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[bookmark: _Toc133314648]1.1	Abstract

Throughout section 1, induction motors and the appropriate motor drives used to control them are investigated. Research is conducted on three different types of motor drives to gather a better understanding of when they might be used.

The knowledge gained from this research is used to specify suitable motor drives for a large commercial installation. It was concluded that a system utilizing VFDs, and a common DC bus was the most suitable solution.



[bookmark: _Toc133314649]1.2	Introduction

The purpose of this section is to gather research on induction motors and motor drives to gain the knowledge to specify a suitable motor drive system for a large commercial installation. The installation consists of a range motor sizes with different requirements. 

The final decision should consider both the suitability of the drive for the applicable motor, and the compatibility of the drive with the rest of the installation. 

[bookmark: _Toc133314650]1.3	Background research
[bookmark: _Toc133314651]1.3.1	Induction motors

Induction motors are cheap, simple, and robust motors making them the most common of motor used worldwide. Figure 1 shows an induction motors construction. Applying a 3-phase current to the stator coils generates an RMF which rotates at the synchronous speed, which is directly proportional to the supply frequency [1]. Using VFDs to adjust the supply frequency allows speed control. Swapping the phases will reverse the direction of the rotor.

The rotor will spin slightly slower than the synchronous speed due to slip. This occurs because a relative RMF is required to spin the rotor. When the rotor speed is equal to the synchronous speed, there is no RMF, hence the rotor will slow down. This is why induction motors are Asynchronous. 

Figure 1 shows the construction of an induction motor.

[image: Basic construction of 3-phase AC induction motors you should know | EEP]
Figure 1 – Construction of an induction motor [2]



[bookmark: _Toc133314652]1.3.2	Motor drives

This section will investigate different types of motor drives, how they function and the benefits each type provides.

DOL & star-delta starters

DOL starters are cheap drives which switch the motor on/off via a contactor. This can cause current surges 6-8 times the rated current, potentially causing voltage drops on the supply. This is why DOL starters should only be used for low power motors [3]. They provide high starting torque.

Star/Delta starters can be used to reduce these effects by 33%. The motor is started in a star configuration, meaning the current is 33.3% lower. Once the speed reaches roughly 70% speed it switches to delta configuration. This causes a current spike [4].

Soft Starters

Soft starters ramp up the input voltage to limit inrush current. This is often achieved using a solid-state device such as an SCR. Adjusting the firing angle adjusts the rms voltage, hence limiting the current and starting torque. 

Variable Frequency Drives

A VFD consists of a rectifier, DC bus/filter and an inverter. The rectifier converts the 3-phase input into a DC voltage. The DC bus/filter section contains smoothing capacitors to remove the voltage ripple from the rectifier output. The inverter uses IGBTs to convert the DC voltage back into an AC voltage. PWM is used to switch the IGBTs at high frequencies allowing the voltage and frequency to be adjusted. Figure 2 shows a basic VFD system.
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Figure 2 – Variable frequency drive [5]

Depending on the application, VFDs use one of two control methods. Normal duty applications which do not require the motor to start under a high load condition use variable torque control (VT). 
Heavy duty applications which require the motor to start under high load conditions require constant torque control (CT). Heavy duty applications require reduced current ratings [6].

Installations containing multiple VFDs can utilize a common DC bus supplied by a single rectifier. This enables energy regeneration. When the rotor speed is above the synchronous speed it will regenerate energy. This energy can be reused by other motors on the DC bus, as shown in figure 3. If energy regeneration exceeds energy usage, it must be dissipated using a brake resistor, stored in batteries, or returned to the grid using AFE (Active Front End) rectifiers [7]. 
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Figure 3 – energy regeneration [8]



[bookmark: _Toc133314653]1.4	Specifying motor drives

Motor A, 500kW

Motor A is used in a rolling mill. This requires speed control and reversibility. The motor draws 1250A. Rolling mills create a heavy-duty load, so CT control is required. The quantity is 5.

The maximum current of the drive must comply with the motor current. The wattage can be misleading. For example, the 500kW Salicru VFD can handle up to 860A. This is not enough for a 500kW motor. 

The soft starter, whilst likely to be the cheapest option, does not provide speed control since it cannot adjust the frequency.

The ABB VFD inverter module meets all specifications. It allows a common DC bus to be used. It has MODBUS protocol and a communication system for use with other modules. It provides data logging and advanced safety features, including Safe Torque Off (STO) which is designed to ensure the motor does not unexpectedly start. It disconnects the circuit going to IGBT gates via hardware. This is considered failsafe since it does not rely on software. 
The enclosure can be built to requirements up to IP54. ATEX rated enclosures are available. Figure 4 shows how the system connects.
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Figure 4 – ABB ACS880 common DC bus system [9]




	
	ABB PSTX advanced stop starter [10]
	Salicru VFD [11, 12]
	ABB VFD inverter module [9]

	Wattage
	710kW
	500kW
	1000kW

	Maximum constant torque control current
	1250A
	860A
	1316A

	Input Voltage
	208-600V

	380-440V
	Common DC bus voltage

	Number of phases
	3
	3
	3

	Speed control?
	No
	Yes
	Yes

	Reversible? 
	Yes
	Yes
	Yes

	Common DC bus?
	No
	No
	Yes

	Connectivity
	MODBUS protocol
	MODBUS protocol

	MODBUS protocol and drive to drive communication link

	Key safety features
	Overload/underload protection
	· Overload/underload protection
· Temperature monitoring
· Phase loss detection
	· STO
· Phase reversal protection
· Temperature monitoring


	Part number
	PSTX1250
	CV50-5000-4F
	ACS880-107-1760A-3


	Dimensions (mm)
	369 x 435 x 407
	560 x 620 x 1700
	2145 x 600 x 636


	IP rating
	IP20
	IP20
	Up to IP54

	Cost
	Requires a quote
	Requires a quote
	Requires a quote


Table 1 – Comparison of drives for motor A
 

Motor B, 80kW
Motor B is used in a gantry crane. This requires speed control and reversibility. The motor draws 200A. Gantry cranes create a heavy-duty load, so CT control is required. The quantity is 10.

The requirements for motor B are the same as motor A. Due to this the available drives are the same. Whilst the Salicru VFD can supply enough current for this motor, using the ABB inverter module allows the common DC bus to be utilized. This makes it the most advantageous option. 

	
	ABB PSTX advanced stop starter [10]
	Salicru VFD [11, 12]
	ABB VFD inverter module [9]

	Wattage
	110kW
	110kW
	160kW

	Maximum constant torque control current
	210A
	215A
	224A

	Input Voltage
	208-600V

	380-440V
	Common DC bus voltage

	Number of phases
	3
	3
	3

	Speed control?
	No
	Yes
	Yes

	Reversible? 
	Yes
	Yes
	Yes

	Common DC bus?
	No
	No
	Yes

	Connectivity
	MODBUS protocol
	MODBUS protocol
	MODBUS protocol and drive-to-drive communication link

	Key safety features
	Overload/underload protection
	· Overload/underload protection
· Temperature monitoring
· Phase loss detection
	· STO
· Phase reversal protection
· Temperature monitoring


	Part number
	PSTX210
	CV50-1100-4F
	ACS880-107-0300A-3

	Dimensions (mm)
	279 x 258 x 470
	365 x 325 x 680
	2145 x 400 x 636

	IP rating
	IP20
	IP20
	Up to IP54

	Cost
	Requires a quote
	Requires a quote
	Requires a quote


Table 2 – Comparison of drives for motor B

Motor C, 10kW
Motor C is used in a conveyor. This requires speed control. The motor draws 25A. Conveyors create a heavy-duty load, so CT control is required. The quantity is 23.

The comparison drives for motor C are the same as motor A and motor B since speed control is still required. As with motor B, the ABB inverter module is the best suited.
Due to the lower current requirements of this inverter, a single cabinet can contain multiple inverters [13].
	
	ABB PSTX advanced stop starter [10]
	Salicru VFD [11, 12]
	ABB VFD inverter module [9]

	Wattage
	15kW
	11kW
	15kW

	Maximum constant torque control current
	30A
	25A
	29A

	Input Voltage
	208-600V

	380-440V
	Common DC bus voltage

	Number of phases
	3
	3
	3

	Speed control?
	No
	Yes
	Yes

	Reversible? 
	Yes
	Yes
	Yes

	Common DC bus?
	No
	No
	Yes

	Connectivity
	MODBUS protocol
	MODBUS protocol
	MODBUS protocol and drive to drive communication link

	Key safety features
	Overload/underload protection
	· Overload/underload protection
· Temperature monitoring
· Phase loss detection
	· STO
· Phase reversal protection
· Temperature monitoring


	Part number
	PSTX30
	CV50-110-4F 
	ACS880-107-0035A-3

	Dimensions (mm)
	150 x 198 x 314
	216 x 170 x 320
	2145 x (400-1000) x 636 - Width depends upon number of inverters

	IP rating
	IP20
	IP20
	Up to IP54

	Cost
	Requires a quote
	Requires a quote
	Requires a quote


Table 3 – Comparison of drives for motor C

Motor D, 5kW
Motor D is used in a cutting machine. The motor draws 12.5A and must be reversable. Conveyors create a heavy-duty load due to high inertia, so CT control is required. The quantity is 27.

A cheap reversable DOL could be used. The 3DR2EMS can switch up to 18A. It offers remote controllability via a volt free contact. There is no inrush protection, meaning the motor will draw up to 100A on start-up. This increases the stress put onto the motor and the drive potentially leading to faults. This makes it a poor choice in this application.
 
The soft starter meets all specification. However, the limited starting torque is not suitable for high inertia loads. For this reason, along with advantages discussed previously, the ABB inverter is the most suitable option. Although it offers more functionality than required, the increased cost will be made up for by integrating it into the DC bus.
	
	ABB PSE efficient stop starter [10]
	Crompton DOL reversing starter [14]
	ABB VFD inverter module [9]

	Wattage
	7.5kW
	7.5kW
	7.5kW

	Maximum constant torque control current
	18A
	18A
	14A

	Input Voltage
	208-600V

	400V
	Common DC bus voltage

	Number of phases
	3
	3
	3

	Speed control?
	No
	No
	Yes

	Reversible? 
	Yes
	Yes
	Yes

	Common DC bus?
	No
	No
	Yes

	Connectivity
	MODBUS protocol
	Remote control via volt free contact
	MODBUS protocol and drive to drive communication link

	Key safety features
	Overload/underload protection
	Underload/overload protection.
Hand reset thermal overload
	· STO
· Phase reversal protection
· Temperature monitoring

	Part number
	PSE18
	3DR2EMS

	ACS880-107-0018A-3

	Dimensions (mm)
	90 x 184 x 230
	184 x 184 x 149
	2145 x (400 to 1000) x 636 - Width depends upon number of inverters

	IP rating
	IP20
	IP55
	Up to IP54

	Cost
	Requires a quote
	£236.50
	Requires a quote


Table 4 – Comparison of drives for motor D


Motor E, 1kW
Motor E is used in pumps and fans. The motor draws 4.3A. It is a normal duty load so variable torque control can be used in the case where a VFD is specified. The quantity is 127.

This motor could be driven by a basic DOL starter. It meets the specifications and can be controlled remotely. A major disadvantage to using this starter is the lack of feedback to the communication system. A fan or pump motor could fail, and no one would be notified. This is too big a risk to take in such a large commercial setting. 

For this reason, the ABB inverter module should be used.

	
	Crompton Controls DOL Starter [14]
	ABB soft starter [10]
	ABB VFD inverter module [9]

	Wattage
	1.1kW
	1.5kW
	2.2kW

	Input Voltage
	230V
	100-240V
	Common DC bus voltage

	Maximum current
	8.8A
	6.1A
	5A

	Number of phases
	1
	3
	3

	Speed control?
	No
	No
	Yes

	Reversible? 
	No
	Yes
	Yes

	Common DC bus?
	No
	No
	Yes

	Connectivity
	Remote volt free contact
	Fieldbus communication
	MODBUS protocol and drive to drive communication link

	Key safety features
	Underload/overload protection.
Hand reset thermal overload
	Overload and underload protection available with additional MMS module 
	· STO
· Phase reversal protection
· Temperature monitoring

	Part number
	3DL1CKS10
	PSR6-600-70

	ACS880-107-004A8-3


	In-built safety features
	Minimal
	Yes
	Advanced protection

	Dimensions (mm)
	174 x 104 x 134
	113.5 x 45 x 140
	2145 x (400 to 1000) x 636
Width depends upon number of inverters

	IP rating
	IP55
	IP20
	Up to IP54

	Cost
	£132.60
	£171.55
	Requires a quote. 


Table 5 - Comparison of drives for motor E


Rectifier module

The VFD modules require a supply unit. ABB offer 6-pulse, 12-pulse and AFE rectifiers. The AFE rectifier is the ideal choice since it can return excess energy to grid. Whilst the efficiency is slightly lower, AFE rectifiers provide 100% power regeneration and cause minimal harmonic distortion. 

The total power to be drawn by this system when all motors are operating is 3,842kW. This means the maximum current draw is 9,605A.
The largest supply unit ABB offer is the ACS880-207LC-5810A-7 which can supply loads up to 5269A in heavy duty use. This is not enough for this system. There are no 400V supply units rated this high on the market. Due to this, two separate supply units must be used to power two separate DC buses. The motors can be split equally between the two buses. This does provide an advantage in the event of a fault with a supply unit since not all motors will be inactive. 


[bookmark: _Toc133314654]1.5	Conclusion

This section concludes that implementing a common system throughout an installation provides many advantages. It allows savings to be made through energy regeneration and reduced training times thanks to a common control and maintenance system. Downtime can be minimized thanks to data logging and fault reporting via the extensive communication system which can be designed to suit the installation and be integrated into other control systems in the factory. 

The upfront cost could be reduced using cheaper DOL starters on smaller motors since energy regeneration will be less. However, the potential reductions in down time thanks to fault reporting and the common controllability can make up for the increased up-front cost.

Considering these benefits, the ABB ACS880 provides the ideal solution.





[bookmark: _Toc133314655]2	Section 2
[bookmark: _Toc133314656]2.1	Abstract

Throughout section 2, rectifier circuits and harmonic noise are investigated. The research concludes that harmonic noise introduced to the supply by rectifiers can create potentially dangerous faults due to increased RMS current, reduced power factor and the risk of harmonic resonance occurring.

Further research finds that the harmonics produced by rectifiers can be minimized through circuit design. 6-pulse diode or SCR rectifiers can be connected in parallel to create multi-pulse rectifiers, greatly reduce harmonics. AFE rectifiers provide the best solution and can comply with the IEEE 519 recommendations without additional filtering.

[bookmark: _Toc133314657]2.2	Introduction

This section will investigate how harmonic noise affects the quality of the supply, the power factor and how this can affect other consumers connected to the same power source.
The causes of harmonic noise and how to minimize them will also be investigated. 

The outcome of this report is to conclude how harmonic noise produced by rectifiers can be minimized through circuit design.  


[bookmark: _Toc133314658]2.3	What is harmonic noise?

Harmonics noise is distorted sine waves found at multiples of the fundamental frequency (the supply frequency). Each multiple is referred to as a harmonic order. Figure 5 shows the harmonic spectrum which displays the amplitude of each harmonic order as a percentage of the fundamental frequency. The harmonic amplitude is calculated as a percentage of the fundamental waveform to demonstrate how large the distortion is in relation to the fundamental frequency. This is referred to as total harmonic distortion (THD).
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Figure 5 – Harmonic spectrum [15]

Harmonics are caused by non-linear loads [16]. Non-linear loads are caused by circuits which do not continuously draw current. In VFDs, rectifiers cause harmonics, since they do not always conduct, making the load non-linear. Harmonics can also be induced by the DC bus capacitor. The bus capacitor will only draw current when the instantaneous voltage exceeds the bus voltage [17].

When harmonics are induced onto a waveform, it is no longer sinusoidal and is not proportional to the voltage waveform. Figure 6 shows the current and voltage waveforms without harmonics. Figure 7 shows the current and voltage waveforms with harmonics induced from a 6-pulse diode rectifier.  
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Figure 6 – Current and voltage waveforms with no harmonic noise [15]
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Figure 7 – Current and voltage waveforms with harmonic noise [15]

Harmonic noise has many implications. Due to this, all systems must comply with regulations. This report will refer to IEEE 519, which states that the total harmonic distortion (THD) should not exceed 5%, and a single harmonics distortion should not exceed 3% [18].

Current harmonics will increase RMS current. This produces heat losses throughout a system and reduces the maximum fundamental current a distribution system can provide due to the RMS current limit.

Harmonic currents are reactive and produce distortion reactive power, increasing the total apparent power (KVA). Total apparent power is created by a combination of distortion reactive power (H), reactive power (Q) and active power (P). 
A poor PF caused by distortion reactive power cannot be improved using PFC capacitors. Instead, the most effective method of improving the PF is to minimize the harmonic noise. Power factor correction capacitors can cause harmonic resonance. The inductive reactance will increase with the frequency. Capacitive reactance will decrease with frequency. The resonant frequency is the frequency at which these reactance’s are equal. 
At the resonant frequency, the capacitive and inductive impedances cancel each other out, making the circuit purely resistive. The circuit impedance is at its minimum, making the current at its maximum. If a harmonic in the system is close to the resonant frequency, extremely high harmonic currents can occur, potentially causing serious damage to a system. This can be avoided by carefully selecting capacitor values in which resonance will not occur close to expected harmonic frequencies [19].





[bookmark: _Toc133314659]2.4	Rectifier designs and their effect on harmonic frequencies.

As mentioned in section 2.3, rectifiers produce harmonic noise. There are many rectifier designs available, each with unique harmonic characteristics.

This task will investigate these rectifier designs and their harmonic responses.

Diode rectifier

Standard diode rectifiers consist of 6 diodes. Each phase has 2 diodes connected in series. One diode will only conduct during the positive half of the sine wave, the other only conducts during the negative half of the sine wave.

This type of rectifier is cheap and simple to implement, however it introduces low order harmonics onto the supply. This would cause issues complying with IEEE 519.
The harmonic response can be improved by connecting 6-pulse rectifiers in parallel, each with the current phase shifted.

A 12-pulse rectifier consists of two 6-pulse rectifiers connected in parallel with the current phase offset by 30This is achieved by supplying the rectifiers via a 3-winding transformer. One secondary winding is in the star configuration and the other is in the delta configuration, providing the phase offset.
This configuration cancels out the 5th and 7th harmonics, reducing the THD.
This increases the size and cost due to the transformer winding. Larger rectifiers can be created by stacking more 6-pulse rectifiers in parallel and using multi-winding transformers to further reduce harmonics. 

Figures 8 & 9 show a 6-pulse and 12-pulse rectifier respectively. This simulation can be used to generate Fourier Transforms demonstrating the harmonic content on the input. Figures 10 & 11 show this for both rectifiers. The 12-pulse rectifier contains considerably less harmonics. 
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Figure 8 – 6-pulse diode rectifier
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Figure 9 – 12-pulse diode rectifier
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Figure 10 – Harmonics content of 6-pulse rectifier
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Figure 11 – frequency response of a 12-pulse rectifier
SCR Rectifiers

SCR rectifiers are like diode rectifiers, except the diodes are replaced with SCRs. They also require a control circuit to trigger the gate and choose the firing angle.

SCR rectifiers provide the ability to adjust the DC output by varying the firing angle. The larger the firing angle, the more harmonics are induced onto both the input and output due to the increased non-linearity of the circuit [20]. Figure 12 shows an SCR output with a phase angle of 45
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Figure 12 – 6-pulse SCR rectifier output with 45 phase angle [21]


Figure 13 shows a 3-pulse SCR rectifier in Proteus. Figure 14 shows the output with a 60° phase angle, figure 15 shows the output with a 35° phase angle. Figure 16 shows the input harmonics with a 60° phase angle, figure 17 shows the input harmonics with a 35° phase angle. The input harmonics are considerably lower with a lower phase angle, although there is still more harmonics present than in the 6-pulse diode rectifier, specifically in the higher order harmonics due to switching. 

As with diode rectifiers multi-pulse SCR rectifiers can be used to lower the harmonics.
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Figure 13 – 3-pulse SCR rectifier
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Figure 14 –SCR rectifier output with 60phase angle
[image: Chart, line chart

Description automatically generated]
Figure 15 –SCR rectifier output with 35phase angle
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Figure 16 – SCR rectifier input harmonic content with 60phase angle
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Figure 17 – SCR rectifier input harmonic content with 30phase angle

IGBT rectifiers 

IGBTs are used in rectifiers known as Active Front End (AFE) rectifiers. The IGBTs replace the diodes in a 6-pulse rectifier. They will monitor the input current waveform and shape it to be sinusoidal, greatly reducing low order harmonics. They also allow a near unity power factor to be achieved, along with providing four-quadrant operation, allowing grid synchronisation. Figure 18 shows an AFE rectifier.
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Figure 18– AFE rectifier [22]

A table found in the power electronics handbook [23] shows the harmonics generated by different rectifiers up to the 19th order. It is clear to see that the AFE rectifier provides superior THD to other rectifier types. Figure 19 shows this.
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Figure 19 – THD of different rectifiers [23]

Multiple additional sources also indicate that IGBT rectifiers allow THD below 5% without additional circuitry [24, 25, 26]. 

There are 2 drawbacks of IGBT rectifiers. The high frequency switching creates a slight drop in efficiency from diode rectifiers. This high frequency switching also generates high order harmonics in multiples of the switching frequency. These harmonics must be filtered out using an LCL filter. This adds cost and size to the system.
[bookmark: _Toc133314660]

2.5	Conclusion

This report has proven that changing the rectifier design has a large effect on the harmonic content of the input. 
6-pulse rectifiers contain high harmonic content, however connecting multiple 6-pulse rectifiers together greatly reduces this. The more pulses the diode rectifier has, the more costly and space consuming they become.
SCRs can reduce harmonics caused by the load by maintaining a set DC output, however they produce more high order harmonics due to the non-linear response of the output.
AFE rectifiers can minimize the THD below 5% to comply with IEEE 519 with the inclusion of an LCL filter. They allow near unity power factor too, greatly improving the efficiency of the system and helping to avoid charges from the energy supplier. The disadvantages of AFE rectifiers are the slightly lower efficiency, the costly LCL filter and increased control complexity. 

The findings conclude that if a low THD over a wide range of harmonic orders is required, an IGBT rectifier is the superior rectifier choice, however in situations where low harmonics are not required, basic 6-pulse diode rectifiers can be specified. This will result in difficulties complying with IEEE 519.
[bookmark: _Toc133314661]
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Depending on the application, VFDs use one of two control methods. Normal duty
applications which do not require the motor to start under a high load condition use variable
torque control (VT).

Heavy duty applications which require the motor to start under high load conditions require
constant torque control (CT). Heavy duty applications require reduced current ratings [7].

Installations containing multiple VFDs can utilize a common DC bus supplied by a single
rectifier. This enables energy regeneration. When the rotor speed is above the synchronous
speed it will regenerate energy. This energy can be reused by other motors on the DC bus, as
shown in figure 4. If energy regeneration exceeds energy usage, it must be dissipated using a
brake resistor, stored in batteries, or returned to the grid using AFE (Active Front End)
rectifiers [8].

Figure 2: A 6-pulse diode rectifer s
used for common bussing mutiple
drives. Regenerating drives/motors
an power motoring ones. All while
reducing overall wiring.

Figure 4 — energy regeneration [9]
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1.0 Evolution of VFDs

When variable-frequency drives (VFDs) arrived on the industrial scene in the late 1950s,
they were unwieldy, unreliable and costly. Today, they are the indispensable masterminds
that help manage and control electric motors on the factory floor.

The evolution of VFDs continues with the new generation of active front-end solutions for
low-voltage AC drives. For industrial users, active front-end (AFE) technology translates to
significant gains in production control, cost savings, energy regeneration and harmonic
mitigation. To appreciate those gains, it is helpful to understand the fundamentals of
motor control, variable frequency and low voltage drives.

2.0 Basic Motor Control

VFDs control a wide range of variables in electrical machinery — operating speed and
acceleration, flow, monitoring, pressure, temperature, tension, torque and power demands
They have rapidly advanced industrial process and quality improvements. As a result, their
use is growing.

VFDs can be broadly classified into non-regenerative and regenerative types. A typical
non-regenerative VFD can be realized using a three-phase, six-pulse, rectifier bridge with
either diodes or SCRs for front-end ACG-DC power conversion. Non-regenerative drives are
available with a DC link choke in-circuit and an optional input line reactor kit, as pictured
in Figure 1

AC DC AC
optional

-1
M
rvm|

]

Figure 1: PowerFlex 755 non-regenerative drives architecture

Traditional benefits of VFDs include:

« Extending motor life by moderating start/stop functions, controlling current,
and reducing wear and tear

- Improving quality control by moderating motor torque

« Eliminatina mechanical drive comoonents
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Comparison — 1kW motor
Crompton Controls | ABB soft starter VFD
DOL Starter
Wattage LIKW 1.5kW
ot Input Voltage 230V 100240V Common DC bus
@ o Voltage
Number of phases | 1 3 3
A H Speed control? No Yes Yes
Closed loop speed | No Yes
H H H HIlB control?
usesovsc £ £ £ £l Reversible? No Yes Yes
U U C DCbus? | No No Yes
A Energy No No Yes
ation
Control method | Basic on/off 3x potentiometers | Multiple control
on front of device | methods including
Bluetooth control
panel and PLC
programmability
o Part number 3DLICKS10 1SFA896103R7000
Motor braking No Yes Yes
In-built safety Minimal Yes Advanced
features protection
Di ions (mm) | 174 x 104 x 134 113.5 x 45 x 140
s IP rating IP55 1P20 Up to IP54
' Cost £132.60 £171.55
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g frme Task 2
Harmonics spectrum Harmonics
It is a graphical representation of previous concept, where decomposition of a distorted signal can be
easily analyzed. Many Power Quality instruments can offer this representation. For the case of Fig.5., such Harmonics is noise induced by VFD. The fundamental ﬁ—equency is 50Hz. A harmonic is a

tation will be as bel - P .

fepresentation wiibe as below. current form with a frequency which is a multiple of the fundamental frequency. Each
multiple is referred to as a harmonic order. Figure 6 shows the harmonic spectrum. This
shows the amplitude of each harmonic as a percentage of the fundamental frequency.
Harmonic order 1 is the fundamental frequency, Harmonic order 2 is 100 Hz and so on.

Harmonics (%)

Harmonics are caused by non-linear loads. Non-linear loads are caused by circuits which do
not continuously draw current. In VFD rectifiers, this is caused by diodes, SCRs and IGBTs.

Fig.6 Harmanics spectrum for Harmonics can also be induced by the DC bus. The bus will only draw current when the line
the sample signal represented

inFig5 voltage exceeds the bus voltage. This only occurs when the sine wave is towards the peak
(100% at fundamental, 15% for
37 harmonic, 12% for 5%, 9% [33] M

for 7). ® Harmonic Order

‘When harmonics are induced onto the current waveform, it is no longer sinusoidal and does
not proportional to the voltage waveform. Figure 7 shows the current and voltage waveforms

without harmonics. Figure 8 shows the current and voltage waveforms with harmonics
Itis defined as a ratio between the r.m.s. value of all the harmonics and the rm.s. of the fundamental frequency. induced from a 6-pulse diode rectifier

Total Harmonic Distortion (THD)

e Current THD (THD‘} - according to the definition above, the Total Harmonic Distortion for current will be:

... which is usually given as a percentage [%] (by multiplying previous result per 100).
Calculation Example for the distorted signal in Fig.5:

THD, = {/(015)? + (0,12)? + (0.09)7 = 0,2118 —21.18%

saLicru

- e — 125%
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2.- WHAT ARE THE HARMONICS ON HOW ARE THEY GENERATED?

The main cause of the harmonics generation are the “non-linear” loads. So, before talking about harmonics, we
need to define what is a “linear” load and what a “non-linear” load.

Linear load
It is a load that draws instantaneously proportional current to the applied voltage, i.e., its impedance is
maintained constant along the whole alternating period.

Task 2

For public electricity supply of 50 or 60 Hz sinusoidal voltage, this will mean a pure sinusoidal current also.

Linear loads can be classified as resistive (electrical heaters, incandescence light bulbs), capacitive (capacitors Harmonics
usually found as part of systems or equipments), inductive (transformers, motors), or combinations of some of
them

Harmonics is noise induced by VFD. The fundamental frequency is S0Hz. A harmonic is a
current form with a frequency which is a multiple of the fundamental frequency. Each
multiple is referred to as a harmonic order. A 100Hz harmonic is a 27 order harmonic, a
200Hz signal is a 4t order harmonic.

Harmonics are caused by non-linear loads. Non-linear loads are caused by circuits which do
not continuously draw current. In VFD rectifiers, this is caused by diodes, SCRs and IGBTs.
Harmonics can also be induced by the DC bus. The bus will only draw current when the line
voltage exceeds the bus voltage. This only occurs when the sine wave is towards the peak
[33].

Fig.1 Linear load consisting in
a combination of resistor and

capacitor. . . .. . .
Inthis case, the capacitor — ‘When harmonics are induced onto the current waveform, it is no longer sinusoidal and does

DI T - not proportional to the voltage waveform. Figure 7 shows the current and voltage waveforms
without harmonics. Figure 8 shows the current and voltage waveforms with harmonics
induced from a 6-pulse diode rectifier.

Non-Linear load

In opposition to linear-loads, a non-linear load changes its impedance with instantaneous applied voltage, that
will lead to a non-sinusoidal current draw when the applied voltage it's so. In other words, this kind of load does
not have a constant relation current vs. voltage along the alternating period. The simplest circuit to represent a
non-linear load is a diode-rectifier, with its multiple variants (full-wave diode rectifier, half-wave diode rectifier,
single-phase or three-phase). See fig.2

[33] https://www.shareddocs.com/hvac/docs/1001/Public/0B/WP_VARFREQDRIVE.pdf

Some examples of non-linear loads, capable of injecting harmonics into an electrical distribution, are: industrial Methods of rectification

equipments (welding, arc furnace), variable frequency drives (VFD), line-switched rectifiers, switch-mode power —
supplies, lighting ballasts ... and also modern electronic equipments, at low load levels, even they could be Page 16 of 17 3528 words 3 Focus E} E5Y
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Harmonics 1 noise 1nauced by VL. 1ne Tungamental Irequency 1s SUHZ. A harmonic 1S a
current form with a frequency which is a multiple of the fundamental frequency. Each
multiple is referred to as a harmonic order. A 100Hz harmonic is a 27 order harmonic, a
saLicru 200Hz signal is a 4 order harmonic.

Harmonics are caused by non-linear loads. Non-linear loads are caused by circuits which do
not continuously draw current. In VFD rectifiers, this is caused by diodes, SCRs and IGBTs.
Harmonics can also be induced by the DC bus. The bus will only draw current when the line

voltage exceeds the bus voltage. This only occurs when the sine wave is towards the peak
[33].

RE.JNODAA01 ED. AUGUST 2015 - HARMONICS: CAUSES, EFFECTS AND MINIMIZATION - SALICRU WHITE PAPERS

‘When harmonics are induced onto the current waveform, it is no longer sinusoidal and does
not proportional to the voltage waveform. Figure 7 shows the current and voltage waveforms
without harmonics. Figurz 8 shows the current and voltage waveforms with harmonics
Einduced from a 6-pulse dihde rectifier.

— {J
‘ noow
$ 200
o @ ]
200
Fig.2 Example of non-linear
load: circuit corresponding to 02 o021 022 022 024
a 6-pulse rectifier (or VFD Time t5)
input stage), and its highly [t {t {J
distorted current draw (Iph1,
similar for all 3 phases) not
proportional to the 3-phase
supply voltage V3ph. [33] https://www.shareddocs.com/hvac/docs/1001/Public/0B/WP_VARFREQDRIVE.pdf
To understand how distortion is transferred from current harmonics injection into harmonic voltage distortion, Methods of rectification
it's necessary to indroduce the concept of Point of Common Coupling (PCC). It is defined as the point where the
distribution line (tipically public) reaches the end user, where the particular loads are going to be connected. . . . . . . . .
So for industrial or commercial users, this point could be “serviced” via a distribution transformer (for example, As discussed in the previous task, VFDs require rectifiers to rectlfy the mains AC Sllpply into
MV to LV transformer), or a long distribution line, or combination of both. A series impedance can summarize ™o e oo a1 et a1 om e 1 s o 1
the equivalent distribution circuit between the “ideal” power source and this PCC (represented in Fig.3 as Ls). Page 16 of 18 3528 words 3 Focus E2) - e e—t 125%
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SCR Rectifiers

SCR rectifiers are like diode rectifiers, except the diodes are replaced with SCRs. They also
require a control circuit to trigger the gate and choose the firing angle.

SCR rectifiers provide the ability to adjust the DC output by varying the firing angle. This
can be utilized to reduce harmonics produced by the DC bus capacitor.

The larger the firing angle, the more harmonics are induced onto both the input and output
due to the increased non-linearity of the circuit [23]. The output of an SCR with a 45 degree
phase angle is shown in figure 13.

Figure 13 shows a 6-pulse SCR rectifier in Proteus. It contains 3 diodes and 3 SCRs due to
difficulties triggering the SCR in Proteus. Figure 14 shows the input harmonic content.
‘Whilst the lower order harmonics are like the diode rectifier, harmonics from the 24
harmonic onwards are higher. IEEE 519 considers harmonics to the 50 order, so this will
have a negative impact on compliance with this. As with diode rectifiers multi-pulse SCR
rectifiers can be used to lower the harmonics.
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% electronically — hence the term “active” front end. The active front
{ end monitors the input current waveform and shapes it to be
sinusoidal, reducing total harmonic distortion (THD) to 5 percent or -
less. (Note that THD is only measured for lower-order harmonics.

P Copy of Calcs.xlIsx Set out for
An LCL filter is necessary to reduce higher-order harmonics caused research...ds.docx

by the switching frequency of the IGBTs.)

LCL-Filter DC-Link
Active Front End v Inverter
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An active front end (AFE) drive replaces the diodes in the rectifier with

IGBTSs, which significantly reduce harmonics and allow regenerated power

to be fed back to the supply.

Image credit: Mesta Electronics, Inc.

Harmonic distortion is also the primary contributor to the system’s

power factor in VFD applications. Power factor is determined by
two variables. The first is the displacement, or phase angle,

between the applied voltage and resulting current. For VFD
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o Can be used globally or locally
o More than one device can be installed
on the same supply

synchronisation. Figure 15 shows an AFE rectifier.

LCL-Filter DC-Link
Active Front End Inverter
Motor —
AC-Side ‘1/} %K‘} % %K} %K} %G Side . , , .
I = ° TABLE 33.3 Supply harmonics for different supply bridge configu- pumps, the i
O - ) rations main reason
@ — - Harmonic order number ~ 5th 7th 11th  13th  17th  19th saving. Howe
—1\} —{K} —1 —1 —1\} —{\} pactness of-4
6-pulse 54% 36% 10% 6.7% 7% 5% is priority rec
Figure 15 — AFE rectifier [25] 6-pulse with inductor 30% 12% 9% 6% 4% 4% ronments dit
12-pulse with polygon 1% 6% 6% 5% 2% 1% N
A table found in| transformer water is plen
12-pulse with double % 3% 8% 5% 1% 1% compact driv
Multiple additional sources also indicate that IGBT rectifiers allow THD below 5% without wound transformer In critical
additional circuitry [25, 26, 27, 28]. 24-pulse 250% cost 4% 3% 1% 1% 1% 1% sion, reliabili
Active front-end 3% 3% 3% 0% 2% 2% requirements
There are 2 drawbacks of IGBT rectifiers. The high frequency switching creates a slight drop .
in efficiency from diode rectifiers. This high frequency switching also generates high order 1ng.these reqt
harmonics in multiples of the switching frequency. These harmonics must be filtered out Series and pa
using an LCL filter. This adds cost and size to the system. equipment t
2.5 Conclusion . . nents. These
33.2 Drives Requirements & In other critic
This report has proven that changing the rectifier design has a large effect on the harmonic sPeciﬁcations drives) the c
content of the input. expensive the
6-pulse rectifiers contain high harmonic content, however connecting multiple 6-pulse . down on the
rectifiers together greatly reduces this. The more pulses the diode rectifier has, the more 33.2.1 General Market Requlrements w ‘
costly and space consuming they become. 5 could be very
SCRs can reduce harmonics caused by the load by maintaining a set DC output, however they Some of the most common requirements of VSDs are: This sectio

produce more high order harmonics due to the non-linear response of the output.

AFE rectifiers can minimize the THD below 5% to comply with IEEE 519 with the inclusion
of an LCL filter. They allow near unity power factor too, greatly improving the efficiency of
the system and helping to avoid charges from the energy supplier. The disadvantages of AFE
rectifiers are the slightly lower efficiency, the costly LCL filter and increased control
complexity.

high reliability, low initial and running costs, high efficiency applications
across speed range, compactness, satisfactory steady-state and

dynamic performance, compliance with applicable national

and international standards (e.g. EMC, shock, and vibration), 33.2.1.1 Th
durability, high availability, ease of maintenance, and repairs. ~ The majorit:

The order and priority of such requirements may vary from DC Drives.

one application to another and from one industry to another.  cyclo-convert
For example, for low performance drives such as fans and winders (belc

The findings conclude that if a low THD over a wide range of harmonic orders is required, an
IGBT rectifier is the superior rectifier choice, however in situations where low harmonics are
not required, basic 6-pulse diode rectifiers can be specified, although additional filtering will
be required to comply with IEEE 519.
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