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3. Abstract

This report is split into two sections, including the comparison and selection of a suitable technology for
various motor drive systems in different applications, as well as a comparison of different rectifier
components and an explanation of the effects of harmonic distortion on power factor in VFDs.

Motor Drive Research and Selection

This section covers research and comparison of the different drive technologies that are currently available,
and the selection of the best suited drive for each application. The reasons for the selection of each drive is
explained in this report.

The selected drives were as follows:
A. Rolling Mill - ABB ACS880- 07-0880A-3 Cabinet-Built Single Drive [1] [2]
B. Gantry Crane - ABB ACH580-07 0206A-4 [3] [4] [5]

C. Conveyor - ABB VFD ACH580-01 [6] [7]
D. Cutting Machine - ABB Inverter Drive ACS355 Series [8] [9] [10]
E. Pumps/Fans - ABB 5.5 kW DOL Starter [11] [12]

ABB was selected as the single supplier of the drives as this will aid with maintenance and spares, due to there
only being one company to stay in contact with.

VFDs and Harmonic Noise Minimization
This section covers research on the use of diodes, thyristors, and IGBTs for use in rectifiers. IGBTs have a
much faster switching frequency, which leads to less harmonic distortion in the VFD’s output. It is explained
how harmonic noise caused power factor to reduce. Harmonic noise is minimized with the following design
considerations:

e Multi-pulse rectifiers

e High frequency IGBTs into the rectifiers,

e Addition of a diode to smooth the current

e Harmonic filters




4. Infroduction

In this report, two different issues related to motor drive systems and variable frequency drives will be
investigated. Firstly, suitable technology for a factory's motor drive system will be recommended based on
various factors such as cost, flexibility, ability to obtain information on the processes, and protection from
such as overloads and faults. Motor drive systems are used to control the speed and torque of electric
motors. There are various types of motor drive systems available, including variable frequency drives (VFDs),
soft starters, direct on-line starters,

Next, the report will compare and contrast the use of diodes, thyristors such as silicon-controlled rectifiers
(SCRs) and insulated-gate bipolar transistors (IGBTs) for rectification in variable frequency drives. The impact
of different rectifier components on harmonic noise and power factor in variable frequency drives will be
looked into. The report will also examine the potential of reducing harmonic noise by implementing a well-
thought-out rectifier design. Additionally, the effects of harmonics on power and power factor will be
discussed.



5. Selection of Suitable Technology For
Controlling Five Types of Induction
Motors

5.1. Background

5.1.1. Motor Drives

Motor drives work by varying the frequency, voltage, or current of the electrical power supplied to the motor,
which in turn controls its speed and torque. There are various technologies available for motor drive systems.
These include variable frequency drives (VFDs), soft starters, and direct-on-line starters (DOL). These
technologies offer different advantages and disadvantages in terms of cost, performance, and control
flexibility.

All motor drives monitor the speed that the motor is rotating at by receiving some form of feedback. This is
illustrated in figure 3 with the feedback being sent from the motor tachometer, and into the control circuit in
the drive. The magnetic field and rotor in a motor rotates at a synchronous rate depending on the frequency
and number of three phase poles in the stator. [13] The control circuit signals to the power circuit what
output is required from the drive in order to increase or decrease the speed of the motor, depending on the
feedback. The power circuits provide a varying voltage or frequency to the motor to match a required
mechanical output. [14]

50/60 Hz Supply

Speed
Reference =

Speed Feedback

Figure 1 - Block Diagram of a Motor Speed Control Drive [14]

To select a suitable technology for each of the factory's motor drive systems, various factors such as the
motor's power rating, the number of phases, the required reversibility, and the need for variable speed
control need to be considered. Additionally, we need to consider factors such as cost, protection, and the
flexibility of the control system.

The different motor drive technologies currently available include the following:

e Variable Frequency Drives (VFDs) — These control the speed and torque of AC induction motors by
outputting a variable AC voltage to the motor. The frequency is increased to speed up or reduced to slow
the motor down. These feature three main parts, including the rectifier, DC bus, and inverter. The
rectifier features diodes or thyristors that are connected in parallel to each phase, which converts the
three phase AC supply into a rippling DC voltage by blocking the AC current from flowing in. Next the DC
bus/link section features one or more capacitors to smooth the rippling DC to a constant voltage, and an



inductor to filter the current. Finally the inverter converts the DC voltage back into an ‘artificial AC’
voltage [15] by using pulse width modulation. The length of the pulses is called the duty cycle, and varying
this results in the voltage amplitude changing. Figure 4 illustrates all 3 parts of VFDs.
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Figure 2 - Simplified VFD Diagram [15]

Direct-On-Line (DOL) Starters — DOL starters switch the full supply voltage to the motor on startup. The
motor will start at full speed immediately. Figure 5 shows the contactor that switches the motor supply
either fully on or fully off.
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DOL Starter Power Circuit Diagram
Figure 5 - Direct Online Starter (DOL) Diagram [16]

Soft Starters — Soft starters are comprised of solid-state electronic components such as SCRs or IGBTs to
provide a smooth start, limit inrush current, and prevent damage to the motor and supply during startup.
This reduces the stress on the motor hardware and prevents the supply breakers from tripping. Motors
draw more current on startup due to there being no back EMF and low resistance in the motor windings
when the rotor is stationary [17]. Figure 6 illustrates an example of an electronic soft starter, in which
pulse width modulation signals to each thyristor to gradually reduce the gate-pulse phase angle of the
thyristors to gradually increase the voltage output [18]. The thyristor pairs are in opposite directions to
control the current in both directions. By reducing the gate-pulse phase angle, more of the voltage
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waveform can be applied to the load as shown in figure 6, which gradually increases the voltage. [19] [20]
Figure 7 illustrates how the current is maintained at a lower level than if a DOL starter was used.
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Figure 6 - Diagram of an Electronic Soft Starter [18]
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Figure 7 - Comparison of DOL Starters vs Soft Starter Current [21]



5.2. Selection of Motor Drives

5.2.1. Comparison of Different Drive Technologies

10

Parameters (VFD) Variable Frequency | Soft Starter (DOL) Direct On Line
Drives

Variable Speed Control Yes No No

Reversible Yes Yes Yes

Limits start-up current Yes Yes No

Cost Expensive Medium Very low

Flexibility of the control High flexibility Good Low

system

Common DC bus Yes No No

Information gathering Excellent Good Very low

ability

Protection - overvoltage, | Yes Yes No

undervoltage,

overcurrent, phase loss,

or short circuit

Fault detection Yes Yes No

Table 1 - Comparison of the Different Motor Drive Technologies



5.2.2. Comparisons of Available Drives

Motor A — Rolling Mill

11

Specifications — Rolling Mill

Power 500kW
Voltage 3 phase 400V
Reversibility Required? Yes

Variable Speed Required? Yes

Quantity

Table 2 - Rolling Mill Specifications

A VFD is most suitable as it meets all of the requirements of this large and high powered motor, with start-up
current limitation, protection, and information gathering capability. A soft starter may have been suitable, but
doesn’t provide variable speed control. A DOL does not provide any of the requirements.

Parameters VFD 1 VFD 2 VFD 3 VFD 4
LS Electric ABB ACS880- 07- Variable speed Danfoss VLT®
Frequency 0880A-3 Cabinet- drive, Altivar AutomationDrive
converter-Variable | Built Single Drive Process ATV900, FC 302 P560 [24]
frequency Drive [1] [2] APM, single 400V, | [25]
H100 [22] 500 kW [23]
Images

Figure 3 - LS Electric
Frequency converter-
Variable frequency

- =

Figure 5 - Variable

Figure 6 - Danfoss

briceioo 21 | sl hon | et ative | v
Cabinet-Built Single
Drive [2] 302 [24]

Part Number LSLV5000H100- ACS880- 07-0880A- | ATV9A0C50Q4 134U0146

4COFD 3
Voltage Range 380-480V 3 phase 380-415V 3 phase 400V 3 phase 380-500V 3

phase

Supply Frequency 50-60Hz 50-60Hz 50-60Hz 50-60Hz
Output Frequency 0-400Hz 0-500Hz 0.1-599Hz 0-500Hz
Current Rating 962A 883.3A 900A 1040A
Power Rating 500kwW 500kwW 500kW 560kW
User Interface Keypad and LCD Keypad with no LCD | Keypad with LCD Local control

screen. screen. Has a web- | display. Has built- | panel with

based control

in web servers for




12

interface and PC
connectivity for
control.

ethernet
connectivity,
allowing remote

keypad and LCD
display.

control and

monitoring.
Variable Speed Yes Yes Yes Yes
Reversible Yes Yes Yes Yes

Control Method

Vector Control (V/F
Control) (adjusts the
motor supplies
frequency and

Vector and V/F
control

e Flux vector
control (FVC)

e Direct torque
control (DTC)

e Flux vector
control (FVC)

e Direct torque
control (DTC)

voltage to e Sensor less e Sensor less
vector control vector
(SVC) control (SVC)
IP Protection Class IP20 IP54 IP54 IP54
Protection e Qvercurrent Overvoltage e Qvercurrent e QOvercurrent
protection category 3, protection protection
e Overvoltage protective class1. | e¢ Thermal e Overvoltage
protection protection protection
e undervoltage e Short circuit e Overload
protection protection protection
e Overload o Phase loss o Phase loss
protection protection protection
e Overheat e OQverspeed e Earth fault
protection protection protection
e Overvoltage e Thermal
protection protection
e Earth fault e Short circuit
protection protection
Filter Type EMC Category C3 Sine filter type EMC filter e RFI filter
Filter 110-500kW NSIN0900-6 e DV/dtorsine
Built-in DC Reactor (passive sine filter) wave filter
37-500kW for
improved power
factor and reduced
harmonic distortion.
[22]
Communication e Programmed via e Modbus e FEtherNet/IP e Modbus
Protocol USB or RJ45. e Profibus e Modbus serial | e Profibus DP
e BACnet MS/TP, | e ethernet. e DeviceNet
Modbus-RTU e CANopen
e Ethernet
Operating -10 °Cto +50 °C 0-+40°C -10-40°C -10-50°C
Temperature
Weight 265kg 580kg 60-100 kg 230kg
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Dimensions 776 x 1054 x 500 2145 x 830 x 1000 x 1000 x 2000 x 510 x
mm 698mm 600mm 640mm
Price £23709.45 Contact ABB for a Contact Schneider | £72923.60 [25]

Chosen Drive

quote

Electric for a quote

Table 3 - Comparison of Suitable Drives for the Rolling Mill



Motor B — Gantry Crane
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Specifications — Gantry Crane

Power 80kW
Voltage 3 phase 400V
Reversibility Required? Yes

Variable Speed Required? Yes

Quantity 10

Table 4 - Gantry Crane Specifications

A VFD would also be best suited for motor B as this would meet the requirements for speed control,
protection, starting current limitation and information gathering ability. A soft starter does not provide speed

control.
Parameters VFD 1 VFD 2 VFD 3 VFD 4
ABB ACH580-07 Danfoss VACON® Schneider Electric | Siemens
0206A-4 [3] [4] [5] NXC Variable Speed Converter
NXC02615A2HOSSF | Drive, 90 kW, 3 G120C Series
[26] Phase, 400 V, [29] [30]
ALTIVAR 630
Series [27] [28]
Images

Figure 7 - ABB ACH580-
07 0206A-4[3]

Figure 8 - Danfoss
VACON® NXC 0261 5A
2 H o SSF [26]

Figure 9 - Schneider
Electric Variable
Speed Drive ALTIVAR
630 Series [27]

Figure 10 - Siemens
Converter G120C
Series [29]

Part Number

ACH580-07 0206A-4

NXC02615A2HO
SSF

ATV630D90N4

6SL3210-1KE31-
7UF1

Voltage Range 380-480V 3 phase 380-500V 3 phase 400V 3 phase 380-480V 3
phase

Supply Frequency 50-60Hz 45-66Hz 50-60Hz 47-63Hz

Output Frequency 0-599Hz 0-320Hz 0.1-500Hz No data

Current Rating 206A 261A 145A 164A

Power Rating 110kW 132kW 90kwW 90kW

User Interface Keypad with an LCD | Keypad with an LCD | Keypad with LCD Requires
display display display external

operator panel
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for user

interfacing.
Variable Speed Yes Yes Yes Yes
Reversible Yes Yes Yes Yes

Control Method

Vector and V/F
control

Open and closed
loop vector control

e V/F control
e Sensor less

e V/F control
e Sensor less

vector control vector
e Flux vector control
encoder
control
IP Protection Class IP54 P21 P21 IP20
Protection e Overvoltage e Overvoltage e Overcurrent e Overvoltage
category 3 & 2. protection protection protection
e Short circuit e Short circuit e Overvoltage e Overcurrent
protection protection protection protection
e Earth fault e Earth fault e Overload e Short circuit
protection protection protection protection
e Thermal e Thermal e Thermal e Motor
protection protection protection overload
e Overload e Overload e Earth fault protection
protection protection protection e Earth fault
e Motor phase e Phase loss protection
supervision detection
e Mains e Motor phase
supervision supervision
Filter Type RFI/EMI filter No data EMC filter Unfiltered
Communication e Ethernet e RS485 e Ethernet e Profinet
Protocol e Modbus RTU e Profibus e ModbusTCP & | e Ethernet
and TCP e Modbus/TCP serial
e Profibus e BACNet
e BACnet e Profinet
e Others can be e Ethernet
added. e Devicenet
SELMA 2
protocol
Operating 0-+50°C -40-+70°C -15-+50°C -20-+40°C
Temperature
Weight 220kg 680kg 58.5kg (no 57.50kg (no
enclosure) enclosure)
Dimensions R7 frame —2144.5 x | FR9 frame 1150 x 922 x 290 x 708 x 305 x
600 x 430mm 480 x 362mm 323mm 357mm
Price £8662.77 Contact Danfoss for | £9,661.44 £8,880.16

Chosen Drive

quote

Table 5 - Comparison of Suitable Drives for the Gantry Crane



Motor C — Conveyor

16

Specifications — Conveyor

Power 10kW
Voltage 3 phase 400V
Reversibility Required? No

Variable Speed Required? Yes

Quanitity 23

Table 6 - Conveyor Specifications

A VFD would be required here as soft starters and DOLs do not provide variable speed control.

Figure 11 - RS PRO
Inverter Drive [31]

Figure 12 - Danfoss
Inverter Drive VLT FC51
Series [34]

Figure 13 - Variable
Frequency Drive ABB
Inverter [6]

Parameters VFD 1 VFD 2 VFD 3 VFD 4
RS PRO Inverter | Danfoss Inverter ABB VFD Schneider Electric
Drive [31] [32] Drive [34] [35] [36] | ACH580-01 [6] [7] | Variable Speed
[33] Drive ATV930
Series [37] [38]
Images :

Figure 14 - Schneider
Electric Variable Speed
Drive ATV930 Series
[37]

Part Number

RS Stock No.: 174-

8222

Manufacturer: RS

PRO

RS Stock No.: 891-
8845

Mfr. Part No.:
132F0058

SKU: ACH580-01-
026A-4+B056

RS Stock No.: 162-
4946

Mfr. Part No.:
ATV930D15N4

Voltage Range

380-480V 3 phase

380-480V 3 phase

380-480V 3 phase

380-480V 3 phase

[35]

Supply Frequency 50-60Hz 50-60Hz 48-63Hz 50-60Hz
Output Frequency 0-599Hz 0-400Hz 0-500Hz 0.1-599Hz
Current Rating 24A 23A 25A 20.6A
Power Rating 11kW 11kW 11kw 11kW
User Interface Keypad Keypad Keypad Keypad
Variable Speed Yes Yes Yes Yes
Reversible Yes Yes (1-2 times/min) | Yes Yes

Control Method

Vector control

Vector control

Vector control

Vector control

protection

IP Protection Class IP20 IP20 IP55 P21
Protection e Overcurrent e Overcurrent e Overand e Thermal
protection protection under voltage protection
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e Overandunder | e Overandunder |e Earthleakage | e Over voltage
voltage voltage monitoring and current
protection protection e Short-circuit protection

e Short-circuit e Overtemperatur protection e Short-circuit
protection e protection e Overtemperat protection

e Earth fault e Earth fault ure e Phase loss
protection protection protection protection

e Stall prevention | ¢ Short-circuit e Motor e Overspeed

e Momentary protection overload protection
power loss protection
restart o Phaseloss

detection
e Under load
and stall
detection
Filter Type EMC class A RFI RFI filter RFI fiter RFI filter
filter
Communication e BACnet e Modbus e BACnet e Modbus
Proticol e Modbus e RS485 e Modbus
e RS485 e Ethernet
Operating -10-+40°C <50°C -15-+50°C -40-+70°C
Temperature
Power factor No data >0.98 0.98 0.98
Weight 6.3kg No data 7.8kg 13.6kg
Dimensions 273x187x190mm 125x241x291mm 394x125x239mm | 211x545.9x235mm
Price £666.24 £1,639.22 £1,379.99 £3,200.24

Chosen Drive

Table 7 - Comparison of Suitable Drives for the Conveyor




Motor D — Cutting Machine
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Specifications — Cutting Machine

Power 5kW

Voltage 3 phase 400V
Reversibility Required? Yes

Variable Speed Required? No

Quantity 17

Table 8 - Cutting Machine Specifications

A VFD will be required for this application, due to reversibility being required. Soft starters only offer soft
acceleration and deceleration, with no reversibility being offered. [39] [40]

Figure 15 - RS PRO
Inverter Drive [41]

Figure 16 - Danfoss
Inverter Drive VLT FC51

Figure 17 - Schneider

Parameters VFD 1 VFD 2 VFD 3 VFD 4
RS PRO Inverter | Danfoss Inverter Schneider Electric | ABB Inverter Drive
Drive [41] [42] [43] | Drive VLT FC51 Variable Speed ACS355 Series [8]
Series [44] [45] [46] | Drive ATV63 [9] [10]
Series [47] [48]
Images

Figure 18 - ABB
Inverter Drive ACS355
Series [8]

Series [44] Electric Variable
Speed Drive ATV63
Series [47]
Part Number RS Stock No.: 174- | RS Stock No.: 891- RS Stock No.: RS Stock No.: 887-
8220 8833 125-3276 4733
Mfr. Part No.: Mfr. Part No.: Mfr. Part No.:
132F0028 ATV630U55N4 ACS355-03E-12A5-

4

Voltage Range

380-480V 3 phase

380-480V 3 phase

380-480V 3 phase

380-480V 3 phase

Supply Frequency

50-60Hz

50-60Hz

50-60Hz

48-63Hz

Output Frequency 0-599Hz 0-400Hz 0.0001-500Hz 0-599Hz
Current Rating 14.3A 12A 10.4A 12.5A
Power Rating 5.5kW 5.5kW 5.5kW 5.5kW

User Interface

Keypad with LCD
display

Keypad with LCD
display

Keypad with LCD
display

No keypad or LCD
display, changes
made in the
program via a PC.

Variable Speed

Yes

Yes

Yes

Yes

Reversible

Yes

Yes

Yes

Yes
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Control Method Vector control & No data No data Vector or scalar
SLV control control
IP Protection Class IP20 IP20 P21 IP20
Protection e Overcurrent e Thermal motor e Thermal e Overload
protection protection protection protection
e Over and under | ¢ Short-circuit e Phaseloss e Over and under
voltage protection detection voltage
protection e Earth fault e Overand protection
e Short-circuit monitoring undervoltage | e Short-circuit
protection e Overload protection protection
e Earth fault protection e Overload e Earth fault
protection protection protection
e Stall prevention e Short-circuit e Thermal
e Momentary protection protection
power loss
restart
Filter Type Built in class A RFI filter Integrated EMC Integrated EMC
filter. (categoryC2) filter filter
[43]
Communication e RS485 e Modbus e Modbus serial | ® Fieldbus
Protocol e BACnet and TCP e Modbus
e Profibus e Ethernet e CANopen
e DeviceNet e Profibus DP
e CANopen
e TCP/IP
Operating -10-+40°C No data -40-+70°C -10-+40°C
Temperature
Power factor No data >0.98 No data No data
Weight 2.7kg No data 4.7kg No data
Dimensions 197x129x148mm 194x239x90mm 350x144x203mm | 169x195x236mm
Price £532.02 £1,001.36 £1,180.67 £1,028.40

Chosen Drive

Table 9 - Comparison of Suitable Drives for the Cutting Machine




Motor E — Pumps / Fans
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Specifications — Pumps / Fans

Power 1kW

Voltage 230V single phase
Reversibility Required? No

Variable Speed Required? No

Quantity 127

Table 10 - Pumps/Fans Specifications

A DOL starter will be suitable for these motors as no variable speed control is required, and the power is low
enough to not require the soft start function. The motors will not have a significant start up current, so soft
start is not required. DOL starters are simpler in design, meaning lower installation and maintenance costs for
the large quantity of 127 units, than VFDs or soft starting devices.

Parameters DOL1 DOL 2 DOL 3 DOL 4
RS PRO 1.5 kW Schneider Electric ABB 5.5 kW DOL | Automation-
DOL Starter [49] | 1.1 kW DOL Starter | Starter [11] [12] Electric 1.5kW DOL
[50] [51] start Single phase
pump control
panel [52]
Images T

ABB

C LB
© ° B

Figure 21 - ABB 5.5

Figure19 - RSPRO 1.5 Figure 20 - Schneider kW DOL Starter [11] Figure 22 - Automation
kW DOL Starter [49] Electric 1.1 kW DOL Electric 1.5kW DOL
Starter [51] start Single phase
pump control panel [52]
Part Number RS Stock No.: 909- | RS Stock No.: 744- RS Stock No.: No part number
4098 7872 811-0767 shown
Mfr. Part No.: Mfr. Part No.:
LEIM35U708 1TVC230050S569
9
Voltage Range 240V AC 240V AC 230V AC 230V AC
Current Rating 10A 2.6A 9A No data
Power Rating 1.5kW 1.1kW 5.5kW 1.5kW
User Interface On and off buttons | On and off buttons On and off Manual and
buttons automatic control
switch. Not
supplied with
buttons for
operation.
Variable Speed No No No No
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5.2.3. Chosen Drives

Table 11 - Comparison of Suitable Drives for the Pumps/Fans

Reversible No No No No

IP Protection Class IP55 IP65 IP55 No data

Protection e Thermal e Overload e Overload e Overload
overload protection protection protection

e Overload e Short-circuit e Earth fault

protection protection protection

Operating -5-+40°C -5-+40°C No data No data

Temperature

Weight No data 0.6kg No data No data

Dimensions 134x104x174mm 160x78x108mm 184x184x165mm | No data

Price £96.18 £157.30 £132.42 £200

Chosen Drive

The ABB drives have been chosen as purchasing from the same manufacturer makes maintenance and
servicing more straightforward for the business. This is because the factory will only require a service contract
with a single supplier, which will reduce costs when compared with sourcing drives from different

manufacturers. The suppliers that offer drives suitable for all applications here are ABB and Schneider

Electric, meeting the following requirements:

e power ratings,

e current ratings

e data recording and transmission via the communications protocols
e Protection

e Ease of use with a simple user interface and user manuals available

ABB devices were cheaper than Schneider, with all specifications matching, meaning similar performance.
This is why the following ABB drives were chosen:

Motor A - ABB ACS880- 07-0880A-3 Cabinet-Built Single Drive
Motor B - ABB ACH580-07 0206A-4 HVAC Drive

Motor C - ABB VFD ACH580-01

Motor D - ABB Inverter Drive ACS355 Series

Motor E - ABB 5.5 kW DOL Starter

kW
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5.3. Conclusion

After comparing different drives and starters from different manufacturers online, the ABB devices were
found to be most suitable for use in this factory. These all met the requirements of each motor, including the
power, current, and voltage ratings, as well as data communication capability. ABB had drives available to suit
all 5 motors, being cheaper than their competitor Schneider.
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6. Rectification of the Incoming Mains

6.1. Background

Variable frequency drives are installed at the supply of a motor to control the speed and torque of the motor’s
rotation. These receive an AC mains supply, which is rectified and converted to DC, then converted back to a
variable AC voltage at the drive’s output. Frequency and voltage are then varied to control the motor speed.
This allows precise control of the motors’ speed, with the drive receiving feedback of the motors speed so that
changes can constantly be made to the output supply. This ‘closed loop’ control is illustrated in figure 24
below, with the error signal being calculated from the difference between the feedback signal, and the
reference supply voltage, then fed to the control circuitry or microcontroller. [53]
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Figure 23 - Simplified VFD Diagram [15]

Figure 23 shows three sections of a VFD, the converter or rectifier section at the left, DC bus at the center, and
inverter on the right.
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Figure 24 - Closed-Loop VFD Control System [53]
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Rectifier

This converts the AC voltage to DC by using 6 diodes which are connected in a three phase bridge
configuration, blocking two out of three phases, leaving a rippling DC voltage. Current runs through the top
diodes and the rest of the VFD, then returns to the supply via the bottom diodes. Current cannot flow in the

opposite direction due to the diodes only allowing current flow in one direction, leaving a rippling DC voltage
as illustrated in figure 25.

.
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Figure 25 - AC Voltage Rectified to a Rippling DC Voltage [54]

DC Link
In this section, a capacitor charges and discharges with the voltage ripples, outputting voltage during the
voltage dips, which smooths the output into a DC voltage. Inductors smooth the current ripples caused by the

rectifier. [15] This smoothing effect is shown in figure 26, with the rippling DC voltage as the dotted line, and
the capacitor smoothed DC voltage in red.

Capacitor discharges

X Capacitor charges

Figure 26 - Smoothed Rippling DC Voltage [55]

Inverter

This consists of 6 IGBTs or SCRs that act as switches to generate a 3 phase AC voltage output to the motor.

These IGBTSs are controlled by the VFD’s control circuitry and switch a top and bottom IGBT on in sequence.
When they are on the top IGBT will provide a positive voltage for one phase, and the bottom will provide a

negative voltage for another phase, producing a 3 phase quasi-sinusoidal voltage. [56]

To produce a sinusoidal wave form, pulse width modulation is utilized by alternating the duty cycle of the
IGBTs depending on the amplitude of the voltage. This now produces a near smooth sine wave for supplying
and controlling the speed of the motor. The duty cycle is either increased to increase the voltage or decreased
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to reduce it. Frequency is controlled by alternating the timing of the IGBT switching. Figure 28 illustrates how
increasing duty cycle increases the voltage amplitude.

PWM

4

Figure 27 - Duty Cycle in Relation to the Generated Sine Wave [57]

6.2. Use of Diodes, Thyristors, and IGBTs for Rectification
The rectifier can feature diodes, thyristors (SCRs) or insulated-gate bipolar transistors (IGBTs).

Diodes

Diodes are the most simple and inexpensive, but result in high harmonic distortion, causing a poor power
factor and unwanted power losses in the VFD. This harmonic distortion is caused by the rippling DC voltage
output from the diodes implemented in a bridge rectifier configuration. Figure 28 illustrates the symbol and
shape of a diode, with current flowing from the anode to the cathode.

CATHODE
(+) =)
Figure 28 - Illustration of a Diode [58]

Thyristors (SCRs)

Thyristors or silicon-controlled rectifiers, provide more precise control over the rectification process, due to
their gates being controlled by the VFD’s control circuitry. This prevents deviations from the required DC
signal, reducing harmonic distortion. These are more expensive and require more complex control circuitry to
implement into VFDs but are more efficient. Figure 29 shows the electronic symbol and appearance, with the
anode and cathode providing a path for current flow, and the gate acting as a signal input for the switch.
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Anode Silicon-Controlled
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Gate
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Anode " Gate

Figure 29 - SCR Symbol and Appearance [59]

IGBTs

Insulated gate bipolar transistors are devices that switch at extremely high speeds, with frequencies up to
100kHz. [60] This high switching frequency is desirable for a smooth output current waveform. [61] These
consist of three terminals, including the emitter and collectors which function as the switch contacts, and the
gate which is what operates the switch to allow current flow. These terminals are illustrated in figure 30, and
the overall design of an IGBT shown in figure 31. With higher switching frequencies, less ripple is produced in
the DC signal, meaning less harmonic distortion.

Collector(C)

Gate(G) |
Emitter(E)

Figure 30 - Wiring Diagram of an IGBT [62]
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\ Mounting O
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Figure 31 - Illustration of the Design of an IGBT Chip [63]



27

Minimizing Harmonic Noise in Rectifier Design

Harmonic noise are unwanted frequencies in multiples of the input frequency that are present in the voltage.
[64] Harmonic Noise is reduced in the design of rectifiers in VFDs by selecting IGBTs with the highest switching
frequency to reduce rippling in the DC voltage and current, and by using multi-pulse rectifiers. These utilize
multiple rectifier circuits to produce a smoother output voltage, resulting in less noise. For example, a 12-
pulse rectifier can be used rather than a 6-pulse rectifier, with the two circuits being phase shifted by 30
degrees. Multi-pulse rectifiers will produce outputs that are smoother than single rectifiers, with less
harmonic noise. Good grounding and shielding in the VFD will reduce harmonics also. Adding an inductor to
the rectifier smooths the current and helps it match the sinusoidal shape of the supply wave form, reducing
current harmonics. Figure 32 shows a rectifier with an inductor added.

Primary Secondary
Inductor

YYYY

L

. T

AC Source Transformer Rectifier Capacitor Load
Figure 32 - Rectifier with an Inductor Added [65]

\AJ

Figure 34 shows a Proteus simulation of a 6-pulse rectifier, and figure 35 shows a 12-pulse rectifier, with each
being 30" out of phase with each other. The 12-pulse rectifier involves two rectifiers with combined outputs.
The Fourier analysis graphs (harmonic current spectrum) [66] show the amplitude of the harmonic
frequencies/components (noise) present at different frequencies in the signal at multiples of the fundamental
frequency [67] [68], and the 12 pulse’s output has less harmonics than the 6 pulse. Figure 33 shows a typical
harmonic current spectrum for a rectifier, which matches the Proteus simulations. The higher the total
harmonic distortion (THD) value in the Fourier graphs, the more the output voltage has become distorted
from the nominal required voltage value. The analogue analysis graphs show the three phase input AC
voltages in red, blue, and green, and the DC output in yellow. The DC signal for the 12-pulse rectifier is
smoother than the 6 pulse, due to there being more sine wave pulses to charge the capacitor(s). This results
in less harmonics being produced by 12-pulse rectifiers.

Current
[ ]
N

1] 10 X0 30 40
Harmonle Order
Figure 33 - Typical Harmonic Current Spectrum for a Rectifier [66]
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Power factor is the ratio of real power to apparent power. Harmonic distortions (THDs) reduce the power
factor as they result in a non-sinusoidal waveform with current being out of phase with the voltage. Total RMS
current increases as a result of the waveform being distorted from harmonics, and thus the power factor
decreases. Inthe formula: =11V (1 +THD?), current will increase with the THD. The power factor formula in
figure 36 explains the relationship between real power, apparent power, and power factor. It's affected by
the total RMS current, which increases due to harmonic distortion. [69]

1 T
— id 1
real power TJo i
PF = —

apparent power  Vayelrus

_ Z;:l Vuln COS (('b”)

VRMSI RMS
Figure 36 - Formula for Calculating Power Factor [69]

6.3. Conclusion

To conclude, if basic diodes or thyristors are implemented into the design of a VFD’s rectifier, a large amount
of harmonic distortion will be present in the DC output. Harmonic distortion is minimized in VFDs via multi-
pulse rectifiers such as 12 or 18-pulse rectifiers, high frequency IGBT rectifiers, implementing diodes to
smooth the current, as well as using harmonic filters. Using these methods to reduce harmonic distortion will
improve the efficiency of the VFD, and will improve its power factor, minimizing power losses.
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