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In task 1 of this report, it is documented the research into different types of motor starters and motors. 5 different motor specifications have been given within a factory. The factory requires motor controlling methods to be decided for the motors in the factory, using the most efficient methods and meeting the specification requirements of the motor. Background research was carried out into different motor starter methods and motors, before comparing different motor starter options to be used with each specified motor.
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There are numerous different motors on the market, that can be controlled by a variable frequency drive (VFD), all these motors being AC-controlled. Some of the motors are -
· AC synchronous permanent magnet motors
· AC synchronous brushless motors
· AC asynchronous wound rotor motor
· squirrel cage induction motor
· Slip-ring Induction motor

[bookmark: _Toc133332215]Induction Motor

Inductions motors are widely used in the industrial industry where 90% of the drives use them. They are called asynchronous as the speed they operate is less than the synchronous speed of the motor. They are used to convert electrical energy into mechanical energy. The squirrel cage motor can run at high speeds and are highly efficient. Figure 1 shows the internals of an induction motor broken apart. The motors rotate due to a magnetic field produced in the rotor of the motor due to the stator being energised producing a magnetic field also. The rotor is a conductor there it gets a current produced within it that flows around it like a loop.  [1] [2]
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Figure 1 - Breakdown of an induction motor
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Different types of motor starters are available that can be used to control the motor. These range from starters such as –
· Direct-on-line starter (DOL)
· Rotor resistance starter
· Stator resistance starter 
· Star delta starter
· Variable frequency drives (VFD)

[bookmark: _Toc133332218]Variable Frequency Drives

Variable frequency drives are used to control AC motors. They can vary the frequency of the input power to the motor there they can control the speed and torque of the motor. They can be used to increase efficiency within a factory by allowing motor speed to be run at the speed required by the load and not at full speed, saving energy in the process. Figure 2 shows a block diagram of a VFD. They mainly consist of Rectifiers which are talked about in task 2. A DC bus and an inverter, that converts DC to AC voltage using the pulse width modulation (PWM) method. They have efficiency ratings of 95 to 98% and aid in power factor correction in motors, especially in large factories with numerous processes going on.  [3] [4]
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Description automatically generated]Figure 2 - General view of a block diagram used for a VFD [38]
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Different motors with different specifications were given and each of the motors required a VFD or another motor starting method. 

When choosing a method to control the motor some of the considerations that shall be taken into place are the cost of the system, the efficiency of the system, flexibility of the system and ease of use.

The first of the 5 motor's specifications were as below.
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	Voltage
	400V

	Phases
	3

	Power
	500kW

	Current
	1250A

	Required to be Reversible?
	Yes

	Variable Speed Required?
	Yes

	Quantity Installed
	5

	Application example to be controlled
	Rolling Mill


                                           Table 1 – Factory Motor A Specifications


Using the specifications of Motor A in table 1, research was carried out to find a suitable starter or variable frequency drive (VFD) to be used to control the motor.
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	Option 1
	Siemens Sinamics S120 6SL3330-1TE41-8AA3

	Voltage
	400V

	Rated Power? (Heavy Duty)
	1000kW

	Output Current ?
(Heavy Duty)
	1481A

	Phase?
	3

	Approximate Cost?
	£21,393.82

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	Regenerative Feedback

	Notable Features:
	· Large Number of Safety integrated functions
· Adhere to numerous standards
· Perform speed and torque control functions
· Combined with a control unit that performs closed-loop control functions
· Can use internal air cooling or liquid cooling
· Communication protocol – Profinet or Profibus or Modbus TCP
· Common DC Busbar

	Safety Features:
	· Safe Torque Off (STO)
· Safe Brake Control (SBC)
· Safe Stop 1 (SS1)
Additional functions can be added such as -
· Safe Stop 2 (SS2)
· Safe operating stop (SOS)
· Safe Speed Monitor (SSM)


	Table 2 – Motor A VFD option 1 specification

[1] [2]











	Option 2
	ABB ACS880-17-1700A-3

	Voltage
	400V

	Rated Power? (Heavy Duty)
	710kW

	Output Current ?
(Heavy Duty)
	1272A

	Phase?
	3

	Approximate Cost?
	Unavailable

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	Regenerative Variable Speed

	Notable Features:
	· Communication Protocol – MODBUS, additional communication protocols can be added
· Additional I/O Extension modules can be added
· Remote monitoring access can be added on
· Speed interface feedback add on
· Supplied with control unit
· Power Factor – 1
· Direct Torque Control
· PID Control
· Supports Common DC BUS
· Complies with a wide range of standards

	Safety Features:
	· Safe Torque Off (STO)
· Safe Stop 1 (SS1)
· Option to have safety function modules such as FSO-12 and FSO-21 support a wider range of safety functions such as –
· Safe Maximum speed (SMS)
· Safely limited Speed (SLS)
· Safe Direction (SDI)
· Safe Brake Control (SBC)
· Safe Stop Emergency (SSE)


Table 3 – Motor A VFD option 2 specification

[3]







	Option 3
	Allen Bradley PowerFlex 755TM
20JEF3C1K4LNANNNNN 

	Voltage
	400V

	Rated Power? (Heavy Duty)
	731kW

	Output Current ?
(Heavy Duty)
	1261A

	Phase?
	3

	Approximate Cost?
	Unavailable

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	Regenerative

	Notable Features:
	· Communication Protocol – PROFIBUS and PROFITNET DP
· Use with Common DC Bus with regenerative input and low harmonics
· Power Modules easily removed for service
· Able to select up to 5 option cards
· Precise velocity, torque and position control
· Advanced self-monitoring capabilities and real-time data
· Comes with built in Devicelogix technology that has applications such as Speed reference selection, Signal Scaling, Fault handling and Signal Conditioning

	Safety Features:
	· Option to have four different safety option modules - Hardwired torque off, networked safe torqued off, Safe speed monitor and integrated controller based safety functions


Table 4 – Motor A VFD option 3 specification

[4] [5]










Motor A Conclusion

Upon research of methods to control Motor A, Option 3 – Allen Bradley Powerflex 755TM in table 4 is the chosen drive. This drive was chosen due to its flexibility, protection, and efficiency. It has a built-in regenerative common DC bus which is key for all the VFDs to be chosen for this site. The drive’s specs meet the motor’s specifications. The motor will be run in constant torque and the heavy-duty specs are met by the driver. 5 option cards can be added that are either extra safety, communication, feedback, or I/O cards. The drive system's total force technology monitors the machine and automatically adjusts to compensate for any changes, as well as real-time monitoring aiding with identifying faults before they arise. Profinet DP and Profibus are used that are well-recognised and can be used to communicate between other equipment and PLCs. 
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	Voltage
	400V

	Phases
	3

	Power
	80kW

	Current
	200A

	Required to be Reversible?
	Yes

	Variable Speed Required?
	Yes

	Quantity Installed
	10

	Application example to be controlled
	Gantry Crane


                                           Table 5 – Factory Motor B Specifications


Using the specifications of Motor B in table 5, research was carried out to find a suitable starter or variable frequency drive (VFD) to be used to control the motor.
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	Option 1
	Siemens Sinamics G120 6SL3224- 0BE41-1UA0 (Power Module PM240)

	Voltage
	400V

	Rated Power? (Heavy Duty)
	110kW

	Output Current ?
(Heavy Duty)
	205A

	Phase?
	3

	Approximate Cost?
	£25,165.00

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	No, Break Chopper (Energy Dissipated as heat)

	Notable Features:
	· Flexible with a large number of additional components available such as – Intelligent operator panel and Basic operator panel, Line reactors, Braking Resistors and Sine-wave filters
· Communication protocol – Profitnet and Profibus
· Supplementary components such as Safe Brake Relay which allows the motor brake to be directly and safely controlled from the control unit
· The control unit allows for easy commission and diagnose
· Internal air cooling via integrated fans

	Safety Features:
	· Safe Torque Off (STO)
· Safe Brake Control (SBC)
· Safe Stop 1 (SS1)
· Safely Limited Speed (SLS)
· Overvoltage and Undervoltage Protection
· Motor Blocking Protection
· Overcontrol/Overload
· Ground Fault
· Short circuit
· Stall protection
· Motor overtemperature
· Inverter Overtemperature
· Parameter locking


Table 6 – Motor B VFD option 1 specification

[6] [7]

	Option 2
	ABB ACS880-17-0293A-3

	Voltage
	400V

	Rated Power? (Heavy Duty)
	132kW

	Output Current ?
(Heavy Duty)
	246A

	Phase?
	3

	Approximate Cost?
	Unavailable

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	Regenerative

	Notable Features:
	· Communication Protocol – MODBUS, additional communication protocols can be added
· Additional I/O Extension modules can be added
· Remote monitoring access can be added on
· Speed interface feedback add on
· Supplied with control unit
· Power Factor – 1
· Direct Torque Control
· PID Control
· Supports Common DC BUS
· Complies with a wide range of standards

	Safety Features:
	· Safe Torque Off (STO)
· Safe Stop 1 (SS1)
· Option to have safety function modules such as FSO-12 and FSO-21 support a wider range of safety functions such as –
· Safe Maximum speed (SMS)
· Safely limited Speed (SLS)
· Safe Direction (SDI)
· Safe Brake Control (SBC)
· Safe Stop Emergency (SSE)


Table 7 – Motor B VFD option 2 specification

[3]








	Option 3
	Allan Bradley 755TS Powerflex Drive 
Catalogue no: 20G2ANC302JA2NNNNN

	Voltage
	400V

	Rated Power? (Heavy Duty)
	132kW

	Output Current ?
(Heavy Duty)
	260A

	Phase?
	3

	Approximate Cost?
	Unavailable

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	No

	Notable Features:
	· Communication Protocol –  Profinet DP and Profibus
· Comes with built in Devicelogix technology that has applications such as Speed reference selection, Signal Scaling, Fault handling and Signal Conditioning
· Predictive maintenance – can be used to estimate the life span of drive components to be ready to change them to limit downtime
· Torqprove – Patented control that coordinates motor torque ad brake operations
· Slot based hardware allows additional optional modules for feedback, communications, I/O and safety
· 

	Safety Features:
	· Safe Torque Off (STO)
· Safe Stop 1 (SS1)
· Option to have four different safety option modules - Hardwired torque off, Networked safe torqued off, Safe speed monitor and integrated controller based safety functions


Table 8 – Motor B VFD option 3 specification

[8] [4]








Motor B Conclusion

3 VFDs were researched for motor B with the drive ABB ACS880-17-0293A-3 being chosen in table 7. The high-performance motor control with precise velocity, torque and positioning suited the purpose of the motor. A large list of additional safety features is available. MODBUS communication protocol is used with the other for additional protocols available. Remote monitoring allowed the data to be collected and analysed remotely. A speed interface feedback add-on is a great addition for information-gathering. The key feature is the option to use a common DC Bus where the drive is regenerative. [3]
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	Voltage
	400V

	Phases
	3

	Power
	10kW

	Current
	25A

	Required to be Reversible?
	No

	Variable Speed Required?
	Yes

	Quantity Installed
	23

	Application example to be controlled
	Conveyor


		                                           Table 9 – Factory Motor C Specifications


Using the specifications of Motor C in table 9, research was carried out to find a suitable starter or variable frequency drive (VFD) to be used to control the motor.
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	ABB ACS180-04S-38A0-4
	SIEMENS SIMATIC G120 6SL3224-0BE31-1UA0 (Power Module PM250)
	Mitsubishi FR E840-0300-4-60

	Voltage
	400V
	400V
	380-480V

	Output Power, Heavy Duty-Use?
	15kW
	11kW
	15kW (Normal Duty)

	Output Current – Heavy Duty-Use?
	32A
	26.0A
	30A (Normal Duty)

	Phase?
	3
	3
	3

	Can Control variable speed of motor?
	Yes
	Yes
	Yes

	Brake Functions
	Brake Chopper
	Energy recovery in regenerative operation
	Not Regenerative

	Notable Features:
	· Power Factor – 0.98
· Communication Protocol – MODBUS
· RS485 Interface
· Brake Chopper
	· Power Factor – 0.90
· Numerous communication protocols – Profibus DP, Profinet Ethernet/IP
· Regenerative feedback
· RS485 interface
	· Communication protocol – MODBUS RTU
· RS-485 port
· Built in Display
· Functions with PLC

	Safety Features:
	· Overcurrent protection
· DC overvoltage protection
· Earth fault detection
· Motor thermal protection
	· Overvoltage protection
· Undervoltage protection
· Overload
· Short Circuit
· Safe Torque Off (STO)
· Safe Brake Control (SBC)
· Safe Stop 1 (SS1)

	· Fault Detection
· Safety stop function


Table 10  – Motor C VFD  specifications for options 1,2 and 3

[1] [2] [3] [12]
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Siemens Simatic 6SL3224-0BE31-1UA0 in table 10 was chosen to be used for Motor C. The drive is compatible with a common DC bus, where the energy can be regenerated from the drive into the common DC bus for the other motors. Widely recognised communication protocols such as Profinet, Profibus or Modbus are used, this allows for a wide range of flexibility. Power modules are available with the drive with low-line harmonics. The drive’s specs and heavy-duty specs meet the motor’s demands under constant torque. The drive has safety features such as safe torque off which is excellent for conveyor systems, Motor over protection and overvoltage and Undervoltage protection. An intelligent operator panel can be used which allows for simple commissioning, fast diagnostics, and displaying information gathered from the motor. [3]
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Motor D

	Voltage
	400V

	Phases
	3

	Power
	5kW

	Current
	200A

	Required to be Reversible?
	Yes

	Variable Speed Required?
	No

	Quantity Installed
	17

	Application example to be controlled
	Cutting Machine


                                           Table 11 – Factory Motor D Specifications

Using the specifications of Motor D in Table 11, research was carried out to find a suitable starter or variable frequency drive (VFD) to be used to control the motor.
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	Option 1
	Schneider TeSys Control – Enclosed standard starter / reverser with LR2K overload protection
Reference code: LE2D18V7
Thermal Overload reference code: LR2K0321

	Voltage
	400V

	Rated Power? 
	7.5kW

	Max Current?
	17A

	Phase?
	3

	Approximate Cost?
	DOL - £240
Thermal Overload - £44.08

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	No

	Notable Features:
	· Can reverse the motor
· Degree of protection according to IEC 60529: IP65 IK09
· Stop/Reset Pushbutton Control

	Safety Features:
	· Emergency Stop Button
· Protection against thermal overload


Table 12 – Motor D VFD option 1 specification

[13] [14] [15] [16]

	Option 2
	ABB ACS880-01-017A-3

	Voltage
	400V

	Rated Power? (Light Duty)
	7.5kW

	Output Current ?
(Light Duty)
	16A

	Phase?
	3

	Approximate Cost?
	£1,509.27

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	No – Brake Chopper

	Notable Features:
	· Communication Protocol –  MODBUS RTU Fieldbus interface, additional communication methods can be added
· Compact Design
· Removable memory unit
· Direct torque control (DTC)
· Power Factor - 0.98

	Safety Features:
	· Safe Torque Off (STO)
· Safe Stop 1 (SS1)
· Complies with machinery safety SIL 3 / PL e
· Safety functions also available such as, Safe stop emergency (SSE), Safe Brake Control (SBC), Safely-limited speed (SLS), Safe Direction (SDI), Safe Speed monitor (SSM)


Table 13 – Motor D VFD option 2 specification

[17] [18]










	Option 3
	Siemens G120D 6SL3525-OPE27-5AA1

	Voltage
	380….500V

	Rated Power?
	7.5kW

	Output Current ?
(Light Duty)
	17.70A

	Phase?
	3

	Approximate Cost?
	£3,215.01

	Can Run motor in reverse or forward?
	Yes

	Regenerative?
	Electronic braking with energy recovery into line supply

	Notable Features:
	· Communication Protocol –  Profibus DP, Profinet I/O and others
· Compact Design
· Power Factor - 0.95
· Load cycle monitoring
· System protection functions
· User friendly commissioning without expert knowledge

	Safety Features:
	· With control unit CUT250-2:
· Safe Torque Off (STO)
· Safe Stop 1 (SS1)
· Safely-limited speed (SLS)
· Safe Direction (SDI)
· Safe Speed monitor (SSM)


Table 14 – Motor D VFD option 3 specification

[19] [20] [21]













Motor D Conclusion

Motor D had the option of either a VFD or a Reverse DOL (Direct-on-line) starter in table 12. The DOL starter had limited features but was a lot cheaper. The Siemens G120D in table 14 was chosen due to being compatible with a common DC bus and being regenerative. Communication protocols such as Profibus DP and Profinet are used. The drive has diagnostics capability and energy management. The VFD also has low line harmonics while regenerating. It features a lot of safety functions with the use of the control unit CUT250-2 which all added to why it was chosen over the DOL. [19]
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	Voltage
	230V

	Phases
	1

	Power
	1kW

	Current
	2.5A

	Required to be Reversible?
	No

	Variable Speed Required?
	No

	Quantity Installed
	127

	Application example to be controlled
	Pumps/Fans


                                           Table 15 – Factory Motor E Specifications

Using the specifications of Motor E in table 15, research was carried out to find a suitable starter or variable frequency drive (VFD) to be used to control the motor.

[bookmark: _Toc133332231]Motor E Control Comparisons


	Option 1
	ACS180-04x-06A9-1

	Voltage
	230V

	Nominal Rated Power? 
	2.2kW

	Nominal Rated Current?
	6.9A

	Phase?
	1

	Approximate Cost?
	Unknown

	Can Run motor in reverse or forward?
	No

	Regenerative?
	No

	Notable Features:
	· Communication protocol – MODBUS RTU
· Power Factor 0.98
· IE2 Efficiency class
· Drive starting and troubleshooting tasks can be carried out on mobile
· Mini PLC included in the drive

	Safety Features:
	· Safe Torque off (STO)



Table 16 – Motor E VFD option 1 specification

[23]




	Option 2
	Schneider TeSys Control – Control + Isolation + Protection again short circuits and overloads
Reference code: LE4K095P7
Thermal Overload reference code: LR2K0316

	Voltage
	230V

	Rated Power? 
	2.2kW

	Max Current?
	9A

	Phase?
	3

	Approximate Cost?
	DOL - £289.99
Thermal Overload - £47.33

	Can Run motor in reverse or forward?
	No

	Regenerative?
	No

	Notable Features:
	· Can isolate the circuit with black side handle
· Degree of protection according to IEC 60529: IP65 IK09
· 1 Way rotation control
· Green & Red Pushbuttons on cover
· Short-circuit protection with NFC fuses

	Safety Features:
	· Protection against thermal overload
· Protection against short circuits


Table 17 – Motor E VFD option 2 specification

[22] [24] [24] [25]














Motor E Conclusion

For motor E two types of motor starters were looked at to control the motor. A VFD in table 16 and a DOL in table 17. The DOL starter was chosen for this motor due to its price and compactness. Due to the motor not being required to be variable speed or reversed, a VFD was overkill for the price that they are and the motor that was to be driven. The feedback that the VFD gives will not be met by the DOL, neither will the safety functions although the DOL has thermal overload protection. With the use of a PLC, you can gain feedback from the DOL such as indications when the motor is running or not. The DOL is designed for a three-phase motor although can be rewired to control a single-phase motor. Due to this, the single-phase current must be greater than the three-phase current to ensure it provides the same power to the motor.  The motor efficiency will be a lot less than the others but as there are 127 of these motors the cost will be massively cheaper.

[bookmark: _Toc133332232]Conclusion

When deciding on the motor control methods for each of the specified motors it was taken into consideration how to make the factory more efficient, limit maintenance time, and less cost of installation. By choosing drives that are compatible with a common DC Bus, as well as being regenerative, the drives are more expensive but will pay back in time with energy savings. This also eliminates the cost of needing to buy individual rectifiers for each drive and motor and allows the factory to regenerate energy as opposed to taking energy from the grid, lowering the overall factory energy consumption.
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This section of the report goes into detail regarding harmonics that are caused due to rectification, which is used to convert AC voltage to DC voltage. These voltages have negative effects on the supply line as well as the load that the voltage is supplying. Harmonics are caused due to non-linear loads, which produce a component which is non-sinusoidal. Harmonics can be harmless if they’re at the correct level, but as of recent years due to power electronics advancing with more non-linear loads and Variable frequency drives being used, more harmonics are caused. Within the IEEE Std 519-1992, a standard was created to minimise the acceptable number of harmonics. This is advised that no individual harmonic can be greater than 3% of the fundamental and the total harmonic distortion (THD) is to be under 5% of the fundamental waveform. [28]

[bookmark: _Toc133332235]Harmonics due to Rectifiers

Harmonic noise can be minimised in numerous ways. This can be done with the use of a pulse rectifier using diodes, thyristors or IGBTs or also K-rated transformers or Harmonic Mitigating transformers. Harmonics are distorted voltage and current waveforms that can contribute to interfering with sensitive communication equipment, computer data loss, overheating of equipment, tripping circuits and power factor reduction and it can also cause more inefficient use of electrical energy from the utility line and increased losses. [28] [30]

In the case of Variable frequency drives they contain rectifiers. The rectifiers consist of different pulse rectifiers such as 6 pulse, 12, 18 or 24. Pulse rectifiers are semiconductors devices used for fast switching, high voltages, and currents. [30]
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[image: Diagram, schematic

Description automatically generated]
Figure 3 - Three phase full bridge diode rectifier [39]



Figure 2 shows an example of a three-phase full bridge diode rectifier. These are widely used in the industry and come in numerous different pulses. Whenever three-phase voltage is applied, the most positive voltage on the waveform will conduct therefore D1 will conduct first due to phase 1 being the most positive, before then returning through the most negative waveform D6, phase 2. Figure 3 is a representation of this technique happening. This gives out a DC output to the load which will contain ripple, which will get smoothed with the use of a filter in the DC bus. A rectifier using diodes produces a DC voltage that’s uncontrolled.

[image: Diagram
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Figure 4 - Three phase Diode bridge rectifier input AC waveform and output rippled DC waveform [31] 
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Thyristor rectifiers (SCR) are another form of rectifier which have a controlled DC input. They have three terminals which consist of an anode and cathode, and a gate terminal. The gate terminal can be used to switch the SCR on when a positive current is applied to the gate and turned off when a negative current is applied. Figure 4 shows a 6-pulse SCR rectifier circuit. The positive of this is that the firing angle can be controlled by the SCR’s gate terminal. Where the waveform will conduct when the gate receives a pulse, therefore the DC output can be controlled. Figure 4 shows a voltage waveform where an SCR with a 45-degree firing angle is turned on, the voltage won't conduct in till the waveform is turned on. [30]

[image: Diagram, schematic
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Figure 5 - 6-Pulse SCR rectifier circuit [33]
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Figure 6 – Sinewave showing the firing angle of an SCR at 45° of the waveform, allowing the voltage to conduct in the positive half of the waveform [33]
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IGBTs are widely used in rectifiers. They combine the use of a MOSFET and a BJT. They have three terminals, a gate, a collector, and an emitter, where the gate controls the devices. IGBTS are fast switching, have a high voltage capability, and do not require current on the gate. They only allow current through in a forward direction such as the SCRs and diodes. IGBTs have a 4-quadrant operation which gives them a better response, it allows for input with low harmonics. Also provides less ripple and can provide a high-power factor throughout the load range. Figure 5 shows an IGBT rectifier circuit. Figure 7 shows the switching characteristics of an IGBT. [35] [30]

[image: Diagram, schematic
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Figure 7 - IGBT Rectifier Circuit [36]
[image: Diagram, engineering drawing

Description automatically generated]Figure 8 - IGBT Switching Characteristics [46]
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When there are harmonics present on the load the power factor is decreased due to the RMS current increasing. When the RMS current increases, so does the apparent power (KVA) which means the power factor must decrease due to equation 1 below. The kW in the system does not change therefore the power factor must change to accommodate the increase in kVA.



	Equation 1 - kVa – apparent power equation

The power factor is a value that dictates how well the equipment or load draws power from the line voltage/utility. Therefore, the increase in harmonics causes the effectiveness of the power drawn from the utility to decrease therefore there’ll be an increase in wasted power and equipment efficiency. When there are harmonics present, it causes distortion within the current waveform which affects the power causing thermal stress, and insulation stress due to the distorted voltage. Also, the distorted current waveform in the equipment will cause distortion in the voltage of the supply of the equipment that is powering. [28] [29] [30]


Oliver Bunyan                                                                                          C&P Engineering Service Ltd
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Using the software Proteus, circuits were built to show the effect of harmonics on the line voltage and the dc voltage on the output. A 3-phase 6 and 12-pulse diode rectifier was created, as well as 6 pulse SCR Rectifier. Figure 9 shows a 6-pulse diode rectifier built to be simulated.
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Figure 9 - 3ph 6-pulse diode rectifier
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Figure 10 - 3ph 6-pulse diode rectifier input voltage and DC output voltage
Visible in figure 10 is the 3phase input voltage. The yellow waveform is the DC output due to the rectifier. Ripples are present in the DC waveform.
[bookmark: _Toc133332242]3ph 12-pulse diode rectifier
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Figure 11 is a 12-pulse diode rectifier. A 12-pulse diode is simply a two 6-pulse diode rectifier in parallel. They use a transformer with one primary winding and two secondary windings so that there is a 30° phase shift between the two input voltages.

























































Figure 11 - 3ph 12-pulse diode rectifier
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Figure 12 - 3ph 12-pulse diode rectifier input voltage and output DC voltage

Figure 12 above shows the input voltages to the transformers and the dc output voltage which is the pink trace/waveform. The DC voltage has ripples present but they’re a lot smaller ripples than the 6-pulse.



[image: Chart

Description automatically generated]
















Figure 13 - 3ph 12-pulse diode rectifier input voltage harmonics
Figure 13 is the input voltage Fourier analysis. The largest amplitude harmonics present are visible at the 11th and 13th harmonics followed by the 23rd harmonic and 25th harmonic.


[bookmark: _Toc133332243]3ph 6-Pulse SCR Rectifier
Figure 14 is the logic circuit built for the 6-pulse SCR rectifier. The gate terminal connected to receive a pulse.
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Figure 14 - 3ph 6-pulse SCR rectifier
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Figure 15 - 3ph 6-pulse SCR rectifier input and outputs voltages
Above in Figure 15 are inputs and outputs from the SCR logic circuit. The green trace displays the waveform of the gate control, when the SCR receives a pulse, it turns on and spikes up the positive DC waveform in red. The purple waveform is the whole DC output value. Large ripples are present. An earlier fire angle would minimise ripples in the DC output waveform.

Figure 11 - 3ph 6-Pulse SCR Rectifier Fourier Analysis
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Description automatically generated]Figure 16 - 3ph 6-pulse SCR rectifier inputs and outputs with a earlier firing angle




























By decreasing the resistor values within the SCR circuit diagram, a smoother ripple was achieved which is shown in Figure 16, this is due to the firing angle being less and opening the SCRs at an earlier phase angle.

[image: Chart

Description automatically generated]


[image: ]
Figure 18 - 3ph 12-pulse diode rectifier fourier analysis showing harmonic frequencies
Figure 17 - 3ph 6-pulse diode rectifier fourier analysis showing harmonic frequencies
















Figures 17 and 18 demonstrate a 6-pulse diode and 12-pulse diode harmonic frequencies. From the graphs, it can be seen large-amplitude harmonic frequencies throughout the 6-pulse diode, whereas the harmonics on the 12-pulse diode have a lot smaller amplitude of harmonics and are present on less harmonic frequencies than the 6-pulse diode rectifier. This is due to the larger amplitude DC ripple on the 6-pulse rectifier as opposed to the 12-pulse as there is double the number of pulses per cycle, so fewer amplitude ripples.
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Figure 19 - 6-pulse SCR rectifier harmonic frequencies on a fourier transform graph


























Figure 19 is the Fourier analysis graph of a 6-pulse SCR rectifier. If this graph is compared with Figure 18 graph of the 12-pulse diode rectifier, the harmonic content can be seen to be far greater on the SCR. There are large amplitude harmonics present within the first 1.5kHz. the dB values of the harmonics are far greater than the 12-pulse diode rectifier. The 6-pulse IGBT rectifier has similar harmonics present as the SCR rectifier. 
[bookmark: _Toc133332244]Conclusion

The conclusion of the better rectifier to be used goes down to what is needed out of the rectifier. The diode rectifier provides cleaner DC output with fewer harmonics, but an uncontrolled DC voltage. The SCR and IGBT rectifier will produce larger harmonics due to the switching but have a controlled DC output that the value can be adjusted. The higher the pulse rectifier the less harmonics present in the lower frequencies, but there are more harmonics present in higher frequencies, but as the frequency increases the amplitude of the harmonics decreases, therefore there are trade-offs between either pulse numbers or types of rectifiers.
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FIGURE 2.1 Exploded view of an induction motor: (1) motor case (frame), (2) ball
bearings, (3) bearing holders, (4) cooling fan, (5) fan housing, (6) connection box, (7)
stator core, (8) stator winding (not visible), (9) rotor, (10) rotor shaft. Courtesy of Danfoss
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