitachi drives are

valued for their cost-effectiveness – they often pack high-end features into an affordable unit. The

WJ200,  for  instance,  includes  a  dynamic  braking  transistor  in  all  models  and  can  even  drive

permanent magnet motors in some cases . Hitachi’s latest series (like the NE-S1 microdrives and

the higher power SJ/P1 drives) cover everything from basic fans to high-demand extruders. While not

as globally dominant as some brands, Hitachi drives have a solid reputation in the US and Asia for

reliability in their class and are often used as drop-in replacements or in OEM machinery.

Eaton (Cutler-Hammer): Eaton’s drives (previously known under Cutler-Hammer or IDT) include the

PowerXL  series such  as  DG1  general  purpose  drives  and  SVX/SPA  heavier  duty  drives.  Eaton

leverages their strong presence in electrical distribution by often packaging drives into MCCs (motor

control centers) or offering them in bypass enclosures for HVAC. A selling point of Eaton drives is

simplicity and rugged design, as well as a unified software (DriveComposer) for configuration. They

also have some niche offerings like  Eaton’s SVX9000 which is known for its modularity and easy

power module swap. Eaton drives support all common protocols and offer options like DeviceNet or

Profibus  interfaces  that  integrate  with  Eaton’s  PLCs  and  panels.  For  higher  power,  Eaton  has

engineered solutions including 18-pulse drives for low harmonics and active front end units.

Lenze: Lenze, a German company, specializes both in simple VFDs and more complex servo drives.

Their i500 series inverters are a recent line that covers about 0.33 HP up to 60 HP in a very compact

form factor . Lenze’s focus is often on modular machine automation, so their drives can be part

of a larger motion system with gearboxes and PLC logic. The i500 drives are known for being slim

and easily integrated, with plug-in modules for communications, and a strong software suite for

commissioning. Lenze also makes servo inverter drives capable of coordinating multi-axis motion,

but their standard VFDs like i500 and SMVector (earlier series) are popular in packaging and food

machinery.  One  advantage  Lenze  advertises  is  user-friendliness –  for  example,  the  i500  has  a

removable memory chip to transfer parameters and uses a simple codes or NFC via smartphone for

setup.  Precision Electric  (our  organization)  often works with Lenze drives;  we’ve seen success in

using the Lenze i500 modules for fractional horsepower applications, given their reliability and

flexible mounting, and using larger drives like ABB’s for the high horsepower end .

It’s worth noting that virtually all  major motor manufacturers (ABB/Baldor, Siemens, WEG, Toshiba, etc.)

have their own drive divisions or partnerships, and the competition has driven feature sets to be quite rich

across  the board.  When selecting a  VFC,  one might  consider  factors  like  local  support,  familiarity,  and

specific features needed (e.g. a particular protocol or form factor) in addition to basic performance. For

example, if one needs a truly drop-in low-harmonic solution, Yaskawa’s matrix drive or an ABB ultra-low

harmonic drive might be chosen. If one values tight integration with Allen-Bradley PLCs, a PowerFlex drive

might make development easier. If cost is the primary driver and the application is straightforward, brands

like  Fuji,  Delta,  or  TECO  Westinghouse  offer  very  economical  drives  that  still  perform  basic  V/Hz  and

sensorless vector control reliably. 
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From  an  end-user  perspective,  what’s  remarkable  is  that  despite  the  different  brand  names,  the

fundamental operation of all these drives is similar – they all rectify AC to DC and invert back to AC, using

IGBTs and microcontrollers or  DSPs to regulate the output.  This  means that  an engineer or technician

skilled in one brand can usually adapt to another with a bit of learning on the interface. The programming

parameters and terminology might differ slightly (for instance, one brand might call it “acceleration time”

while another calls it “ramp-up time”), but the concepts carry over. Most drives even use the same control

connections convention (a start/stop digital input, an analog speed reference, etc.). This has helped VFDs

become a commodity component in automation – and the focus now is often on higher-level capabilities

like connectivity, built-in condition monitoring, or application-specific firmware that differentiates products.

As a quick snapshot of manufacturer offerings: Precision Electric, Inc., as a distributor and service center,

handles a broad range – we stock everything from fractional-horsepower Lenze i500 series modules for

small machines, up to 600 HP ABB ACS880 cabinet drives for heavy industry . In between, popular

general-purpose units  like the  Yaskawa GA800 and  Hitachi WJ200 are common choices for mid-range

horsepower needs . This diversity reflects how the market has solutions tuned for every niche: compact

IP20 chassis drives that you can hold in your hand for small  motors, all  the way to multi-section floor-

standing drive cabinets for large motors. The good news for consumers is that this competition ensures

modern  VFCs  are  highly  capable  and  relatively  affordable –  the  cost  per  horsepower  of  drive  has

decreased substantially over the past two decades, while performance and efficiency have improved.

Conclusion

Variable  frequency  controllers  have  revolutionized  the  control  of  AC  motors  by  providing  an  efficient,

flexible means to adjust  speed and torque.  By converting fixed-frequency AC into a variable frequency

output, VFCs enable  precise control of motor-driven systems, yielding significant energy savings, better

process  performance,  and  gentler  mechanical  operation.  From  HVAC  fans  saving  energy  in  an  office

building, to giant crushers in a mine running smoothly with soft-start, to assembly lines working in sync at

just the right speed – VFCs are at work behind the scenes in countless applications that impact our daily

lives.

In  deploying  VFD  technology,  it’s  important  to  do  so  thoughtfully:  select  the  right  size  drive,  follow

installation best practices, and consider the impact on the electrical system (harmonics, power factor) as

well as on the motor (thermal loading, insulation stress). Fortunately, the industry has developed robust

standards and a  wealth of  application knowledge to guide users.  The manufacturers  themselves often

provide application notes,  guidelines for  adding reactors/filters,  and sizing software to help implement

drives successfully. With the ever-increasing focus on energy efficiency and automation, variable frequency

controllers will continue to see expanded use. New trends such as IoT connectivity mean drives can also

serve  as  smart  sensors  –  monitoring  motor  health  and  process  variables  –  feeding  data  to  predictive

maintenance systems. We also see continued advancement in semiconductor technology (e.g.  medium-

voltage drives using HV IGBTs or new SiC devices for higher efficiency) which will push performance further.

In  summary,  a  variable  frequency  controller  is  an  essential  tool  in  modern  electrical  engineering  –  a

testament to how power electronics can improve industrial productivity and sustainability. Whether you are

retrofitting an existing motor or designing a new system, considering a VFC is almost always worthwhile for

the  benefits  in  energy  savings,  control  precision,  and  equipment  longevity it  can  provide.  As  the

examples and cases above illustrate, these devices often pay for themselves many times over and open up

possibilities for smarter control strategies that were not feasible in the era of fixed-speed motors. 
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