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Section 1 
Introduction 
Detailed in this section is the selection of suitable technology to control motors in an industrial environment. 
The factory contains a number of different motors that need to be controlled and they are used for a variety of applications. The motors in question are shown in the table below where the number of motors; power of motors and the application of the motors is detailed: 
Table 1
	
	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



Background information 
The most common technology used to control a motors in an industrial environment is the Variable Frequency Drive (VFD). 
A Variable Speed Drive allows precise control of the speed of a motor and allows the motor to be run more efficiently  by varying the frequency of power that is supplied to itand therefore provides energy savings.
The VFD works by:
1. AC power is supplied to the VFD and converts the supply into DC power using a rectifier. The VFD rectifier consists of the diode bridge, a capacitor and a control circuit which convert the incoming AC supply to a smooth DC voltage so that it can be used is in the next stage of the VFD, which is the inverter stage.  

2. The DC power is then fed into a series of transistors or insulated-gate bipolar transistors (IGBTs) that then convert back to AC power. 


3. The frequency of the AC power can then be adjusted by adjusting the pulse width modulation (PWM) 

4. The AC power is then supplied to the motor, which operates at a speed set by the engineer determined by the frequency of power supplied to it. 

5. A microprocessor-based controller continuously monitors the speed of the motor and adjusts the frequency and voltage of the power supplied to maintain the set speed. [1]
In a Variable Frequency Drive system, a DC common bus can be used as a power distribution system that allows multiple VFDs to share a common DC bus. This can reduce installation and equipment costs and improve the systems efficiency. 
The Variable Frequency Drives are connected in parallel to the DC common bus ensuring that the power is distributed evenly among each VFD. Using a DC common bus removes the need for individual DC power supplies for each VFD. By sharing a DC common bus, the VFDs can operate at optimal voltages which ensures each VFD receives the required power without degrading the output quality. [2]
Shown below in figure 1 is a basic block diagram for a Variable Frequency drive. Three phase power is first supplied to the converter, which then converts the AC power into DC power. The DC bus then filters the DC power to produce a filtered DC supply which can then be used by the inverter. The inverter then produces an AC power supply to the motor. A control circuit is then used to run the motor at the desired speed by varying the frequency and voltage of the supply to the three phase motor. 
Figure 1
[image: ][3]

Another form of control system for motors is the Direct On Line (DOL) starter. The Direct On Line starter consists of a circuit breaker, contactor and an overload protection relay which will open the contactor under fault conditions. The contactor will be controlled by start and stop buttons. When the start button is pressed the contactor will switch on. An auxiliary contact of the contactor will be used to ‘latch’ the start button so the operator will not have to keep their finger on the start button. [4]



Advantages of Direct Online Starter
· Cheap
· Simple control circuitry 
· Ease of trouble shooting
· Just one set of cable is required to be connected from the starter to the motor
Disadvantages of Direct Online Starter
· High starting current
· High starting torque. Increased mechanical stress on the motor which could lead to damage to the bearings, shaft, gearbox etc. 
· Voltage dip – large voltage dip due to the high in-rush current which can effect other equipment connected to the same supply. This means that the Direct Online Starter is not suitable for larger motors. [5]

Capacitor Start 
Many motors need to be run using a single phase supply. These motors require a mechanism to create the starting torque which is the force required to make them start rotating. 
These single phase motors use a capacitor in the auxiliary winding circuit to produce a greater phase difference between the current in the auxiliary winding and the main winding. This greater phase difference allows the motor to have greater torque on start up and therefore allows them to start turning. 
Shown below in figure 2 is the wiring diagram for a capacitor start motor and the phaser diagram. As can be seen in the wiring diagram, the two windings are placed 90 degrees apart and the capacitor is connected in series with the starting winding. 
Im is the current in the main winding which can be seen as lagging Ist by 90 degrees. Therefore the single phase supply is split into two phases. The motor then acts as a balanced two phase motor. As the motor reaches its designed speed, the capacitor and the auxiliary winding are automatically disconnected by the centrifugal switch located on the shaft of the motor.  [6]
Figure 2
[image: Diagram
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There are many applications for capacitor start motors. These include: 
· Used to drive pumps
· Used to drive compressors 
· Used to drive conveyors and machine tools
· In fans 
· Used for loads of higher inertia when frequent starting is required. 

Solution
This section details the suitable technology selected to control the motor drives system detailed in table 1. 
Motor A
Motor A has a power of 500 kW, 3 phases at 400V. It is required to be reversible and variable speed is required. 5 motors are required for use in a rolling mill. 
Looking at these parameters a Variable Frequency Drive is required. 
The Variable Frequency Drive selected for this application is the ‘VYBO Variable Frequency Drive 500KW 400V’ as shown in figure 3 and the parameters in table 2. 
Table 2 – Motor A VFD parameters
	Power 
	500 kW

	Voltage 
	3 phases @400V 

	Inputs 
	8

	Outputs 
	3

	Communication
	RS485 MODBUS RTU

	Reversable? 
	Yes 

	Cost
	N/A



Figure 3
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Motor B 
Motor B has a power of 80 kW, 3 phases at 400V. It is required to be reversible and variable speed is required. 10 motors are required for use in a gantry crane. 
With these parameters, a Variable Frequency drive is required. 
The VFD selected for this application is the ‘ABB ACS880-01-169A-3+B056 frequency inverter’ as shown in figure 4 with the parameters shown in table 3. 
Table 3 – Motor B VFD parameters
	Power 
	90 kW

	Voltage 
	3 phases @380-415V 

	Current 
	169A 

	Enclosure protection 
	IP55

	Inputs 
	8

	Outputs 
	7

	Communication
	RS485, Profibus DP 

	Reversable? 
	Yes 

	Cost 
	£7006.64

	Number required 
	10

	Total cost 
	£70066.40



Figure 4
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Motor C
Motor C has a power of 10 kW, 3 phases at 400V. It does not need to be reversed but variable speed is still required. 23 motors are required to control conveyors in the factory. 
The VFD selected for this application is the ‘Siemens Inverter drive, 11 kW, 3 phase, 400V ac, SINAMICS V20 Series’ as shown in figure 5 and the parameters shown in table 4. 
Table 4 – Motor C VFD parameters
	Power 
	11 kW

	Voltage 
	3 phases @380 – 480V 

	Current 
	25A

	Power factor 
	0.72

	Efficiency 
	0.98

	Communication
	USS, Modbus RTU

	Line Frequency
	47 – 63 Hz

	Enclosure protection 
	IP 20 

	Cost 
	£1082.52

	Number required
	23

	Total cost 
	£24897.96




Figure 5
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Motor D 
Motor D has a power of 10 kW, 3 phases at 400V. The motor must be reversible but the speed does not need to be varied. 17 motors are required for use in a cutting machine. 
Selected for this application is the ‘Crompton 5.5 kW 400V DOL Reversing Starter with 10-13A overload’ as seen in figure 6 and the parameters shown in table 5. 
Table 5 – Motor D DOL parameters
	Power 
	5.5 kW

	Voltage 
	3 phases @400V 

	Overload protection 
	10-13A

	Reversable? 
	Yes

	Enclosure protection 
	IP55

	Cost 
	£263.40

	Total required
	17

	Total cost 
	£4477.80







Figure 6
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Motor E 
Motor E has a power of 1 kW, with 1 phase at 230V. The motor in this application does not need to be reversible and the speed does not need to be varied. 127 motors are required to run pumps and fans in the factory. 
The DOL selected for this application is the ‘Crompton 1.1KW 230V DOL Starter with 7-10A Overload’ as seen in figure 7 and the parameters shown in table 6. 
Table 6 – Motor E DOL parameters
	Power 
	1.1 kW

	Voltage 
	1phase @230V 

	Overload protection 
	7-10A

	Reversable? 
	No 

	Enclosure protection 
	IP55

	Cost 
	£132.60

	Total required
	127

	Total cost 
	£16840.20



Figure 7
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Discussion
Motor A 
For Motor A, a variable speed was required, a Variable Frequency Drive is required. The Variable Frequency Drive selected for this application is the ‘VYBO Variable Frequency Drive 500KW 400V’
This VFD is appropriate for the required application as it is rated at 500 kW and runs on a voltage of 400V, 3 phase. The VFD is reversable which is required in the specification. 

Motor B 
For motor B, a variable Frequency Drive is required. The VFD selected is the ‘ABB ACS880-01-169A-3+B056 frequency inverter’. 
After completing some research, a specialised VFD is required as cranes need to be extremely safe and reliable as they could cause serious injury to operators and employees in the workplace.  The ACS880 drives come with built-in crane control software and safety functions to help various types of cranes move efficiently [13]
The VFD selected is therefore ideal for use on the motors required on the gantry crane. The VFD selected has sufficient power, 90 kW, and is runs on the required voltage supply. It is reversable and has sufficient inputs and outputs for the application 

Motor C
For motor C, a VFD is again required as the speed of the conveyors needs to be variable. 
The VFD selected is the ‘Siemens Inverter drive, 11 kW, 3 phase, 400V ac, SINAMICS V20 Series’
The selected VFD is sufficient for the task of controlling conveyors in the factory with varying speed. The VFD has a power rating of 11 kW and runs on a voltage supply of 3 phases at 380 – 480V. The VFD is extremely efficient with efficiency of 0.98. 

Motor D
For motor D, the speed does not need to be varied but the motors must be reversable. 
As the speed does not need to be varied, a Variable Frequency Drive is not required for this application which will reduce the installation costs. A Direct On Line (DOL) reversing starter will be sufficient for this application. 
The DOL reversing starter is rated at 5.5kW and runs on 3 phases at 400V which is sufficient for the motors on the cutting machine. The DOL reversing starter includes overload protection of 10A-13A to provide protection to the motor. 


Motor E
For motor E, which power pumps and fans in the factory, a VFD is not required as the speed does not need to be varied. The motors also do not need to be reversable. The motors used in this application will be capacitor start motors as they run on a single phase supply of 230V. A simple DOL starter will be sufficient to control the capacitor start motors. 
The DOL starter is rated at 1.1 kW and runs on a single phase, 230V supply which is sufficient for these motors. The DOL starter offers 7-10A overload protection to protect the motors. 

Conclusion 
In conclusion, a Variable Frequency Drive is required for motors A, B and C. A DOL Reversable Starter is required for motor D and a DOL starter is required for motor E. 
For motors A, B and C, a DC common bus system should be implemented  so that the VFDs can share a common DC bus by connecting the VFDs in parallel. This will ensure that the power is distributed evenly among each VFD. This will reduce equipment and installation costs and improve the systems efficiency. 



















Section 2
Introduction 
In variable Frequency Drives, diodes, thyristors (SCRs) and IGBTs are used to rectify incoming mains voltage. This section will detail how harmonic noise can be minimised through careful rectifier design. 
Background research 
Rectification can be simply defined as the conversion of alternating current (AC) to direct current (DC). The simplest form of a rectifier is the half-wave rectifier which only allows one half of the AC waveform to pass through. This is simply done by placing a diode in series with an AC voltage source and the load as shown in figure 8. [14]
Figure 8 
[image: A picture containing text, clock

Description automatically generated][15]
To fully rectify an AC voltage source, a bridge rectifier as seen in figure 9 is required. The bridge rectifier removes the pulsating output as seen in figure 8. A smoothing capacity is then used to ‘smooth’ the DC output to get a useable DC output as seen in the graph in figure 9. 
Figure 9. 
[image: Diagram

Description automatically generated][16]

Another component used in the rectification process is the thyristor or silicon-controlled rectifier (SCR). They work in the same way as a diode but can be switched by connecting a voltage to the gate. The diagram for an SCR is shown in figure10.  They operate in 3 states: 
· Forward conducting – The thyristor’s main operating mode. It is switched to conducting mode where it remains until the current falls below a specific level (holding current) 
· Forward blocking – Blocks the flow of current when voltage is applied in the direction that would signal a diode to conduct in
· Reverse blocking mode – Current cannot pass through the thyristor in the opposite direction but the diode blocks it. [17]
Figure 10
[image: Chart, radar chart
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An Insulated Gate Bipolar Transistor (IGBT) is another component widely used in the rectification process. It is a 3 terminal semiconductor switching device that is used for fast switching at high efficiency in many electronic devices. They are commonly used to process complex wave patterns with pulse width modulation (PWM). The diagram for the IGBT can be seen in figure 11. [19]

Figure 11
[image: Diagram, schematic
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Solution 
Figure 12- 3 Phase 6 pulse Rectifier 
[image: Chart
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Figure 13 – 3 Phase 6 Pulse Rectifier Fourier Analysis 
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Figure 14 – 3 Phase 12 pulse Rectifier 
[image: Diagram, schematic
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Figure 15 – 3 Phase 12 pulse Rectifier Fourier Analysis
[image: Chart, histogram
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Discussion 
By comparing the Fourier analysis of the 3 phase 6 pulse rectifier (figures 12&13) and the 3 phase 12 pulse rectifier (figures 14&15), it can be seen that there are far less harmonic frequencies produced in the 12 pulse rectifier than there are in the 6 diode rectifier. 
The output voltage ripple of the 12 pulse rectifier and the input phase harmonics are much lower compared to the 6 pulse rectifier. This is because as the number of pulses increases, the harmonic content of the AC current is reduced and the quality of the DC voltage is increased. The more pulses, the better the harmonic content of the output will become. This means that is an 18 or 24 pulse rectifier was introduced, the quality of the DC voltage will increase and the harmonics of  AC current will be reduced, but the cost and complexity will increase. [21]
Harmonics in a circuit can have a negative effect on power factor. The reduction in power factor due to harmonics causes higher power loss and can affect the performance of electrical equipment and reduce equipment efficiency. The more harmonic distortion a circuit has, the more reactive power will be drawn and the power factor will therefore be low [22]
To increase true power factor by introducing harmonic filters. These come in several forms such as passive, active and hybrid filters which will improve the distortion power factor. [23]
Conclusion 
Reducing harmonics in the rectification process is essential to the efficient operation of electrical equipment. SCRs can be used in the rectifier to eliminate the Pulse Width Modulation controller but can make the design more costly. IGBTs should be used instead of SCRs as they are much smaller in size, more energy efficient and cost effective compared to SCR systems.
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