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[bookmark: _Toc133271004]Task 1
[bookmark: _Toc133271005]Introduction
There are five types of induction motor within a factory and the motor drive systems are due an upgrade. 
· Motor A: 1KW x 127, 230V.
· Motor B: 5KW x 17, 400V, reversible.
· Motor C: 10KW x 23, 400V, variable speed.
· Motor D: 80KW x 10, 400V, reversible, variable speed.
· Motor E: 50KW x 5, 400V, reversible, variable speed.
There are various motor control technologies and brands available on the market. Research into motor drive systems must be carried out, and a suitable selection made for each of the five motor types. Considerations to be taken into account include starters, protection types, cost, control system flexibility and information gathering.
















Starers On-site applications
[bookmark: _Toc133271007]Variable Speed Drives
“The basic function of a variable speed drive (VSD) is to control the flow of energy from the mains to the process. Variable speed drives sit between the electrical supply and the motor. Power from the electrical supply goes into a drive and the drive then regulates the power that is fed to the motor.”  [1]













	Variable Speed Drives

	Advantages
	-Potential for Energy savings.
-Dynamic motor speed control, improving stability of the plant variables.
-Less mechanical stresses during start up.
-Smooth controlled starting and stopping.
-Self-diagnostics.
-Availability of I/O’s.

	Disadvantages
	-Initial VSD and installation costs.
-Regular Maintenance required.
-Induced power line harmonics.
-Can damage motor windings, bearings & insulation over time.



[bookmark: _Toc133271008]Star-Delta
[image: Diagram, engineering drawing, schematic

Description automatically generated]Motor starting is the most common application in the world's industry. When it comes to open starter, you can easily select your direct-on-line, reversing and star-delta starter, in kit form, through our selection tables. Optimized selection of short-circuit protection and switching devices makes starting solutions simple and reliable. We also provide communication capable motor starters. For a compact enclosed direct-on-line starter, DRAS will be the right choice. [2]
	Star-Delta Starter

	Advantages
	-Lower starting currents, about 2x FLC instead of ≈6x FLC on a DOL starter.
-Simple in design.
-Stright forward when fault finding.
-Inexpensive to install and maintain.

	Disadvantages
	-Lower starting torque, approx. 33% of DOL.
-Power cable requires 6 cores, compared to 3 when DOL connected.
-Current can peak when changing from star to delta.






[bookmark: _Toc133271009]Direct On-Line
[image: Diagram, schematic

Description automatically generated]Direct on-line (DOL) motor starting is when a motor is started at full load, with full line voltage applied to motor terminals. As this causes the motor to draw a large amount of current, it is only suitable for motor powers up to 4Kw, with a maximum motor size of 10Kw connected this way. Motors above 4Kw should be wired using a Star Delta configuration method. If higher powered motors are wired as DOL, it can cause excessive voltage drop in the supply circuit. Many pumping stations are located near housing estates and both DOL (Direct On-Line) and ASD (Automatic Star Delta) starters can cause lights to dip in properties each time motors are started. [3]
	Direct On-Line

	Advantages
	-Simple design.
-Inexpensive to install and maintain.
-Provides nearly full starting torque.
-Easy to operate.
-Only 1x 3core power cable required.
-Easy fault finding. 

	Disadvantages
	-High starting current ≈ 6x FLC 
-Causes dip in voltage.
-DOL reduces lifespan of motor due to mechanical stresses.





[bookmark: _Toc133271010]Motor A
ABB ACS880 VSD selected
	Motor A / x5/ 500KW / 400V / 3Ø / Reversible / Variable Speed Control / Rolling Mill
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	Manufacturer
	Sinamics NEMA S150
6SL3710-7LE41-0AU3-Z
	OMRON
SX-A4630-EFA4
	ABB
ACS880-37-1210A-3

	Power Rating
	710KW Normal
560KW Heavy
	630KW Normal
500KW Heavy
	710KW Normal
500KW Heavy

	Volage Rating
	400V ±10%
	400V
	380 – 415V

	Control Type
	V/f, Vector, Servo Control
	DTC
	DTC, Scalar

	I/O
	Additional TM31 module: 8DI, 4 Bi-Dir DI/DO, 2AI, 2AO, 1 Temperature
	8DI, 4AI, 3DO, 2AO
	2AI, 2AO, 6DI, 6DO
I/O Extension slots available

	Regenerative
	
	Option
	

	IP Rating
	IP23
	IP20
	IP54

	Protection Available
	Overload, thermal, Overvoltage, Undervoltage, Stall, Loss of phase
	Overload, Over/Undervoltage, Stall
	Overload, motor/cable thermal, E/F, Stall, Overspeed, Over/ Undervoltage, Phase loss

	Communications
	Profinet, Profibus DP, Ethernet I/P, Modbus TCP, TM31
	Bluetooth, DeviceNet slave, EtherNetI/P, Modbus/TCP, Profibus, Profinet, RS232, RS485
	CAN, Device Net, Ethernet, LON, MODBUS, Profibus, Ind Ethernet, Profinet, RS232, RS422, RS485, USB

	Total Harmonic Distortion
	<3%
	--
	Ultra-low Harmonic
Up to 97% of 3%

	Mounting
	Floor Standing
	Floor Standing
	Floor Standing

	Dimensions (mm)
	2800 x 600 x 2000
	1036 x 1365 x 450
	2315 x 2430 x 698

	Supplier & Stock No
	Siemens
6SL3710-7LE41-0AU3-Z
	Novaut.com
SX-A4630-EFA4
	ABB
ACS880-37-1210A-3

	Cost
	£97,478
	£86954
(€98,970)
	£89,354


[4] [5] [6]
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Description automatically generated]An Energy Save calculator illustrates the potential savings, comparing a VSD system to conventional on/off control. Savings are made when the motor is not running at full speed. A potential saving of up to £54,349/motor = £271,745/year (5motors).






[bookmark: _Toc133271011]Motor B
ABB ACS880 VSD selected.
	Motor B / x10 / 80KW / 400V / 3Ø / Reversible / Variable Speed Control / Gantry Crane
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	Manufacturer
	ABB
ACS880-11-206A-3
	SINAMICS G120X
6SL3230-3YE46-0UF0
	OMRON
3G3RX-B4900-E1F

	Power Rating
	110KW Normal use
90KW Heavy use
	110KW Normal use
90KW Heavy use
	110KW Normal use
90KW Heavy use

	Input Voltage
	380 – 415V
	380 – 480V
	380 - 480V

	Control Type
	DTC, Scalar
	v/f characteristic linear, parabolic, parametrizable
	Sensor less vector control

	I/O
	2AI, 2AO, 6DI, 6DO
	2AI, 1AO, 6DI, 2DO
	8DI, 8DO, 4AI, 1AI

	IP Rating
	IP55
	IP20
	IP20

	Regenerative
	
	
	

	Protection Available
	Overload, motor/cable thermal, E/F, Stall, overspeed, Over/Undervoltage, Phase loss
	Overload, Thermal, Over/undervoltage, Grounding, S/C, Stalling
	Overload, instantaneous, overvoltage, stall, ground fault, power loss

	Communications
	CAN, Device Net, Ethernet, LON, MODBUS, Profibus, Profinet, RS232, RS422, RS485, USB
	EtherNet/IP, Profinet, Ethernet
	EtherCAT, DeviceNet, CompoNet, Profibus, Modbus, Mechatrolink-II

	Total Harmonic Distortion
	<3%
	--
	--

	Mounting
	Wall Mount
	Wall Mount
	Wall Mount

	Dimensions (mm)
	496 x 966 x 300 (IP55)
	305 x 709 x 369
	700 x 480 x 270

	Supplier & Stock No
	ABB
ACS880-11-206A-3
	Wi Automation
6SL3230-3YE46-0UF0
	Electric Automation
Network 379132

	Cost
	£25,179
	£7252.53
	£8568
(€9752)


[7] [8] [9]

[image: Graphical user interface

Description automatically generated]ABB’s Energy Save calculator gives a rough guide into potential savings from using a VSD system instead of a conventional on/off. Savings are made when the motor is not running at full speed. Potential saving of up to £9154/motor = £91,540/year (10motors). 


Multidrive & Regenerative option
There are many benefits for choosing to connect several inverters to a common DC Bus. An option would be to utilise this technology with the gantry crane motors. 
ABB offer a ‘Multidrive’ package what allow up to 8 Inverters connected to the common DC Bus. The inverters can be of various ratings and control each motor individually. Each Multidrive would only require a single power supply and a common motor braking point. Benefits from using:
· Less expensive than having separate drives for each motor i.e., only 1 or 2 ISUs, 1 supply, 1 C.B., cheaper installation, transportation & commissioning.
· Increased energy efficiency i.e., as one motor brakes, another can be driving using regenerated power through the DC link, known as regenerative braking.
· Space saving as fewer modules.
· [image: Diagram

Description automatically generated]Improved handling of harmonics. 

[10] [11] [12]





[bookmark: _Toc133271012]Motor C
ABB ACS880 VSD selected.
	Motor C / x23 / 10KW / 400V / 3Ø / Non-Reversible /  Variable Speed Control / Conveyor
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	Manufacturer
	Siemens G120X
6SL3230-3YE28-0UF0
	ABB
ACS880-01-032A-3
	OMRON
3G3MX2-A110-Z

	Power Rating
	15kW Light use
11KW Heavy use
	15KW Light use
11KW Heavy use
	15KW Light use
11KW Heavy use

	Volage Rating
	380 – 480V
	380 – 415V
	380 – 480v

	Control Type
	v/f characteristic linear, parabolic, parametrizable
	DTC, Scalar, Torque
	Current vector

	I/O
	2AI, 1AO, 6DI, 2DO
	2AI, 2AO, 6DI, 6DO
	2AI, 1AO, 8DI, 4DO

	IP Rating
	IP20
	IP21 & IP55 options
	IP20

	Protection Available
	Overload, Thermal, Over/undervoltage, Grounding, S/C, Stalling 
	Overload, motor/cable thermal, E/F, Stall, Overspeed, Over/Undervoltage, Phase loss
	Overload, Over/Undervoltage, Momentary power loss, Cooling fin overheat, Stall, Ground fault

	Communications
	EtherNet/IP, Profinet, Ethernet
	CAN, Device Net, Ethernet, LON, MODBUS, Profibus, Profinet, Ind Ethernet RS232, RS422, RS485, USB
	Modbus, DeviceNet, Profibus, CompoNet, EtherCAT, ML-II, EtherNetI/P, USB

	Mounting
	Wall Mount
	Wall Mount
	Wall Mount

	Dimensions (mm)
	140 x 295 x 209
	261 x 475 x 172 (IP21)
327 x 525 x 180 (IP55)
	296 x 180 x 175

	Supplier & Stock No
	RS 
184-0121
	Wi Automation
ACS880-01-032A-3
	Farnell
3412250

	Cost
	£1755.55
	£1836.49
	£1357.20


[13] [14] [15]


The illustration provides a rough guide into potential savings that can be made,  comparing a VSD system to conventional on/off. Potential savings for Motor C are up to £1192/motor = £27,416/year (23motors)
[image: Graphical user interface, application
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[bookmark: _Toc133271013]Motor D
ABB ACS880 VSD selected.
	Motor D / x17 / 5KW / 400V /3Ø / Reversible / Cutting Machine
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	Manufacturer
	ABB 1TVC-400072S5699
	ABB
ACS880-01-12A6-3
	Eaton 118543 XDRP5.5/ST
	ABB ACH580-01-12A7-4

	Power Rating
	7.5KW
	5.5KW
	5.5KW
	5.5KW

	Voltage Rating
	400V
	380 - 415V
	400V
	380 - 480V

	Control Type
	DOL
	DTC
	DOL
	Scalar/Vector

	Forward / Reverse
	
	
	
	

	IP Rating
	IP55
	IP55
	IP55
	IP21

	Overload included
	
	
	
	

	Additional Protection
	
	Overload, motor/cable thermal, E/F, Stall, Overspeed, Over/Undervoltage, Phase loss
	
	 
See Data Sheet

	Starting Mode
	Manual
	Manual, Auto
	Manual
	Manual, Auto

	Disconnecting Switch
	
	
	
	

	Enclosure Material
	Metal
	Plastic
	Metal
	Plastic

	Dimensions (mm)
	184 x 184 x 165
	226 x 409 x 155
	284 x 184 x 184
	303 x 125 x 223

	Supplier & Stock No
	RS  811-0795
	Wi Automation
ACS880-01-12A6-3
	Enrgtech ET22735731
	IACS 

	Cost
	£244.20
	£1167.97
	£427.33
	£845.99


[16] [17] [18] [19]

[image: Graphical user interface, application

Description automatically generated]Potential cost savings can be gained by using a VSD to control a motor rather than on/off control. The illustration shows a saving of up to £609/motor = £10,353/year (17motors).










[bookmark: _Toc133271014]Motor E
Stop/start control unit incorporating  its own disconnecting switch.
	
	Motor E / x127 / 1KW / 230V /1Ø / Non-Reversible / Pumps, Fans
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	Manufacturer
	ABB 1TVC-400051S5699
	ABB 1TVC-230050S5699
	Rockwell
154-SP1C12NAD
	ABB
ACS310

	Power Rating
	1.5KW / 5.5KW
	1.5KW / 5.5KW
	1.1KW
	1.1KW

	Voltage Rating
	230V / 400V
	230V / 400V
	230V
	230V

	Control Type
	DOL
	DOL
	Soft Start
	Scalar/Ramp

	IP Rating
	IP55
	IP55
	IP20
	IP20

	Overload Included
	
	
	
	
See data sheet

	Additional Protection
	
	
	
	
See Data Sheet

	Starting Mode
	Manual
	Manual
	Additional Starter Required
	Manual, Auto

	Disconnecting Switch
	
	
	
	

	Enclosure Material
	Metal
	Metal
	Enclosure not supplied
	Plastic

	Dimensions (mm)
	184 x 184 x 180
	184 x 184 x 165
	54 x 113 x 90
	70 x 239 x 161

	Supplier & Stock No
	230plus 1TVC-400051S5699
	230plus 1TVC-230050S5699
	RS 213-2241
	RS 7518814

	Cost
	£199.43
	£116.78
	£143.46
	£229.38


[20] [21] [22] [23]
	Overload Protection

	[image: A close-up of a machine

Description automatically generated with low confidence]
	ABB Thermal overload relay TF42 Range.
1NO & 1NC contact.
7.6A – 10A.
Easy setup, O/L Setting = Motor FLC (≈9A).
£38.02 each
Supplier: RS Components 711-6641
Manf No: 1SAZ721201R1043 TF42-10


[24]

[image: Graphical user interface, application

Description automatically generated]There are potential savings to be made by using a VSD instead of a conventional DOL starter. In the application for Motor E, there is no requirement for variable speed of the motor and due to its small rating of 1KW, and being 127 of them, a DOL starter has been selected. Potential savings up to £131/motor = 16,637. Initial installation and setup costs of the VSDs will be greater than DOL. 


[bookmark: _Toc133271016]Total Costs
	Item
	Make
	Model
	Supplier
	Cost (each)
	Total Costs

	Motor A
VSD
 500-710KW
	ABB
	ACS880-37-1210A-3
	ABB
	£89,354
	5 x £89,354 
= £446770

	Motor B
VSD
90-110KW
	ABB
	ACS880-11-206A-3
	ABB
	£25,179
	10 x £25,179 = £251790

	Motor C
VSD
11-15KW
	ABB
	ACS880-01-032A-3
	WI Automation
	£1836.49
	23  x£1836.49 = £42239.27

	Motor D
VSD
5.5KW
	ABB
	ACS880-01-12A6-3
	WI Automation
	£1167.97
	17 x £1167.97 = £19855.49

	Motor E
DOL Starter
	ABB
	1TVC-400051S5699
	RS components
	£199.43
	127 x £199.43 = £25327.61

	Motor E 
Overload
	ABB
	1SAZ721201R1043 TF42-10
	RS components
	£38.02
	127 x £38.02 = £4828.54

	TOTAL
	£790,810.91


[bookmark: _Toc133271017]

Conclusions
Four out of the five motor control systems are to be VSDs. The initial outlay will be expensive, but the energy savings associated with VSDs will outweigh other type of motor drives, especially the larger motors. Drives with an active front end will regenerate when braking or lowering loads on the crane. Standardising and familiarity were important when choosing the manufacturer and model, ABB ACS880. Maintenance, interrogation, updates, and fault finding will be easier when all equipment is the same. Having one point of contact, from ABB rather than having a few from different manufacturers will be advantageous, a rapport can be built and will become more personal as time goes by. VSDs can be programmed to avoid predefined critical speeds/frequencies if issues are picked up during PCM. VSDs will provide smooth start up and stopping of the motors, with less mechanical stresses. Any plant variables that are closed loop controlled will be more stable due to their dynamic speed control. There was potential for energy/cost savings if VSDs were installed for Motor E but stop/start DOL units were chosen instead purely because of the numbers involved and the small size of the motors. The same DOL unit would be installed for all 127 and a small number of common spares could be kept covering all of them. 

























[bookmark: _Toc133271018]Task 2
[bookmark: _Toc133271019]Introduction
Research the use of diodes, thyristors and IGBTs in rectification of an AC supply voltage. Look at how harmonic noise is generated and how it can be minimised through rectifier design. Investigate the effect harmonic noise and power factor has on the system. Use a simulation software to support the findings.
[bookmark: _Toc133271020]Background
[bookmark: _Toc133271021]Diode Rectification
The 6-pulse diode bridge rectifier circuit is commonly found in 3-phase ac drives (below). It consists of 6 uncontrollable diodes, a capacitor and may include an inductor, which form a low pass filter, smoothing the DC current. The currents that flow in the 6 diodes, all start at different times throughout the cycle, as the 3 phases rotate conduction passes from diode to diode, each conducting for 1200. The diodes conduct in pairs, each pair conducting for 600. 
Average DC output voltage of a 3-phase 6-pulse rectifier: VDC = 1.35 x VL(RMS)Vdc
D1
D2
D3
D4
D5
D6

6-pulse rectifiers generate a high amount of low order harmonics, 5th, 7th, 11th & 13th on the AC side, especially if a small/no smoothing inductance is fitted. An inductor can be located in the AC supply line or DC Bus. 

12-pulse diode rectifiers may be used at higher powers, they are formed by using two 6-pulse rectifiers in parallel, feeding a common DC Bus. The rectifiers inputs are via a transformer with two separate secondary output windings, Star and Delta. The voltages in these windings have the same magnitude but a 300 phase shift. Star and Delta each have a set of 6 diodes. The outputs are connected in parallel and due to the phase shift; the output voltage consists of 12-pulses per cycle (300). The phase shift is equivalent to 1800 at 5th & 7th harmonics (also 17th, 19th….), within the transformer, the flux and primary current  at these harmonics cancel out.Vdc

4
5

24-pulse diode rectifiers are available, containing two 12pulse rectifiers in parallel. With two three winding transformers, with a phase shift of 150. This will eliminate most low frequency harmonics; cost is a big negative. [25] [26]
[bookmark: _Toc133271022]Thyristor Rectification
[bookmark: _Hlk1935062]This is a 3-phase thyristor bridge circuit. When the supply voltage on the Anode is positive with respect to the Cathode, the thyristor will block forward current until the Gate receives a firing pulse. When the Gate receives the pulse, of sufficient size and length, conduction of the thyristor will commence, allowing current to flow. The thyristors are fired in pairs, with one from the top half of the circuit and the other from the bottom half of the circuit from a differing leg. Each thyristor will carry the output current for ⅓ of the time. The firing delay angle can be delayed enabling control over the output DC voltage. When the pulse is fired at α=00 the maximum average output voltage is achieved, when α=900 the average DC output is minimum (even though DC is low, AC volts may be high). If α>900 the DC Bus voltage goes negative, which performs regenerative power flow form the DC Bus back towards the AC source.Vdc
T1
T2
T3
T4
T5
T6

Average DC output voltage of a 3-phase 6-pulse rectifier: 			

Two 6-pulse thyristor bridges can be connected in parallel, be fed via star-star & star-delta transformers to create a 12-pulse converter. The transformers provide a 300 phase shift. Creating a smoother DC output, reducing harmonics, and improving power factor. The harmonic currents produced are the 11th, 13th 23rd, 25th ….The 5th, 7th, 17th, 19th  harmonic currents circulate between the two transformers not effecting the AC source. To reduce harmonics, passive filters may be installed on AC or DC side.Vdc

5

Average DC output voltage of a 3-phase 12-pulse thyristor rectifier:

[25] [26]

[bookmark: _Toc133271023]IGBT Rectification
The IGBT bridge is bi-directional, having the capability of AC-DC and DC-AC conversion. Pulse Width Modulation is used to control the output voltage and reduce harmonics. The pulses used have a constant amplitude but varying duty cycles for each period (width of pulse is controlled). Only Active Power flows through the rectifier, output voltage is smooth without much ripple content due to the high switching frequencies involved. Each IGBT will conduct continuously for 600, there are no overlapping pulses during the switching operations, the diodes are used for overlapping, reducing switching losses by up to 30%.Vdc
c

The supply current is almost sinusoidal and has very low harmonic content. Harmonics that are present tend to be higher at the higher frequencies.
When used as an inverter in a VSD it is known as having an ‘active front end’ due to the regenerative capabilities, DC-AC. [25] [27]



[bookmark: _Toc133271024]Harmonic Currents
An ideal power source would have a pure sinusoidal waveform. Linear loads present on the system will draw a current proportional to the applied voltage, equipment such as heaters, transformers, capacitors, motors, producing fewer harmonics. 
Non-linear loads connected to a distribution system cause harmonic currents. When the current draw’s not proportional to applied voltage. The load isn’t a constant, it’s varying. Sources of harmonics include equipment such as arc furnaces, welding, VSD’s, switched rectifiers, switch mode power supplies. These circuits may contain diodes, thyristors, or transistors.
When waveforms deviate from sinusoidal, they contain harmonics. Current harmonics will distort the voltage waveform which can have a negative effect on equipment/installation such as:
· Overheating, overloading.
· Fuses/circuit breakers nuisance tripping,
· Increased energy costs,
· Increased installation costs, oversizing.
· Electronic equipment/sensor faults.
The graph illustrates distorted current draw from a non-linear load. It’s not proportional to the 3-phase supply voltage. Where the supplier’s distribution line meets the consumer is called the ‘Point of Common Coupling’ (PCC), consumers are responsible for interference obtained. The voltage at this point, Vpcc where harmonic content will be visible. Increasing current harmonics, increases voltage harmonics. [28]200
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“Any complex periodic signal can be obtained as the addition of different ‘pure’ sinusoidal waves at different frequencies and amplitudes, multiple of the fundamental frequency. These multiple ‘n’, of the fundamental frequency are called harmonics” [28]
Only ‘odd’ harmonics appear for symmetrical waveforms i.e., fundamental waveform multiplied by 3, 5, 7, 11….
‘Odd’ and ‘Even’ harmonics are present for asymmetrical waveforms i.e., 2, 3, 4, 5… a DC component may be present, at 0Hz.






 An example of a distorted waveform due to 3rd, 5th and 7th harmonics is shown below.
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[28]
Total Harmonic distortion for current is expressed as THD   given as %.
In = RMS value of particular harmonic
I1 = Fundamental current (or rms value of total current Irms).
[bookmark: _Toc133271025]Power Factor
Power Factor can be the result of:
· Displacement: Inductance of an electrical load, causing current to lag/lead the supply voltage.
· Harmonics: Non-linear switching of loads, causing distortion of the current waveforms.
The power triangle becomes 3-dimensional when harmonics are taken into account. The PF remains the KW-KVA ratio, but the KVA element also has a harmonic component. TPF (True Power Factor) is a combination of dPF (displacement PF) and hPF (distortion PF).  DPF can lead or lag, hPF is nether leading nor lagging. hPF is True PF (KW/KVA) / dPF. TPF in a rectifier will be low because of the distortion component. E.g., the dPF in a VSD will be near Unity but the TPF will be lower unless harmonic filters are in place. [29]
	Typical Current Waveforms from different forms of rectification

	Type
	Current Waveform

	6 Pulse Diode Rectifier
	[image: A picture containing text, hanger

Description automatically generated]

	12-Pulse Diode Rectifier
	[image: Chart, line chart

Description automatically generated]

	24-Pulse Diode Rectifier
	[image: Chart

Description automatically generated with medium confidence]

	6-Pulse Thyristor Rectifier
	[image: A picture containing arrow
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	12-Pulse Thyristor Rectifier
	[image: Chart, line chart
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	IGBT Rectifier
	[image: Chart, line chart

Description automatically generated]


[image: ] [29]























[25]
[bookmark: _Toc133271026]Reduce Harmonics & Improving PF
[image: ]Tuned arm passive filter: When a system has a large amount of harmonic generation, the lowest component could be subjected to a tuned arm passive filter. Systems that primarily provide a commercial load, this is most likely the 5th harmonic. The harmonics below the tuned frequency may be enhanced, while those beyond it are absorbed. The optimal location for the passive filter is close to the harmonic generating loads. This type of filter comprises of a choke (inductor) in series with a capacitor.  [25]

[image: ]Tuned multiple arm passive filter: The lower significant harmonic frequencies in the system should be tuned to two or more of the harmonic components that make up the filter’s multiple arms. The single arm filter is less effective at absorbing harmonics than the multiple arm filter. For large DC drive installations, where a dedicated transformer powers the installation, multiple arm passive filters are frequently employed. 

[image: Diagram

Description automatically generated]External active filter: New resonances may be introduced by passive tuned filters which could lead to more harmonic issues. Actively controlled filters can control harmonic distortion with the use of power electronics. Based on the current harmonic generation at any given time, these active filters compensate for harmonic components in the utility system by producing the same harmonic in opposite phase. [25]



[bookmark: _Toc133271027]Harmonic Filter Application
[bookmark: _Toc133271028]Static Var Compensators (SVCs) with Passive & Active Filters
[image: Diagram
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Description automatically generated with low confidence]The two compensators at Tatasteel Port Talbot comprise of Thyristor Controlled Reactors (TCR), 5th, 7th, and 11th harmonic filters. Thyristor controlled DC drives, VSDs and motors in the Hot Mill is the reason why compensators are needed. The purpose of the TCR, is to phase angle control the reactors in such a manner that a continuous controllable output of inductive reactive power is obtained (0 to 42MVar). When the thyristors in the thyristor valve are fully conducting, the reactors consume all of the capacitive reactive power generated in the fixed capacitor banks (Mill not running), the overall output from the compensator being 0MVar. When the thyristors are blocked, there is no current in the reactors and the output will be all the capacitive reactive power generated in the capacitor banks, 42MVar (Mill running). Rather than getting the reactive power from the supply network, the compensator provides the load with the right amount of reactive power. Reactive power is needed to establish and sustain electric and magnetic fields of AC equipment. Excess reactive power causes overvoltage and too little causes undervoltage. The compensator helps to stabilize the 11KV BUS voltage, reduces harmonics, improves power factor, and reduces flicker when the Mill is running. To be able to handle both positive and negative half-cycles, the thyristors are connected in antiparallel. BCT (Bidirectional Controlled Thyristors) are used, which are single units containing two thyristors, one for each half-cycle. The TCR consists of reactors, and thyristor valves connected in delta (image)
A Mach computer generates the control pulses, the Valve Control Unit (VCU) converts these pulses into optical firing pulses. The optical firing pulses are transferred via optical fibres between the VCU cubicle to the Thyristor Control Unit (TCU). The TCU converts incoming light pulses from the VCU to thyristor firing commands. The TCU sends the status of the thyristor back to the VCU via indication pulses.
Heatsink
Thyristor; Bi-directional Controlled Thyristor (BCT)
Thyristor Control Unit (TCU)
Optical Fibre; Firing Pulse (FP)
Optical Fibre; Indication Pulse (IP)
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The snubber circuit limits commutating overshoots and supplies energy to the thyristor. Each pair of thyristors are connected in parallel with the RC snubber circuit.
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Conclusion
Research and simulation shows that a 12-pulse diode rectifier creates fewer harmonics, and a smoother DC output than a 6-pulse version. The 6-pulse generates 5th, 7th, 11th & 13th harmonics while the 12-pulse generates 11th & 13th. The addition of a passive filter (capacitor & inductor) also helps smooth the output ripple further.
Research suggests using thyristors for rectification generates in a 6-pulse and 12-pulse set-up generates similar ‘odd’ harmonics as the diode, and the use of filters will reduce them. A thyristor controlled rectifier gives the ability to control the output DC voltage level by firing the gate and varying angles. The simulation gave some results, but I suspect to be incorrect. The 1st attempt a variable resistor was used to adjust the firing angle, this worked to some degree and gave an output voltage of around 300V, but the Fourier analysis results were not as expected, as 2nd, 4th, 5th & 7th harmonics were present. Increasing the capacitor size caused the output DC ripple to reduce. The 2nd attempt incorporated a pattern pulse generator which was set up to fire a pulse to its individual thyristor at a pre-determined angle i.e., 300, 900, 1500, 2100, 2700 & 3300. An output voltage was observed, but it was slowly tapering off, as if the firing angle was increasing slowly as time went on. I believe there was an issue with the pulse set-up which I couldn’t rectify. 
Research shows IGBT rectification in the context of VSDs has the least distortion of the current waveform and fewest current harmonics when correct filtering is used. Simulation could not be carried out to confirm or deny.
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