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This report is split into two sections and concerns power electronics and drives within industry.  Section 1 concerns the refit of motor drive systems within a factory.  There are five different types of induction motors in the factory, and these are given 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



Suitable technology for drive systems for each motor is required and is included in Section 1 of the report below.  The report contains information on starters, protection, cost, flexibility of control systems, information gathering abilities, common DC bus systems, and whether the use of each of these features is required for each motor.
Section 2 of the report analyses the use of diodes, thyristors (SCRs), and IGBTs for rectification of incoming mains with respect to variable frequency drives.  It also contains information on harmonic noise in these systems, its effect on power and power factor, and how these harmonics can be reduced through careful rectifier design.

[bookmark: _Toc133019952]Section 1

[bookmark: _Toc133019953]Starters
Starters are devices incorporated in motor drive systems to control the starting and stopping of electric motors.  Depending on the size, application and control requirements of the motor will determine what type of starter is required.
The simplest type of starter used is the ‘Direct-On-Line’ (D.O.L) Starter.  D.O.L starters connect the motor directly to the power supply, providing the motor with full voltage during start-up.  
D.O.L starters are commonly used on smaller motors, and in applications where a soft start or ‘ramp-up’ isn’t required. [1] [2]

[image: 5.5kW DOL Starter, 415V, 3 Pole, Steel, IP55, Without Overload][image: DOL Starter Wiring Diagram For 3 Phase Motor Controlling]
- Image of D.O.L. starter with basic diagram of D.O.L. wiring for a 3-Phase motor [3] [4]

For larger motors that require a soft start, Star-Delta Starters and Soft Starters are commonly used.  Star-Delta starters work by connecting the motor in a Star configuration during the initial start-up.  Once the motor is up to speed, the starter switches to a Delta configuration to supply full voltage to the motor.  Soft starters are used to provide a gradual increase in voltage, and therefore speed, to the motor during start-up.  This reduces current and torque spikes that will otherwise occur during the start-up process.  Soft starters can significantly reduce wear and tear on motors, as well as overall power supply requirements for the motor. [5] [6] [7]

[image: Graphical user interface
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	- Image of a Schneider Soft-Starter unit [8]        	- Basic diagram of a Star-Delta Starter [5]



Variable Frequency Drives (VFD’s): -
VFD’s are used when precise control of a motor’s functionalities, such as speed and torque, acceleration and deceleration is required.  The frequency and voltage of the supply to the motor can be altered, which will give a smooth operation to the motor.  Characteristics can be set up and stored on some of these drives too which allows for simple start-up to suit once initially set up. [1] [9] [10]
[bookmark: _Toc133019954]
Protection
Protection is another crucial requirement for motor drive systems to ensure safe and reliable operation.  There are two main types of protection used for motor drive systems: Electrical and Mechanical protection.
[bookmark: _Toc133019955]Electrical Protection: -
Overload protection is achieved by components such as overload protection devices and thermal relays being incorporated into motor drive systems.  These are used to monitor the motor current being drawn and will trip the supplying circuit breaker if the rated current limit is exceeded.
Short Circuit Protection ensures that the motor does not draw excessive current as a result of a short circuit in the system, and that electrical supply to the motor is isolated.  Components commonly used for this protection include fuses and circuit breakers, as well as some multifunction contactors that may feature this protection.
Earth Fault Protection devices, such as earth fault relays, are used to detect earth faults in the motor drive system, and again, trip a circuit breaker or operate a fuse to isolate supply to the motor.
Overvoltage protection is another form of protection in the system that will monitor voltage in the system and trip the circuit breaker supplying the motor if a maximum set voltage is exceeded, or falls beneath a ‘minimum’ limit. [11]
[bookmark: _Toc133019956]Mechanical Protection: -
There are also many forms of mechanical protection that can be included in a motor drive system to prevent failure or reduce wear.  Devices such as speed/torque limiters and clutches protect motors from overload due to excessive speed or torque and can be very beneficial to prevent damage to motors in certain applications, where blockages in a line may occur, for example.
There are also devices for thermal protection, to prevent overheating of the motor due to ambient temperature or prolonged operation.  Components such as thermal sensors and temperature switches can be added to the system, which will monitor the motor’s temperature and trip the circuit breaker if the maximum limit is exceeded.
Other sensors or accelerometers can also be used in certain circumstances to monitor or reduce vibration to a motor.  Again, monitoring the operation of the motor and tripping the circuit breaker if vibration exceeds limits. [11]
[bookmark: _Toc133019957]
Flexibility of Control System
Having flexibility of control systems are crucial in the running of many different types of plant.  The ability to adjust characteristics of the motor and what it is running can vastly improve the operation of plant.  Speed and Torque control through use of VFD’s and soft starters can allow for better optimal performance of the system, possible energy savings and overall improved process control and efficiency of the drive system. [12]
[bookmark: _Toc133019958]
Common DC Bus
A common DC bus is used in motor drive systems to supply power to multiple motor drives or loads, rather than each drive having its own DC bus.
The common DC bus has many advantages.  Firstly, it allows for better utilization of the existing power supply due to the combination of all drives into one common bus.  This can improve cost savings as one single power supply is used, rather than several smaller ones.
Next, the common DC bus can reduce the overall complexity of the system by eliminating the need for individual transformers, rectifiers and filters for each drive.  A single, larger set of these components can be used for the entire system, covering multiple drives, which will in turn reduce the number of required components.
Finally, a common DC bus can help with flexibility of the system, and can make expansion easier.  A new drive can be added to the end of the bus, rather than requiring the installation of a new power supply or major modifications to the existing supply. [13]
[image: ]
- Image of common DC bus layout [14]
[bookmark: _Toc133019959]
Information gathering
The ability to gather information is a crucial aspect of motor drive systems.  Being able to collect and analyse data from various sensors and monitoring devices within the system allows for potential problems to be possibly detected prior to them occurring, helps with preventative maintenance and overall system operation.  Performance monitoring focuses on the systems energy performance in real time, including voltage, current, temperature and vibration.  Energy consumption and generation can also be monitored using similar techniques and devices such as energy meters, power quality analysers and software used to track energy consumption.
Condition monitoring focuses on the ability to monitor the condition of various components within the system, such as bearings, gears and shafts, and can detect potential problems before failure occurs.  Monitoring can be carried out on the device itself (i.e., A protection relay for the system), or remotely at a control room, via ethernet, wi-fi or other means of remote data transmission.
These forms of data can be analysed and then used to gain a deeper knowledge of the system, which can in turn determine what can be altered to optimize the system with regards to reducing costs and improved efficiency overall.  The techniques mentioned above also contribute to gathering vital information on motor drive systems and allows for early detection of potential problems that can help to reduce downtime by highlighting problems before failure occurs and can assist with the timing of preventative maintenance. [15]

[bookmark: _Toc133019960]List of Motors

As an example, ABB have useful tools online to configure which drives will suit which motors, and energy savings calculators for VFDs that may be used instead of other alternatives.  Below is an example of the ABB configuration tool, and the steps that were used to find a VFD for Motor A: -
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	[bookmark: _Hlk132826534]Power
	500kW

	Phases
	3

	Voltage
	400

	Required to be reversible?
	Yes

	Variable speed required?
	Yes

	Quantity installed
	5

	Example Application
	Rolling Mill



	Name
	‘ABB’ ACS880-01-145A-3 [16]
	‘Siemens’ SINAMICS G120X [17]
	‘Danfoss’ VLT HVAC Drive FC 102 [18]
	‘Vybo Electric’ VFD V800 [19]

	Image
	[image: ]
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	[image: Variable frequency drive 500kW 400V V800 VYBO Electric]

	Cost
	Price on request
	£27,206.72
	Price on request
	Price on request

	Rating (kW)
	500kW
	500kW
	500kW
	500kW

	Input voltage (V)
	400V AC
	380 – 480V AC
	400V AC
	400V AC

	IP Rating
	IP21
	IP20
	IP21
	IP20



Motor A will include a VFD (See table above), which will contain the starting/stopping operations, protection and flexibility due to optional speed/torque control and ramp up/down capabilities.  As protection and speed control are included in the VFD, there is no need to add these separately to this motor.

[bookmark: _Toc133019962]Motor B
	Power
	80kW

	Phases
	3

	Voltage
	400

	Required to be reversible?
	Yes

	Variable speed required?
	Yes

	Quantity installed
	10

	Example application
	Gantry Crane



	Name
	Schneider ALTIVAR 630 Series [20]
	ABB ACH580-01 [21]

	Allen Bradley Poweflex 753 [22]
	Emerson VFD PROFINET [23]

	Image
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	Cost
	£9661.44
	£11,845.29
	Price on request
	Price on request

	Rating (kW)
	90kW
	90kW
	0.75kW – 250kW
	90kW

	Input voltage (V)
	400V AC
	400V AC
	380 – 480V AC
	480V

	Additional information
	IP21
	IP21
Overload, overvoltage, undervoltage protection
	IP20
Overload, overvoltage, undervoltage protection
	IP20





[bookmark: _Toc133019963]Motor C
	Power
	10kW

	Phases
	3

	Voltage
	400

	Required to be reversible?
	No

	Variable speed required?
	Yes

	Quantity installed
	23

	Example Application
	Conveyor



	Name
	Schneider Electric 10 kW DOL Starter [24]
	Schneider Electric 10 kW DOL Starter [25]
	Siemens 3RW55-F [26]

	Image
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	Cost
	£175.39
	£175.39
	Price on request

	Rating (kW)
	10kW
	10kW
	10kW

	Input voltage (V)
	220V AC
	415V AC
	200 – 480V AC

	Additional information
	Only 220V AC
IP65
	IP65
	Overload protection



[bookmark: _Toc133019964]Motor D
	Power
	5kW

	Phases
	3

	Voltage
	400

	Required to be reversible?
	Yes

	Variable speed required?
	No

	Quantity installed
	5

	Example Application
	Cutting Machine



	Name
	Schneider Altistart Soft-Starter
	Siemens 3RW55-F [26]
	ABB 7.5KW Soft Starter [27]

	Image
	[image: ]
	[image: ]
	[image: ]

	Cost
	£202.66
	Price on request
	£283.27

	Rating (kW)
	1.5kW – 5.5kW
	5kW
	7.5kW

	Input voltage (V)
	110 – 480V AC
	200 – 480V AC
	208V – 600V AC

	Additional information
	n/a
	Overload protection
	IP20




[bookmark: _Toc133019965]Motor E
	Power
	1kW

	Phases
	1

	Voltage
	230

	Required to be reversible?
	No

	Variable speed required?
	No

	Quantity installed
	127

	Example Application
	Pumps/Fans



	Name
	SSR 20WA R1(1KW) Motor Soft Starter Module Controller Single phase [28]
	Crompton 1.1kW DOL Starter [29]
	RS Pro 1.1kW DOL Starter [30]

	Image
	[image: ]
	[image: ]
	[image: ]

	Cost
	£60.16
	£132.60
	£96.18 (£80.15ea for multiple units)

	Rating (kW)
	1kW
	1.1kW
	1.1kW

	Input voltage (V)
	230V AC
	230V AC
	230V

	Additional information
	n/a
	IP55
7-10A Overload
	IP55



D.O.L starters would usually work well for this size motor, and there being no requirement of them to have varying speed or to be reversible.  However, due to the quantity of the pumps/fans in the system, a VFD may be more suitable for this application, where multiple motors can be supplied from a single VFD.  In this case, the use of a VFD may prove to be more cost effective and energy efficient than using a D.O.L.  The initial inrush current and voltage drop that would occur from simultaneously starting these motors from a D.O.L would also mean a VFD may be more suited.  However, if D.O.L starters were preferred, then multiple starters could be used across a certain number of motors, or a sequential start logic could be implemented to delay inrush current. [31]

[bookmark: _Toc133019966]Conclusion
In Conclusion, it is clear that there are applications for all the above features, and that motors with different sizes and requirements will need various components or set ups to run in the most optimized and cost-effective way.
The above selections (highlighted in green) have been made for the required drives/starters.  The same Manufacturer has been chosen for each drive for consistency reasons and to simplify maintenance/upgrades to the plant in future.

[bookmark: _Toc133019967]Section 2

This section of the report studies the use of various components in Variable Frequency Drive circuits.  The use of Diodes, Thyristors (SCR’s) and IGBT’s for rectification of the incoming mains are covered below.
Harmonics and reducing their effect on circuits, as well as their effect on power and power factor, is also covered in this section.
Rectification is the process of converting AC to DC current, primarily using rectifiers arranged in a certain configuration to generate a smooth DC output.
Different components and circuit layouts are required for different applications, and there are many ways to achieve rectification in a system.

[bookmark: _Toc133019968]Diodes: -
Diodes allow current to flow in one direction, blocking the flow in the opposite direction.  For this reason, they are commonly used for rectification purposes, in particular the rectification stage of a variable frequency drives work, as they can create smooth DC signal when configured correctly.  

3Phase 6 Pulse Rectifier with diodes included: -
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3Phase 12 Pulse Rectifier with diodes included: -
[image: Diagram
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Line Analysis Graph	: -
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Load Analysis Graph: -
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Analogue Analysis: -
[image: A screenshot of a computer
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[bookmark: _Toc133019969]Thyristors (SCRs): -
Thyristors, also known as silicone-controlled rectifiers (SCRs) are commonly used in VFDs due to their ability to switch rapidly on and off, whilst also being able to handle high voltages and current.  When combined with capacitors and inductors in the correct configuration in a circuit, precise control of the output voltage and frequency can be achieved, which in turn enables accurate control of the motor speed.
When compared to diodes, thyristors generally offer better efficiency and more control over the output voltage to the motor.

3Phase 6 Pulse Rectifier with thyristors included: -

[image: Table
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3Phase 12 Pulse Rectifier with thyristors included: -
[image: A screenshot of a computer
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[bookmark: _Toc133019970]IGBTs: -
IGBTs (Insulated gate bipolar transistors) are also commonly used in VFDs due to their high efficiency, high switching frequency, and fast switch on/off times.
Like SCRs, IGBTs are combined with capacitors and inductors in a specific configuration, to create the desired output voltage and frequency, and therefore power the motor as required.

3Phase 6 Pulse Rectifier with IGBTs included: -

[image: Diagram
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3Phase 12 Pulse Rectifier with IGBTs included: -
[image: A screenshot of a computer

Description automatically generated with medium confidence]
[bookmark: _Toc133019971]Harmonics

Harmonics are a common problem in electrical power systems and can have several negative effects on power and the power factor of the relevant system.
The presence of harmonics can cause additional power losses in the system.  These losses are caused due to the heating of equipment such as motors, transformers and generators in the system, which can result in increased energy consumption and reduced efficiency.
Overheating can be a result of harmonics in an electrical system, which can lead to increased maintenance costs and downtime due to premature failure of equipment.
Voltage distortion is another effect of harmonics, and can cause several issues, such as flickering lights and damage to electronic components.
Additional reactive power can also be generated as a result of harmonics in a system, which can again, lead to further losses in the system.
Harmonics can also reduce the power factor of the system.  Power Factor is known as the ratio of real power to the apparent power in a system and represents the efficiency of the system.
When harmonics are present, the current waveform is disrupted, leading to a reduction in power factor.  

Harmonics can be minimised by careful rectifier design and the inclusion of the following techniques: -
Active power factor correction – One technique used to minimise harmonic noise in a system is to use active power factor correction.  Power factor correction circuits are used to shape the current waveform to be sinusoidal, which will in turn significantly reduce the amount of harmonic noise in the system.  The addition of this technique will incur some extra costs, but the result will often ensure a much more efficient circuit. [32]
Pulse Width Modulation – Pulse Width Modulation, or high frequency switching, is another technique commonly used to reduce harmonic noise.  PWM works by varying the pulses delivered to an electrical load, switching on and off in quick succession.  The result of this is that the output filter size is reduced, which in turn reduces the harmonic noise in the system.  The high set/low set of the PWM signal can be altered to create varying results as required. [33]
[image: What is PWM: Pulse Width Modulation]
- Illustration showing Pulse Width Modulation examples [34]


Component Selection: The selection of components is critical in minimizing harmonic noise. Components such as diodes, capacitors, and inductors should be chosen carefully to minimize the amount of harmonic noise that they produce.
Suitable filter design is also crucial to having an effectively working system. [32]
[bookmark: _Toc133019972]Conclusion

In Conclusion, rectifiers are useful tools to minimise harmonic noise in power electronic systems, but careful rectifier design must be carried out to make this effective.  Techniques such as active PFC, Pulse width modulation, filter design and component selection can all be used to reduce the amount of harmonic noise in the system.  By minimizing harmonic noise, it is possible to improve the efficiency and reliability of power electronics systems overall.
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