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[bookmark: _Toc133290316]Task 1

A factory is to refit its motor drive systems. There are five types of induction motor in the factory as shown in the table below:

	
	Motor A
	Motor B
	Motor C
	Motor D
	Motor E

	Power
	500 kW
	80 kW
	10 kW
	5 kW
	1 kW

	Phases
	3
	3
	3
	3
	1

	Voltage
	400
	400
	400
	400
	230

	Required to be Reversible?
	Yes
	Yes
	No
	Yes
	No

	Variable speed required?
	Yes
	Yes
	Yes
	No
	No

	Quantity Installed
	5
	10
	23
	17
	127

	Example Application
	Rolling Mill
	Gantry Crane
	Conveyor 
	Cutting machine
	Pumps / Fans


Table of Task 1 Description

Specify a suitable technology for the motor drive system. You should consider things like the use of a common DC bus, starters, protection, cost, flexibility of control system, information gathering ability, etc. 

[bookmark: _Toc133290317]Task 2

In the context of variable frequency drives, compare and contrast the use of Diodes, thyristors (SCRs) and IGBTs for rectification of the incoming mains. Research how harmonic noise can be minimised through careful rectifier design. Explain the effect of harmonics on power and power factor.

You should produce a document containing two sections: one section per task. Each section should include relevant background information, your solution to the task, discussion and conclusions.  You should include references for all sources used in your work.  You should consider the use of appropriate simulation models to support your arguments.
ACDA 6004

[bookmark: _Toc133290318]1.0 Motor Drive System Technology

[1][image: ]
[bookmark: _Toc133290355]Figure 1 Motor Drive System Technology
“The primary appeal of electrical systems is increased operational consistency, reliability and efficiency, as well as  elimination of the nasty and sometimes toxic oil spills commonly associated with hydraulic systems. Despite its appeal, engineers quickly realized that contact-driven all-electric machines were not very useful in situations where higher torque was required. Machine designers are increasingly looking to new drive system technologies that can evolve over time and run large/high torque motors as a reliable, cost effective, and energy efficient alternative. increase. 
There are several fundamental drive types available to manufacturers and machine designers.

1. A variable frequency drive (VFD) utilising U/f
2. Vector drive technology is used in the VFD drive.
3. Servo electric drive
Each category has unique benefits and restrictions. “ [2]





[bookmark: _Toc133290319]Advantages of VFDs with V/f Technology
	Advantages
	Disadvantages

	· Low relative cost [3]

	· Can only provide motor speed accuracies of around ten percent with varying loads [4]


	· Good choice for powering plastic extrusion drives [5]

	· Low response to and control over pressure and velocity changes [6]


	· Speed accuracy is consistent with a steady load [7]

	· Only usable to about 400-500 RPM. [8]


	· Speed measuring tachometer can be added to improved speed accuracy over varying loads [9]

	

	· Good at maintaining the motor’s torque over its usable operating range [10]

	


[bookmark: _Toc133285842]Table 1 Advantages of VFDs with V/f Technology

[bookmark: _Toc133290320]Advantages of VFDs with Vector Drive Technology
	Advantages
	Disadvantages

	· The ability to have servo-like control over motors [11]

	· Auxiliary air or water cooling is necessary for motors that run at low speeds with high torque to prevent overheating [12]


	· Small additional cost to a VFD [13]

	· Generally limited to a maximum speed of 2.5-3 times the motor’s rated RPM [14]


	· Adding electric sensors to the motor allow vector drives to operate at zero RPM and with a high degree of accuracy [15]

	· Driven induction motors must be rated for inverter duty to prevent damage to the bearings [16]



[bookmark: _Toc133285843]Table 2Advantages of VFDs with Vector Drive Technology




[bookmark: _Toc133290321]Electric Servo Drives

	Advantages
	Disadvantages

	· Gives users precise control of speed, torque, and the position of the servo motor [17]

	· Require more complex drive electronics [18]


	· High speed range [19]

	· Limited horsepower means multiple motors must be installed when power requirements are high [20]


	· Maximum torque available at zero RPM [21]

	· Requires additional air or water cooling when operating at zero RPM with high torque [22]



[bookmark: _Toc133285844]Table 3 Electric Servo Drives
[bookmark: _Toc133290322]Variable speed drives (VSDs)
“By converting a fixed frequency and voltage input to a variable frequency and voltage output, VSDs control the speed and torque of AC motors. Careful matching of speed to load can greatly improve system performance.
One of the three key areas for achieving energy savings is VSD motor control and system optimization and motor efficiency. Savings depend on load characteristics, unpredictability, and total uptime.
Other advantages of using motor systems with frequency converters are:
Offload system components and minimize power requirements
Integrating the VSD control with the building management system (BMS) reduces heat and noise levels, improving safety and comfort. Accurate pressure, flow and temperature control.  “ [23]
[bookmark: _Toc133290323]Variable frequency drives
“Because they alter the AC electrical input frequency in order to vary the drive speed, modern electronic VSDs are occasionally referred to as variable frequency drives (VFDs).
VFD technology is commonly used in AC induction motors. For precise speed fluctuation from zero RPM to more than 100% of rated speed, VFDs are preferred. A frequency converter also enables bidirectional motor control.
VFDs are not very useful if the production process does not need accurate motor speed control, or if demand is very temporary. Furthermore, it is advised against using a VFD when slowing the machine may result in torque or cooling problems. “ [24]

[bookmark: _Toc133290324]Voltage and power factor
“AC induction motors can cause a degraded plant power factor. As a result, more power is needed to complete the task at hand.
Reduce the number of large, inefficient engines. Stay away from lightly loaded or idling engines. Includes power factor control. “ [25]
[bookmark: _Toc133290325]Software controls
“VSD software has options to accomplish maximal energy savings. Additionally, it offers design and self-learning capabilities that can reduce the need for sensors as control system inputs. “ [26] 
[bookmark: _Toc133290326]Internet-enabled systems
“The purpose-built internet-connected next-generation VSDs provide a centralised link for a wide range of sensors and data points. This enables quick system performance monitoring and proactive planning for equipment maintenance and repairs.” [27]
[bookmark: _Toc133290327]Regenerative capability
“Regenerative drives use inverters to convert the generated DC power into AC power in order to recover motor-braking energy rather than letting it be wasted as heat. In VSDs, the additional expense of a regeneration is only beneficial when the system needs to stop and resume often.” [28]
[bookmark: _Toc133290328]Various kinds of VFD
“Depending on how the VFD accomplishes rectification and AC to DC conversion, there are several other types of VFDs available on the market.
VSI, CSI, and PWM are the three primary VFD type names.

VFDs of the VSI type VSI is an acronym for voltage source inverter. The most popular kind of variable frequency driver is this one. This type of VFD employs a capacitor to store energy and a straightforward diode bridge to convert AC to DC. The stored energy is used by an inverter circuit. in a capacitor to provide an output. “ [29]
[image: VSI Type VFDs][bookmark: _Toc133290356]Figure 2 VFDs of the VSI type [88]












“Advantage
1. Wide speed range.
2. Multiple motor controllers. Multiple motors can be connected with one VSI vacuum fluorescent display.
3. Simple design.
4. Cost-effective from production and installation side. 
Cons
1. The cogging effect causes the load motor to jerky when starting and stopping.
2. The output provides different types of harmonics and noise.
3. Controlling or slowing the speed of the motor will greatly affect the overall power factor and reduce the power factor.” [30]
[bookmark: _Toc133290329]A CSI kind of VFD
“Current Source Inverter, or CSI. While CSI type VFDs rely on current rather than voltage for their construction, VSI type VFDs are made to produce smooth voltage output based on the variable frequency range. Additionally, in the case of CSI, an SCR bridge converter is employed rather than a diode bridge rectifier. Instead of employing capacitors for smooth current output, series inductors are used to filter the output energy. VFDs of the CSI type function similarly to constant current generators. Square wave of current can be produced by CSI type VFDs in place of a square wave of voltage.” [31]
[image: CSI Type VFDs][bookmark: _Toc133290357]Figure 3 Current Source Inverter, or CSI [91]















“Advantage
1. More trustworthy than VSI type VFDs.
2. Where VSI is an unsuitable option, support induction motors with higher horsepower.
3. Simple layout.
4. Effective regenerative powers.
Disadvantages
1. The power factor is subpar generally, particularly at low RPM.
2. The cogging effect is real and has the potential to cause the motor shaft to wobble.
3. In terms of VSI, it is not appropriate for multi-motor operation.” [32]
[bookmark: _Toc133290330]PWM-capable VFDs
“The VSI type VFDs have been upgraded and updated in this version. PWM, or pulse width modulation, is a term. The VFDs are able to deliver consistent voltage output maintained with a frequency ratio using the PWM approach. The device rectifies the AC signal into a DC signal using a diode bridge. The switching circuit regulates the duty cycle over a range of varying frequencies. To deliver steady and appropriate voltage and current to the Load, a second regulator is utilised to govern the PWM output.” [33]
[image: PWM Type VFDs]
[bookmark: _Toc133290358]Figure 4The VSI type VFDs [34]
“Advantage
1. There is no jerking or clogging.
2. Broad control and speed range.
3. Include various kinds of protective circuits.
Constant power factor is #4.
5. Create a high level of efficiency.
Energy effective.
Disadvantages
1. Difficult to design.
2. Implementation-related complexity.
3. Necessitates more hardware.
4. Creation of audible noise in the driving circuit.
5. Expensive solution.” [35]
[bookmark: _Toc133290331]What VFD should I pick for my application?
“To select the ideal VFDs for a given application, a detailed analysis of the load is required. Torque is produced in a variety of ways by various motor types. While certain applications require constant torque, others call for variable torque. Additionally, the motor parameters, in particular the Power rating, are impacted by the load across the motor.
To select the best VFD for the application, we must evaluate or take into consideration the following elements.

1. Horsepower of the engine
2. The cost
3. The operating setting of the VFD and motors
4. One- or three-phase operation
5. A VFD may have a single motor or a number of motors.
6. Calls for more controllable elements” [36]




















[bookmark: _Toc133290332]Motor A
	
	Motor A

	Power
	500 kW

	Phases
	3

	Voltage
	400

	Required to be Reversible?
	Yes

	Variable speed required?
	Yes

	Quantity Installed
	5

	Example Application
	Rolling Mill


[image: Rolling mills : Industry - John Cockerill][bookmark: _Toc133290359]Figure 5 Rolling Mill [97]









[bookmark: _Toc133285845]	Table 4 Motor A Description

	Drive Types
	Description

	DC Drive 

	“Prior to 1990, the dc drive saw heavy usage and offers excellent performance. AC drives have taken the role of the DC drive for new installations and re-powering. DC drives are still used for renovations when the current dc motor is kept.” [37]

	Cycloconverter 

	“Because of its superior performance, potential to remove gear boxes in some applications, and reduced ac motor maintenance, cycloconverters were widely utilised in the 1990s. Their wider implementation was hindered by significant problems with power factor correction and harmonics.” [38]

	GTO and GCT Inverter 

	“Although the power factor and harmonics problems of cycloconverters have been overcome by voltage-sourced GTO inverters, they still have their own device-related problems. The solution to these problems is the GCT inverter, which has a proven track record in large drives such as hot rolling mills.” [39] 

	IEGT Inverter 

	“IEGTs have been used in inverters for high-voltage power supplies since around 2000. They are currently the most efficient converters and inverters on the market. In our experience, the IEGT inverter is the undisputed volume leader.” [40]


[bookmark: _Toc133285846]Table 5 Hot Strip rolling mill Drive Types






	Drive Type
	Advantages
	Disadvantages

	DC Drive
	· “High efficiency
· Smooth operation
· Better speed control
· Easier maintenance
· Cost-effective” [41]
	· “Limited voltage range
· 
Increased complexity

· Limited power supply

· 
Compatibility issues

· Maintenance and upkeep” [41]


	Cycloconverter
	• “Cycloconverters can transfer energy in both directions, allowing four-quadrant operation. • Very high efficiency compared to other converters.
This drive allows power transfer from mains loads and vice versa at any power factor. Good dynamic response and smooth low-speed operation. A single frequency alternating current is directly converted to a lower frequency in one conversion. If one of the SCRs fails.  “ [43]
	• “The output frequency of the cyclo-converter is 1/3 or 1/2 for responsible power output and efficiency. • Control circuit complexity makes design challenging.
• More distortion at low frequencies • Too much weak power factor at high values” [44]

	GTO inverter
	• “At turn ON, the gate turn thyristor (GTO) has higher di/dt ratings.
• It can support high switching frequencies thanks to its quicker turn-OFF.
• Because the communication circuit is not needed, it is smaller, lighter, and less expensive.
• It is quite effective.
• It is quite effective in blocking voltage.” [45]
	o “An ON state voltage drop and associated loss are greater in a gate turn OFF thyristor (GTO).
o More gate drive circuit losses.
o The size of the latching and holding current is greater in a gate turn OFF thyristor (GTO).
o The triggering gate current is more than the current needed for a typical SCR.” [46]

	GCT Inverter
	•” Minimal switching costs

• Minimization of related circuits

• The incorporation of the freewheeling diodes in the GCT structure facilitates the simplification of equipment designs based on IGCT technology.” [47]

• “Power systems with lower costs

• GTO manufacturing techniques can be used to create GCTs.

The number of components in power circuits can be decreased by up to 50% thanks to GCT technology's extreme simplification. 

• Dependability and accessibility.” [48]

	“Despite all technical efforts to increase wafer uniformity, only minimal advancements have been made in turn-off capability and snubber size. Snubber is necessary for high current turn-off.” [48]


	IEGT Inverter
	•” A total of 24 low-power devices make up an 8 MW inverter-converter system. 
Highest possible system MTBF
• Liquid-filled power capacitors with a 20+ year life are used to store DC link energy.

Low power system harmonics, leading power factor, and unity • A 3-level output and a motor current THD of under 5%.
• A straightforward voltage-controlled gate circuit is almost four times as reliable as an IGCT gate control.
• Dependable and durable
• Swift reaction 
• Can operate in test mode with the motor unplugged; • Has a wide range of speed and torque control; • Has a high starting torque;” [50]
	• “IEGT switching speed can cause voltage transients on motor waveforms and in certain installations may require dv/dt filtering on the drive output. • Power supply redundancy is not practical. “ [50]


[bookmark: _Toc133285847]Table 6 Hot Strip rolling mill Drive Types advantages /Disadvantages
	Drive System
	IEGT Inverter VFD

	Manufacture
	Schneider Electric

	Model
	[bookmark: _Toc133290333]ATV61QC50N4


	Image
	[image: ]
[bookmark: _Toc133290360]Figure 6 ATV61QC50N4 [52]


	Voltage & Power Range
	380...480 V - 15...10 % 500KW

	Frequency
	50...60 Hz - 5...5 %

	Voltage Output
	576.6 kVA at 380 V 3 phases 500 kW / 700 h

	Frequency Output
	0.1…500 Hz

	Output Current
	941 A at 2.5 kHz, 380 V - 3 phases 941 A at 2.5 kHz, 460 V - 3 phases

	Output Power
	500 kW, 3 phases at 380...480 V

	Motor Control
	Yes

	regenerative drive solution
	yes

	Number of Hardware Interfaces
	“Communication card for APOGEE FLN Communication card for BACnet Communication card for CC-Link Communication card for DeviceNet Communication card for EtherNet/IP Communication card for Fipio Communication card for Interbus-S Communication card for LonWorks Communication card for METASYS N2 Communication card for Modbus Plus Communication card for Modbus TCP Communication card for Modbus/Uni-Telway Communication card for Profibus DP Communication card for Profibus DP V1 Controller inside programmable card I/O extension card Multi-pump card” [52]

	Remote Monitoring 
	Yes

	Safety Features
	“Against exceeding limit speed: drive Against input phase loss: drive Break on the control circuit: drive Input phase breaks: drive Line supply overvoltage: drive Line supply undervoltage: drive Overcurrent between output phases and earth: drive Overheating protection: drive Overvoltages on the DC bus: drive Power removal: drive Short-circuit between motor phases: drive Thermal protection: drive Motor phase break: motor Power removal: motor Thermal protection: motor” [52]

	Cost
	£44677.95 each 

£223389.75 in total for 5.


[bookmark: _Toc133285848]Table 7 Drive System selected Motor A [52]
I selected the following drive system to due to it being the best system for its application. As many rolling mills now go to these systems as they have many features such as communication, regenerative braking, Control features and many more.
[bookmark: _Toc133290334][image: ]Motor B[bookmark: _Toc133290361]Figure 7 Overhead Crane [117]

	
	Motor B

	Power
	80 kW

	Phases
	3

	Voltage
	400

	Required to be Reversible?
	Yes

	Variable speed required?
	Yes

	Quantity Installed
	10

	Example Application
	Gantry Crane




	


[bookmark: _Toc133285849]
	Table 8 Motor B Task Description
	Drive Type
	Advantages
	Disadvantages

	[bookmark: _Toc133290335]Wound Rotor Motor Controls

	• “Low starting current and high beginning torque. By adding an external resistance to each phase of the rotor circuit and reducing the resistance during beginning, the slip ring motor may start faster than a squirrel cage motor.
• Slip ring (wound rotor) induction motor speeds may be changed by introducing a resistance. Slip ring motors are regarded as variable speed motors as a result.
• High overloading capacity, smooth acceleration under large loads, and no excessive heating when beginning are all characteristics of slip ring motors.” [56]
	· “Due to the existence of slip rings, brushes, short circuiting devices, and other components, initial and ongoing costs are higher than for squirrel cage motors. Speed control is also poor when operating with external resistances in the rotor circuit.
· Slip ring motors are less efficient and have a lower power factor than squirrel cage induction motors. They are also more susceptible to supply voltage variations.” [57]


	[bookmark: _Toc133290336]DC Controls

	· “High efficiency
· Smooth operation
· Better speed control
· Easier maintenance
· Cost-effective” [58]
	· “Limited voltage range
· Increased complexity
· Limited power supply
· Compatibility issues
· Maintenance and upkeep” [58]


	[bookmark: _Toc133290337]2-Speed Motors

	• “One motor with two speeds; no power electronics or frequency converters needed.
• Reliable answer for settings where installing power electronics is inappropriate.
• Strong, well-designed packaging with a high load capacity.
• Low acquisition and maintenance expenses.” [60] [61]
	· “fast mechanical wear and tear

· produces high harmonic distortion “ [61] [63]

	variable frequency drive
	· “Reduced Wear on the Brakes
· Adjustable Acceleration and Deceleration Times
· Precise Load Positioning
· Load Limiting
· Fault Codes and Diagnostics” [64]

	· “Take a few weeks of Training for operators in regards to operating characteristics of the crane.

· Expensive” [65]


[bookmark: _Toc133285850]Table 9 Drive System for Motor B Gantry Crane




























	[bookmark: _Hlk133262085]Drive System
	VFD 

	Manufacture
	ABB

	Model
	
ACS880-11-169A-3

	Image
	[image: ]
[bookmark: _Toc133290362]Figure 8ACS880-11-169A-3 [66]


	Voltage & Power Range
	380 – 415v
90KW

	Frequency
	50/60 Hz ±5%

	Voltage Output
	3-phase output voltage

	Frequency Output
	0 to ±598 Hz

	Output Current
	“Heavy-Duty Use (IHD):
145 A
Light-Overload Use (ILD):
161 A
Normal Use (In):
169 A” [67]


	Output Power
	“Heavy-Duty Use (PHD):
75 kW
Light-Overload Use (PLD):
90 kW
Normal Use (Pn):
90 kW” [68]


	Motor Control
	Direct torque control (DTC)

	regenerative drive solution
	Yes

	Number of Hardware Interfaces
	“Industrial Ethernet 0
Other 6
Parallel 0
PROFINET 0
RS-232 0
RS-422 0
RS-485 1
Serial TTY 0
USB 1” [67]

	Communication Protocol
	“CAN
DeviceNet
EtherNet/IP
LON
MODBUS
Other Bus Systems
PROFIsafe
PROFIBUS
PROFINET IO” [67]

	Remote Monitoring 
	“With a built-in web server and standalone data logger, the NETA-21 remote monitoring tool enables secure worldwide access to your drives. Drive data can also be collected via a 3G mobile connection with the RMDE reliability monitoring device.” [67]

	Safety Features
	“Safe stop
Safe stop emergency
Safe brake control
Safelylimited speed
Safe maximum speed
Prevention of unexpected start-up
Safe direction
Safe speed monitor
Safe torque off” [68]

	Cost
	£23738.90 each.

£237389 IN TOTAL FOR 10 DRIVES.


[bookmark: _Toc133285851]Table 10 Selection of Drive for Motor B [66]


I selected the following drive system for gantry crane due to the protection and communication compatibilities. These new variable speed drives have monitoring capabilities. They also take up less space to conventional resistor banks drive systems etc.



















[bookmark: _Toc133290338]Motor C
	
	Motor C

	Power
	10 kW

	Phases
	3

	Voltage
	400

	Required to be Reversible?
	No

	Variable speed required?
	Yes

	Quantity Installed
	23

	Example Application
	Conveyor 


[image: ][bookmark: _Toc133290363]Figure 9 Conveyors [136]





[bookmark: _Toc133285852]	
	Table 11 Motor C brief Description
	Drive Type
	[bookmark: _Toc133290339]Soft starters

	[bookmark: _Toc133290340]Variable speed drives (VSD)

	DC CONTROL

	Advantages
	· “Easy Operation

· Extended motor life

· Wide Usage



· Prevents motor heating

· Saving energy” [74] [75]


	· “Reduced Wear on the Brakes
· Adjustable Acceleration and Deceleration Times
· Precise Load Positioning
· Load Limiting
· Fault Codes and Diagnostics” [76]

	· “efficiency
· Smooth operation
· Better speed control
· Easier maintenance
· Cost-effective” [77] [78]

	Disadvantages
	· “Unable to control the speed” [75] [77]

	· “Take a few weeks of Training for operators in regards to operating characteristics of the crane.

· Expensive” [79]
	· “Limited voltage range
· 
Increased complexity

· Limited power supply

· 
Compatibility issues

· Maintenance and upkeep” [81] [82]



[bookmark: _Toc133285853]Table 12 Drive Systems for Motor C advantages/ Disadvantages


	System Selected
	1 Variable Frequency Drive to control all motors
	2 variable frequency drives to control every other motor.
	Multiple Variable Frequency Drives

	Design Constraints
	· “All motors must operate at same speed
· Design must accommodate VFD as a single point of failure
· VFD must be upsized unless all motors are started simultaneously” [84]

	· Every other motor must operate at same speed.
· Two points of failure to allow line to continue if one drive fails
	· More Space Required.
· More Cost


	Model
	ACS800-02-0400-3
	ACS880-01-293A-3
	ACS880-01-025A-3+E200


	Image
	[image: ACS800-02-0400-3]
	[image: ACS880-01-293A-3]
	[image: ACS880-01-025A-3+E200]

	Drive Features
	· “IP21 and IP55 enclosure classes
· Direct torque control (DTC) as standard
· EMC filter, choke and brake chopper
· Supports a wide range of fieldbus protocols
· Flexible I/O and encoder options
· Worldwide approvals: CE, UL, cUL, CSA, C-Tick, GOST R
· Versatile connections and communications
· Brake chopper built-in in all frame sizes (standard/optional)” [85]

	· “Intuitive control panel and PC tool
· Direct torque control (DTC) for precise open and closed loop control
· Built-in safety features for simplified configuration
· Communication with all major automation networks
· Removable memory unit for easy drive commissioning and replacement
· Energy optimizer and energy efficiency information for monitoring and saving energy
· Designed for easy service   
· choke for harmonic filtering as well as options like a brake chopper, EMC filter and communication protocol adapter, functional safety, external output filters and I/O extension modules.” [85]
	· “Intuitive control panel and PC tool
· Direct torque control (DTC) for precise open and closed loop control
· Built-in safety features for simplified configuration
· Communication with all major automation networks
· Removable memory unit for easy drive commissioning and replacement
· Energy optimizer and energy efficiency information for monitoring and saving energy
· Designed for easy service   
· choke for harmonic filtering as well as options like a brake chopper, EMC filter and communication protocol adapter, functional safety, external output filters and I/O extension modules.” [86]

	Capacity, kW:
	315
	
160

	11

	Current, А:
	
602

	
293

	25

	Main power supply, V:
	380-415
	
380-415

	
380-415


	Phase:
	3
	3
	3

	Output frequency, Hz:
	0-300
	
0-500

	0-500

	Overload capacity, % per 1 min.:
	150
	
150

	150

	EMC filter:
	Optional
	optional
	
optional


	Braking Unit
	Optional
	Standard
	Standard

	Communication protocol
	· Versatile connections and communications

	
“CAN
DeviceNet
EtherNet/IP
LON
MODBUS
Other Bus Systems
PROFIsafe
PROFIBUS
PROFINET IO” [86]
	
“CAN
DeviceNet
EtherNet/IP
LON
MODBUS
Other Bus Systems
PROFIsafe
PROFIBUS
PROFINET IO” [88]

	Regenerative braking
	Yes
	Yes
	Yes

	Cost
	Estimated £26000
	£12547.69 each
Total for two = £25095.38
	£1663.40 Each
Total for 23 = £38.258.2

	Extra Costs

	Extra protection and individual isolators.
	Extra Protection and individual isolators .
	All protection provided with VFD. 


[bookmark: _Toc133285854]Table 13 Motor C Drive Selection Conveyor System [85] [86] [92]
I Selected a variable speed drive for the conveyor system . Down to requirement of being able to control all motors individually. I looked at aspect of two inverter drives to do every other. I found individual drives gives you ultimate protection , good feedback and also energy saving by not having start whole belt at once can be staggered.
[bookmark: _Toc133290341][image: ]Motor D[bookmark: _Toc133290364]Figure 10 Cutting Machine [156]

	
	Motor D

	Power
	5 kW

	Phases
	3

	Voltage
	400

	Required to be Reversible?
	Yes

	Variable speed required?
	No

	Quantity Installed
	17

	Example Application
	Cutting machine







	
[bookmark: _Toc133285855]
	Table 14 Motor D Brief Description
	Drive System
	Servo Drive
	VFD
	Soft Start

	Advantages
	· “Higher Output Power
· Efficient & Accurate
· Accelerated Torque
· Short Period Management” [93]

	· “1 smooth starting
· smooth acceleration & deceleration time
· stopping methods
· reversal of motor
· reduce harmonics
· increase power factor
· save huge money” [94] [95]
	· “Easy Operation
· Extended motor life
· Wide Usage
· Prevents motor heating
· Saving energy” [96] [97]


	Disadvantages
	· “Intricate Controller
· Potential Damage from Overload
· Higher Cost” [94]

	· “Cost of a VFD is typically higher and cost of maintenance is higher as well; lifetime cost is also higher due to shorter lifespan
. May cause resonance at different speeds
. More heat, noise, and vibration” [96] [98]
	· “It is impossible to regulate the speed
· It has a reduced starting torque
· It has problems with heat dissipation” [100] [102]



[bookmark: _Toc133285856]Table 15 Motor D drive systems Cutting Machine [95] [96] [99] [102] [103] [108]
	System
	Servo drive
	VFD
	Soft Start

	Manufacture
	Siemens
	[bookmark: _Toc133290342]Delta Electronics

	
Schneider Electric

	Model
	6SL3210-5FE15-0UF0
	
VFD13AME43AFSAA
	ATS01N212QN

	Image
	[image: ]
[bookmark: _Toc133290365]Figure 116SL3210-5FE15-0UF0 [109]
	[image: ]
[bookmark: _Toc133290366]Figure 12VFD13AME43AFSAA [110]
	[image: ]
[bookmark: _Toc133290367]Figure 13ATS01N212QN [111]

	Number of phases
	3 AC
	3 ac
	3

	Line voltage
	380 ... 480 V +10 % -15 %
	
460 V

	415 V ac

	Line frequency
	45 ... 66 Hz
	47 to 63 Hz
	45 ... 66 Hz

	Rated power
	5KW
	5.5KW
	5.5KW

	Max. output current
	37.80 A
	13 A
	12 A

	Protection
	150%
	150% 60s 200% 3s / 120% 60s 150% 3s
	150%

	Reversible Direction
	Yes
	YES
	Yes with contactor.

	Regenerative Braking
	NO
	YES
	NO

	Cost
	£1,715.16 each

£29157.72 Total for 17
	£604.70 Each

£10279.9 total for 17
	£249.51 each

£4241.67 total for 17 . Not including contactors for changing direction.


[bookmark: _Toc133285857]Table 16 Motor D drive system selection [109] [110] [111] [112] [113]
I selected the VFD Drive again for cutting machine . Even know servo motor have more precise and accurate for cutting. This was purely down to cost difference between them. There also more protection and features available with VFD such regenerative braking etc.





[bookmark: _Toc133290343][image: ]Motor E[bookmark: _Toc133290368]Figure 14 1KW Blower Fan [181]

	
	Motor E

	Power
	1 kW

	Phases
	1

	Voltage
	230

	Required to be Reversible?
	No

	Variable speed required?
	No

	Quantity Installed
	127

	Example Application
	Pumps / Fans




	


[bookmark: _Toc133285858]
	Table 17 Motor E Brief Description
	Drive System
	· Soft Start
	· DOL Starter
	· VFD Single Phase

	Advantages
	· “Easy Operation
· Extended motor life
· Wide Usage
· Prevents motor heating
· Saving energy” [117] [118]

	· “It is a simple and most economical starter
· Easy to understand and troubleshoot
· It is easy to operate
· DOL starter connects the supply to the delta winding of the motor device
· Provides nearly full starting torque at starting
· More comfortable to design, operate and control
· DOI is an inexpensive starter
· The designing, operating, and controlling of this starter is very easy” [119]

	· “Energy Savings
· Reduces Peak Energy Demand
· Reduces power when not required
· Fully Adjustable Speed
· Controlled starting, stopping, and acceleration
· Dynamic Torque Control
· Provides smooth motion for applications such as elevators and escalators
· Maintains speed of equipment, making drives ideal for manufacturing equipment and industrial equipment such as mixers, grinders, and crushers
· Versatility
· Self-diagnostics and communications
· Advanced overload protection
· PLC-like functionality and software programming
· Digital inputs/outputs
· Analog inputs/outputs
· Relay outputs
· Low motor starting currents
· Reduction of thermal and mechanical stresses on motors and belts during starts
· Simple installation
· High power factor
· Lower kVa” [120]


	Disadvantages
	· “It is impossible to regulate the speed
· It has a reduced starting torque
· It has problems with heat dissipation” [118] [120]

	· “Mechanically tough
· Unnecessary high starting torque
· DOL starter reduces the lifespan of the machine
· High starting current
· DOL start causes a significant dip in voltage, hence suitable only for small motors” [122]

	· “Creates Harmonics
· Requires a special wire type
· Can damage motor windings and bearings over time
· Large upfront cost
· Can reduce service factor
· Can destroy insulation over time” [124]



[bookmark: _Toc133285859]Table 18 Motor E Drive System Selection Advantages / Disadvantages [117] [122] [123] [126]















	Drive System
	Soft Start
	DOL Starter
	Single Phase VFD

	Manufacture
	
Dold
	RS PRO
	Control Techniques

	Model
	
IL9017 AC230V 1.5kW
	
909-4089
	C200-02200056

	Image
	[image: ]
[bookmark: _Toc133290369]Figure 15IL9017 AC230V 1.5kW [129]

	[image: ]
[bookmark: _Toc133290370]Figure 16 DOL Starter [130]

	[image: ]
[bookmark: _Toc133290371]Figure 17 C200-02200056 [131]


	Number of phases
	1
	1
	1, 3

	Line voltage
	240 V ac
	240 V ac
	200 → 240 V ac

	Line frequency
	50 / 60 Hz
	50HZ
	50Hz

	Rated power
	1.5 kW
	
1.1 kW

	1.1 kW

	Max. output current
	10 A
	7 → 10 A
	
5.6 A


	Protection
	NO
	Hand Reset Thermal Overloads
	180% overload for high torque

	Communication Protocol
	N/A
	N/A
	AI-485 Adaptor, SI-CANopen SI-DeviceNet, SI-EtherCAT, SI-Ethernet, SI-PROFIBUS, SI-PROFINET

	Reversible Direction
	N/A
	N/A Unless use contactor
	YES

	Regenerative Braking
	NO
	NO
	YES

	Cost
	£170.34 EACH 

£21633.18 FOR 127 TOTAL.
	£80.15 EACH

£10179.05 FOR 127 TOTAL.


	£242.37 EACH

£30780.99 FOR 127 TOTAL


[bookmark: _Toc133285860]Table 19 Motor E Drive System Selection [130] [131] [133] [135]
Selected the DOL Start due to the simplicity required . There no need for variable speed or reversible . Due to this only being pumps and fans of 1KW the DOL is good enough for the purpose and cheaper.  There more features VFD but purely cause cost and over complicated design.


[bookmark: _Toc133290344]Task 2
[bookmark: _Toc133290345]fundamentals of harmonics

“Non-linear loads linked to the power distribution system produce harmonic currents and voltages. If the total harmonic currents in an electric plant exceed specific thresholds, harmonic distortion, a type of pollution, may become an issue.” [136]
[image: ]
[bookmark: _Toc133290372]Figure 18 Harmonics [137]
[bookmark: _Toc133290346]How do harmonics work?
“Electrical pollution known as harmonic distortion can be problematic if the total harmonic current rises over a specific threshold. A harmonic current has a frequency that is a multiple of the fundamental frequency.” [138]
[bookmark: _Toc133290347]What impact do harmonics have?
“Cable insulation may become damaged by harmonics' potential to make them overheat. Additionally, torque oscillations in the rotor can cause mechanical resonance and vibration. Motors may also overheat or become loud. Capacitors overheat and, in the worst situations, run the risk of blowing up because the dielectric degrades. Circuit breakers may trip, computers may malfunction, and metres may provide incorrect readings. Electronic displays and lighting may also flicker.” [139]
[bookmark: _Toc133290348]What causes harmonic currents to exist?
“Non-linear loads linked to the power distribution system produce harmonic currents and voltages. By introducing harmonic currents directly into the supply network, all power electronic converters utilised in various types of electronic systems have the potential to enhance harmonic disturbances. Motor starters, variable speed drives, computers, and other electronic devices including electronic lights, welding equipment, and uninterruptible power supply are examples of common non-linear loads.
How might variable speed drives' negative effects be lessened?
Modifications to the supply network, drive system, and use of external filtering can all help to decrease harmonics. The drive's design and load affect the current harmonics.” [140]

[bookmark: _Toc133290349]Effect of VFD Harmonics
“When motor speed is reduced, the power factor of the VFD suffers, or it has injected significant harmonic currents back into the supply network. Due to its non-linearity, all power electronic systems introduce harmonic currents into the network. Overheating of transformers, cables, motors, alternators, and capacitors are only a few of the repercussions of the harmonics that are injected into the network. Other effects include malfunctioning protection relays and other equipment that wasn't intended to be insensitive to harmonics in the supply. Therefore, harmonic mitigation of some kind is necessary. Both external filtering and structural changes to the VFD system can be used to do this.

The six-pulse diode bridge is the most often utilised input rectifier in three-phase VSI VFDs. The pulse number of the rectifier might be adjusted to 12, 18, 24, or 36 to lessen the harmonic currents introduced into the network. 
The overall harmonic current distortion for a six-pulse system with line chokes is in the range of 30%, whereas the figures are around 12% for a 12-pulse design and 6% for an 18-pulse setup. This method uses VFDs and direct conversion VFDs in which thyristors are used in place of diodes.

The current waveform for this design resembles that of a diode, but the total power factor is below average at partial load. This results in higher absolute harmonic currents and higher apparent currents.

Replacing the diodes in the output inverter with free-running components such as IGBTs offers many advantages. “ [141]


[image: ]
[bookmark: _Toc133290373]Figure 19 Diode Rectification [142]
[image: ]
[bookmark: _Toc133290374]Figure 20 Harmonics od diodes [143]

“A six-pulse diode rectifier is the most common rectifier circuit used in three-phase PWM drives. Although this rectifier is robust, affordable and reliable, the input current contains many low order harmonics. Connect two 6-pulse rectifiers in parallel to provide the same DC bus to create a 12-pulse rectifier. Two special transformers on the secondary side are used to feed these rectifiers. This produces a smoother current waveform compared to a single 6-pulse rectifier. Using rectifiers with active IGBTs
Active IGBT (Insulated Gate Bipolar Transistor) rectifiers can be used to condition power from the utility grid. The rectifier is actively regulated to reduce harmonics, so the power factor can be kept close to unity.  
The key advantages are: • A supply current that is almost sinusoidal and has minimal harmonic content; • A power factor of one.
• The ability to enhance voltage. The motor voltage may be maintained at the desired level even if the supply voltage drops thanks to the possibility of generating reactive power.
When compared to the diode rectifier, the expense is the biggest disadvantage.” [144]






[bookmark: _Toc133290350]Thyristor rectifier Principle

[image: ]
[bookmark: _Toc133290375]Figure 21 Thyristor Rectifier Principle [145]
“Once the thyristor has been activated by a gate pulse, it behaves somewhat like a diode. Unlike a diode, the device will block both forward and reverse current if it is not turned on actively. The thyristor in a thyristor rectifier can be activated as soon as it is forward biassed (firing angle, = 0°) and at any moment up until it is reverse biassed (= 180°).” [145]

[bookmark: _Toc133290351]Harmonics' impact on power factor
“The RMS current rises with an increase in harmonics, which has the following effects on the power factor. The RMS current is I1 if there are no harmonics. In the presence of harmonics, the RMS current will rise. 
 
• An increase in RMS current results in a rise in KVA (apparent power). Power factor and KVA are negatively correlated, and KVA rises as power factor falls.
 
• If the kVA demand increases, the active power kW must decrease. So, it has an impact on power supply.
• The system's harmonics are to blame for the power factor decline.” [147]

[bookmark: _Toc133290352]Impact of Harmonics on Power Quality
“Harmonic currents lower the quality of the supply voltage and raise the r.m.s. current in electrical systems. They put strain on the electrical system and could harm machinery. They could prevent equipment from running normally and raise operational expenses.” [148]



[image: ]
[bookmark: _Toc133290376]Figure 22 12 pulse Rectifier


[image: ]
[bookmark: _Toc133290377]Figure 23 3PH 6 PULSE RECTFIER


[image: ]
[bookmark: _Toc133290378]Figure 24 Thyristor / Diode Harmonics


[image: ]
[bookmark: _Toc133290379]Figure 25 LGET Harmonic

[bookmark: _Toc133290353]Discussion
Around the Tasks you can see that Variable Frequency Drive are pinnacle towards the future development of electrical engineering designs. The designs and purpose fit all requirements for all industries and needs. Also from a energy saving point of view with harmonics and power consumption help drive the need for cost saving and energy reduction across heavy industries especially. The cost of these technologies are still roughly high but with the development of filter and harmonics continuing these will come down in price , size and go up in demand. To help with task 2 we made circuits on proteus to help prove harmonic noise is dropped from incoming supply when configuration of diodes and thyristors are used.





[bookmark: _Toc133290354]Conclusion.
As can see from my results I selected a Variable frequency drive for four out of the five induction motor requirements. This was mainly around the technology available and how much they tick the boxes for all aspects. As can see from Task 2 the harmonics for the 6 pulse rectifier and 12 pulse rectifier and also the IGET transistor that harmonics was less from the incoming supply . These design help minimise harmonic interference and this is same technology used in variable frequency drives.
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