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Introduction

The factory is planning to refit its motor drive systems across five different categories of
induction motor. These motors vary significantly in rating, power supply and operational
requirements. Some require reversing, some require variable speed control, and some
only need simple fixed speed operation. Due to the variation in requirements, a single
type would not be suitable [1].

The best approach is to compare variable frequency drives (VFDs) and direct on line
(DOL) starter-based systems to determine which is suitable with each motor
requirements. The final specification should also consider protection, control flexibility,
information gathering for feedback, installation cost, maintainability and whether the
equipment can be sourced from the same manufacturer to improve compatibility
across the factory [2]. A suitable example would be using one industrial automation
manufacturer across the whole installation, with VFDs for motors needing speed
control or controlled reversing, and DOL starter systems for motors that only need
simple fixed speed operation [3]




Research

A DOL starter connects the motor directly to the supply voltage which is the simplest
and lowest cost solution. It is suitable where the motor runs at constant speed and
where there is no requirement for speed variation but it can also be used with reversing
contactors to provide forward and reverse operation for fixed speed motors [4].
However, DOL starting produces a high inrush current which can be up to several times
the full load current, and provides very limited control and monitoring [5]. It is therefore
less suitable for demanding duties or where high starting current, controlled
deceleration, controlled reversing or energy efficiency are key requirements [6].

AVFD controls the motor by varying the output frequency and voltage applied to the
motor. This allows smooth starting, adjustable speed, controlled acceleration and
deceleration, and simple electronic reversing [7]. AVFD is therefore the preferred
solution where variable speed is required and where reversing is frequent. Many
modern VFDs also include motor protection, diagnostics, communication functions
and condition monitoring [8]. The main drawbacks of this system include higher capital
cost, more complex commissioning and the need to consider harmonics,
electromagnetic interference and cooling arrangements [9].

A common DC bus arrangement can be valuable where multiple large VFDs operate in
the same area. In some applications motors can regenerate energy while others
consume energy, meaning the energy can be shared through the DC bus rather than
dissipated as heat in braking resistors [10]. This is particularly beneficial for high power
reversible machinery such as rolling mills or cranes. However, a common DC bus is
more complex and expensive than separate standalone drives, so it can be hard to
justify for many circumstances [11].

The motor control system must also include:

e shortcircuit protection

e overload protection

* isolators and safe maintenance arrangements

¢ controlinterlocking

e communication with the factory control system
e fault and status reporting

*» standardisation of spare parts and software tools

To maximise compatibility using the same brand helps to reduce the cost of
procurement, training and long term maintenance [12].




Analysis
Motor A

This is the most demanding motor category in the factory. The power level is very high,
reversingis required and variable speed control is also required. A rolling mill duty
usually needs strong torque control, controlled acceleration, controlled deceleration
and reliable reversal under load [13]. A DOL starteris not suitable because it cannot
provide variable speed operation and would impose severe starting current and

mechanical stress [5].
Citation Needed (7

A heavy duty industrial VFD such as Siemens SINAMICS G150 is the correct choice for
‘Motor A’ because there are five units of the same type, there is a strong justification for
a common DC bus system if the process layout supports it [10]. This would be
beneficial if braking or regenerative energy from one motor can be transferred to
another motorthatis running.

For these motors, the recommended system is:

e industrial VFD

* regenerative or common DC bus capable design

¢ encoder option if precise speed or torque control is needed
¢ network communications to PLC or SCADA

e integrated motor protection and diagnostics




Motor B

Motor B also requires reversing and variable speed control, so a DOL system is again
unsuitable. A crane duty benefits from controlled starting and stopping, smooth speed
changes and controlled reversal[14]. If a DOL reversing starter were used, the motor
would operate only at full speed, with high mechanical stress during switching and poor
handling performance [6].

Anindustrial VFD is therefore the most suitable technology, such as Siemens
SINAMICS G120. At 80 kW, these drives do not necessarily require acommon DC bus,
but if the cranes are grouped and regeneration is significant, this could still be
considered [11]. In many cases, individual VFDs with braking capability are sufficient.
Because ten units are installed, using the same drive family as Motor A would simplify
engineering and spare parts [12].

Recommended system for Motor B:

s VFD with reversing control

e braking provision for deceleration loads

e communication interface for status and fault reporting

* motor thermal and overload protection through the drive

+ optional feedback for tighter speed control if required by the application

So for Motor B, VFD is compatible and preferred, while DOL is not compatible because
variable speed is mandatory.




Motor C

Motor C does not require reversal, but variable speed is required. That alone rules out a
simple DOL starter because DOL can only run the motor at essentially constant supply
frequency speed [4]. Conveyors often benefit from adjustable speed for process

optimisation, throughput matching and reduced mechanical stress during starting [15].

A general purpose VFD is the most appropriate choice, such as Siemens SINAMICS
G120C. This is a relatively modest power rating so a compact standard VFD is usually
sufficient. Therefore the correct balance is to use a cost effective VFD range from the
same brand as the larger industrial drives [7].

Recommended system for Motor C:

e compactgeneral purpose VFD

* local speed reference or PLC controlled speed command
e standard motor protection functions

¢ communication where process visibility is required

e ramped acceleration to reduce conveyor shock loading




Motor D

Motor D requires reversal, but not variable speed. This means both technologies are
technically possible, but their suitability differs.

Areversing DOL starter can provide forward and reverse operation at fixed speed, such
as Siemens SIRIUS 3RT2. It would use two mechanically and electrically interlocked
contactors with overload protection [4]. This is a low cost and robust solution and is
likely to be appropriate if the machine only needs occasional reversal and no speed
variation.

Therefore, for Motor D, the best choice is generally a reversing DOL starter
arrangement, provided that:

e full speed reversing is acceptable for the machine

* the mechanical system can tolerate across the line starting
e starting current does not create unacceptable voltage dip

e braking performance is not critical

Recommended system for Motor D:

* reversing DOL starter

* interlocked forward and reverse contactors

e overload relay and short circuit protection

* isolatorand emergency stop integration

e optional auxiliary contacts for status monitoring

So for Motor D, both are compatible, but reversing DOL is the better value solution. A
VFD would only be justified if smoother control or extra diagnostics are needed.




Motor E

This is the simplest motor group. The motors are single phase, small, not reversible and
do not require variable speed control. Since 127 units are installed, cost and simplicity
are major considerations.

A DOL starter or direct switched arrangement with suitable protection is the most
appropriate technology, such as Siemens SIRIUS 3RV2z. AVFD would be unnecessary
for the stated duty and would add significant cost across such a large quantity [9].

Recommended system for Motor E:

* DOL starter or suitable contactor based fixed speed control

* motor overload and short circuit protection

e simple control wiring

e optional run and fault status contacts for information gathering

So for Motor E, DOL is fully compatible and preferred, while a VFD would be technically
possible in some cases but not justified by the specification.




Recommended overall factory strategy

The most suitable solution is not to use one drive type for everything. Instead, the
factory should adopt a mixed configuration from the same manufacturer [12].

VFD applications

Use VFDs for:
¢ MotorA
¢ Motor B
¢ MotorC

These motors require variable speed, and two of them also require reversal. VFDs are
the only fully compatible solution [7]. For Motor A especially, a common DC bus should
be considered because of the high power and reversible duty [10].

DOL based applications

Use DOL or reversing DOL starter systems for:

¢ MotorD
e MotorE

These motors do not require variable speed. For Motor D, reversing DOL is the most
cost effective fixed speed reversible solution. For Motor E, standard DOL control is the
simplest and cheapest approach.
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Comparison of VFD and DOL for this factory

Feature VFD DOL
Variable speed Yes No
Smooth starting Yes No
. . Yes, with reversing
Reversing Yes, electronic
contactors

Starting current Lower and controlled High inrush current
Monitoring and i

. . High Low
diagnostics

. . High in variable torque
Energy saving potential Low
loads

Cost Higher Lower
Complexity Higher Lower
Best suited motors A B,C D,E

This comparison shows clearly that VFDs are essential where speed control is required,
while DOL systems remain appropriate where operation is fixed speed and costis a
priority [2].
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Information gathering and control flexibility

One important benefit of using drives and starters from the same brand is the

improvement in standardisation [12]. The factory can use common:

engineering software
communication modules
spare parts philosophy
operator interface style
training procedures

maintenance documentation

VFDs can provide information such as:

DOL systems generally provide much less information, but auxiliary contacts and
overload trip indications can still be integrated into the control system for basic

current

speed reference
actual speed

torque estimate
fault codes

thermal status
operating hours
energy consumption

monitoring [8].
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Conclusion

The most suitable motor drive specification for the factory is a same brand mixed
technology solution, rather than applying either VFD or DOL universally [2].

The correct selections are:

e MotorA: heavy duty VFD, with common DC bus considered

e Motor B: industrial VFD

* Motor C: general purpose VFD

¢ MotorD: reversing DOL starter

¢ Motor E: DOL starter or equivalent fixed speed protected starter

This approach meets the functional requirements of each motor while balancing
performance, compatibility and cost. VFDs are necessary for Motors A, Band C
because variable speed controlis required [7]. DOL based systems are more
appropriate for Motors D and E because they are fixed speed duties and do not justify
the added cost of a VFD [4].

Using the same manufacturer across both the VFD and starter systems gives the
factory a more maintainable and integrated installation, with better compatibility in

protection, communications, spare parts and engineering support. Overall, this is the
most practical and technically justified solution for the refit.

13




Task 2

Introduction

Variable Frequency Drives (VFDs) are widely used in industrial motor control systems to
provide efficient and flexible speed regulation of induction motors [16]. The front-end
rectifier stage plays a critical role in converting the incoming AC supply intoa DC
voltage, which is then inverted to supply the motor. The design of this rectifier stage
significantly influences the overall system performance, particularly in terms of
harmonic distortion, power factor, and efficiency[17].

Three main rectification technologies are commonly used in VFD systems including
diode rectifiers, thyristor (SCR) rectifiers, and IGBT-based active rectifiers [18]. Each
technology presents different variations of cost, complexity, controllability, and
harmonic performance. In industrial applications, there is a strong emphasis on
minimising harmonic distortion while maintaining cost effectiveness as filtering
solutions can be expensive and bulky [19].
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Analysis

Origin of Harmonics in Rectifiers

Harmonic distortion in rectifier circuits is primarily caused by non-linear current draw
from the supply [11]. Although the supply voltage is sinusoidal, the rectifier only
conducts when the instantaneous voltage exceeds the DC link voltage. This results in
pulsed current waveforms, rather than smooth sinusoidal currents [9].

Sharp transitions and inconsistencies in current waveforms introduce higher order
harmonics. The sharper the waveform edges, the greater the harmonic content. This
explains why simple rectifiers produce significant harmonic distortion [10].

6-Pulse Diode Rectifier (Baseline Case)

The 6-pulse diode rectifier represents the standard low-cost solution used in many
VFDs. It consists of athree-phase bridge with six diodes and produces six pulses per
cycle in the DC output[17]. The Proteus simulation shown in Figure 1 confirms this
operation, where the three-phase input voltages are rectified through a six-diode bridge
to produce a stepped DC output waveform.

Figure 13-phase 6 pulse diode rectifier schematic
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The input voltage waveforms shown in the simulation are sinusoidal and balanced

across all three phases. However, the current drawn by the rectifier is non-linear and
occurs in intervals, resulting in a distorted waveform. This behaviour is characteristic of
6-pulse rectifiers and is the primary source of harmonic generation [11].
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Figure 2 3-phase 6 pulse Load waveform

The Fourier analysis obtained from the simulation clearly shows the presence of
dominant lower-order harmonics, particularly the 5th and 7th harmonic components,
along with smaller higher-order components. These harmonics are typical of 6-pulse
rectifier operation and contribute significantly to Total Harmonic Distortion (THD) in the
supply current[10].

Figure 3 3-phase 6 pulse Fourier analysis

From simulation results, it is observed that:

* High harmonic distortion is present in the input current[11]

* Total Harmonic Distortion (THD) is relatively high, as evidenced by the strong
harmonic peaks in the Fourier spectrum [19]

* Power factor is reduced due to distortion, despite minimal phase displacement[11]
* The system is simple and cost-effective [16]
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This supports the classification of the 6-pulse rectifier as a simple and cost effective

solution, but with poor harmonic performance [10].
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12-Pulse Diode Rectifier (Improved Passive Design)

The 12-pulse rectifier is formed by combining two 6-pulse rectifiers supplied via a
phase-shifting transformer. A 30-degree phase shift between the supplies causes
cancellation of certain harmonic components [11]. The Proteus simulation shown in
Figure 4 confirms this configuration, where both star-star and star-delta transformer
arrangements are used to introduce the required phase shift between the two rectifier
bridges.

Figure 4 3-phase 12 pulse diode rectifier schematic
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The input voltage waveforms remain sinusoidal and balanced, as shown in the
simulation. However, the input current waveform is noticeably smoother compared to
the B-pulse case, with reduced discontinuities and less pronounced switching
distortion. This shows improved current shaping due to the phase-shift of the two
rectifier bridges.
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Figure 5 3-phase 12 pulse diode rectifier input waveform

The Fourier analysis obtained from the simulation demonstrates a clear reduction in
lower-order harmonic components. In particular, the 5th and 7th harmonics, which are
dominant in 6-pulse rectifiers, are significantly attenuated. The harmonic analysis
instead shows reduced amplitude at these frequencies, with remaining components
shifted to higher-order harmonics [10].

Figure 6 3-phase 12 pulse diode Fourier analysis
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From simulation:

* Harmonic distortion is significantly reduced, as evidenced by the lower amplitude
harmonic components in the Fourier spectrum [11]

* Lower order harmonics are cancelled due to the 30-degree phase shift between
rectifier groups [10]

* Power factor is improved as the input current waveform more closely follows the
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supply voltage [19]
* DC ripple is reduced due to the increased number of pulses percycle[17]

However, this improvement is achieved at the expense of:

* Increased cost due to additional transformer requirements
s Larger physical size due to the phase-shifting transformer
* More complex installation and system design

This demonstrates that harmonic reduction can be achieved through rectifier design,
avoiding the need for expensive filtering [10].
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SCR Rectifier

Thyristor rectifiers introduce controllability, however, this control introduces additional
distortion and phase shift [9]. The Proteus simulation shown in Figure 7 demonstrates
this behaviour, where the conduction of the SCR devices is delayed relative to the
supply voltage, resulting in a modified output waveform.

Figure 7 SCR rectifier schematic

The input voltage waveform remains sinusoidal, while the current waveform shows
clear discontinuities due to delayed triggering of the thyristors. As observed in the
simulation, a chopped waveform with gaps in current flow. This results in a highly non-
linear current profile compared to diode rectifiers.

Figure 8 SCR rectifier Waveform

The Fourier analysis obtained from the simulation confirms increased harmonic

distortion. The harmonic spectrum shows stronger low-order harmonic components
compared to the diode rectifier case, with additional distortion introduced. This

21




behaviouris characteristic of phase-controlled rectifiers, where delayed conduction
leads to both waveform distortion and displacement effects [11].

Figure 9 SCR Fourier analysis

From analysis:

* Harmonic distortion increases with firing delay, as shown by the higher amplitude
harmonic components in the Fourier analysis [11]

* Power factor decreases due to both distortion and phase shift introduced by delayed
conduction [9]

* Current waveform becomes more discontinuous due to the controlled switching of
the thyristors

* Control capability is improved through adjustment of the firing angle [17]

This demonstrates that SCR rectifiers are less suitable where harmonic minimisation is
required, despite offering controllability [10].
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Comparison with IGBT Active Rectifiers

Figure 10 IGBT active rectifier [21]
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The results shown in Figure 11 demonstrate that the input current waveform, although
initially composed of high-frequency switching components, can be shaped to
approximate a sinusoidal profile [21]. The switching action of the reverse conducting
transistors produces a waveform with rapid transitions, which introduces harmonic
components into the signal [21]. As observed in the simulation results presented by
Tutaj and Fijatkowski, this results in a current waveform that appears highly distorted
prior to filtering [21].

However, when appropriate filtering is applied, these high-frequency components are
significantly attenuated, allowing the fundamental component of the waveform to
dominate [21]. The filtered output therefore exhibits a smooth waveform at the same
fundamental frequency as the supply, despite originating from a switched waveform
[21]. This demonstrates that the harmonic content introduced by the switching process
is largely higher frequencies, which can be effectively removed through filtering
techniques [21].

As a result, the rectifier can draw current from the supply in a way that closely follows
the voltage waveform, as illustrated in Figure 11 [21]. This behaviour confirms that
transistor-based rectifiers can significantly reduce harmonic distortion and achieve
near-sinusoidal current characteristics, leading to improved power quality and overall
system performance [21].
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Figure 11 IGBT active rectifier analysis [21]
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Effect of Harmonics on Power and Power Factor
Harmonics negatively impact system performance in several ways:

* Increased RMS current leads to higher losses, as observed in the 6-pulse rectifier
simulation where distorted current waveforms increase overall current magnitude [11]
* Heating in cables, transformers, and equipment is increased due to harmonic
currents circulating within the system

* \/oltage distortion can affect other equipment connected to the same supply,
particularly where harmonic content is significant

* True power factor is reduced as a result of waveform distortion [11]

Power factor in such systems consists of:

* Displacement factor (phase shift)
¢ Distortion factor (harmonics)

Even if displacementis small (as in diode rectifiers), distortion reduces overall power
factor. This is shown in the 6-pulse simulation, where the current waveform is non-
sinusoidal despite being largely in phase with the voltage.
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Conclusion

The analysis demonstrates that harmonic distortion in VFD rectifier systems is primarily
caused by non-linear current draw, resulting in pulsed waveforms with sharp
transitions [11]. These waveforms introduce significant harmonic content, particularly
in lower order harmonics [10]. This behaviour is clearly demonstrated in the 6-pulse
simulation, where the input current waveform exhibits strong harmonic components in
the Fourier spectrum.

The 6-pulse diode rectifier provides a simple and cost-effective solution but produces
high harmonic distortion and reduced power factor[17]. The simulation results confirm
this, showing dominant lower-order harmonics and a distorted current waveform. The
12-pulse diode rectifier significantly improves harmonic performance through phase-
shifted cancellation, reducing the need for expensive filtering [19]. This is supported by
the simulation, where the Fourier analysis shows attenuation of the 5th and 7th
harmonics and a smoother current waveform. However, this comes at the cost of
increased size, weight, and system complexity due to the transformer arrangement
[16].

SCR rectifiers introduce controllability but further degrade harmonic performance and
power factor, making them unsuitable where harmonic minimisation is a priority [9].
This is demonstrated in the simulation where increased harmonic contentis seen.
IGBT-based active rectifiers offer the best performance but are only justified in high-
performance or regenerative applications due to their cost and complexity [18].

Based on the analysis, the diode rectifier remains the most appropriate solution for
standard VFD applications [16]. Where improved harmonic performance is required, a
12-pulse configuration is preferred over additional filtering, as it provides a more
efficient and practical method of harmonic reduction [19].
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