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[bookmark: _Toc133151250]Abstract 
This report studies the fundamentals of motor drive starters, specifically variable frequency drives (VFDs) and the vast array of types and sizes available on the market and thus the most suitable for each given scenario. Whereby a factory is to refit its motor drive systems for induction motors ranging from 500kW to 1kW. This paper also delves into the use of diodes, thyristors, and insulated gate bipolar transistors for rectification of the incoming mains to a VFD and examines harmonics and how it affects power and power factor. 
It was determined that Schneider Electric VFDs would be best suited for the selection of motors due to offering an extensive selection of drives to cover all applications and would therefore allow the factory to standardise their equipment. It was also determined that an IGBT rectifier provides the best efficiency and variable voltage control to the DC bus, creating the least amount of low order harmonics. 
[bookmark: _Toc133151251]Introduction
There are several variations of motor drives used in industry today, for example: 
· Direct online starters 
· Star-delta starters
· Soft starters
· Variable frequency drives
These motor drives are used in industry across the world to control equipment such as fans, pumps, compressors and much more. By varying the frequency and voltage supply to motors, the drive can control its speed, overall enhancing process control and reducing energy usage. Each starter has its associated advantages and disadvantages that this report highlights and discusses.
[bookmark: _Toc133151252]Task 1
[bookmark: _Toc133151253]Background Information
[bookmark: _Toc133151254]Types of Motor Starters 
Direct Online Starter (DOL)
A DOL starter is the simplest and cheapest form of motor starting circuit which connects the motor to the line voltages directly [1]. It consists of fuses/circuit breakers, an electromagnetic contactor and overload relay. The fuses protect the cabling and components while the overload relay protects the motor against overloads and phase failure. Due to connecting directly, this method has an extremely high inrush current for a small period during start up which must be considered when selecting a suitable motor drive.
[image: ]
[bookmark: _Toc133151276]Figure 1 - Direct Online Motor Circuit [2]
Star-Delta Starter 
A start-delta starter configuration can be used for larger motors to reduce voltage and thus limit starting current. The connections from each phase group are made in the motor terminal box as shown in Figure 2, this allows the motor to initially start in star configuration and then reconnect in delta configuration once up to speed. [3] The system consists of supply fuses, three contactors, a timing module, and a thermal overload. During startup and in star configuration the voltage through the windings is reduced by a factor of 1/√3 of the line voltage which also has the effect of reducing the starting current and torque by approximately 2/3.
[image: ]
[bookmark: _Ref132035382][bookmark: _Toc133151277]Figure 2 - Star-Delta Motor Circuit [4]
Soft Starter 
A soft starter also uses a voltage reduction technique to reduce inrush current during the start-up of a motor, although these devices use semiconductor switches such as silicone-controlled rectifiers (SCRs) for better efficiency. The firing angle of the SCRs is controlled to slowly ramp up the supplied voltage to the motor allowing a current limit of 175% to 500% of full load current. [3] A soft starter circuit consists of fuses, a contactor and bypass contactor, overload and thyristor firing circuit. The bypass contactor kicks in when the maximum speed of the motor has been reached.
[image: Soft Starter]
[bookmark: _Toc133151278]Figure 3 - Soft Starter Motor Circuit [5]













Variable Frequency Drive (VFD) 
A variable frequency drive (VFD) is a type of motor controller that is used to control the speed of a motor by changing the voltage and frequency supplying the motor at a relatively constant ratio of voltage to frequency, this in turn produces adequate torque across a large speed range. A VFD consists of rectifier and inverter units that convert AC into DC and DC to AC voltage respectively [6] [7]. The rectifier unit consists of diodes, SCRs or IGBTs connected in a full wave bridge configuration that converts AC to DC, this is fed along the DC bus and filter section where the harmonics generated during the conversion are filtered out. The inverter section utilises six insulated gate bipolar transistors (IGBT) and pulse width modulation (PWM) to control the time period that the output voltage is turned on and off at a high frequency to output an approximate sinusoidal waveform to the motor. [8]
[image: Circuit diagram for a PWM VFD]
[bookmark: _Ref131334497][bookmark: _Ref131334491][bookmark: _Toc133151279]Figure 4 - Variable Frequency Drive Motor Circuit [7]
[bookmark: _Toc133151255]DC Bus
The DC bus section follows the primary rectifier unit containing an inductor and smoothing capacitor (LC choke filter) shown in Figure 4. The inductor minimises harmonics caused by the rectification as it blocks the high frequency signals, while the capacitor stores and releases power to minimise the DC ripple. The output waveform is shown in Figure 5 below.
[image: Diagram

Description automatically generated]
[bookmark: _Ref131334922][bookmark: _Toc133151280]Figure 5 - Smoothing of Rectified Waveform [9]
[bookmark: _Toc133151256]VFD Communications
There are several types of communication protocol used in VFDs, examples include:
· EtherNet/IP
· DeviceNet
· Profibus
· Profinet
· Modbus RTU
· Modus TCP/IP
Fieldbus communication is a serial network that uses RS-485 or Ethernet, information is sent between a single master device and the slave devices, such as a PLC and multiple VFDs. [10]


[bookmark: _Toc133151257]Dynamic and Regenerative Braking 
When the supply power to the motor is removed or reduced to decelerate, the motor continues to spin. When this happens the rotor frequency becomes greater than the stator (winding) frequency, this sustains a magnetic field that turns the motor into a generator. In this instance, a VFD can use regenerative braking, dynamic braking or increase the deceleration time to prevent overvoltage of the DC bus. Without braking, the voltage generated would continue to build up within the DC bus capacitor until an overvoltage failure occurs. Dynamic braking deals with this excess energy by dissipating it through braking resistors as heat or by turning off the inverter output when the DC bus voltage sensing circuit detects a high voltage, allowing the motor to coast to a stop. Whereas regenerative braking allows the voltage fed from the motor back to the DC bus to either be used by other VFDs, where multiple VFDs are connected to a common DC bus or the rectifier diodes (which are uni-directional) are replaced with IGBTs which provide the opportunity to be bi-directional, allowing the power generated by the motor to flow back to the grid, making the application more efficient. [11][12]

[bookmark: _Toc133151258]Factory Motor Drive Systems – Solutions

	Motor A – 500kW AC 400V

	
	Starter 1
	Starter 2
	Starter 3

	Brand/Technology
	Schneider Electric – ATV980
	Allen Bradley PowerFlex 750 Series
	Mitsubishi – FR-F842-560K-2

	Power
	560kW
	560kW
	560kW

	Rated Supply Voltage
	380 to 415V AC
	380 to 400V AC
	380 to 480V AC

	Is it reversable?
	Yes
	Yes
	Yes

	Variable speed
	Yes
	Yes
	Yes

	DC Common Bus
	Yes
	Yes
	Not specified

	Protection
	Overload, over voltage and short circuit protection with semi-conductor fuse built in
	Overload, over voltage and short circuit protection with semi-conductor fuse built in
	Overload protection built in; other protection methods not specified

	Energy Recovery
	Regenerative
	Regenerative
	Regenerative 

	Communication Networks
	Ethernet/IP, Modbus serial, Modbus TCP
3 – RJ45 ports
1 – RS-485 port
	Modbus/TCP, Profibus, Ethernet/IP, RS-485
	Modbus RTU, RS-485

	Cost
	N/A
	N/A
	Est. £72,000+

	Links Used
	[13]	[14]	[15], [16]


[bookmark: _Ref131509038][bookmark: _Toc133151271]Table 1 - Motor A
Table 1 shows a selection of VFDs for the 500kW motors, these drives are best suited to this application due to requiring variable speed. This application will also greatly benefit from regenerative braking and a common DC bus, when slowing down the rolling mill or when stopping the motors to change the steel coils, the power generated can be fed into the running motors for better efficiency.




	Motor B – 80kW AC 400V

	
	Starter 1
	Starter 2
	Starter 3
	Starter 4

	Brand/Technology
	Schneider Electric – ATV980
	ABB – ACS880-11-169A-3
	Siemens – G120C-6SL3210-1KE31-7AF1
	Mitsubishi – FR-A840-02660-2-60

	Power
	90kW
	90kW
	90kW
	90kW

	Rated Supply Voltage
	380V to 415V AC
	380 to 415V AC
	380 to 480V AC
	380 to 500V AC

	Is it reversable?
	Yes
	Yes
	Yes
	Yes

	Variable speed
	Yes
	Yes
	Yes
	Yes

	DC Common Bus
	Yes
	Yes
	No
	No

	Protection
	Overload, over voltage and short circuit protection with semi-conductor fuse built in
	Type of protection not listed in datasheet
	Overload and phase loss protection
	Overload and phase loss protection 

	Energy Recovery
	Regenerative
	Regenerative
	No
	No

	Communications Networks
	Ethernet/IP, Modbus serial, Modbus TCP
3 – RJ45 ports
1 – RS-485 port
	Ethernet/IP, Modbus, Profibus
6 – Other ports
1 – RS-485 port
	PROFINET, EtherNet/IP
	CC-Link IE Field Network, Modbus/TCP

	Cost
	N/A
	N/A
	£7323.98
	£6691

	Links Used
	[17], [18]
	[19], [20]
	[21], [22]
	[23], [24]

[bookmark: _Toc133151272]Table 2 - Motor B
Table 2 shows a selection of VFDs suited to this application. Due to the size and quantity required and the need for variable speed, it was determined that the most suitable motor drive system for motor B is a variable frequency drive. An important aspect of the specification for this application includes the need for a common DC bus to allow for regenerative braking between the 10 gantry crane drives to increase efficiency. The choice is therefore between starter 1 and 2 due to the vast array of communication networks and added features such as regenerative braking via a common DC bus. The final choice could depend on the manufacturer chosen for the other applications across site.













	Motor C – 10kW AC 400V

	
	Starter 1
	Starter 2
	Starter 3
	Starter 4

	Brand/Technology
	Schneider Electric – ATV930
	ABB – ACS880-11-032A-3
	Siemens – G120C-6SL3225-0BE31-1AA1
	Mitsubishi – FR-A840-00380-E2-60CRN

	Power
	15kW
	15kW
	15kW
	15kW

	Rated Supply Voltage
	380V to 480V AC
	380 to 415V AC
	380 to 480V AC
	380 to 500V AC

	Variable speed
	Yes
	Yes
	Yes
	Yes

	DC Common Bus
	No
	Yes
	No
	No

	Protection 
	Motor overload and phase loss protection
	Motor overload protection built in
	Motor overload protection built in
	N/A

	Energy Recovery
	No – Dynamic Braking
	Regenerative
	No
	No

	Communications Networks
	Ethernet/IP, Modbus serial, Modbus TCP
3 – RJ45 ports
1 – RS-485 port
	Ethernet/IP, Modbus, Profibus
6 – Other ports
1 – RS-485 port
1 - USB
	PROFINET, EtherNet/IP
	CC-Link IE Field Network, Modbus/TCP

	Cost
	£2666.87
	£3101.40
	£2438.79
	N/A

	Links Used
	[25]
	[26], [27]	[28], [29]
	[30]

[bookmark: _Ref131509040][bookmark: _Ref131509025][bookmark: _Toc133151273]Table 3 - Motor C
Table 3 shows a selection of VFDs suitable for this application due to the need for speed control, the drives are slightly over specified at 15kW due to predicted heavy use of the conveyor application. The only drive that comes fitted with regenerative braking out of the 4, with an integrated low harmonic line filter and common DC bus functionality is the ABB ACS880 and with conveyors potentially stopping and starting frequently, this application would very much benefit from regenerative braking.

	Motor D – 5kW AC 400V

	
	Starter 1
	Starter 2
	Starter 3
	Starter 4

	Brand/Technology
	Schneider Electric – ATS48 Soft Starter
	ABB – PSE 5.5kW Soft Starter
	Siemens – 3R252131AC15 Soft Starter
	Allen Bradley – 150-F25NBD SMC Flex Soft Starter

	Power
	5.5kW
	5.5kW
	5.5kW
	5.5kW

	Rated Supply Voltage
	230V to 415V AC
	208 to 600V AC
	200 to 600V AC
	200 to 480V AC

	Is it reversible?
	Yes
	Yes
	Yes
	Yes

	Protection
	Built in thermal protection for motor and starter
	Built in electronic motor overload protection
	Built in electronic motor overload protection
	Built in electronic motor overload protection

	Communications Networks
	Modbus TCP

1 – RJ45 port
	Optional fieldbus communication using Modbus, Profibus or DeviceNet

	Communication module supported but not included
	Network communications are an optional feature on this drive

	Cost
	£770.88
	£494.71
	£594.75
	£1339.24

	Links Used
	[31], [32]
	[33], [34]
	[35], [36]
	[37], [38]

[bookmark: _Toc133151274]Table 4 - Motor D
Table 4 shows a selection of soft starter drives, variable speed is not required, thus a soft starter is better suited to this application for efficiency when starting the motors. All drives have similar functionality, ABB being the cheapest of the 4. 
	Motor E – 1kW Single Phase 230V AC

	
	Starter 1
	Starter 2
	Starter 3
	Starter 4

	Brand/Technology
	Schneider Electric – TeSys LE Direct Online Starter
	Crompton –3DL1CKS10 Direct Online Starter
	WEG – DLWM Direct Online Starter
	RS PRO Direct Online Starter 

	Power
	1.1kW
	1.1kW
	1.1-1.5kW
	1.5kW

	Rated Supply Voltage
	220V to 230V AC
	230V AC
	230V AC
	230V AC

	Protection
	Thermal overload relay
	Thermal overload relay
	Thermal overload relay
	Thermal overload relay

	Cost
	£120.64
	£110.50
	£33.36
	£80.15

	Links Used
	[39]


	[40]	[41]	[42]

[bookmark: _Toc133151275]Table 5 - Motor E
For this application, as the motors are single phase and don’t require variable speed, a DOL starter with motor overload protection is best suited due to cost effectiveness and ease of installation. The 24V control circuit can be configured through an operating system to remotely start/stop each direct online starter in the field. DOL starters don’t provide information via communication ports or regenerative braking like VFDs but are a far more cost-effective solution in this instance.
[bookmark: _Toc133151259]Conclusion 
Overall, the best suited manufacturer for each scenario, based on the research conducted is Schneider Electric, as unlike any other manufacturer, they offer a solution to each application and would therefore allow the factory to standardise their equipment across their site. All drives use several communication protocols that will allow a single HMI to operate multiple drives and allow for extensive information gathering. Standardising would also improve maintenance and set up costs and thus help workers to understand each application far better due working with and operating the same manufacturer equipment throughout. There are some drawbacks to using one manufacturer though, for example, when referring to Table 3, the best suited drive for this application is the ABB-ACS880 due to its regenerative braking functionality, Schneider do not seem to offer regenerative braking at this kilowatt range, thus the company would have to way up the pros and cons and decide if they would like to use ABB rather than Schneider Electric for this particular application.







[bookmark: _Toc133151260]Task 2
[bookmark: _Toc133151261]Background Information
[bookmark: _Toc133151262]What are Harmonics?
VFDs contain rectifiers that use semiconductor devices, the non-sinusoidal switching behaviour of these devices generates harmonics. Harmonics are defined as an unwanted higher frequency component that is an integer multiple of the fundamental frequency, thus creating a distorted fundamental waveform. 
The fundamental frequency of a 3 phase supply is 50Hz, and when passed through a standard 6-pule rectifier to convert to DC, the waveforms are cut and chopped in a way that is non-linear (as diodes for example only permit one half of the sinusoidal current flow), meaning they draw current that is not ordinarily sinusoidal, creating current harmonics that react with system impedances to create voltage harmonics. [43]
Distortions in the supply due to higher frequency harmonics combine with the supply frequency to cause voltage fluctuations as shown in Figure 6 below. The fundamental waveform is shown in black with 3rd and 5th harmonics in red and blue, respectively. 
[image: Chart
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[bookmark: _Ref131532456][bookmark: _Ref131532452][bookmark: _Toc133151281]Figure 6 - Voltage Distortion due to Harmonics [44]
[bookmark: _Toc133151263]Effect of harmonics on power and power factor (pf)
Power factor is very much affected by harmonics, as true pf is a combination of displacement pf (phase shift) which depends on the linear loads in the circuit and the distortion power factor caused by harmonics. As you can see from the below expression containing displacement pf and total harmonic distortion, when harmonics increase, distortion pf decreases which will therefore affect the overall power factor of the system. A low pf means increased energy losses which therefore means that more current is required to deliver the same amount of active power to the system. [45], [46]










One effect that harmonics can have on power and pf is conductor losses. The resistance of copper increases as the frequency passing through it increases due to a phenomenon known as the “skin effect.” High frequency harmonics cause the current to concentrate around the outer surfaces of the conductor creating a non-uniform current density. The density/frequency relationship is shown in Figure 7 below. At the fundamental frequency the skin effect is negligible, but as harmonic frequencies rise, the less “skin depth” the conductor has. For example, the 3rd harmonic at 150Hz causes the “skin depth” of copper to be 9mm, making it less efficient at carrying current, increasing resistance which generates heat. [44]
[image: Chart
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[bookmark: _Ref132037838][bookmark: _Toc133151282]Figure 7 - "Skin Effect" caused by Harmonics [44]
Harmonic currents cause eddy currents to form within a transformer, causing an increase in “iron” and “copper” losses due to the Joule effect, which generates resistive losses reducing the efficiency of the transformer. The “skin effect” plays a part in the “copper” losses, explained previously, decreasing the cross-sectional area to the current flow, which generates heat within the transformer.
As harmonics cause an increase in apparent power, this means that components within a harmonic system must be rated for larger currents than they need to be to prevent overload, this comes with a corresponding increase in the cost of installation. [44]
Harmonics also cause damage to capacitors, these capacitors are used to improve pf, but they can also introduce problems in systems with harmonic frequencies. A pf correction capacitor and power system arrangement have a resonant frequency, if the harmonic frequencies generated coincide with the resonant frequency, this can result in total or partial resonance, amplifying voltage distortions and increasing current, which will result in overheating and degradation of the capacitor and other system components. [44], [47]











[bookmark: _Toc133151264]Discussion
[bookmark: _Toc133151265]Diode Rectification 
Most standard rectifiers contain a 6-pulse rectifier configuration, containing 6 diodes as shown in Figure 8 below. It is referred to as a 6-pulse rectifier as it draws current from the AC source in six pulses, each set of diodes per phase allow current to pass through when the voltage is negative and the other allows current to flow when the voltage is positive, chopping the output waveform to create a DC output with some ripple. This design is cheaper and easier to build but comes with some disadvantages, such as worse harmonic content when compared to IGBT or SCR rectification as well as being unidirectional which means it won’t allow energy to flow back from the motor to the grid. Furthermore, diode bridge rectifiers are uncontrolled, meaning the average output voltage is a fixed value relative of the input AC voltage, unlike SCRs and IGBTs that can be controlled to vary the DC bus voltage.
[image: Chart
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[bookmark: _Ref131866278][bookmark: _Ref131866273][bookmark: _Toc133151283]Figure 8 – 6 Pulse Diode Rectifier
As shown in Figure 9 below, without the smoothing capacitor shown in Figure 8, the output waveform (yellow) contains a lot of DC ripple. 
[image: Chart
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[bookmark: _Ref131867188][bookmark: _Toc133151284]Figure 9 – 6 pulse rectifier output with no smoothing capacitor
Figure 10 shows a far smoother DC output when a smoothing capacitor is added to the output.
[image: A picture containing chart
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[bookmark: _Ref131867510][bookmark: _Toc133151285]Figure 10 - 6 Pulse Rectifier with Smoothing Capacitor




The simulation results using a Fourier analysis with a decibel scale show 3rd, 6th, and 9th order harmonics in the output waveform, see Figure 11 below. 
[image: Chart
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[bookmark: _Ref131867971][bookmark: _Toc133151286]Figure 11 - Fourier Analysis 6 Pulse Rectifier 
[bookmark: _Toc133151266]Thyristor Rectification (Silicon Controlled Rectifier - SCR)
SCRs work in a similar way to a diode but provide a means of controlling the value of the rectified DC voltage by applying a voltage trigger to the gate terminal to allow it to conduct and pass current through it, the conduction angle can be adjusted using a RC circuit to phase shift the gate trigger, a longer period of conduction results in a larger average value of DC output voltage. In close loop VFDs, the DC current/voltage is measured and compared to the desired values, if the DC bus current is too low, the firing angle of the SCR can be decreased to increase the current flowing through it. SCRs have the advantage of being easy to control and inexpensive but can create high harmonic distortions, increasing total harmonic distortion (THD) in the input current waveform which will lower the power factor due to drawing reactive current. This can shorten the lifespan of system components such as capacitors and transformers due to heat and stress caused by harmonics. [48]
[image: Diagram, schematic

Description automatically generated]
[bookmark: _Toc133151287]Figure 12 - 6 Pulse Thyristor Rectifier [49]
[bookmark: _Toc133151267]Insulated Gate Bipolar Transistor Rectification (IGBTs)
Used in high voltage, fast switching applications, an IGBT contains three terminals, gate, collector, and emitter, essentially made up of a MOSFET gate connected to NPN and PNP transistors, operating as a switch via PWM. When voltage is applied to the gate, it turns on creating a path for voltage to flow between the anode and cathode, when the gate voltage is removed the flow of current is turned off, the width of each pulse determining the amount of power converted into DC by the rectifier. Unlike SCRs, they don’t have to be turned on or off at the zero-crossing point and they do not change the input power factor. [48]
IGBTs also significantly reduce lower order harmonics and can conduct in both directions, which means regeneration of power produced by the motor can be fed back into the grid for efficiency, however they do introduce higher order harmonics, so a dedicated filter is required, making this rectifier more costly than other rectifier types.
[image: sinepower IGBT rectifier]
[bookmark: _Toc133151288]Figure 13 - 6 Pulse IGBT Rectifier [50]
[bookmark: _Toc133151268]How can harmonic noise be minimised?
There are several methods used in VFDs to minimise harmonics, two of these are an AC line reactor and DC link reactor. An AC line reactor is placed in series with the input phases and works by increasing the impedance of the line, which in turn limits the rise of current, reducing harmonic content. There are some drawbacks to this method as it does create a voltage drop due to the impedance which has to be factored in, they are quite expensive and have a large footprint. [51]
[image: Chart, box and whisker chart
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[bookmark: _Toc133151289]Figure 14 - AC Line Reactor to Reduce Harmonic Noise [51]
A DC link reactor works in the same way as an AC reactor but is usually smaller in size and provides some more advantages over an AC line reactor. Firstly, it acts to reduce DC ripple voltage on the bus and is usually less costly, provides a smaller voltage drop as the frequency is zero, therefore the impedance to the DC current is zero and it attenuates 5th and 7th order harmonics better than AC line reactors, which are the largest contributors of harmonic noise. [51]
[image: Chart, box and whisker chart
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[bookmark: _Toc133151290]Figure 15 - DC Line Reactor to Reduce Harmonic Noise [51]

Another method used to limit harmonic distortion is a 12 or 24-pulse rectifier design, a 12 pulse design contains two sets of 6 pulse rectifiers in parallel, shown in Figure 16 below, a transformer with one primary winding and two secondary windings are used to create a 30-degree phase shift between the two output current waveforms and thus a phase shift between the harmonic components which then cancel each other out. This configuration reduces THD in the circuit, while mitigating lower order, high amplitude harmonic currents such as those found in the 5th and 7th order. [52]
Disadvantages of this method include high upfront cost of transformer and its large physical footprint. Furthermore, the input phases need to be very well balanced.
[image: Diagram, schematic
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[bookmark: _Ref131963705][bookmark: _Toc133151291]Figure 16 - 12 Pulse Rectifier [53]

Figure 17 and Figure 18 below illustrate vastly reduced low order harmonic content in the output waveform when compared to a 6-pulse design shown in Figure 11. There are only small amplitude 6th and 12th order harmonics, with vastly reduced 3rd and 6th order harmonics when compared to a 6-pulse design.
[image: Diagram, schematic
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[bookmark: _Ref131965867][bookmark: _Toc133151292]Figure 17 - 12 Pulse Rectifier Simulation
[image: Chart
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[bookmark: _Ref131965869][bookmark: _Toc133151293]Figure 18 - 12 Pulse Rectifier Simulation Fourier Analysis

[bookmark: _Toc133151269]Conclusion 
To summarise, it is evident that all types of VFD rectifier units have some effect upon the efficiency of the total system, creating some harmonic distortion on the output and line currents. There are steps that can be taken to minimise harmonic distortion such as increasing the number of diodes to 12 or 24 pulse, switching out diodes and SCRs for IGBTs or through the use of AC and DC line reactors to increase system impedance to reduce high frequency harmonics. It was determined that 6-pulse diode and SCR rectifier designs create more low order harmonic distortion due to the chopping of the sinusoidal input waveform but in the case of a diode design, it is by far the cheapest and most simple form of rectifier. An IGBT rectifier has a higher upfront cost but provides the best efficiency, with the least DC ripple and low order harmonics which will reduce operating costs and the negative effects that harmonic distortion has on system components. IGBTs also provide the added functionality of bidirectional switching for regenerative efficiency back to the grid.
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